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  Preface 

 Biomedical applications ranging from drug discovery and delivery and dis-

ease diagnosis to point of care (POC) devices and tissue engineering have 

attracted increasing attention since the last few decades. Biomedical engi-

neering, closely related to biomedical applications, has only recently emerged 

as its own discipline. Conventional biomedical techniques however often face 

increasing challenges in different biomedical applications, such as high cost, 

slow diagnosis, expensive instrumentation, low drug delivery effi ciency, and 

high failure rates in drug discovery due to the discrepancy between 2D cell-

based assays and living tissues. Additionally, many cases of global diseases 

(e.g. malaria, tuberculosis, or TB, meningitis and hepatitis B) happen in high-

poverty areas, such as rural areas and developing nations which often cannot 

afford expensive and high-precision instruments. For instance, according to 

World Health Organization (WHO) data in 2012, ‘one million cases of bacte-

rial meningitis are estimated to occur and 200 000 of these die annually’. All 

these pose great challenges to conventional biomedical techniques. 

 Microfl uidic or lab-on-a-chip (LOC) devices emerged in the 1990s and 

have grown explosively in the last two decades due to their inherent advan-

tages associated with miniaturization, integration, parallelization, as well 

as portability and automation, including low consumption of reagents and 

samples, rapid analysis, cost-effectiveness, high effi ciency and less human 

interference during operation. Microfl uidics offers great potential in 

addressing those challenges in biomedical applications. Countless micro-

fl uidic systems have been developed for high-throughput genetic analysis, 

single-cell analysis, proteomics, low-cost diagnosis, pathogen detection, con-

trolled-drug release, and tissue engineering. After a concise introduction of 

the fundamentals of microfl uidic technologies, this book highlights current 

cutting-edge research of microfl uidic devices or LOC platforms in biomedi-

cal applications. 

 Part I mainly aims to introduce the fundamentals of microfl uidic tech-

nologies. Suitability of device construction materials and methods is highly 

critical to the success of different biomedical applications. Chapter 1 is dedi-

cated to introduce a variety of widely used materials in microfl uidic devices 

and their corresponding fabrication methods. Because stable and well-

characterized surfaces are essential to achieve desired performance in some 
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biomedical applications, Chapter 2 provides an overview of strategies used 

to accomplish surface coating. Covalent and adsorptive coating strategies 

are included. Actuators are responsible for sophisticated manipulation of 

fl uids and particles in microfl uidic systems and have been proved to be of sig-

nifi cant importance in the successful implement of microfl uidic operations. 

Chapter 3 summarizes major actuation principles used in medical devices, 

and concentrates on two mechanisms, namely, electrokinetics and acous-

tics. Digital microfl uidics has recently emerged as a popular approach to 

transport individual droplets on an array of patterned electrodes. Therefore, 

Chapter 4 discusses the most recent development of this technology with 

particular attention to actuation and sensing scalability. 

 Part II focuses on applications of microfl uidic devices for drug delivery 

and discovery. The applications of microfl uidics technology in drug deliv-

ery and discovery have experienced a sustainable growth in the past two 

decades. Microfl uidic devices have become an increasingly important tool 

to improve the effi ciency of drug delivery and reduce side effects of treat-

ment. Chapter 5 provides an overview of controlled drug delivery with vari-

ous microfl uidic devices and triggering mechanisms. In particular, Chapter 6 

is dedicated to the study of the transdermal delivery of drug molecules and 

monitoring biological fl uids using microfabricated needles and provides an 

overview of recent progress on the microneedle technology. The last chap-

ter in Part II, Chapter 7, presents the roles of microfl uidic chips in current 

drug discovery and in high-throughput screening, identifi cation of drug tar-

gets and preclinical testing. Potential applications of microfl uidic devices in 

chemical analysis as well as analysis of metabolites in blood for studying 

pathology are also discussed herein. 

 The cell is the basic organization unit of living organisms, capable of 

many basic life processes. Part III is dedicated to applications of microfl uidic 

devices related to cellular analysis and tissue engineering. The behaviors 

of particles or cells in microfl uidic channels have been found important to 

understand the motion of particles or cells of interest. Chapter 8 describes 

the fundamentals of microscale fl uid dynamics and key issues relating to 

biological cell behaviors within microfl uidic chips. Different mechanisms 

available to manipulate cells and recent development in these areas are pre-

sented in detail. Chapter 9 describes an application of a glass-based micro-

fl uidic device in trapping and automated injection of single mouse embryos 

for large scale biomolecule testing. Many efforts have also been dedi-

cated to the study of cells and the surrounding culture microenvironments, 

which is the key to understand the complex cell biology and tissue genesis. 

Chapter 10 is more relative to current advances of microfl uidic platforms 

for tissue engineering and regenerative medicine applications. Stem cells, 

special types of biological cells that can divide and differentiate into diverse 

specialized cell types, are the basic building blocks of the human body, and 
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the research on stem cells is one of the most fascinating areas. Chapter 11 

focuses on the applications of microfl uidics technology for molecular and 

cellular analysis of stem cells. 

 Part IV focuses on applications of microfl uidic devices in diagnostic sens-

ing. Miniaturization helps investigators get rid of the restrictions of low 

concentration, low volume of samples in protein detection and clinical diag-

nostics. The focus of Chapter 12 is on the development of immunoassays 

for antibodies and cytokines analysis on nano-bioarray chips. The impact 

of fully integrated microfl uidic systems on high performance genetic analy-

sis is described in Chapter 13. Recent development in DNA sequencing, 

gene expression analysis, infectious disease detection and forensic short 

tandem repeat (STR) typing with integrated microfl uidic platforms has 

been reviewed. Many conventional diagnostic methods require bulky and 

expensive instruments, limiting their applications in resource-poor settings, 

especially in developing nations. Paper-based analytical devices have been 

developed for low cost and easy-to-use diagnostic applications. The abil-

ity to fabricate microfl uidic channels in paper to perform parallel analysis 

of various biochemical analysts has been demonstrated. Chapter 14 sum-

marizes recent advances in paper-based microfl uidic devices. In addition, 

rapid and multiplexed detection of viral infection is highly desired in many 

diagnostic applications. Thus, attention has been given to microfl uidic POC 

devices for sensitive viral detection with high specifi city based on immuno-

assays and nucleic acid-based testing in Chapter 15. Furthermore, microfl u-

idic devices have been applied in the fi eld of pancreatic islet transplantation 

as a clinical therapy for diabetes and radiochemical synthesis for medical 

imaging in clinical practices, as discussed in Chapters 16 and 17, respectively. 

In Chapter 16, microfl uidic devices are used for the study of pancreatic islet 

and β-cell physiology and disease pathophysiology. Chapter 17 focuses on 

the topic of microfl uidic devices for radiochemical synthesis in production 

of radioactively labeled tracers for Positron Emission Tomography and 

Single Photon Emission Computed Tomography, which are commonly used 

to quantify biochemical processes in live organisms. 

 Xiujun James Li and Yu Zhou 
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 Materials and methods for the microfabrication 

of microfluidic biomedical devices   
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  Abstract : The materials that have been employed for the construction of 
microfl uidic devices have been diverse, ranging from traditional materials, 
such as silicon and glass, to newer polymeric materials. Similarly, the 
methods for microfabrication have included lithography, casting, injection 
molding and hot embossing, to name a few. In this chapter, we provide 
an overview of the various materials and methods that have been used 
in a diverse range of microfl uidic applications. Details on the physical 
and chemical properties of the materials, as well as the performance 
characteristics of the microfabrication methods, are provided. 

  Key words : microfabrication, soft lithography, injection molding, hot 
embossing stereo lithography, parylene, PDMS, Su-8, paper, glass, silicon, 
polycarbonate, polyimide, PMMA, CoC/CoP, polyurethane. 

    1.1     Introduction 

 Advanced microfl uidic and lab-on-a-chip devices have been extensively 

studied and developed over the last two decades, due to their inherent advan-

tages such as low consumption of chemicals, rapid analysis, biocompatibility, 

low cost and automation in biological, biomedical and analytical chemis-

try studies. Since the technology for developing these devices was initially 

adapted from the conventional semiconductor microelectronic industry, ini-

tial devices were primarily made from silicon and glass. Many commercially 

available microfl uidic devices are made using this technology. However, 

these materials are expensive, require high cost fabrication methods; newer 

polymeric materials have been investigated and fabrication processes have 

developed, especially in the context of rapid prototyping and disposable 

applications. Polymers are macromolecules polymerized from smaller mol-

ecules called monomers through a series of chemical reactions. They can be 

categorized on the basis of their structures and behaviors (Nicholson, 1997), 

but are mostly classifi ed in accordance with their response to thermal treat-

ment. They have a low cost (suited for disposable devices), can be easily 
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mass-produced by various rapid prototyping techniques, have a wide range 

of material properties (chemical inertness, low electrical, thermal conductiv-

ity, etc.), can also be tailored (using surface modifi cation techniques) appro-

priately for the analyte under consideration and, more importantly, have 

been already used in tools and laboratory equipment where conventional 

biological and chemical assays have been conducted. The devices made of 

polymers are very amenable to automation and high throughput screening. 

This chapter describes some of the materials widely used in biomicrofl uidic 

and manufacture of microelectromechanical systems (MEMS), their prop-

erties, and their fabrication methods.  

  1.2     Microfabrication methods 

 The microfabrication techniques used in construction of microfl uidic devices 

can be broadly classifi ed into two types. These are (1) photolithography-

based, and (2) replication based. In photolithographic microfabrication, light 

is used to defi ne patterns on a photosensitive material, and its wavelength 

determines the resolution that can be achieved. The fi nal resolution of the 

pattern also depends on the limitation of optical components, and mate-

rial properties such as numerical aperture and the polarity of photoresist. 

The photosensitive material itself can be used as a structural feature of the 

device, or this pattern can be transferred onto another structural material. 

In the replication method, a master mold is made using either the photolith-

ographic process or traditional machining processes. This mold, which could 

be of any material, can withstand the operating conditions of the process, 

and is used to replicate the pattern or feature onto another softer material 

through direct physical contact. The choice of the fabrication method in any 

application depends on various factors such as the desired substrate, cost, 

speed, feature size, and profi le. The following sections will briefl y describe 

existing microfabrication technologies and materials used in microfl uidic 

applications, along with their advantages and limitations. 

  1.2.1     Photolithography-based microfabrication 

 Photolithography is the technique of using light to defi ne features on a 

photo-defi nable material. This technique, along with the established semi-

conductor manufacturing process of thin fi lm deposition and etching, was 

initially adapted to produce the fi rst microfl uidic devices on silicon (Manz 

 et al ., 1991; Terry  et al ., 1979) and glass (Fan  et al ., 1992; Jacobson  et al ., 
1994) substrates. New methods to fabricate high-aspect-ratio open micro-

channel structures in silicon or glass substrate using various etching tech-

niques such as reactive ion etching, HF wet etching, or KOH wet etching, 

were simultaneously developed. Subsequently, the microchannels were 
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enclosed using bonding techniques such as electromagnetic induction heat-

ing (Thompson  et al ., 2002), hydrophobic silicon bonding (Tong  et al ., 1994), 

fusion bonding (Harendt  et al ., 1992), and anodic bonding (Kutchoukov 

 et al ., 2003). Although these processes are well developed, the cost of the 

substrates and of microfabrication in a clean room facility makes them 

unsuitable for disposable microfl uidic devices. These microfabrication tech-

niques have been extensively reviewed in review articles (Bustillo  et al ., 
1998; Gad-El-Hak, 2002; Hoffmann and Voges, 2002; Judy, 2001a, 2001b; 

Lang, 1996; Maluf, 2002; Miki, 2005; Petersen, 1982; Rai-Choudhury, 1997; 

Stokes and Palmer, 2006). 

 The cost consideration led to the investigation and use of photo-defi nable 

polymers such as conventional photoresists that have been used for pattern-

ing in the microelectronics industry as structural elements in microfl uidic 

devices. For instance, these photoresists were applied to create manifolds for 

microfl uidic devices (Burns  et al ., 1998), though channel height is limited to 

<3 μm due to their physical parameters. Even earlier, X-rays were used to 

defi ne features in photoresist using a process known as  lithographie, galva-
noformung, abformung  (LIGA) to obtain >350 μm microstructures with an 

aspect ratio of >100:1 (Becker  et al ., 1986). Later, the photoresist SU-8, which 

requires no complex X-ray facility, was developed for high microstructures 

using the standard photolithography process (Lin  et al ., 2002; Sikanen  et al ., 
2005; Yang, 2004). A channel height of 100 μm and aspect ratio of >10:1 is 

achievable, according its manufacturer (MICROCHEM, 2012). 

 Various methods have been adopted for fabrication of photoresist-based 

microfl uidic devices. The fi rst method shown in Fig. 1.1c begins with a spin-

coating of photoresist onto a substrate, and patterning with a photomask 

(Metz  et al ., 2004; Tay  et al ., 2001). Once the open microchannels are created, a 

sacrifi cial material is fi lled into the space of the microchannel. Subsequently, 

a second layer of photoresist is spin-coated and patterned on top to defi ne 

the access holes for inlet and outlet. Finally, the sacrifi cial layer is dissolved 

to create the closed microchannels. The major disadvantage in this process 

is the slow dissolution, therefore only short microchannels are applicable. 

The second method shown in Fig. 1.1b laminates a dry SU-8 or Kapton fi lm 

on top of the open microchannels (Agirregabiria  et al ., 2005). Although this 

process is relatively simple, the alignment and the bonding strength of lam-

ination could be challenging. The third method shown in Fig. 1.1a uses two 

exposures at different wavelengths to create the embedded microchannels 

in SU-8 (Dykes  et al ., 2007). The fi rst exposure (365 nm) defi nes the side-

walls of the microchannels, while the second exposure (254 nm) creates the 

encapsulation layer for the microchannels, due to its shallower absorption 

depth. The exposure with two wavelengths could be inconvenient in cer-

tain circumstances and a slow dissolution problem similar to that in the fi rst 

method could happen here.           
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 Alternatively, stereolithography (Morimoto  et al ., 2009; Tse  et al ., 2003) and 

laser ablation are also used for the microfabrication for microfl uidic devices. 

The former method is an additive manufacturing process that employs liq-

uid resins and high intensity light beams to build 3D microstructures. The 

photo-induced cross-linking happens upon the exposure of the liquid resin. 

The process time depends on the complexity of the 3D microstructures; 

therefore, it is commonly used for prototyping. An extensive review on ste-

reolithography can be found in (Arnaud Bertsch  et al ., 2002; Melchels  et al ., 
2010). The latter method is a subtractive manufacturing process that uses a 

focused high intensity laser beam to evaporate the material from the surface 

(Jensen  et al ., 2004; Khan Malek, 2006). Laser ablation is mostly used to fab-

ricate microchannels in thermosetting polymers such as polyimide due to its 

physical properties (Metz  et al ., 2001, 2004; Yin  et al ., 2005). Microstructures 

of nanometer scale have been demonstrated (Kim  et al ., 2005); however, the 

surface roughness and properties using laser ablation are diffi cult to con-

trol and highly dependent on the manufacturing parameters. An extensive 

review on laser micromachining can be found in Rizvi (2003), Shiu  et al . 
(2008), Dubey and Yadava (2008) and Gattass and Mazur (2008).  

PR

Substrate

(a) Multi-wavelength
 exposures

(b) Lamination (c) Sacrificial layer

UV

Channel definition Channel definition Channel filling

2nd PR
Film

Flood exposure Lamination Create openings

Removal sacrifical layer Create openings Remove sacrifical layer

 1.1      Microfabrication processes for (a) multi-wavelength exposures, 

(b) lamination and (c) sacrifi cial layer.  
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  1.2.2     Replication based methods 

 One of the major advantages of using polymers in microfabrication owes 

largely to low cost, high volume replication methods such as soft lithography, 

hot embossing, and injection molding. A master (also called a mold) is an 

essential tool for all replication methods, and it can be fabricated through 

conventional photolithography, silicon etching, LIGA, laser ablation, and 

micro-electrode discharge machining (micro-EDM). The selection of mold 

fabrication method depends on the available material, resolution, aspect ratio, 

and processing conditions. In the following sections, brief descriptions of vari-

ous replication methods and their performance characteristics are given. 

  Soft lithography 

 Due to its simple process, excellent material properties, low manufactur-

ing cost, and high replicating accuracy, the soft lithography process has 

become one of the main rapid prototyping methods (Xia and Whitesides, 

1998) used in microfl uidics. Commonly used materials, such as Sylgard 

184 by Dow Corning and RTV 615 by Elastosil, contain two components, 

a base elastomer and a curing agent. The mixture is degased to prevent 

the formation of air bubbles and then cast on the mold as shown in 

Fig. 1.2. After curing, the elastomer is peeled from the mold and bonded 

to a glass slide or other polymer sheets to create closed microchannels. 

Various methods have been developed to increase the bonding strength 

for each polymer. For example, a treatment with oxygen or air plasma 

can lead to a permanent bond between two PDMS layers. A replication 

accuracy of ~ 10 nm feature has been demonstrated using this method 

(Hua  et al ., 2006). In addition to elastomers, other polymers, such as poly-

urethane and polyester, can also be used in casting microfl uidic structures 

since they can be cured through temperature or UV exposure (Fiorini 

Mold with microstructures

Covered with uncured PDMS mixture

Peel cured PDMS from mold

Seal microchannels after bonding

 1.2      Process fl ow for soft lithography.   
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 et al ., 2007; Wu  et al ., 2012). An extensive review on soft lithography can 

be found here (Rogers and Nuzzo, 2005; Qin  et al ., 2010).  

  Hot embossing 

 Hot embossing had been commonly used for the microstructuring of poly-

mers in industry before it was adapted for microfl uidic applications due to 

its relatively simple process, wide selection of materials, and availability of 

facility. As shown in Fig. 1.3, the microstructures are transferred from the 

master to the polymer by stamping the master into the polymer, softened 

by heating above its glass transition temperature. This method is limited to 

thermoplastic polymers, and a variety of polymers have been successfully hot 

embossed with microstructures, including polycarbonate (Klintberg  et al ., 
2003), polyimide (Youn  et al ., 2008), cyclic olefi n copolymer (COC) (Jeon 

 et al ., 2011), and PMMA (Becker, 2000). The surface quality, temperature 

uniformity, and chemical compatibility of the master determine the success 

of the hot embossing. A replication accuracy of a few tens of nanometers has 

been achieved using this method (Kolew  et al ., 2010; Roos  et al ., 2002; Schift 

 et al ., 2000). A variation of this method is known as ‘nano imprinting’, where 

the feature size is from a few tens to hundreds of nanometers. An extensive 

review of hot embossing and nano-imprint lithography can be found in Guo 

(2007), Matthias Worgull (2009) and Worgull  et al . (2005).       

Mold with microstructures

To-be-embossed polymer

Heater

 1.3      Process fl ow for hot embossing.  
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  Injection molding 

 Similar to hot embossing, injection molding is well established as the most 

suitable fabrication process for polymers in high volume production, due 

to its fast process time and high replication accuracy. As shown in Fig. 1.4, 

the polymer is fed into a chamber and melted through heating (200–350°C 

depending on the melting temperature of polymer). It is then injected into 

the mold cavity and cooled to form a replica. In the microfl uidic application, 

a good fi lling without trapping air bubbles is one of the key requirements for 

successful molding. Although the cycle times for injection molding can be 

as fast as several seconds, insuffi cient cooling time for polymers can lead to 

thermal stress and defect formation. The process control over various param-

eters such as injection pressure, molding temperatures and their duration, and 

cycle times etc. increases its complexity. Moreover, the relatively high cost of 

the mold material to ensure it is capable of withstanding a high temperature 

process is also one of its disadvantages. However, the major advantage of 

injection molding over other replication methods is its ability to form 3D 

microstructures without geometrical constraints, using both thermosetting 

and thermoplastic polymers. Additional fl uidic components, such as intercon-

nections and connectors, can also be integrated together (Gartner  et al ., 2007; 

Mair  et al ., 2006). An extensive review on injection molding can be found in 

(Attia  et al ., 2009a; Attia and Alcock, 2011; Heckele and Schomburg, 2004).      

 The fabrication techniques that have been briefl y described in this section 

represent commonly used methods for fabrication of microfl uidic devices. 

Mold with microstructures Injection nozzle

Heated screw

Material feed

Heater

 1.4      Set-up for injection molding.  
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In addition, there is a wide range of other methods, such as micro-thermo-

forming, micro-electrodischarge machining, LIGA machining, micro-milling, 

and precision machining, that have been used, though less frequently, for 

microfl uidic device fabrication. These methods are reviewed in (Giselbrecht 

 et al ., 2004; Hupert  et al ., 2006; Malek and Saile, 2004; Nikumb  et al ., 2005; 

Truckenmuller  et al ., 2002; Wolfgang Ehrfeld  et al ., 1996).    

  1.3 Materials for biomedical devices  

 Although there have been several advances in the processing of microstruc-

tured materials for use in medical diagnosis and treatment such as the func-

tional biomaterials that provide unique interactions with proteins and other 

biological specimens, this section will cover the common materials used for 

biomedical devices. 

  1.3.1     Glass 

 Glass is an amorphous, solid, silicon compound that can be also applied 

in fabricating microfl uidic devices. This material has number of favorable 

features, e.g. chemically inert, insulated, transparent, and low fl uorescence 

emission, that make it suitable for microfl uidic devices used in biological or 

optical applications. The most commonly used glass for microfl uidic device 

manufacturing is Corning Pyrex 7740, due to its compatibility in thermal 

expansion with silicon (Grétillat et al., 1997). Fused silica (quartz) is another 

attractive material in certain applications that require UV-transparency; how-

ever, it is expensive. Also, quartz has a crystalline structure that makes aniso-

tropic etching possible. Apart from these, there are two other kinds of glasses 

that have been used to fabricate microfl uidic devices, namely soda lime glass 

and FOTURAN glass, which will be introduced in following sections. 

  Fabrication 

 The fabrication techniques for glass-based microfl uidic devices have not 

been extensively investigated, and are not as well developed as those for 

silicon. Due to the amorphous nature of most glass substrates, etching using 

wet chemicals is usually isotropic and hence the aspect ratios obtainable are 

typically lower than with silicon. Despite this factor, glass has been used for 

fabrication of microfl uidic devices, as many biochemical reactions have been 

characterized and standardized in these substrates. Various methods, includ-

ing wet chemical etching (Zhang  et al ., 2001), plasma etching (Xinghua Li 

 et al ., 2001), powder machining (Schlautmann  et al ., 2001), laser microma-

chining (Ke  et al ., 2005), and ultrasonic drilling (Egashira  et al ., 2002) have 

been used to microstructure glass.  
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  Wet chemical etching 

 Wet chemical etching is the most common strategy for glass microfabrica-

tion. In most cases, hydrofl uoric acid (HF) is used as the main etchant for 

any type of silicate glass. Some other components, such as HCl, HNO 3 , and 

NH 4 F-buffer may also be added to control the etch rate (Spierings, 1993). 

The chemical reaction for etching is shown below:

    SiO S H O2 2H 6 2HSi2H 2H SiF6HF 6H SiF2H FFHFHF        [1.1]   

 Wet chemical etching is isotropic and produces rounded side wall micro-

channels. The shape and angle of the side wall may be adjusted by applying 

SE 17:52
. . . . . . . . . . . . . . . . .  

000000   WD10.6mm   15.0kV   x600 50μm

(b)

SE 17:29
. . . . . . . . . . . . . . . . . 

000000   WD10.0mm   15.0kV   x600 50μm

(d)

Fixed mask(a)
w

d
Glass substrate

θ

Fixed mask

Receding mask

w

d
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1.5      Schematic representation of etching of glass using (a) Si passive 

etch mask and (b) SEM image of the cross-section of a isotropic 

glass etching using a fi xed a-Si as the etch mask. (c) Schematic 

representation of etching of glass with a bilayer mask made of a fi xed 

mask and a receding mask. (d) SEM image of the cross-section of a 

channel etched in glass using a 10-nm layer of Ti as a receding mask. 

( Source : Reprint from Pekas  et al . (2010) with permission.)  
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titanium as a receding mask during wet etching (Fig. 1.5) (Pekas  et al ., 2010). 

The depth of the channel is controlled by the etch rate and etch duration. 

Furthermore, the width of the channel can be estimated by the mask open-

ing plus twice the channel depth. Gold (Au) is a suitable masking material 

for HF etching because of its inert nature. Usually, a patterned chromium 

(Cr)/Au thin fi lm is used as a mask for glass wet etching, where Cr pro-

vides the adhesion between glass and Au Poly-Si layer patterned by plasma 

dry etching, and photolithography is another popular masking method. In 

the case of some shallow etches, a thick layer of negative photoresists (i.e. 

SU-8) may be a simple, low cost but suitable masking material. Anisotropic 

wet etching of glass is possible if crystalline quartz is used as the substrate 

material. Z-cut wafers are typically used, as the etch rate in this direction is 

signifi cantly greater than any other direction. With proper design and tuning 

of etch conditions (i.e. etchant concentration and temperature) (Rangsten 

and Hedlund, 1998), appropriate shapes required for microfl uidic structures 

can be obtained.            

  Plasma etching 

 The fundamental principle of reactive ion etching (RIE) of glass is similar 

to that for silicon. During RIE etching, gas phase etchants such as CHF, 

CHF 3 , CF 4 , or their combination, are introduced in plasma to produce fl uo-

rine radicals that directionally bombard and etch the glass substrate. The 

chemical reaction for etching is presented below:

    SiO CF CO SiF2 4CFF 2 4SiFFCOCFCFF        [1.2]   

 The etching rate decreases strongly with increasing proportion of non-vola-

tile oxides produced during etching, resulting in a low etch rate (10 nm/min) 

(Ronggui, 1991). High speed directional etching of glass was achieved by apply-

ing high-density inductively coupled plasma (ICP) and a strong permanent mag-

net to stabilize the plasma. By doing so, the etching rates of 0.3 μm/min glass and 

1 μm/min for quartz can be obtained (Xinghua Li  et al ., 2001) (See Fig. 1.6).  

  Other methods 

 A simple method of micromachining glass has been devised through 

the use of the dicing process. Diamond blades (blade widths can be very 

thin (below 100 μm) depending on the diameter of the blade) are used 

in this process, with low depth of cuts to precisely defi ne microchannels. 

Photoresist coating on the dicing substrate is used to prevent redeposition 

of debris from the dicing process onto the substrate (Ngoi and Sreejith, 

2000). However, this method is usually limited to fabricating simple, 
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straight microchannel structures. The aspect ratio of structures produced 

by dicing can be further improved by introducing ultrasonic vibration dur-

ing cutting, since it can reduce cutting force thus avoiding breakage of the 

glass (Egashira  et al ., 2002). 

 Conventional laser micromachining has been used for making a number of 

through-holes in glass. In this method, glass is removed by targeted ablation 

with a pulsed laser. The removed materials usually form debris that redeposit 

on the substrate, which limits its application in fabrication channel shape 

features (Bu  et al ., 2004). However, Ke  et al . performed laser micromachin-

ing under fl uid where the debris could be carried away from the machin-

ing site, avoiding redeposition. By this approach, the microchannel features 

(a) Sloped profile (b) Vertical profile

ion

45°

Mask erosion

Etch stop

68~73° 79~88°

90°

 1.6      SEM images and schematic illustrations of the observed etched 

profi les of ICP-RIE etching (pressure 0.2 Pa, self-bias voltage 390 V, 

etching time 1 h). ( Source : Reprint from Xinghua Li  et al . (2001) with 

permission.)   �� �� �� �� �� ��
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were successfully synthesized in glass without any post-processing (Ke  et al ., 
2005). Recently, the femtosecond laser has been applied for nanofabrication 

glass with a resolution down to several hundred nanometers (100–500 nm) 

(Korte  et al ., 2003). In this process, the debris formed per pulse is small and it 

solidifi es before redeposition. By applying this technique, micro- and nano-

channels with high aspect ratios and good wall-surface quality are made suc-

cessfully (Hwang  et al ., 2004; Kudryashov  et al ., 2007). 

 Powder machining is another technique that is used for making intercon-

nect through-holes in glass. In this process, sharp indenting particle jets are 

shot at high speed on to the substrate protected by a thick layer of masking 

material (Ordyl BF410 resist foil). The impingement of these sharp particles 

generates micro-cracks, which erode the exposed regions (defi ned by poly-

mer mask) of the glass substrates (Belloy  et al ., 2000). This procedure is able 

to provide fast etching rate (25 μm/min), but requires special facilities and 

produces features with high surface roughness (Schlautmann  et al ., 2001). 

 Soda lime glass is a multi-component mixture consisting of small amounts 

of Na 2 O, CaO, MgO, and Al 2 O 3 , as well as SiO 2 . This material is also 

employed in glass microfl uidic device fabrication for facilitating the glass-

to-glass fusion bonding procedures (for enclosing the microfl uidic channel), 

as well as reducing the fabrication cost (Lin  et al ., 2001). FOTURAN glass is 

another special glass that made by special components that contained CeO 2 , 

Ag 2 O, and Sb 2 O 3 . This material would crystallize after exposure under UV 

light and the etch rate of the crystallized regions is increased signifi cantly. 

Thus, high-aspect-ratio (20) glass microfl uidic features can be obtained 

by using this material. More details on FOTURAN microfabrication and 

mechanism can be obtained in (Dietricha  et al ., 1996).  

  Bonding 

 Glass, glass and glass-silicon wafer bonding are usually employed for seal-

ing the fabricated glass microfl uidic features. The wafer bonding can also be 

used to assemble several wafers with different micro-features on them to 

construct a complex, tall microfl uidic design. Other materials, such as GaAs 

and SiC, can also bond on wafer to create versatile devices, e.g. electrodes, 

heaters, sensors, and detectors. Bonding techniques used for glass include 

fusion bonding, anodic bonding, and adhesive bonding. The details of these 

wafer bonding approaches can be found in the review paper (Gösele and 

Tong, 1998; Schmidt, 1998).  

  Applications and future trends 

 Since glass is one of the most widely used substrate material in biology, bio-

medical microfl uidic devices such as those used for the DNA stretch and 

capture device (Sidorova  et al ., 2009), DNA mass spectrometry (Erickson 
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and Li, 2004), and micro-DNA amplification (polymer chain reaction 

(PCR)) devices (Lagally  et al ., 2000) have typically been microfabricated 

in glass. Many components such as monolithic membrane valves/diaphragm 

pumps for high throughput assays, micro-pumps, micro-fl ow, and pressure 

sensors (Grover  et al ., 2003) have also been integrated with glass microfl u-

idic devices. Moreover, because glass is transparent under a wide wavelength 

range (glass: vis–near IR transparent; quartz: UV–near IR transparent), it is 

widely used in making micro-optical bioanalytical devices (Xudong Fan and 

White, 2011). 

 With its unique properties, glass is the most suitable substrate for micro-

fl uidic devices for biological and biomedical application. The surface prop-

erties of glass have been well characterized for surface functionalization, as 

well as for electrophoretic and electrokinetic assays. Additionally, by apply-

ing the laser microfabrication, the glass-based microfl uidic device can be 

made by signal step. However, the amorphous nature of glass, cost of the 

substrate, and lack of a simple bonding method have prevented widespread 

use of glass as a substrate in many microfl uidic applications, especially in 

research. However, it will remain the material of choice for biological and 

medical applications in the commercial domain.   

  1.3.2     Silicon 

 Silicon is the second most abundant element in the Earth’s crust, after 

oxygen. Highly pure silicon is usually extracted directly from silica (SiO 2 ) 

or other silicon compounds by molten salt electrolysis and refi ned by the 

Czochralski process into ultra-high purity single crystals that are used in 

the semiconductor industry and for MEMS and microfl uidic devices (Lang, 

1996). The widespread availability of single crystal silicon wafers, and the 

techniques developed for their processing in the semiconductor industry, 

facilitated the development of some of the fi rst microfl uidic devices, such 

as inkjet print heads (Kim  et al ., 2008), and gas chromatograph columns 

(Terry  et al ., 1979) on this substrate. Subsequently, numerous silicon-based 

microfl uidic devices with applications in chemical and biochemical assays 

(Lion  et al ., 2003), disease diagnostics (Lee  et al ., 2010), drug delivery (Zafar 

Razzacki  et al ., 2004), and environmental monitoring (Jang  et al ., 2011) have 

been developed. 

  Fabrication 

 Microfabrication of silicon-based devices can be broadly classifi ed as bulk 

micromachining and surface micromachining. In bulk micromachining, single 

crystal silicon is used as a substrate and various etching processes (wet and 

dry etching) are used to etch into the substrate to create the microchannel 
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structure. In surface micromachining, the substrate provides a stable and fl at 

base, upon which the microchannel structure is constructed by depositing 

various materials in thin fi lm form.  

  Bulk micromachining 

 In this process (Fig. 1.7a), photolithography is used to defi ne patterns on 

a silicon wafer. Subsequently, the microscale features thus patterned, such 

as microfl uidic channels and chambers, are constructed by etching into the 

exposed regions in the silicon substrates. Finally, another silicon or glass 

wafer is bonded to the micro-structured wafer to form closed microfl uidic 

structures. The etching process used in bulk micromachining can be classi-

fi ed as wet (liquid) and dry (gas) etching, based on the phase of the reac-

tants used. Depending on the etchants used, isotropic or anisotropic etching 

is possible (Fig. 1.8) (Petersen, 1982).           

(a) (b)
Thin
film

Deposit a thin film
SubstrateNitride

Photoresist

Spin photoresist 
and soft bakingKOH etching

Silicon
plate

Further KOH etching

Nitrate
membrane

Nitride patterning

Nitride beam

Photomask

Expose photoresist

Develop photoresist
and hard baking

Etch thin film

Strip photoresist

Silicon

Light

 1.7      (a) Bulk micromachining and (b) surface micromachining. ( Source : 

Reprint from Ziaie (2004) with permission.)  
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 For instance, the combination of hydrofl uoric acid (HF), nitric acid 

(HNO 3 ), and acetic acid (CH 3 COOH) etches silicon without any direc-

tional dependence (isotropic). The HNO 3  oxidizes the exposed silicon sur-

face into SiO 2 , which is then subsequently etched by HF, and the reaction 

products dissolve into the etchant solution. The etch rate can be controlled 

from 0.1 to over 100 μm/min by varying the ratio of acid mixture in HNA 

(Maluf, 2002). Alternatively, potassium hydroxide (KOH), sodium hydrox-

ide (NaOH), ammonium hydroxide (NH 4 OH), and ethylenediamine pyro-

catechol (EDP) produce anisotropic etching. The etch rate is related to the 

surface density of silicon atoms, which are different along various crystal-

lographic directions in single crystal silicon. In general, the etching rate in 

<111> direction is two to three orders of magnitude slower than in <110> 

and <100> directions. The <111> planes serve as etch stop, and 3D struc-

tures with submicrometer resolution can be obtained using these etches. 

Microfl uidic channels with sloping sidewalls (54.74°) made of (111) planes 

have been made using <100> wafers, while <110> wafers are used for verti-

cal sidewalls (90°). 

 Dry etching of silicon is typically carried out by using reactants 

(etchants) in gaseous form to the wafer and using plasma to energize 

and direct them toward the wafer. This process is known as RIE. This 

process can be either isotropic or anisotropic, depending on the pressure 

in the plasma chamber and the electric fi eld that provides directionality 

to the ionic species in the plasma (Verpoorte and De Rooij, 2003). One 

of the most popular RIE processes is the Bosch process, which involves 

the alternative plasma etching and protection layer deposition step. Deep 

reactive ion etching (DRIE) using the Bosch process can obtain very 

high-aspect-ratio structures with anisotropies in the order of 30:1 and 

sidewall angles of 90±2 degrees with typical etch rates of 2–3 μm/min 

(Kovacs  et al ., 1998). An extensive review of bulk micromachining pro-

cesses are detailed in Fu  et al . (2009).  

Photoresist(a) (b)

Silicon wafer

(111) Plane

 1.8      (a) Isotropic and (b) anisotropic etching. ( Source : Reprint from Ziaie 

(2004) with permission.)  
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  Surface micromachining 

 In this process (Fig. 1.7b), silicon-based materials are deposited in thin 

fi lm form using chemical vapor deposition processes to produce structural 

features on a substrate. Two kinds of materials are deposited alternately 

till the entire structure is built. Poly-silicon (Poly-Si) is generally used as a 

structural material while silicon dioxide (SiO 2 ) and silicon nitride (Si 3 N 4 ) is 

used as the sacrifi cial material. First, the sacrifi cial material (SiO 2 ) is depos-

ited and patterned using photolithography to produce the features of the 

microfl uidic channels or networks. Then, poly-Si is deposited over it and 

patterned, again using photolithography, to expose the structural mate-

rial only in the reservoir or interconnect regions. Several layers of micro-

channels or microscale features can be built by alternately depositing and 

patterning the structural and sacrifi cial materials. Finally, the fabricated 

devices are exposed to HF, which etches all of the patterned SiO 2 , leav-

ing behind the poly-Si structure that forms the microfl uidic network. The 

process requires highly compatible materials and chemical etchants with 

high etch selectivity so that the etching of one will not affect the other. An 

extensive review of various surface micromachining methods and process 

is detailed in (Bustillo  et al ., 1998).  

  Applications and future trends 

 Many essential components of microfl uidic devices have been fabricated in 

silicon, such as (1) micro-valves (Oh and Ahn, 2006); (2) micro-pumps (Laser 

and Santiago, 2004); and (3) channels (Verpoorte and De Rooij, 2003), 

using a combination of the various micromachining methods. Silicon-based 

microfl uidic devices have found application in inkjet printing (Petersen, 

1979), liquid chromatography (LC) (Manz  et al ., 1990), gas chromatography 

(GC) (Terry  et al ., 1979), mass spectroscopy (MS) (Schultz  et al ., 2000), 

cell detection (Verpoorte  et al ., 1992), disease diagnostics (Vo-Dinh and 

Cullum, 2000), DNA extraction (Tian  et al ., 2000), drug delivery (Chung 

 et al ., 2008), and miniaturized fl ow injection analysis (FIA) (1994). 

 Silicon is one of the fi rst materials used for fabricating microfl uidic 

devices. There are several advantages that make silicon suitable: (1) the 

micromachining technology for silicon is well developed; (2) oxidation of 

silicon surface produces SiO 2 , which is an ideal surface that is suitable for 

biochemical analysis; and (3) various surface modifi cation chemistries are 

available for silicon and SiO 2  that make it suitable for functionalization 

of biomolecules. However, the cost associated with cleanroom processing 

and the time involved with micromachining, along with the cost of the 

substrate itself, make devices made of silicon expensive. Still, the advan-

tages that silicon possesses make it an ideal material of choice for micro-

fl uidic components and some devices in the commercial domain.    
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  1.4     Polymers 

 Polymers are macromolecules polymerized from smaller molecules called 

monomers through a series of chemical reactions. They can be catego-

rized on the basis of their structures and behaviors but are mostly classifi ed 

according to their response to thermal treatment.  

  1.4.1     Polydimethyl siloxane (PDMS) 

 PDMS exists in various forms such as fl uid, gel, elastomer, resin, and rub-

ber (Brook, 2000 ) and has been used extensively in microfl uidic applications 

for analytical chemistry (Seethapathy and Górecki, 2012), biology (Sia and 

Whitesides, 2003; Kartalov  et al ., 2006), biomedical devices, and medicine. 

PDMS consists of repeating Si-O backbones with two CH 3  organic side-arms 

linked in the polymeric chain. PDMS can be made into its elastomeric form 

by a process of cross-linking long chain siloxane oligomers containing vinyl-

terminated end groups (base) with short chain cross linkers. The reaction mix-

ture also contains platinum-based catalyst, inhibitors, and silica fi ller (Fu  et al ., 
2003). The process of cross-linking and polymerization is accelerated by heat 

treatment and increasing the volumetric ratio of cross-linker to base, which 

also increases the rigidity of the fi nal elastomer (Campbell  et al ., 1999). 

  Fabrication of microfl uidic devices using PDMS 

 The process used to fabricate microdevices in PDMS material is termed soft 

lithography (Xia and Whitesides, 1998; McDonald  et al ., 2000). In this process, 

a master mold is created where the microchannel geometry is defi ned on pho-

toresists photo-lithographically on a silicon wafer as protruded features (Qin 

 et al ., 1996; Duffy  et al ., 1998; Xia and Whitesides, 1998). Master molds have 

also been fabricated using silicon bulk micromachining methods (Effenhauser 

 et al ., 1997). Then, components of commercially available PDMS base and 

agent (Sylgard 184 Kit, Dow Corning, USA) are mixed in an appropriate vol-

umetric ratio and cast over the master mold. Cross-linking and polymeriza-

tion are achieved through the application of heat (65–90°C for 2–4 h), after 

which the PDMS elastomer formed is peeled off the master mold, forming a 

negative replica. Fluid access ports are punctured and the micro-structured 

substrate is bonded to a second PDMS layer for enclosure. Chemical surface 

treatment (i.e. silanized in 3% v/v dimethyloctadecylchlorosilane in toluene 

for 2 h) of the master mold before casting can serve as a mold release layer 

and improve the reliability of the casting process. The process fl ow is depicted 

in Fig. 1.2. Fabricated PDMS microchannels are shown in Fig. 1.9.      

 A replication accuracy of ~10 nm has been demonstrated for PDMS mate-

rial itself (Hua  et al ., 2006). Therefore, the feature size that can be obtained 

largely depends on the resolution and capability of the process creating 
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master molds. Table 1.1 summarizes the minimum feature sizes and maxi-

mum aspect ratios achieved in PDMS replication using various processes 

that are commonly used to make master molds.       

  Interconnection and bonding 

 One of the contributing factors toward the popularity of PDMS as a rapid 

prototyping material is the ease with which strong bonding to various sub-

strates can be obtained as well as the variety of methods for interconnection. 

(b)(a)

100 μm

 1.9      (a) A bioreactor fabricated from PDMS with multiple side input/

output interconnects. ( Source : Reprinted with permission from 

Balagadde  et al . (2005).) (b) Scanning electron microscopy view of 

the microchannels of another capillary electrophoresis device made 

of PDMS. ( Source : Reprinted with permission from Duffy  et al . (1998), 

Copyright (1998) American Chemical Society.)  

 Table 1.1     Minimum feature sizes (MFS) and maximum aspect ratios (AR) fabricated 

in PDMS 

Fabrication method MFS (μm) AR Ref.

Multi-spinning 

of SU8 for 

photolithography 

and soft lithography

20 17 Natarajan  et al ., 

2008

LIGA and PDMS 

casting

20 15 Kim  et al ., 2002

Laser and electron 

discharge 

micromachining 

followed by PDMS 

casting

<20 4 Shiu  et al ., 2010

Proton Beam Writing 

for Ni masters and 

PDMS casting

2.5 5.2 van Kan  et al ., 

2007

�� �� �� �� �� ��



Microfabrication of microfl uidic biomedical devices   21

© Woodhead Publishing Limited, 2013

Interconnection is used to connect microfl uidic networks in chips to mac-

roscale devices, ports, and fi ttings. Various methods have been developed 

for interconnection to PDMS devices, including manual or machine-based 

coring and insertion of needles or tubing such as low density polyethylene 

(LDPE) tube, as well as the usage of more standardized world-to-chip inter-

face sockets. These have yielded interconnects that withstand pressure of 

100–700 kPa without leakage (Fredrickson and Fan, 2004; Christensen  et al ., 
2005b; Bhagat  et al ., 2007; Quaglio  et al ., 2008; Westwood  et al ., 2008). The 

strength of the interconnect has also been enhanced through plasma oxidiza-

tion prior to interconnection, intermediate adhesive layers, and usage of fas-

tening O-rings (Li and Chen, 2003; Fredrickson and Fan, 2004; Christensen 

 et al ., 2005a; Saarela  et al ., 2006; Bhagat  et al ., 2007; Quaglio  et al ., 2008). 

 Reversible and irreversible bonding of PDMS to itself as well as a variety 

of other materials has been realized. Some of the widely used methods of 

bonding PDMS include:

 Plasma treatment : after peeling off the master mold, the surface of the 

PDMS is inertly hydrophobic due to the presence of the surface methyl 

groups. Exposure to oxygen plasma opens up hydrophilic hydroxyl radi-

cals on the surface, which upon conformal contact with another oxidized 

PDMS surface will form irreversible Si-O-Si bonds (Duffy  et al ., 1998). The 

plasma exposed surfaces have to be brought into contact immediately to 

ensure strong bonding. Delay after exposure leads to diffusion of PDMS 

chains from the bulk onto the surface, which reduces the surface density 

of hydroxyl groups responsible for bonding (Hillborg  et al ., 2000). In addi-

tion to PDMS (Duffy  et al ., 1998; Eddings  et al ., 2008), bonding to glass, 

Si (Bhattacharya  et al ., 2005) and passivated layers on Si (i.e. phosphosili-

cate glass (PSG), undoped silicate glass (USG), Si 3 N 4 , and SiO 2  (Tang  et al ., 
2006) have also been achieved by this method. Plasma treatment with other 

gases (1:2 argon:oxygen) has also been employed to investigate the bond 

between polyethylene terephthalate glycol (PETG), COC, and polystyrene 

(PS) with PDMS and polyurethane (PU) layers (Mehta  et al ., 2009). PDMS 

and parylene have been bonded using exposure to SF 6 :N 2  plasma (Rezai 

 et al ., 2011). In addition to surface oxidization for making the PDMS surface 

hydrophilic, methods involving treatment of PDMS surface with sodium 

silicate (low temperature adhesive for glass bonding applications) (Wang 

 et al ., 1997; Ito  et al ., 2002), sol-gel techniques (Roman  et al ., 2005), silaniza-

tion (Papra  et al ., 2001), chemical vapor deposition (Lahann  et al ., 2003), 

atom transfer radical polymerization (Xiao  et al ., 2002), and polyelectrolyte 

multilayers (Liu  et al ., 2000) have also been investigated. 

  Chemical treatment : Eddings  et al . (2008) used other chemical-based 

methods such as partial PDMS curing, varying base:agent mixing ratio and 

uncured PDMS adhesive to bond two PDMS layers. Fabrication of multi-

layer microfl uidic 3D networks has been achieved by the ‘multilayer soft 
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lithography’ method (Unger  et al ., 2000). Each layer containing an excess 

amount of PDMS base or cross-linker chemical is cast over its mold, peeled 

off, and bonded to the other layer with an opposite chemical composition. 

Migration of excess molecules toward the interface forms a bond, resulting 

in a monolithic elastomeric device. 

 PDMS-PDMS and PDMS—PMMA bonds were realized by immersing 

or spin-coating the surfaces with a thin layer of diluted silane solution (5% 

3-aminopropyltriethoxysilane (APTES) in water), plasma oxidizing, and 

physically attaching together (Vlachopoulou  et al ., 2009). An extension of 

this technique was used to bond PDMS to PMMA, PC, PET, U-PET and PI 

(Tang and Lee, 2010). 

  Mechanical : PDMS-PMMA and PDMS-parylene bonding have been 

achieved by low temperature and applied mechanical pressures on the 

assembly (Ko  et al ., 2003; Kim and Najafi , 2005; Chow  et al ., 2006). 

 A comprehensive view of the various bonding methods used, methodol-

ogy and the bond strengths obtained is summarized in Table 1.2.       

  Applications and future trends 

 PDMS is considerably cheaper compared to traditional MEMS substrates 

such as silicon or glass; it can be easily replicated and bonded to a diverse 

range of substrates; it has been used to develop various fl uidic components 

(Ng  et al ., 2002); and it has satisfactory optical transparency, mechanical 

stability (Armani and Liu, 2000), gas permeability, and biocompatibil-

ity (Chang  et al ., 2007). These characteristics make PDMS the material of 

choice for rapid prototyping of microfl uidic devices. The evidence of this is 

its extensive use in prototyping of microfl uidic devices for chemistry, biol-

ogy, and medicine-based applications (Sia and Whitesides, 2003; Kartalov 

 et al ., 2006; Seethapathy and Górecki, 2012). PDMS will continue to be used 

as a popular rapid prototyping material for microfl uidic devices in a variety 

of academic and industrial setting.   

  1.4.2     Parylene 

 Parylene is another widely used polymer in microfl uidic applications. It has a 

para-xylylene backbone and is commercially available in the forms of basic N 

(poly-para-xylylene) and C and D that have 1 and 2 chlorine atom replaced 

in their benzene backbone, respectively. Parylene has been widely used in 

fabrication of microchannels (Man  et al ., 1997; Webster and Mastrangelo, 

1997), micro-valves (Rich and Wise, 1999; Wang  et al ., 1999; Carlen and 

Mastrangelo, 2002; Chen, 2007), membrane fi lters (Yang  et al ., 1998), peel-

off masks for protein and cell micro-patterning (Ilic and Craighead, 2000; 

Jinno  et al ., 2008; Wright  et al ., 2007, 2008; Delivopoulos  et al ., 2009; Tan  et al ., 
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2010), functionalized coated surfaces for 3D patterning of proteins (Chen 

and Lahann, 2005), spatially selective coating of microchannels for surface 

functionalizing (Chen  et al ., 2006a; Chen and Lahann, 2007), microelectronic 

circuits (Olson, 1989; Lin and Wong, 1992), biological sample encapsulations 

(Nosal  et al ., 2009), dielectric interlayers (Selbrede and Zucker, 1997), and 

wire bond enforcement (Flaherty, 1995) in microchip packaging. Readers 

are referred to a recent article by Tan and co-workers (Tan and Craighead, 

2010) for more elaborate review of parylene applications. 

  Fabrication of microfl uidic devices using parylene 

 Parylene has a high molecular weight and its structure is linear and highly 

crystalline, therefore it cannot be molded (high  T   g  ) in a process similar to 

PDMS. As a result, it can only be vapor deposited in the form of thin confor-

mal layers (Gorham, 1966) with an inherent hydrophobic property (surface 

free energy of 19.6 mN/m). Deposition is done through thermal sublima-

tion of dimers at 140–160°C (in furnace), vapor phase splitting into mono-

mers at 680°C (in pyrolysis chamber), and conformal deposition (Lee  et al ., 
1995) and polymerization on the surfaces under vacuum at room tempera-

ture (in deposition chamber). 

 Complex structures can be microfabricated after parylene deposi-

tion using surface (Fig. 1.10a) (Webster  et al ., 1998) and bulk (Tacito and 

Steinbruchel, 1996) micromachining as well as micro-molding (Fig. 1.10b) 

(Noh  et al ., 2004) techniques. Since it is resistant to solvents, it can be used 

Parylene micromoldingConventional method

PR

(a)

(b)

(c)

(d)

(e)

(f)

(a)

(b)

(c)

(d)

(e)

(f)

Silicon Parylene Au electrode Flat substrate(stainless steel sheet)

 1.10      Parylene microfabrication. (a) Surface micromachining: parylene 

deposition, electrode patterning, photolithography, 2nd parylene 

deposition and photoresist etch away and (b) micro-molding: substrate 

etching, parylene deposition, electrode patterning, 2nd parylene 

lamination and base peel-off. ( Source : With permission Noh  et al ., 

2004.)  
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in lithographic processes as the main structural layer (using patterned pho-

toresist as sacrifi cial layers, Fig. 1.10a) or can be dry etched in oxygen- and/

or fl uorine-based plasmas.      

 Similar to many other materials, various applications require high-aspect-

ratio and microscopic structures fabricated in parylene (a few examples are 

listed in Table 1.3).       

  Interconnection and bonding 

 Interconnection to parylene-based micro- and nano-fl uidic channels has 

been achieved using a variety of methods. Peeled-off parylene channels 

were punched by needles and polyimide-coated silica micro-tubes were 

attached and epoxy glued to them, withstanding up to 0.2 SCCM water fl ow 

(Noh  et al ., 2004). Photocurable adhesives have also been used for inter-

facing parylene micro-tubes to microfl uidic reservoirs (Ilic  et al ., 2002). In 

order to interface surface micromachined parylene channels, SU-8 anchors 

housing multiple PDMS sockets at the end of the parylene channel were 

used, each receiving a syringe needle horizontally as the interconnects (Lo 

and Meng, 2011). Most of these methods tend to fail at high fl ow or high 

pressure conditions, making interconnection to parylene devices a more dif-

fi cult task compared with PDMS. 

 Bonding of parylene to other materials is somewhat more challenging, 

due to the strong chemical backbone structure of this material; however, a 

number of bonding methods have been introduced (Rezai  et al ., 2011) that 

are listed in Table 1.4. Here are the most popular methods used for parylene 

bonding to other materials:

 Silanization : Parylene adhesion to silicon oxide and nitride layers, as well 

as metals such as Au, Cr, and Ti, was enhanced by using a surface silaniza-

tion pretreatment step. However, this method was not as effective in bond-

ing parylene to silicon and Al. 

  Plasma treatment : Similar to the PDMS-based bonding methods discussed 

above, surface plasma treatment (using Ar, CH 4 , O 2 . SF 6 , and N 2  gases) of 

 Table 1.3     Minimum feature sizes (MFS) and maximum AR fabricated in parylene 

Fabrication method MFS (μm) AR Ref.

O 2  and Ar ICP  a 6 9 Selvarasah  et al ., 2008

DRIE-based Si molds, parylene 

deposition and release by Si wet 

etching

10 10–30 Suzuki and Tai, 2003, 

2006

DRIE Si etching, parylene deposition 

and back plasma realease etching

20 10 Zoumpoulidis  et al ., 

2009

     a  ICP: inductively coupled plasma.    
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various surfaces (parylene, PTFE, PP, PE, PMMA, glass, SiO 2 , Si 3 N 4 , PDMS, 

Au, and Pt as the most widely used materials), followed by an immediate 

parylene deposition process, has been extensively studied and used for 

bonding purposes (Sharma and Yasuda, 1982; Hassler  et al ., 2010; Ciftlik 

and Gijs, 2011, 2012; Rezai  et al ., 2011). Plasma treatment of parylene results 

in etching a thin layer off the surface and subsequent exposure of active 

nucleation sites that can enhance bonding. Hessler  et al . (2010) used oxygen 

plasma treatment to successfully bond parylene to itself, Si 3 N 4 , and Pt as an 

encapsulation material for neural prostheses. In this study, oxygen plasma 

exposure alone was ineffective in bonding parylene to Si 3 N 4  and Pt and a 

pretreatment with silane A-174 before deposition was required. In the study 

by Sharma  et al . (Sharma and Yasuda, 1982), it has been reported that Ar 

and CH 4  plasma treatments are more effective in bonding parylene to sev-

eral other materials (Table 1.4) than that of O 2  plasma, due to generation of 

more radical species on the surfaces for covalent bonding to parylene.      

 Most of the plasma-based methods introduced above are followed imme-

diately by parylene deposition without breaking the vacuum pressure 

conditions of the chamber. With this, it is not possible to perform post-

parylene-deposition processes such as patterning of the surfaces. Rezai  et al . 
(2011) introduced a method to bond already-cured PDMS and parylene 

surfaces together using a plasma enhanced method. With this, fabrication of 

dual-material PDMS-parylene microchannels in an easy way without a need 

for sacrifi cial layers was made possible. 

  Thermo-mechanical : Another method that has been widely used for 

parylene bonding is the application of heat and compressive forces, mostly 

in order to bond already deposited parylene layers to other surfaces such 

as nitrides and oxides. This is useful when patterning of the parylene layer 

is required before bonding, such as for fabrication of microfl uidic channels 

(Ciftlik and Gijs, 2011, 2012). The heat can be generated externally or inter-

nally on the chip by using reactive multilayer Ni/Al foils for exothermic 

reaction-based heat generation (Qiu  et al ., 2009). This method has been 

widely applied to bonding silicon wafers to each other by the application of 

a parylene interfacial layer (Kim and Najafi , 2005).  

  Applications and future trends 

 Parylene is inherently hydrophobic. The hydrophobicity can be enhanced 

by buffered hydrofl uoric acid (BHF) and hydrofl uoric acid (HF) expo-

sure, or changed to hydrophilicity by chromium etchant or oxygen plasma 

(Hwang  et al ., 2004) exposure. Due to vacuum-based fabrication process 

and lack of initiators and catalysts in parylene polymerization, chemically 

pure parylene layers can be deposited. Room-temperature deposition pro-

cess leads to formation of mechanical stress-free layers with no pin-holes 
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(useful for PDMS coating for long gas permeability (Lei  et al ., 2011)) and 

good dielectric breakdown properties, especially below 1 μm. As opposed 

to other porous polymers such as PDMS, parylene has a low gas permeabil-

ity (moisture vapor permeability of 1.7 × 10 –16  kg-m/N.s) and good stability 

against organic solvents. Parylene is also optically transparent (low optical 

absorption above 280 nm wavelengths) with a low auto-fl uorescence behav-

ior (Sasaki  et al ., 2010), as well as chemically and biologically inert (Tooker 

 et al ., 2005; Chang  et al ., 2007), which make it an ideal material for bio-

microfl uidic and biomedical applications. Using these fabrication processes, 

parylene-based devices have been used for DNA separation (Webster  et al ., 
1998), PCR (Man  et al ., 1997), cochlear implants (Bell  et al ., 1997), biochemi-

cal reactions (Brahmasandra  et al ., 1998), biological materials surfaces pro-

tection (Nosal  et al ., 2009), micro-valves for drug delivery (Rich and Wise, 

1999; Carlen and Mastrangelo, 2002), electro-osmotic pumping (Freire 

 et al ., 2011), micro-needles, micro-tubes (Ilic  et al ., 2002), microchannels 

(Chen  et al ., 2006b), 3D micro-fl uidic mixers (Liu  et al ., 2008), and neuro-

cages (Fig. 1.11) (Erickson  et al ., 2008). Although the properties of parylene 

make it suitable for some applications, especially those requiring chemical 

inertness, minimal adsorption, or electrical insulation, the lack of a simple 

yet strong bonding and interconnection method has prevented its contin-

ued widespread use in rapid prototyping of a wide variety of microfl uidic 

devices.                  

  1.4.3     Polycarbonate 

 Polycarbonates (PC) are one of the thermoplastic polymers which can be 

easily molded using thermoforming processes. The major advantages of PC 

over other plastics are its ultimate strength (~2.0 GPa) and transparency 

(a)

Electrode

Tunnels

Anchors

(b)

 1.11      SEM pictures of (a) a single and (b) an array of microfabricated 

neurocages made out of 4 μm of parylene integrated with electrodes. 

Cages were used to study neuronal signaling actuated by electrical 

stimuli. Scale bars = 10 μm. ( Source : With permission Erickson  et al ., 

2008.)  
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throughout the visible spectrum down to 400 nm. It is not as chemically 

inert as plastics. For instance, organic solvents such as acetone and ammo-

nia are not compatible with PC. Its high refractive index ( n  = 1.58) make it 

attractive for optical applications. PC has a glass transition temperature of 

145°C, which is usually suffi cient for most biological microfl uidic applica-

tions such as PCR thermal cycling. 

 Microfabrication methods for PC can be categorized as direct structuring 

such as laser ablation (Lin  et al ., 1999; Waddell, 2002; Suriyage  et al ., 2004) with 

a width over 50 μm and an aspect ratio up to 10, and micro-milling (Ogonczyk 

 et al ., 2010) with a diameter over 30 μm and an aspect ratio up to 1, or replica-

tion methods such as injection molding (Ruprecht  et al ., 1995; Holger Becker 

and Locascio, 2002; Gottschlich, 2004; Chen  et al ., 2005; Griffi ths  et al ., 2007; 

Attia  et al ., 2009b), and hot embossing (Liu  et al ., 2001; Ye  et al ., 2005) with a 

width over 40 μm and an aspect ratio up to 2. An extensive review of micro-

fabrication methods for PC can be found elsewhere (Holger Becker and 

Locascio, 2002; Jensen  et al ., 2004; Holger Becker and Gärtner, 2008; Attia 

 et al ., 2009b). 

 Various bonding methods have been used in the fabrication of PC micro-

fl uidic devices and they can be classifi ed into thermal, chemical and adhe-

sive methods. Thermal processes (Yang  et al ., 2002; Chen  et al ., 2005; Park 

 et al ., 2008; Ogonczyk  et al ., 2010) use compression at a temperature around 

its glass transition temperature for bonding slabs or thin foils, and results in 

an average bonding strength of 0.55 MPa. Chemical bonding induced by the 

modifi cation of surface chemistry can be achieved by the plasma treatment 

(Klintberg  et al ., 2003; Wang  et al ., 2008) or the introduction of active sur-

face groups (Lee and Ram, 2009), and shows a highest bonding strength of 

over 6.8 MPa. Alternatively, there are some commercial glues or adhesives 

that can be used to create a strong bonding as well. 

 Due to its higher glass transition temperature and low manufacturing 

cost, PC is an ideal material for fabrication of disposal devices and has 

been used in several biomedical and bioanalytical applications such as PCR 

(Fig. 1.12) (Liu  et al ., 2001; Yang  et al ., 2002; Hashimoto  et al ., 2004; Chan 

 et al ., 2008; Cooney  et al ., 2012; Peham  et al ., 2012).  

  1.4.4     Polyimide 

 Polyimide (PI) is a thermosetting plastic and exhibits very low creep and 

high tensile strength compared to other thermoplastics. PI also has excellent 

thermal stability ( T   g   > 400°C) and chemical resistance, thus it has been used 

as an insulation fi lm in fl exible printed circuit boards (PCB) for the electron-

ics industry, and adhesive and photoresist in the semiconductor industry. 

 Due to PI’s photosensitivity, structural features can be fabricated in 

it using conventional photolithography processes, which is a signifi cant 
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(a) P2
R

Inlet/outlet

(b)

(e)

(1)

(c) (d)

P1

P2 P2P1 P1

P2

(2) (3) (4) (5)

P1

 1.12      Layout of the polycarbonate plate-based microfl uidic platform. 

(a) Schematics of the microfl uidic device, P1 and P2 are the control 

ports and R is the sample inlet/outlet reservoirs. (b) Photography of the 

polycarbonate microfl uidic plate and a commercial 96-well titer plate. 

(c−d) SEM images at the entrance and exit section with a 150 μm bed 

entrance hole drilled using laser. ( Source : M. A Witek  et al ., 2008) – 

Reproduced by permission of Journal of Analytical Chemistry.)   
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advantage. Open microfl uidic channel structures using PI can be micro-

machined by direct structuring techniques laser ablation (Yin  et al ., 
2004; Khan Malek, 2006), hot embossing (Youn  et al ., 2008), dry etch-

ing (Nguyen and Lee, 2007), and photolithography (Stefan Metz  et al ., 
2001; Metz  et al ., 2004; Lake  et al ., 2011), and subsequently closed by 

laminating a cover layer (Fig. 1.13). Various lamination techniques have 

been developed to fabricate PI-based microfl uidic devices. For instance, 

solvent bonding (Glasgow  et al ., 1999) was used to laminate a PI micro-

structured layer between two wafers. Similarly, a thin layer of polyimide 

precursor as adhesive can be used for PI bonding (Mangriotis  et al ., 1999; 

Stefan Metz  et al ., 2001). 

 Alternatively, microfl uidic channels can be made by applying surface 

micromachining techniques that use sacrifi cial resist layers embedded 

in PI to form microchannels. The sacrifi cial layer is then removed by 

solvent dissolution (Man  et al ., 1997), dry etching (Bagolini  et al ., 2002), 

or heating (Suh  et al ., 2000; Metz  et al ., 2004) to reveal the microchan-

nel structure. Materials such as silicon oxide, metals, and photoresists 

have been used as sacrifi cial layers for the construction of PI microchan-

nels, although this method is usually a time-consuming process, espe-

cially when fabricating submicron channels where dissolution is limited 

by diffusion. 

 Due to its mechanical fl exibility and good adhesion to metal layers, PI 

has been already widely used in fl exible PCBs such as DuPont™ Kapton®. 

In a similar vein, PI has been used to make fl exible microfl uidic devices 

with embedded electronic circuits, such as neural electrodes (Kato  et al ., 
2012), microfl uidic mass spectrometers (Spectrometry  et al ., 2010), bio-

electric activity monitors (Metz  et al ., 2004), liquid fl ow sensors (Kuoni 

 et al ., 2003), and impedance spectroscopy fl ow cytometers (Gawad  et al ., 
2001).  

 1.13      Cross-section of a polyimide device with three adjacent 

interconnection lines (left side) and a microchannel (width 100 μm, 

height 20 μm) with an electrode inside the channel (right side). ( Source : 

Stefan Metz  et al ., 2001). Reproduced by permission of The Royal 

Society of Chemistry.)   
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  1.4.5     Poly methyl methacrylate (PMMA) 

 Poly(methyl methacrylate) (PMMA) is a rigid transparent thermoplastic 

material that undergoes phase transition to a viscoelastic state above  T   g   = 

105°C (Ucar  et al ., 2012). Accordingly, it is well suited for mass industrial 

production and, due to its excellent chemical, mechanical, and optical prop-

erties (Table 1.5), it has recently attracted considerable attention in medical 

(orthopedics (Jaeblon, 2010)) and biological (Chen  et al ., 2008) applications 

for analysis of: DNA (Chen and Chen, 2000; Sassi  et al ., 2000); amino acids, 

peptides and proteins (Xue  et al ., 2001; Wainright  et al ., 2002); saccharine 

(Dang  et al ., 2006); pollutants and explosives (Wang  et al ., 2002b); and ions 

and organic acids (Pumera  et al ., 2002). Some review papers (Becker and 

Gartner, 2000; Fiorini  et al ., 2005; Chen  et al ., 2008; Jaeblon, 2010) have been 

published with more detailed information on PMMA fabrication methods, 

bonding and applications.      

  Fabrication of microfl uidic devices using PMMA 

 The cost of manufacturing PMMA-based products is relatively low as com-

pared to silicon and glass. Various methods described in the microfabrica-

tion methods section have been used to develop single-layer PMMA parts 

bonded to other materials, or to PMMA itself, for the purpose of forming 

microfl uidic devices. These methods include hot embossing (Martynova 

 et al ., 1997), room-temperature imprinting (Xu  et al ., 2000), injection mold-

ing (McCormick  et al ., 1997; Piotter  et al ., 1997), laser ablation (Sun  et al ., 
2006),  in situ  polymerization (Chen  et al ., 2003), and solvent etching (Chen 

 et al ., 2007) as thoroughly reviewed by Chen  et al . (2008). In the hot emboss-

ing method, a substrate containing the microfl uidic network design as 

protruded features is used, and a PMMA plate is embossed against it at 

elevated temperatures (> T   g   = 105ºC) and pressures. Figure 1.14 illustrates 

a high surface area PMMA-based microfl uidic device fabricated by X-ray 

lithography and used for extraction of DNA by testing various post features 

in a microchannel (Reedy  et al ., 2011).                

 Some of the smallest feature sizes and highest aspect ratios achieved in 

fabrication of PMMA microdevices are listed in Table 1.6.       

  Interconnection and bonding 

 In addition to conventional interconnection methods described in other 

sections, world-to-chip interfacing into PMMA microfl uidic devices has 

been achieved through an adhesive-free in-plane interconnection method 

(Sabourin  et al ., 2010). The connection is made by press-fi t interconnection 

of oversized deformable tubes with PMMA and subsequent UV-assisted 

bonding. Capillaries and optical fi bers have also been interconnected with 
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PMMA channels (Hartmann  et al ., 2008) by in-plane insertion into the 

channel and usage of UV-curable glues to fi x them on the device. 

 Direct and indirect bonding methods have been used for fabricating 

enclosed PMMA microdevices. Direct bonding includes thermal fusion 

bonding (Martynova  et al ., 1997), local welding by ultrasonic (Truckenmuller 

 et al ., 2006) or microwave energy (Lei  et al ., 2004) and solvent bonding 

(Wang  et al ., 2002a; Shah  et al ., 2006). Bond strength as high as 23.5 MPa 

has been reported for PMMA using the solvent bonding method (Hsu and 

Chen, 2007). In the indirect bonding method, which is simpler, an additional 

glue or epoxy layer is required to facilitate bonding of PMMA to itself or to 

other materials (Becker and Gartner, 2000; Chen  et al ., 2005). However, the 

challenge is not to clog the microchannels with the gluing material, which 

has been avoided by techniques such as control of wetting tension between 

the UV-curable adhesive and the surface of substrate (Pocius, 2002), screen 

printing (Han, 2003), and micro-contact printing (Dang, 2005). PMMA 

bonding to PDMS and parylene have already been discussed in the PDMS 

Reservoirs

PMMA

(a) (b) (c)

(e)(d) (f)

 1.14      Schematic of the PMMA microchannel for DNA extraction 

(Dimensions: 1 cm long channel, 800 μm wide and 50 μm deep) with 

various post designs shown (SEM images of the red box) in (a)–(f). (a) 

14 μm square posts with ~3 μm extensions with 4 μm distance between 

posts. (b) 22 μm square posts with 4 μm distance between posts. (c) 

8 μm square posts with 4 μm distance between posts. (d) Similar to 

design A but with 17 μm between each post. (e) 6 μm × 30 μm posts 

with 8 μm extensions. (f) 6 μm × 30 μm posts with 5 μm extensions. 

(Source: With permission Reedy  et al ., 2011.)  
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and parylene sections. Other bonding methods for PMMA have been sum-

marized in two review articles (Chen  et al ., 2008; Tsao and DeVoe, 2009). 

 PMMA is low cost and easy to form for developing microfl uidic devices 

with exceptional mechanical, optical, and chemical properties (Table 1.5). 

Extreme hydrophobicity, due to the lack of ionizable functional groups in 

PMMA, has limited its application and led to the development of various 

surface modifi cation processes. They have been categorized (Chen  et al ., 
2008) into covalent modifi cations for the formation of amine-terminated 

surfaces (Henry  et al ., 2000), dynamic coating with charged surfactants or 

hydrophilic neutral polymers (Dang  et al ., 2003), and bulk modifi cation 

(Wang  et al ., 2005) of the polymer during the fabrication process by copoly-

merization of monomers.   

  1.4.6      Cyclic olefi n copolymers (COC) and cyclic olefi n 
polymers (COP) 

 Both COC and cyclic olefi n polymers (COP) are amorphous polymers pro-

duced by chain copolymerization of cyclic monomers. Typically, COC and 

COP have glass-like transparency (>90%) in near-UV, high tensile strength 

(46–63 MPa), high moisture resistance (<0.01%), good chemical resistance 

to acids, bases and polar solvents (Topas Advanced Polymers, 2012), and 

high dielectric constant (30 kV/mm) (Lamonte and Mcnally, 2000). They 

are commercially available in pellet, solution, and sheet form from various 

manufacturers. 

 Similar to other polymers, fabrication methods for COC/COP can be 

categorized as direct structuring methods, such as laser ablation (Sabbert 

 et al ., 1999; Jensen  et al ., 2004; Bundgaard  et al ., 2006) and micro-milling 

(Bundgaard  et al ., 2006; Grumann  et al ., 2006), and replication methods, 

such as injection molding (Kim and Kwon, 2009; Pakkanen  et al ., 2002; 

Appasamy  et al ., 2005; Lee  et al ., 2005; Ito  et al ., 2007; Kalima  et al ., 2007; 

Steigert  et al ., 2007; Angelov and Coulter, 2008; Schütte  et al ., 2010), hot 

embossing (Fig. 1.15) (Kameoka  et al ., 2001; Yang  et al ., 2005; Bhattacharyya 

 Table 1.6     Minimum feature sizes (MFS) and maximum AR fabricated in PMMA 

Fabrication method MFS (μm) AR Ref.

E-beam lithography 0.16 7 Gorelick  et al ., 

2010

LIGA 5 10 Reedy  et al ., 

2011

LIGA 8 19 Becker and Heim, 

2000
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and Klapperich, 2006; Fredrickson  et al ., 2006; Liu  et al ., 2007; Faure  et al ., 
2008; Park  et al . 2008; Illa  et al ., 2009), and nano-imprint lithography 

(Bilenberg  et al ., 2005; Gourgon  et al ., 2005; Nilsson  et al ., 2005; Gustafsson 

 et al ., 2008). 

 A bonding step is essential for the fabrication of microfl uidic systems, 

which usually requires sealed microchannels to prevent sample contamina-

tion and evaporation. Use of adhesives or glues is one of the most common 

bonding techniques for polymers. UV adhesives (Do and Ahn, 2008) have 

been demonstrated to bond COP parts together at room temperature to 

form a microfl uidic chip with a bonding strength of 2 MPa. Thermal bonding 

is also commonly used for thermoplastic polymers such as COP (Kim and 

Kwon, 2009; Kameoka  et al ., 2001; Daniel Nilsson  et al ., 2005; Yang  et al ., 
2005; Bedair and Oleschuk, 2006; Bhattacharyya and Klapperich, 2006; Kim 

 et al ., 2006; Mair  et al ., 2006; Wallow  et al ., 2007; Choi  et al ., 2008; Gustafsson 

 et al ., 2008), which is heated above its glass transition temperature to allow 

the polymer chains to diffuse between the mating surfaces thus promoting 

adhesion. No quantitative study of the bonding strength had been under-

taken due to the low surface energy of thermoplastics. Oxygen plasma 

(Kettner  et al ., 2006) and UV/ozone (Tsao  et al ., 2007) treatments were 

then used to activate surfaces and improve the bonding strength of COP 

substrates up to 0.8 mJ/cm 2  under specifi c bonding conditions (Tsao  et al ., 
2007). Solvent bonding, also known as solvent welding, can also be used to 

temporarily dissolve the surfaces of COP, enabling the mobility of polymer 

chains across the bonding interface, and thus results in the highest bonding 

 1.15      (a) Photograph of 4 COC device array and SEM of the post (left) 

and channel structure of a device (right). (b) A single device schematic 

with the gel area expanded shows the SEM image area outlined. 

( Source : Jeon  et al . (2011) – Reproduced by permission of Journal of 

Biomedical Microdevices.)   
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strength of 10 MPa (Kettner  et al ., 2006; Ro  et al ., 2006; Liu  et al ., 2007; Tsao 

 et al ., 2007, 2008; Wallow  et al ., 2007; Chen  et al ., 2008; Faure  et al ., 2008). 

 Due to its surface properties and optical transparency, COP-based micro-

chip electrophoresis provides faster separation and easier integration of 

sample preparation (Blas  et al ., 2008; Sueyoshi  et al ., 2008) and optical detec-

tion (Mogensen  et al ., 2001; Bliss  et al ., 2007; Hurth  et al ., 2008) than tradi-

tional capillary electrophoresis. Compared to other polymers, COP-based 

microchips usually have lower background fl uorescence, and higher elec-

trophoretic effi ciency (Yi  et al ., 2008). COP-based microchannels have also 

been used in solid phase extraction where either the interested analytes or 

the undesired impurities are retained by the stationary phase (Gustafsson 

 et al ., 2008; Illa  et al ., 2009). Moreover, COP-based electrospray emitters 

have been used for mass spectrometry where the ionized analytes are sepa-

rated depending on their interaction with external electric and/or magnetic 

fi elds (Jun Kameoka  et al ., 2002; Yang  et al ., 2004, 2005; Park  et al ., 2008; 

(a) (b)
3 mm 5 mm

(c) (d)

 1.16      Photos of PU-based microfl uidic devices. (a) Sealed device 

with integrated interconnect, (b) a defl ected PU membrane under a 

pressure of 200 kPa (diameter 5 mm and membrane thickness = 25 μm), 

(c) a fl exible and bendable device with colored microchannels for 

visualization, (d) self-priming microchannel (4 cm x 500 mm x 80 mm) 

fi lled with DI water (dyed with methylene blue) due to its hydrophilicity. 

( Source : W.-I. Wu  et al . (2012) – Reproduced by permission of The Royal 

Society of Chemistry.)   
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Shinohara  et al ., 2008). Since COP is relatively transparent compared to 

other polymers at shorter wavelengths (240–360 nm), it can be used as opti-

cal components such as micro lenses (Appasamy  et al ., 2005), photonic crys-

tals (Bilenberg  et al ., 2004), and optical waveguides (Okagbare  et al ., 2010). 

Because of its moisture resistance and adhesion to metallic fi lms, COP can 

be applied as substrate for blood contacting (Grumann  et al ., 2006; Jang 

 et al ., 2006; Kim  et al ., 2006; Choi  et al ., 2008) and DNA analysis applica-

tions (Gulliksen  et al ., 2005; Bhattacharyya and Klapperich, 2006; Castaño-

Alvarez  et al ., 2007; Hurth  et al ., 2008; Larsen  et al ., 2008).  

  1.4.7     Polyurethane (PU) 

 Polyurethane (PU) is a polymer composed of a chain of organic units joined 

by urethane links. Because urethane is available in a broad hardness range, 

PU can be synthesized to offer the specifi c elasticity combined with tough-

ness and durability. Therefore, its mechanical properties, namely higher ten-

sile strength (62 MPa), Young’s modulus (55 MPa), and hardness (94 Shore 

A), are superior. Its density (1.15 g/cc) and melting point (215.5°C) are sim-

ilar to PDMS. Its dielectric constant is similar to that of PDMS, and it per-

forms well as an insulator. PU is commercially available, either in pellet or 

sheet, as raw material from various manufacturers. 

 Traditionally, solvent molding techniques such as vertical dipping, rotat-

ing mandrel, and rotating plate are used to fabricate PU parts such as sheets, 

membranes, and tubing. The rotating plate method is used for fabricating 

PU fi lms and sheets, while vertical dipping and rotating mandrel are used 

for fabricating cylindrical parts, such as tubing. However, these fabrication 

techniques are not suitable for replicating the intricate and detailed micro-

scale features present in microfl uidics devices. PU-based microfabrication 

typically involves injection molding (Folch  et al ., 2000; Kuo  et al ., 2009), hot 

embossing (Shen  et al ., 2006), imprinting (Xu  et al ., 2000), plasma etching 

(Rossier  et al ., 2002), sacrifi cial material (Haraldsson  et al ., 2006), and reac-

tion polymerization (Thorsen  et al ., 2001; Kim  et al ., 2003; Haraldsson  et al ., 
2006; Piccin  et al ., 2007; Kuo  et al ., 2009). These methods are not suited for 

rapid prototyping as they use high cost intermediate molds and expensive 

fabrication equipment. Furthermore, the substrates produced are rigid and 

not transparent. Solvent casting is more suitable, since intermediate molds 

can be fabricated using photolithography and the fabrication equipment is 

low cost (Wu  et al ., 2012). 

 To achieve irreversible bonding, semi-cured parts of PU have been placed 

in contact and heated above the glass transition temperature, causing fusion 

of the two parts (Piccin  et al ., 2007; Kuo  et al ., 2009). However, this method 

is not suitable for retaining the fi ne structural features needed in micro-

channels. Recently, dry and wet bonding methods using plasma treatment 
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and solvent welding have been developed to overcome this issue. A highest 

bonding strength of 326.4 kPa using wet bonding was reported (Wu  et al ., 
2012) (Fig. 1.16). 

 PU, since its development in the 1930s (Boretos and Pierce, 1968; Lyman 

 et al ., 1971), has been widely used in various blood-contact applications such 

as the artifi cial heart (Lyman  et al ., 1971), intra-aortic balloons (Brash  et al ., 
1973), pacemaker leads (Devanathan  et al ., 1980), heart valves (Tsutsui  et al ., 
1981), and hemodialysis membranes (Lyman  et al ., 1977). Hydrophobic sur-

faces are essentially water repellent and provoke adverse reactions in blood 

contact. Many studies have shown that the blood compatibility of polyure-

thanes can be improved by making the surface more hydrophilic (Takahara 

 et al ., 1985). A number of  in vivo  and  in vitro  studies have been carried out to 

assess the cellular and tissue responses of PU subcutaneously, intramuscu-

larly, or intraperitoneally (Han  et al ., 1992; Okoshi  et al ., 1992; Marois  et al ., 
1989, 1993, 1996, Bakker  et al ., 1990; Bruin  et al ., 1993; Watkinson  et al ., 1995; 

van der Giessen  et al ., 1996; Akiyama  et al ., 1997; Wu  et al ., 2012). PU-based 

microchip electrophoresis has also been tested with various analytes to eval-

uate its separation performance (Piccin  et al ., 2007). Due to its excellent 

hardness, high-aspect-ratio (~3.5) microstructure made from PU can be eas-

ily fabricated and bonded, whereas microstructures made from PDMS are 

too soft to stand their own weight. These microstructures were then used as 

microfl uidic fi lters to separate or concentrate the targeted particles or cells 

(Kuo  et al ., 2009). The other main advantage of PU over other polymers 

is in its feasibility to be chemically tailored for specifi c applications; thus, 

it has been widely used in applications such as cell culture and tissue scaf-

folds (Folch  et al ., 2000; Vermette  et al ., 2001; Shen  et al ., 2006; Moraes  et al ., 
2009).  

  1.4.8     Paper 

 Paper, usually as a cellulose fi ber network, can spontaneously generate the 

capillary fl ow to transport aqueous liquids, due to its porosity and hydro-

philicity. This self-pumping/priming mechanism makes it an attractive sub-

strate for use in low cost microfl uidic devices for diagnostic applications, if 

a method to direct and control the fl ow of fl uid can be devised. The velocity 

of motions in the paper-based microfl uidic channels is determined by many 

factors, such as the pore size, porosity, surface energy of paper, as well as 

the viscosity of the liquid, and can be estimated by the well-known Lucas-

Washburn equation (Anbuhi  et al ., 2012). The fi rst paper-based microfl u-

idic device was presented by Muller and co-workers, who patterned paraffi n 

boundary on paper to speed up the elution of a pigment mixture (Müller 

and Clegg, 1949). Recently, with the advancement of micromachining tech-

nologies, Whitesides Group of Harvard University has developed many 
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novel patterning strategies with more delicate control of fl owing path and 

fl ow rate (Martinez  et al ., 2007). Following these early works, many other 

channel patterning technologies have been investigated, which can be cat-

egorized as follows: (i) photolithography (Martinez  et al ., 2008); (ii) ink jet 

etching (Abe  et al ., 2008); (iii) plotting (Bruzewicz  et al ., 2008); (iv) wax 

printing (Lu  et al ., 2009); (v) surface treatments (Xu Li  et al ., 2008); and (vi) 

paper cutting (Wang  et al ., 2010). 

 Except for cutting, where the individual regions on the substrate are phys-

ically separated from each other, the fundamental mechanism for directing 

fl ow in paper has been through the creation of difference of hydrophobicity 

between channels (hydrophilic) and boundaries (hydrophobic) by pattern-

ing. Generally, the patterning can be accomplished by three different prin-

ciples: (i) printing the hydrophobic materials (Wax and PDMS) on paper as 

boundaries (photolithography and plotting); (ii) uniformly coating paper 

with hydrophobic materials (SU-8 and Polystyrene) then using solvents to 

dissolve those materials and making channels; and (iii) applying chemicals 

to modify the surface hydroxide group on the designed area of the paper to 

make the hydrophobic boundaries. Table 1.7 lists some important perfor-

mance parameters of each of the patterning technologies.      

 Most applications of paper-based microfl uidic devices have been on 

developing low cost diagnostic devices. The ability to use patterning to fab-

ricate microfl uidic channels in paper to perform parallel analysis of various 

analytes was fi rst demonstrated Whitesides and co-workers (Martinez  et al ., 
2007). Here, wax printing was used to pattern a microfl uidic channel net-

work that enabled a urine sample at the inlet reservoir to be split into three 

segments for simultaneous analysis of glucose and proteins. Other reactants 

were patterned at the end of the respective microchannel, which produced a 

colorimetric assay when the sample arrived at that location due to capillary 

fl ow. The colorimetric paper-based analytical devices have been extensively 

reviewed by Chao in 2008 (Zhao and Van der Berg, 2008) and Whitesides 

in 2010 (Martinez  et al ., 2009). Other than colorimetric detection, electro-

chemical (EC) (Dungchai  et al ., 2009) or electrochemiluminescence (ECL) 

 Table 1.7     The performance parameters of paper micro-patterning technologies 

Methods Channel size 

(μm)

Barrier size 

(μm)

Reagents

Photolithography 186 ± 13 248 ± 13 SU-8

Ink jet etching 420 ± 50 N/A Polystyrene

Plotting 1000 1000 Polydimethylsiloxane

Wax printing 561 ± 45 850 ± 50 Wax

Surface treatments 1500 N/A Alkyl ketene dimer

Paper cutting 400 a N/A N/A

     a laser cutting; resolution depended on the type of paper (Nie  et al ., 2012).    
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(Delaney  et al ., 2011) principles have been used for detection in paper-based 

microfl uidic devices. EC and ECL sensing methods provide lower detect-

ing limits (down to the nM range), higher accuracy, and a shorter detec-

tion time than colorimetric methods. Recent developments in EC and ECL 

detection in paper-based microfl uidic devices were reviewed by Li  et al . in 

2012 (Xu Li  et al ., 2012). Various unit operations, such as hydrodynamic 

focusing (Fu  et al ., 2010), mixing (Rezk  et al ., 2012), dilution (Osborn  et al ., 
2010), and separation (Osborn  et al ., 2010) have also been demonstrated in 

paper-based microfl uidic devices. In addition, power sources on-chip that 

could power the unit operation have been developed (Thom  et al ., 2012). 

Recently, paper-based devices have also been shown to be usable for 3D cell 

culture (Li  et al ., 2012). 

 Paper is superior to other materials for making analytical microfl uidic 

devices because of its unique properties: (1) low cost; (2) porous structure 

(for both self-driven capillary fl ow and reagent immobilization); (3) fl ex-

ibility (easy to pack and carry). However, the non-uniform nature of this 

cellulose fi ber network, and the time it takes to transport the sample in the 

microfl uidic network, may make it unsuitable for accurate liquid handling.   

  1.5     Conclusion and future trends 

 Materials and manufacturing techniques used in the microelectronic semi-

conductor industry were adapted to develop the fi rst MEMS and microfl u-

idic devices. Silicon and glass were initially utilized because their fabrication 

techniques already existed and were highly developed. Some properties of 

these materials, such as their solvent resistance, stiffness, and durability still 

make them the material of choice in many microfl uidic applications. However, 

to lower the cost and enhance the functionality of these devices, materials 

other than silicon and glass have been investigated extensively in the past 

two decades. Polymers are among the materials that have attracted a wide-

spread attention, among academic researchers as well as commercial compa-

nies. Polymers are macromolecules, composed of repeating monomer units, 

with an extraordinary range of mechanical, chemical, and optical properties. 

They exist in highly elastic or stiff forms (highly dependent on their polymer 

chain size and length) with chemical inertness and biocompatibility. Their 

surface properties can be modifi ed physically (plasma, corona, mechanical 

roughening, etc.) or chemically (monolayer deposition, grafting, etc.). More 

importantly, the conventional optical (photolithography) or micromechani-

cal (micro-injection molding, hot embossing, laser micromachining, micro-

milling, casting, stereolithography, and inkjet printing) fabrication methods 

have been applied in mass producing the polymeric materials. This lowers the 

cost of the devices signifi cantly, and suits the technology for the development 

of disposable devices, which is highly important in biomedical applications. 

Most of the microfabrication techniques in polymers take advantage of the 
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temperature-dependent phase transition behavior of polymers and the abil-

ity to form them into any shape afterwards. Using these techniques, a wide 

range of microfl uidic devices composed of silicon, glass, PDMS, parylene, 

polycarbonate, polyimide, PMMA, COC/COP, polyurethane, and paper have 

been developed. These devices have been used in a wide range of applica-

tions, such as biology, medical diagnostics, drug delivery, drug discovery, ana-

lytical chemistry, and molecular diagnosis. The major challenges for many 

polymers are that reliable and strong bonding and interconnection methods 

need to be developed. Also, methods of integrating various polymeric mate-

rials need to be developed. Although it is still not clear which of the materials 

introduced above will be the dominant one in the development of lab-on-a-

chip devices, from the point of view of cost, ease of fabrication, and accessi-

bility, paper seems to demonstrate extraordinary potential to be adapted in 

the near future. Glass and silicon devices will continue to dominate in com-

mercial production of microfl uidic components and in biochemical applica-

tions. The existence of the extensive level of research and development on 

PDMS, and its suitability for rapid prototyping has made it the material of 

choice for research and development. Polymeric materials will continue to 

lead progress of lab-on-a-chip devices as the fi eld advances and demands 

more biological and chemical compatibilities.  
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   1.7   Appendix: acronyms 

    APTES       3-aminopropyltriethoxysilan   

  COC        Cyclic Olefi n Copolymers   

  COC        Cyclic Olefi n Copolymer   

  COP       Cyclic Olefi n Polymers   

  DNA       Deoxyribonucleic acid   

  DRIE       Deep Reactive Ion Etching   

  EC       electrochemical   

  ECL       electrochemiluminescence   

  EDM       electrode discharge machining   

  GPTES       3-glycidoxypropyltriethoxysilane   

  HF       Hydrofl uoric Acid   

  ICP       Inductively Coupled Plasma   

  LDPE       Low Density Polyethylene   

  LIGA       Lithographie, Galvanoformung, Abformung   

  MEMS       Microelectromechanical systems   

  MFS       Minimum Feature Size   

  PC       Polycarbonate   

  PCB       Printed Circuit Board   

  PCR       Polymerase Chain Reaction   

  PDMS       Polydimethylsiloxane   

  PETG       Polyethylene Terephthalate Glycol   

  PI       Polyimide   

  PMMA       Poly(methyl methacrylate)   

  PP       Polypropylene   

  PR       Photoresist   

  PS       Polystyrene   

  PSG       Phosphosilicate Glass   

  PTFE       Polytetrafl uoroethylene   

  PU       Polyurethane   

  RIE       Reactive Ion Etching   

  SCCM        Standard Cubic Centimeters per Minute   

  USG       Undoped Silicate Glass   

  UV       Ultraviolet          
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  Abstract : Stable and well-characterized surfaces are essential for medical 
and diagnostic applications using microfl uidic devices. Surface coating 
strategies can be classifi ed into two major categories: covalent and 
adsorptive coatings. For covalent coating methods, the most common 
strategies are discussed based on the chemical characteristics of the 
device material. Furthermore, major classes of adsorptive coating 
strategies are presented, compared to their covalent counterparts, and 
discussed in relation to their respective importance in medical and 
diagnostic applications. 

  Key words : covalent, adsorption, polymer, coating, microfl uidic. 

    2.1     Introduction 

 Microfl uidic devices have attracted interest in the medical and diagnos-

tic fi elds as they have the potential to perform many current large scale 

applications at a much smaller scale so as to reduce sample consumption 

and instrument size. Some applications, especially electrophoretic sepa-

rations, have demonstrated excellent performance, such as rapid separa-

tions on the order of seconds and effi cient separations of diagnostically 

relevant species (Li and Kricka, 2006; Reyes  et al.,  2002; Verpoorte, 2002). 

For example, rapid DNA sequencing has been demonstrated in a high 

throughput format (Paegel  et al.,  2002), and microfl uidic-based protein 

and DNA separations, similar in working principle to gel electrophoresis 

techniques, have now been commercialized for over a decade (Panaro 

 et al.,  2000). A further advantage of swift analysis is also appreciated in 

time-critical situations, such as during surgery or for analytes that change 

composition over time. Another intriguing advantage of microfl uidic 

devices is their portability and potential for point-of-care diagnostics 

(Yager  et al.,  2006), which has been demonstrated via a variety of mar-

keted applications (Chin  et al.,  2012). Additionally, as most microfl uidic 
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devices only require sample volumes in the nanoliter range or below for 

analyses, they are further suited for situations when sample amount is 

limited, such as in minimally invasive diagnosis. As medical and diagnos-

tic applications of microfl uidic devices focus on qualitative or quantita-

tive determination of biomolecules, the biocompatibility of these devices 

becomes critical. 

 The latter refers to several requirements for microfl uidic devices. First, 

microchannel surfaces should resist non-specifi c adsorption of biomolecules 

(see Fig. 2.1) and provide a stable and non-altering composition over the 

course of an analysis. Due to the high surface-to-volume ratio apparent in 

microchannels, there is a high potential for surface adsorption and deterio-

ration, especially in combination with diagnostic samples such as body fl uids. 

Consequently, microfl uidic applications strongly depend on the tailoring and 

control of surface properties in such devices. Second, for cell-based assays, 

the microfl uidic environment has to be adapted so that cells can adhere to 

surfaces if required, and that intra- and inter-cellular processes proceed reg-

ularly, which poses an important requirement for the matrices used to embed 

or hold specifi c cells. Third, several other specifi c surface conditions arising 

from the particular application at hand have to be considered, such as tem-

perature compatibility, stability under fl ow and applied electric fi elds, and 

solvent compatibility. Considering these guidelines and requirements, most 

microfl uidic applications require some sort of surface pretreatment prior to 

analysis. Treatments can involve passivation strategies to prevent non-specifi c 

adsorption or unwanted changes in surface properties during the course of 

an analysis. Furthermore, if the sensing element in a microfl uidic application 

is a biomolecule, immobilization strategies rendering a high yield of active 

biomolecules on a surface are required. The control of specifi c biomolecule 

immobilization is thus another important requirement in many microfl uidic 

applications.      

Coating

 2.1      Schematic representing the prevention of non-specifi c adsorption 

to surfaces via adequate coating strategies. Left: proteins (here an IgG 

molecule is shown schematically) can adsorb to the untreated surface. 

Right: Due to coating with a blocking agent (i.e. another protein as 

specifi ed in Section 2.4.1) the IgG molecules are hindered from non-

specifi c adsorption. Coatings can be of other non-covalent type or 

covalently bound to the surface.  
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 Microfl uidic devices can be created with a variety of materials, thus sur-

face treatment strategies strongly depend on the properties of the mate-

rial. Covalent immobilization schemes require specifi c active surface groups, 

which vary from material to material deeming such strategies specifi c for a 

given microfl uidic device. Bifunctional linker molecules may also be used, 

which allow for specifi c linkage to a surface reactive group but also react 

specifi cally with functional groups on biomolecules. In contrast to covalent 

immobilization schemes, adsorptive coatings may present an alternative, less 

complex route to coat microfl uidic surfaces for various purposes. Knowledge 

of the non-covalent interactions driving an adsorptive coating is important 

for the quality of the coating. In general, such interactions are determined 

by electrostatic, van der Waals, and/or hydrophobic interactions. The func-

tionality of the coating can be tuned similarly to covalent strategies, and 

non-specifi c adsorption can be suppressed in most cases. Functional groups 

of the adsorptive coating material can also be used for further specifi c bio-

molecule immobilization. The ease of use of adsorptive strategies, and often 

diverse applicability to various materials, has led to their widespread recog-

nition in microfl uidics. 

 The objective of this chapter is to provide an overview of the various 

strategies used to accomplish surface coating procedures for medically 

related microfl uidic devices. First, covalent strategies are described in sec-

tions based on various substrate material properties and thus surface func-

tional groups. Next, adsorptive coatings are discussed based on the specifi c 

class of coating materials. Finally, selected microfl uidic applications for 

medical research are detailed and future perspectives on coating proce-

dures are discussed.  

  2.2     Covalent immobilization strategies: 
polymer devices 

 Covalent strategies are characterized by a chemical bond formed between a 

functional group of the substrate surface, i.e. the microfl uidic channel walls, 

and a functional group of the coating agent (see Fig. 2.2). The chemical 

reactivity of the functional group of the coating agent is specifi cally chosen 

based on the functional group on the substrate. Covalent coatings are usually 

characterized by their excellent stability during microfl uidic manipulations; 

however, they have to be adapted to the available surface functionality of 

the microfl uidic material. This makes universal strategies between differ-

ent microfl uidic device materials diffi cult compared to other surface treat-

ment methods. Covalent strategies for the most popular microfl uidic device 

materials are outlined in this section, separated into subsections based on 

compatible substrates.      
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  2.2.1     Polydimethylsiloxane (PDMS) devices 

 Microfl uidic systems fabricated with polydimethylsiloxane (PDMS) repre-

sent a signifi cant portion of microfl uidic devices, especially those used 

for important bioanalytical and medical applications (Gross  et al.,  2007; 

Ni  et al.,  2009; Nisar  et al.,  2008; Sung and Shuler, 2010; Wu  et al.,  2010). 

A major advantage of this material arises due to its widely ranging opti-

cal transparency in the visible and ultraviolet light regions, which makes it 

amenable for many fl uorescence-based applications. Additionally, PDMS 

is gas-permeable, which accommodates cell culturing within microfl uidic 

devices fabricated with this material – a considerable advantage for cell-

based studies. Moreover, PDMS devices can be fabricated from a pre-

structured master exhibiting the negative relief of a desired microdevice. 

The pre-structured master can be obtained via standard photolithography 

techniques, and minimal clean room infrastructure is further required for 

PDMS chip assembly. PDMS devices thus provide a suitable route for pro-

totyping techniques, which has led to their widespread adoption in micro-

fl uidics research. 

 One issue with PDMS devices – as for many other microfl uidic devices – 

is an inconsistent surface composition over the time course of an analytical 

measurement. Due to its polymeric character and long chain polymer reori-

entation effects on the surface, strategies need to be developed in order 

to maintain a given surface composition. The various strategies reported 

for bioanalytical and biomedical applications are described in the following 

sections, as well as suitable techniques for stable surface functionalization. 

  Silanization strategies 

 One of the most commonly used covalent attachment strategies involves 

the linkage of alkoxysilane derivatives via hydroxyl group bearing sur-

faces resulting in siloxane linkages (see Fig. 2.3a). This method has been 

extensively used with glass and silica surfaces (see Section 2.3.1), but has 

also found widespread use for its application in PDMS-based microfl u-

idic devices. A considerable advantage of this technique is the fact that 

X X X X X X X X

Z Z Z Z Z Z

Z

Coating agent

XXXX

 2.2      General scheme of covalent coating strategies. (X= reactive 

functional group of substrate surface, Z = reactive functional group of 

coating agent).  
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the linkage can be mediated via one to three alkoxy groups of the reacting 

silane, providing a means for proper orientation and stable cross-linking to 

the surface. Furthermore, the functionality of the silane can be adjusted to 

obtain a desired chemical reactivity. As a result, hydrophobic or hydrophilic 

side-chains can be introduced, but also various chemical functionalities 

become accessible for further cross-linking if desired. This is a key benefi t of 

PDMS, as a variety of chemical functionalities can be established on PDMS 

microchannel surfaces in contrast to other polymers that are more limited 

towards generalized surface functionalization. It is important to understand 

that silanization strategies are only successful with a considerable quan-

tity of hydroxide groups on the surface. Hydroxyl groups can be created 

on microchannel walls vi oxidative treatments, including oxygen plasma, 

air plasma (McDonald  et al.,  2000), and UV irradiation (Efi menko  et al.,  
2002) in an oxygen rich atmosphere (this pretreatment step is not a covalent 
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 2.3      Schematics for selected covalent immobilization schemes: 

(a) Silanization refers to the condensation reaction of alkoxysilanes with 

hydroxyl groups on surfaces. This reaction can generally be used on 

hydroxylated surfaces, but has also found application on oxidized PDMS. 

(R 2 = alkyl or alkoxy, R 3 =functional end-group such as -NH 2  or -COOH). 

(b) Grafting is a widespread method for immobilizing a variety of 

polymers. After activation and radical formation on the surface, reaction 

with monomers results in covalent polymer immobilization on a 

surface. Also shown is the activation scheme for UV activated grafting of 

acrylamides on native PDMS surfaces.  
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immobilization strategy but merely provides necessary functional groups 

on the substrate surface. See Section 2.5 for more details). PDMS surfaces 

treated with these techniques are hydrophilic and exhibit contact angles on 

the order of < 20°, in contrast to native PDMS that exhibits a contact angle 

on the order of ~120° (Hellmich  et al.,  2005). Although the mentioned treat-

ments are very effective, PDMS devices need to be stored in aqueous solu-

tions or used immediately after oxidative treatment due to the hydrophobic 

recovery phenomenon (Fritz and Owen, 1995) – an effect that renders a 

hydrophilic PDMS surface hydrophobic with a half-life of one day, due to 

the reorganization of surface polymer chains when exposed to air.      

 Probably the most utilized silane molecules are amino derivatives usu-

ally in the triethoxy- or trimethoxy-silane form. The amino group serves as 

the linker molecule for well-known amide bond formations with carbox-

ylic groups mediated by carbodiimide (Miyaki  et al.,  2007). For example, 

aminopropyltriethoxysilane (APTES) has been used for antibody attach-

ment and cell adhesion to PDMS (Misiakos  et al.,  2004; Zhang  et al.,  2005). 

Furthermore, Yu  et al.  (2009) reported improved covalent immobilization 

of proteins due to increased hydrophilicity after APTES treatment. This 

was achieved by binding an aldehyde modifi ed dextran to APTES immo-

bilized on a PDMS surface. With this covalent strategy, a PDMS-based 

device could be used to detect various biomarkers via an enzyme-linked 

immunosorbent assay (ELISA). Other silanization examples consist of the 

use of trimethoxymethylsilane to suppress non-specifi c protein adsorption 

and attach biomolecules to microchannel walls after a silanization proce-

dure (Sui  et al.,  2006). Silane-based coatings have also been demonstrated 

that signifi cantly reduce non-specifi c protein adsorption and improve cell 

adhesion to PDMS surfaces (Jon  et al.,  2003). This silanization process was 

applied via a patterning procedure consisting of a silane-copolymer anchor 

bound to a functional polyethylene glycol (PEG). Control of electroosmotic 

fl ow (EOF) in a microchannel is also critical in many types of experiments to 

improve reproducibility between trials and substrate types and to increase 

analysis times. In addition to its use for immobilization purposes, a methox-

ysilane can be used to link a highly ionizable carboxyl-polymer to PDMS to 

introduce a high EOF (Miyaki  et al.,  2007). 

 Another strategy for attaching silanes has been demonstrated via the self-

assembly of thiolated silanes on gold surfaces. After coating PDMS micro-

fl uidic devices with a thin gold layer, attachment of the thiolated silanes is 

accomplished via the self-assembly and stable linkage of thiols to gold. This 

approach is very popular in surface derivatization applications and has been 

applied to render surfaces hydrophilic via PEGylated thiols in microfl uidic 

networks (Papra  et al.,  2001), as well as in microcontact printing applica-

tions (Delamarche  et al.,  2003). Furthermore, 3-mercaptopropyl trimethox-

ysilane has been employed as a coating procedure in a PDMS device to 
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detect CD4+ T cells using an ester-based coupling agent functionalized to 

the surface followed by the immobilization of avidin and a biotinylated CD4 

antibody to the surface (Cheng  et al.,  2009). CD4 cells could then be iso-

lated from whole blood and counted, which is necessary when monitoring 

the stages of a disease such as HIV in positively tested patients. Similarly, an 

optical real-time affi nity biosensor developed using a PDMS-based channel 

for multi-analyte detection was also reported using thiolated silanes and 

biotin/avidin immobilization (Misiakos  et al.,  2004). 

 Derivatized silanes can also be exploited to covalently attach a wider vari-

ety of molecules to PDMS surfaces. A combination of UV activation with 

silanization to covalently pattern polyacrylamide to the surface of PDMS 

has been explored by Xiao  et al.  (2002, 2004). An initial UV exposure oxi-

dizes the PDMS, which allows silanes to self-assemble on the surface. In 

this case, a trichlorosilane was adhered to the surface due to its capabil-

ity of initiating atom-transfer radical polymerization of polyacrylamide. 

The resulting formation of a polyacrylamide layer on the PDMS surface 

reduces non-specifi c adsorption and maintains hydrophilicity, two impor-

tant improvements critical for effi cient and highly sensitive biomolecule 

separation and diagnostics.  

  Other immobilization schemes on PDMS 

 An effective and commonly used alternative method to silanization is pho-

toinitiated UV grafting to facilitate the covalent linkage of polymers to 

PDMS surfaces (Hu  et al.,  2002) (see Fig. 2.3b). A major motivation for this 

approach is its ability to increase surface hydrophilicity while reducing pro-

tein adsorption on the substrate. Additionally, stabilization of EOF can be 

achieved using this surface treatment, which results in a signifi cant increase 

in the resolution of electrophoretic separations. In the follow-up work, the 

dynamics of this approach were studied by examining the ability to differen-

tially pattern various regions on a PDMS surface using UV initiated graft-

ing, which proved to be feasible (Hu  et al.,  2004). In terms of biomedical 

applications, UV grafting can be used to selectively micropattern PDMS in 

specifi c regions to direct cell attachment and growth as well as to immobilize 

antibodies for immunoassays (Hu  et al.,  2005). 

 Another alternative to silanization is to coat PDMS with poly-xylylenes 

via a chemical vapor deposition method (Lahann  et al.,  2003). Such polymer 

coatings can be employed to immobilize molecules, facilitate antibody/biotin 

binding assays, and improve cell adhesion assays for pharmacology studies. 

Follow-up studies of this approach also employed chemical vapor deposition 

to discontinuously pattern bio-inert species and reduce non-specifi c protein 

adsorption (Chen  et al.,  2005, 2008). Another polymerization strategy uti-

lizing cerium-catalyzed polymerization of various monomeric compounds 
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can be employed for polymer coatings. The exploited Ce-catalytic action 

originates from the formation of siloxane radicals, which further react with 

selected monomers resulting in their immobilization. When applied to elec-

trochromatography studies, an increased separation effi ciency and selectiv-

ity can be realized (Slentz  et al.,  2002).   

  2.2.2     Polymethylmethacrylate (PMMA) devices 

 Polymethylmethacrylate (PMMA) is also a very popular material for micro-

fl uidic applications. A variety of different surface activation and coupling 

procedures addressing a broad range of functionalities have been reported 

for PMMA. Several of these methods are aimed at introducing amine 

functionalities on PMMA surfaces (see Fig. 2.4). One example of this is a 

poly(ethyleneimine) (PEI) coating, which is an amine-bearing polymer that 

can enhance antibody binding to the surface of PMMA (Bai  et al.,  2006). An 

improved antibody surface coverage with up to a ten-fold increase in overall 

binding was demonstrated with this immobilization strategy, leading to sig-

nifi cant improvements in immunoassay performance.           

 Another example surface treatment of PMMA with amine functionalities 

is based on an activation procedure with lithiated diamines to link alkylcy-

anates to PMMA (Henry  et al.,  2000). This method was further employed 

by Hashimoto  et al.  (2005, 2006) for improved detection of single DNA 

base mutations. Similar activation strategies can be used to detect low abun-

dance mutations in DNA using a microarray (Wang  et al.,  2003). Primers are 

linked to a PMMA surface functionalized with amines, followed by a ligase 

detection reaction with immobilized primers to induce hybridization detec-

tion. Additionally, PMMA can be silanized to incorporate a larger variety of 

functional groups on the surface such as specialized amines for the immo-

bilization of biomolecules. A procedure using lithium aluminum hydride 
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 2.4      Amination on PMMA is shown via activation of a short bifunctional 

amine. Other methods exist to create aminated PMMA, as discussed 

in the text. Amine groups can further be used to link other functional 

molecules, such as that shown in the reaction with the bifunctional 

glutaraldehyde and subsequent immobilization of amine-bearing 

molecules, such as proteins.  
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(LAH) to expose hydroxyl groups on the PMMA surface can be applied for 

further functionalization with organosilanes that facilitate the immobiliza-

tion of DNA oligos for DNA microarray analysis (Cheng  et al.,  2004). 

 Oxidation for carboxylic acid functionality has also been reported as a suit-

able covalent immobilization strategy for PMMA. For example, McCarley 

 et al.  (2005) discussed a device to capture and concentrate cells and proteins 

using treatments for patterning polymers to substrate surfaces. For this pur-

pose, carboxylic acid groups can be patterned on a PMMA surface with UV 

treatment in an oxygen rich environment, onto which antibodies are immo-

bilized for the detection of cells (for example MCF-7 breast cancer cells) 

and other proteins in solution. Antibody linkage for immunoassays has 

also been reported via a sol-gel immobilization strategy (Wang  et al.,  2008). 

Sol-gel fi lms are fi rst adsorbed to substrate surfaces in which biomolecules 

can be immobilized within the gel networks. The mildness of this proce-

dure is benefi cial in that bioreactivity is preserved, non-specifi c adsorption 

is reduced, and effective immobilization of target analytes can be achieved 

for immunosensing with low detection limits. For example, this method has 

been applied in a microreactor for proteolysis via trypsin immobilization on 

a sol-gel coated PMMA microchannel surface (Huang  et al.,  2006). 

 An indirect approach to immobilize antibodies within a PMMA/polycarbon-

ate microfl uidic device to perform ELISA is also possible using functionalized 

carbon nanotubes (CNT) (Sun  et al.,  2010). In this example, a pressure-driven 

device was used and antibody immobilization was achieved via linkage onto 

carbon nanotubes functionalized with poly(diallyldimethylammonium chlo-

ride). This functionalization step renders a positive charge on the coated 

CNTs, therefore immobilization is achieved via electrostatic interactions 

with a negatively charged antibody. The developed ELISA was used to detect 

bacterial toxins such as staphylococcal enterotoxin B (SEB) with detection 

limits comparable to conventional ELISA, leading to a point-of-care device 

that could perform with high sensitivity. 

 Various other coating procedures based on commercial coating agents 

have been reported including the chemical SurModics (a company spe-

cializing in surface coatings for medical applications) and Reacti-Bind™ 

procedures (Liu and Rauch, 2003). These methods and the cetrimonium 

bromide (CTAB) surfactant were tested in the development of microfl u-

idic hybridization array (MHAC) devices in which DNA probe attachment 

is a crucial step. It was shown that the Reacti-Bind™ method is the least 

effective of the three, whereas the CTAB method provides improved immo-

bilization of amine modifi ed DNA oligos and the SurModics procedure is 

the most effective in producing high quality spots along the array with the 

least amount of surface pretreatment. As a whole, all of these methods can 

improve DNA-oligomer immobilization and consequently chip effi ciencies, 

hybridization kinetics, and detection limits.  
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  2.2.3     Polycarbonate devices 

 A successful approach to covalent linkage on polycarbonate involves the 

creation of carboxylic groups on the surface. Accordingly, several of the 

previously described reaction schemes can be employed. For example, UV/

ozone treatment can be used to create COOH groups for the linkage of 

amino groups via carbodiimide activation (Li  et al.,  2007). Subsequently, 

DNA probes can be attached within a polycarbonate DNA microarray cou-

pled to PDMS microchannels for hybridization assays. Complementary 

DNA fl uorescence assays carried out in such a device show great selectivity 

against mismatched pairs, giving them great potential to be used for por-

table plastic biochips. For the attachment of antibodies and other proteins, 

carboxylic groups can be patterned as described previously for PMMA. This 

approach is applicable for mammalian cell capture, such as capturing MCF-7 

breast cancer cells, in addition to protein capture by immobilizing various 

amide polymers (McCarley  et al.,  2005). Another approach that has been 

successful on PMMA can also be exploited for polycarbonate (Hashimoto 

 et al.,  2005, 2006). Surface activation with lithiated diamines can also be 

used with polycarbonate for the coupling of DNA on microfl uidic surfaces 

to detect single base pair mutations in addition to improving polymerase 

chain reaction (PCR) applications. Furthermore, spraying a photosensitive 

polymer (‘3D’ link blocking solution of SurModics brand ‘CodeLink™’) as 

a thin fi lm, followed by UV polymerization, can also successfully derivatize 

polycarbonate surfaces. Codelink™ coatings utilize a hydrophilic polymer 

containing  N -hydroxysuccinimide ester reactive groups, which promotes 

binding of amine modifi ed DNA while suppressing non-specifi c adsorption 

(SurModics, 2012). This approach can also be used to treat DNA microar-

rays coupled to PCR experiments (Lenigk  et al.,  2002). An improvement 

of hybridization kinetics (effi ciency of the process increasing hybridization 

velocity) was reported with this approach for the purpose of studying single 

nucleotide polymorphisms using a patterned Codelink™ coated array.  

  2.2.4     Polystyrene devices 

 Although it is the least common polymer used in medical microfl uidics, poly-

styrene can also be used as a microfl uidic device material. One well received 

example utilizes a gold coating and thiol–linker with a carboxylic acid head 

group for self-assembly on polystyrene surfaces (Darain  et al.,  2009). In this 

example, carbodiimide activation was employed to covalently bind to the 

amino groups of immunoglobulin G (IgG) molecules, and the device was 

tested with a surface coated antibody/antigen assay to detect IgG via fl uo-

rescence microscopy. Detection limits were in the range of typical microfl u-

idics detection assays with a wide linear response for the immunosensor. In 
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comparison to conventional immunoassay-based detection methods such as 

ELISA, this method provided a signifi cantly lower time requirement on the 

order of 25 min (compared to several hours for competing methods) and 

had a more conservative sample volume requirement.   

  2.3     Covalent immobilization strategies: 
glass devices 

 Silicon dioxide (SiO 2 ) surfaces are likely the most studied surfaces for micro-

fl uidic applications. Their surface properties are suitable for a variety of 

applications, not only in microfl uidics but also in capillary chromatography 

and capillary electrophoresis. Glass, fused silica, and quartz materials can all 

be derivatized via the same coupling chemistry. By far the most used deriva-

tization strategy is silanization via silanol groups generated on SiO 2  surfaces. 

Activation schemes involve reactive oxygen treatment, pre-activation with 

acids such as piranha acid or other strong acids, and treatment with strong 

bases such as NaOH. 

  2.3.1     Silanization 

 As discussed in Section 2.2.1 , silanol groups on SiO 2  surfaces react with 

alkoxysilanes forming a stable covalent bond. Silanes similar to those used 

with PDMS are employed for SiO 2  and subsequent covalent reactions to 

bind other entities occur depending on the employed silane head group. The 

applications of silanization on glass are multifarious, and several examples 

are given in the following paragraphs. 

 Proteins such as antibodies can be immobilized to glass microchan-

nel substrates for the detection of bacteria via a biosensor using APTES. 

APTES is used to create an amine reactive surface to bind carboxyl-groups 

for antibody attachment. A device of this type operates with a continuous 

fl ow of a bacterial suspension through a microchannel to facilitate specifi c 

immobilization of bacteria to an antibody derivatized channel wall for sen-

sitive detection (Boehm  et al.,  2007). Silanization can also be employed for 

bilayer lipid membrane (BLM) attachment on glass surfaces to reconstitute 

membrane proteins for electrophysiological and single molecule studies. 

For example, perfl uorooctyl-trichlorosilane (PF-TCS) can be used to render 

glass hydrophobic followed by an injection of a lipid-based solution to facil-

itate the formation of BLMs. The incorporation of a spark-assisted chemical 

engraving method to develop the glass microstructures makes the complete 

device fabrication process simple and quick for easy integration (Sandison 

 et al.,  2007). 

 A slightly different application of silanization can be used to immobi-

lize antibodies on glass beads to detect pathogens within a microchannel 

�� �� �� �� �� ��



74   Microfl uidic devices for biomedical applications

© Woodhead Publishing Limited, 2013

(Lee  et al.,  2006). Initially, the glass beads are coated with an aminosilane 

(APTMS) and functionalized with aldehydes to form a carboxy terminus 

for covalent immobilization with the primary amines of various antibod-

ies. The channel is then packed with the functionalized beads and, in this 

example, was used to specifi cally bind with IgG as well as  E. coli , using their 

respective antibodies. Highly specifi c binding to the target analyte can be 

achieved with this method, and the use of glass beads provides a greater 

functionalized surface area and thus a higher antibody concentration, 

resulting in improved detection sensitivity compared to devices where only 

channel walls are treated. Application of this method in a glass microfl uidic 

channel is also possible to covalently attach enzymes for biocatalysis studies 

(Lee  et al.,  2003a). Another antibody immobilization technique via silaniza-

tion in a glass microchannel involves a protein A surface coating following 

a necessary pre-silanization step for IgG attachment (Dodge  et al.,  2001). 

Coating channels with protein A for antibody binding reduces antibody 

denaturation and provides a higher binding affi nity compared to direct glass 

immobilization resulting in increased antibody pre-concentration and assay 

sensitivity. Additionally, protein A bound antibodies are oriented correctly 

for effi cient antigen binding, resulting in an even greater increase in immu-

noassay effi ciency. 

 Bifunctional silanization of a glass substrate can also be applied to 

microfl uidic PCR (Shoffner  et al.,  1996) or capillary electrophoresis 

(Hjertén, 1985) coupled with a secondary treatment using various poly-

mers. Untreated or not properly treated devices have the potential to 

inhibit PCR, making it important to develop devices with optimal sur-

face chemistries. Possible PCR compatible silanes include SurfaSil™ and 

SigmaCote™ coated with the polymers polyglycine and polyadenylic acid. 

It has been shown that higher yields of amplifi ed product are obtained 

from channels coated with SurfaSil™ and a polymer, namely polyglycine, 

with results comparable, and in some cases exceeding, those obtained 

from a conventional PCR experiment. In terms of capillary electropho-

resis, polydimethylacrylamide can be immobilized to glass capillary walls 

with trimethoxysilane via a well-known coating procedure to reduce EOF 

(high EOF reduces resolution by causing the sample plug to broaden) and 

non-specifi c adsorption of analytes (which leads to a heterogeneous spa-

tial distribution of the analyte and thus poor separation). This method has 

been applied extensively for the aforementioned benefi ts, namely in lab-

on-a-chip devices that incorporate cell lysis, DNA amplifi cation by PCR, 

and analysis by CE (Waters  et al.,  1998). 

 Silanization strategies are also used for fl ow-through DNA microarray 

devices (Wei  et al.,  2005). One distinct example is a glass/PMMA hybrid 

device, in which a PMMA microfl uidic channel is used to deliver sample to 

a microarray patterned on glass via ‘shuttle hybridization.’ As mentioned 
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previously, PMMA can be silanized and functionalized with organosi-

lanes for DNA immobilization (Cheng  et al.,  2004). To immobilize DNA 

on the glass portion of the device, the surface is silanized with triethox-

ysilane and then functionalized with an aldehyde derivative for immobili-

zation of amine-functionalized DNA oligo probes. Overall, the continuous 

fl ow mechanism within the device signifi cantly reduces DNA hybridization 

time. Similar silanization methods are employed within three-dimensional 

DNA microarray devices that connect glass microfl uidic channels perpen-

dicular to a 2D glass surface. In these devices, channel walls are silanized 

and functionalized to immobilize amine-derivatized DNA oligos on the 

glass channel surface onto which injected analyte can be hybridized. Using 

this surface treatment method, high-density immobilization is successfully 

attained compared to traditional two-dimensional array patterning methods 

(Benoit  et al.,  2001; Cheek  et al.,  2001).  

  2.3.2     Polymer immobilization 

 Immobilization of the polymer polyvinylalcohol (PVA) has been used 

extensively for applications related to electrophoresis. Generally, PVA-

based coatings increase device effi ciency by reducing non-specifi c adsorp-

tion which improves separations due to reduced analyte-wall interactions. 

PVA coatings are further stable in a broad pH range and facilitate the 

suppression of EOF while concomitantly increasing the resolution of the 

applied separation. To demonstrate PVA-based coatings and illustrate its 

advantages, several groups have coated glass microfl uidic devices for elec-

trophoresis (Belder  et al.,  2002; Ludwig and Belder, 2003). The PVA-coating 

procedure is very simple and non-complex, as a 1% aqueous solution of 

PVA is simply fl ushed through microchannels to coat them. Thermal bond-

ing is then used to covalently attach the polymer to channel walls. PVA 

coated devices vs non-coated devices exhibit controllable and suppressed 

EOF, reduced non-specifi c adsorption of analyte fl uorophores, and a three-

fold increase in separation effi ciency. Furthermore, sensitivity is increased, 

and the need to wash or etch devices for reuse is unnecessary, thus improv-

ing robustness. To potentially increase separation effi ciency even further, 

PVA coatings coupled with an organic background electrolyte solution can 

be used (Varjo  et al.,  2004). The use of a lower conductivity buffer solu-

tion allows for stronger electric fi elds to be applied, thus increasing sensi-

tivity. Under these conditions, a similar comparison of PVA vs non-PVA 

coated channels showed that PVA coated channels improved the resolution 

of a complex separation, while non-coated channels could not even achieve 

baseline resolution. The same PVA-coating procedure can also be applied to 

a PDMS-based device to achieve similar improvements in overall electro-

phoretic separation (Wu  et al.,  2005).   
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  2.4     Adsorption strategies 

 In contrast to covalent attachment techniques, adsorption strategies rely 

on intramolecular interactions between the coating material and the sub-

strate surface. They can be mediated via electrostatic interactions, van der 

Waals forces, and/or hydrophobic interactions. A major characteristic of 

these coatings is their ease of use, since microchannels generally have to be 

incubated with a solution containing the coating agent for a certain length 

of time. Subsequent use for biomedical applications is straightforward and 

advantageous, as minimal washing procedures are required. In some cases, 

the coating agent can even be added to the solution during specifi c analyses, 

which is referred to as dynamic coating. In contrast, coating of the substrate 

prior to the actual analyses is termed static coating. 

 Adsorptive coatings have been widely adopted and can perform similarly 

to covalent strategies in terms of preventing biofouling and non-specifi c 

adsorption as well as to serve as linker molecules for further biomolecu-

lar attachment. Due to their non-covalent nature, strategies for adsorptive 

coatings vary from material to material and are also based on previous sur-

face treatment steps. Adsorptive coating agents can be classifi ed into four 

major groups, which are characterized by multivalent interactions with the 

substrate surface, strong electrostatic interactions, or a combination of the 

two. In the following sections, polymer, polyelectrolyte, surfactant, and pro-

tein adsorptive coatings are described, which constitute the majority of non-

covalent coating strategies for microfl uidic applications as schematically 

depicted in Fig. 2.5. 

  2.4.1     Proteins 

 Protein coatings represent a very popular approach to coating microfl uidic 

channel surfaces. For example, coating with the protein bovine serum albu-

min (BSA) has been used in molecular biology for several decades to block 

surface sites from non-specifi c adsorption. BSA is a soluble protein with a 

high tendency to adsorb to hydrophobic surfaces such as wax-coated, paper-

based microfl uidic immunoassay devices, where it can be used as a surface 

coating to reduce non-specifi c adsorption (Lu  et al.,  2010). Despite this char-

acteristic, BSA surface treatments are not limited only to hydrophobic sur-

faces, but can also be applied to hydrophilic surfaces, a contributing factor to 

their widespread use. A representative application of BSA coating applied 

to PDMS has been described by Eteshola  et al.  (2001), who reported back-

ground reduction by reducing the non-specifi c adsorption of analytes in a 

sensor detecting IgG molecules for immunohistochemical analysis. BSA 

was not only employed to directly suppress non-specifi c adsorption, but also 
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as a linker to covalently bind protein A for subsequent directed immobili-

zation of IgG. A detection limit in the nanomolar range was reported in the 

employed sensor performing an ELISA. Further discussion of BSA as an 

advantageous medical device surface coating can be found in Section 2.6.2. 

 The tetrameric protein streptavidin has also been employed extensively 

as a linker molecule by taking advantage of its very high binding affi nity to 

biotin. Biotin–streptavidin binding is nearly covalent in strength and the 

small molecule biotin can be readily derivatized with other linker molecules 

or proteins. As a result, this binding pair has found widespread application in 

the physical and life sciences, and can also be employed in adsorptive strat-

egies for microfl uidic surface coatings. Utilizing multilayers of biotin and 

NeutrAvidin, a derivative of streptavidin with similar binding characteristics 

to biotin, is one method to accomplish this on PDMS (Linder  et al.,  2001). 

The multilayer approach consists of sandwiched layers of biotinylated IgG, 

followed by NeutrAvidin and biotinylated dextran. This three-layer sandwich 

has the ability to reduce non-specifi c protein adsorption and maintain stable 

EOF for electrophoresis applications. The same strategy can also be used to 

immobilize other biomolecular probes to biotinylated surfaces. There are 

other less complex protein-based dynamic coatings to reduce non-specifi c 

adsorption and control EOF, as demonstrated in PMMA-based microfl uidic 

devices, but likely compatible with a variety of substrates (Naruishi  et al.,  
2006). Protein blocking agents commonly found in ELISA procedures, such 

as Block Ace and UltraBlock as well as lysozyme, can be used for this pur-

pose. Depending on the protein coating employed, EOF can be enhanced 

or reduced, and its direction can be changed depending on buffer pH and 

charge on the protein. 

Substrate

(1-4) Adsorbing

coating agent

1) Protein

2) Polymer

3) Polyelectrolyte

4) Surfactant

 2.5      Schematic of adsorptive coatings discussed in Sections 2.4.1–2.4.4.  
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 For cell-based assays, other strategies mimicking extracellular matrices are 

commonly pursued. The matrices can be applied with an adsorptive strategy 

that allows for embedding biological cells for subsequent  in vitro  studies. A 

key point is to provide biocompatible surfaces in which cell studies can be 

performed in optimized and non-hazardous environments. An example for a 

cell-based assay with potential in tissue engineering, cell-matrix interactions, 

and cellular communication studies within a patterned microfl uidic PDMS 

device has been demonstrated by Hou  et al.  (2008). PDMS in its native state 

resists cell adhesion and growth, which are necessary in cell-based assays, 

thus motivating the need for an appropriate surface coating procedure. An 

extracellular matrix mixture consisting of collagen, fi bronectin, and hyal-

uronic acid can be coated onto PDMS to facilitate cell adhesion and growth 

with suffi cient biocompatibility. Furthermore, a technique for layer-by-layer 

deposition of extracellular matrix has also been developed to micropattern 

cell co-cultures as a future tissue engineering tool to study cell–cell commu-

nication and cell–matrix interactions (Fukuda  et al.,  2006). Others have also 

suggested complete fabrication processes using alternate substrates such 

as polystyrene to overcome some of the potential disadvantages of PDMS 

in cell-based assays such as gas permeability, substrate deterioration, small 

molecule adsorption, and hydrophobic recovery (Young  et al.,  2011). Cell 

assays including cell culture and blood neutrophil migration detection have 

been successfully performed with a polystyrene device surface coated using 

similar extracellular matrix proteins to promote cell adhesion.  

  2.4.2     Adsorptive polymer coatings 

 Adsorptive polymer coatings have proven to be a versatile method for a 

variety of adsorptive coating strategies; however, the choice of the coat-

ing polymer depends strongly on the microfl uidic surface due to variations 

in surface interactions among materials. Because glass, silica, and PDMS 

exhibit a similar surface chemistry, similar polymer-based coating strategies 

can be applied. 

 In Section 2.3.2, polyvinylalcohol immobilization was discussed; however, 

dynamic coating of this polymer is also possible and advantageous for elec-

trophoretic applications. The dynamic coating method can be more stable 

than static immobilization, due to constantly replenishing the substrate sur-

face with coating material. Furthermore, a variety of polymer microfl uidic 

materials have been subjected to dynamic coating procedures. On PMMA, 

dynamic adsorptive coating of cellulose was reported to enable long term 

use (100+ runs) of a single microfl uidic device for DNA electrophoresis. 

Devices with this type of coating can last on the order of one month and 

only require replenishment of the coating agent daily. The application of 
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gel electrophoresis was performed multiple times in which consistently high 

and reproducible separation effi ciencies were realized for the duration of 

the device’s lifetime (Du and Fang, 2005). An added benefi t in this case is 

that the same medium containing the coating agent also contains the sieving 

medium that drives the separation, which simplifi es their integration. 

 An additional dynamic coating of PDMS with poly(dimethylacrylamide) 

(PDMA) can be applied to electrophoresis applications. The coating proce-

dure is simple, in that 0.01% PDMA is added to the normal running buffer 

solution, which is then injected into a microchannel in the same manner as 

conventional capillary electrophoresis. In a study of this procedure, PDMA 

surface adsorption was confi rmed with contact angle measurements and 

infrared spectroscopy indicating a successful and stable surface coating 

when applied (Chen  et al.,  2004). PDMA-coated channels show a reversal 

in EOF to a negative polarity, which allows for improved injection of neg-

atively charged samples. Additionally, a suppression of EOF occurs, which 

improves sensitivity, and a hydrophilic surface is maintained within the 

microchannel, which increases substrate robustness and reproducibility.  

  2.4.3     Polyelectrolyte multilayers 

 Polyelectrolyte multilayers (PEM) represent another adsorptive approach 

that has been widely used for a variety of applications. The interaction forces 

between the coating and substrate surface are mediated via electrostatic 

interactions, which contributes to the stability of such coatings. Compared 

to the short lifetime of many physical adsorption strategies, PEMs can offer 

a more robust solution. Additionally, in electrophoretic applications, PEMs 

have the potential to control EOF in that they can reduce or even reverse 

EOF according to the polyelectrolyte charge characteristics of the exposed 

layer. This resulting EOF stabilization is a key player in increasing separa-

tion effi ciency and resolution. For example, capillary electrophoresis cou-

pled to electrospray ionization – mass spectrometry (ESI–MS) benefi ts 

from the use of PEMs such as polyamine-coated glass surfaces in which 

ESI-MS can be performed without an external pressure source or spray tip 

(Mellors  et al.,  2008). The reduction of non-specifi c adsorption and control 

of EOF contributed to this effi cient, stable, and sensitive microfl uidic mass 

spectrometric approach for protein detection. On glass and silica as well as 

polymers, PEM coatings are able to change the direction of, and control, 

EOF due to differing surface charges in the employed polyelectrolyte solu-

tion (Katayama  et al.,  1998a, 1998b). 

 PEM-coating procedures, called successive multiple ionic-polymer layer 

(SMIL) coatings can also be applied by placing a cationic polybrene solution 

between the anionic polymer dextran sulfate and the channel wall. These 
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types of coatings maintain stability across a wide pH range, show robust-

ness against strong acids and bases, and improve device reproducibility. 

Another PEM example of the many available utilizes a positively charged 

poly(allylamine hydrochloride) layer electrostatically self-assembled to a 

negatively charged silicon surface (Hau  et al.,  2003). A similar approach can 

be applied to a PDMS microfl uidic electrophoresis device to attain EOF 

control and improve overall stability (Liu  et al.,  2000). 

 It becomes apparent that the large variety of polyelectrolytes and their 

simple administration as a surface treatment makes this method versatile 

for a diverse set of applications and microfl uidic substrates. More extensive 

methods for further fi ne tuning can be employed as well. To further study 

the stabilization PEMs provide, devices made of various substrates have 

been compared for consistency in separation performance (Currie  et al.,  
2009). In this study, PMMA and glass microchannels were coated with 

poly(diallyldimethylammonium chloride) and polystyrene sulfonate (PSS) 

and compared to non-coated glass channels to show that PEM-coated 

glass had a stable EOF that was independent of solution pH. Additionally, 

PMMA coated with PEMs provides comparable, and in some cases better, 

separation effi ciency than glass devices, which is generally not the case due 

to fabrication inconsistencies with polymer-based substrates. Polystyrene 

and poly(ethylene terephthalate) glycol (PETG) substrates have also 

been studied due to their signifi cantly different polymer surface chemis-

tries and EOF mobilities in relation to more popular polymers. With these 

polymers, similar results can be realized with alternating layers of cationic 

poly(allylamine hydrochloride) and anionic PSS that give either negative 

or positive surface charges, respectively, for directional control of EOF 

(Barker  et al.,  2000a, 2000b). EOF mobilities of this system in both poly-

mers were measured, and demonstrated the ability to bring the dissimilar 

EOF characteristics of the untreated polymers into close proximity with 

one another with a uniform PEM coating. This overall increase in perfor-

mance and reduced variation between substrate materials as a result of 

PEM surface coatings opens up the possibility to confi dently use cheaper 

and easier to fabricate polymeric-based substrates to improve many bio-

medical microfl uidic applications. 

 PEMs can also be employed as a stable surface coating procedure that 

can be combined with subsequent immobilization of analytes. The poly-

electrolytes poly(ethyleneimine) and poly(acrylic acid) can improve spe-

cifi c protein binding as well as long term stability and bioreactivity due to 

an increase in the hydrophilicity of a coated PDMS substrate (Sung  et al.,  
2008). A slightly more complex multistep protein modifi cation of PDMS 

can also be accomplished with PEM coating, gold nanoparticle patterning, 

and protein patterning. An example application of such a device illustrated 

the ability to separate a group of neurotransmitters as well as environmental 

�� �� �� �� �� ��



Surface coatings for microfl uidic-based biomedical devices   81

© Woodhead Publishing Limited, 2013

pollutants with high separation effi ciency, reproducibility, and stability 

(Wang  et al.,  2006). 

 Cell immobilization can also be undertaken using PEM coatings. 

Poly(diallyldimethylammonium chloride) and PSS have been shown to 

improve cell adhesion due to increasing the wettability of PDMS (Kidambi 

 et al.,  2007). Using this method to treat PDMS, the degree of adhesion of 

various cell types with dissimilar cellular morphologies has been examined, 

in which an overall improvement in cell culturing capability was realized 

regardless of cell type. The importance of this PEM method becomes appar-

ent in tissue engineering applications, where cell proliferation and adhesion 

are imperative and require a cell-friendly substrate material.  

  2.4.4     Surfactants 

 Surfactant molecules are generally amphiphilic, consisting of a hydrophobic 

tail and hydrophilic head moiety, and have the potential to combine these 

two unique properties into an effective surface coating. First, the hydro-

philic, often charged, moiety can be employed for electrostatic attachment. 

Second, the hydrophobic moiety can be employed to further control sur-

face properties, such as reducing non-specifi c protein adsorption, or to 

control EOF velocity and direction. It has to be noted that depending on 

substrate surface properties, these two properties of the surfactant can be 

interchanged, such that the more hydrophobic entity interacts with the sur-

face more strongly. 

 A commonly employed surfactant in traditional protein analyses is 

sodium dodecyl sulfate (SDS), which has also been adapted and employed 

as an adsorptive coating agent in a variety of microfl uidic applications. For 

example, the infl uence of SDS on the separation of hydrophobic species by 

micellar electrokinetic chromatography in PDMS devices has been stud-

ied (Roman  et al.,  2006). Notably, SDS forms a pseudo-chromatographic 

phase, eliminating protein adsorption and increasing EOF, consequently 

resulting in a rapid, highly resolved, and effi cient separation. Mixed coatings 

with other polymers can also be employed with SDS to tune the degree of 

adsorption to PDMS surfaces based on the concentration of SDS in solution 

(Berglund  et al.,  2003). 

 The non-ionic polyoxyethylene Brij®-35 and cetyltrimethylammonium 

bromide (CTAB) surfactants are also candidates for the reduction of non-

specifi c binding and EOF control in electrophoretic separations. Usually 

these surfactants are employed as dynamic coating agents and are added to 

an electrophoresis running buffer; however, cross-linked PDMS layers on 

silica capillaries and glass devices in conjunction with a Brij®-35 adsorptive 

surface treatment can also decrease EOF in addition to reducing buffer pH 

dependence (Youssouf Badal  et al.,  2002). Furthermore, CTAB and SDS were 
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shown to work as alternative adsorptive surface coating agents for additional 

control of EOF. An even simpler Brij®-35 coating, involving only the incuba-

tion of PDMS channels with the surfactant, can be used to improve separa-

tion effi ciency by increasing wettability and signifi cantly reducing non-specifi c 

adsorption and EOF for a wide solution pH range (Dou  et al.,  2004). 

 The majority of non-ionic surfactants are block-copolymers consisting of 

long chains of ethylene oxide (or PEGs) and propylene oxide, commercial-

ized under the trademark ‘Pluronic®’. Good resistance to protein adsorption 

on PDMS surfaces was demonstrated with Pluronic® F108 under dynamic 

coating conditions (Viefhues  et al.,  2011). Triton X-100™, another amphi-

philic Pluronic® polyethylene oxide, can also be used as a coating agent that 

yields an acceptable reduction in protein adsorption as well as improved 

performance in capillary-based electrophoretic applications in PDMS/glass 

devices (Kang  et al.,  2005). In addition to dynamic coating, non-ionic sur-

factants can also be successfully applied as surface coating agents statically. 

Various Pluronics® on PDMS surfaces have been reported to reduce EOF 

as well as maintain long term stability when statically coated (Hellmich 

 et al.,  2005). 

 A fi nal and slightly different surfactant that has gained popularity is the 

phospholipid bilayer system, which forms by spontaneous fusion of lipid 

vesicles with microchannel walls made of substrates such as PDMS or glass 

(Yang  et al.,  2003). These systems can be employed for ligand binding assays, 

in which ligand–receptor binding can be measured under simulated mem-

brane conditions along a microchannel, for example with dinitrophenyl 

conjugated lipids and corresponding antibodies. Additionally, fl uorescence 

assays can be used to rapidly construct complete binding curves in one 

experiment, thus using less protein sample compared to traditional methods 

(Yang  et al.,  2001). Controlled bilayer environments also open up new pos-

sibilities for biosensors in cell signaling studies in which key cellular func-

tionalities stem from cell membrane ligand–receptor mechanisms.   

  2.5     Other strategies utilizing surface treatments 

 The coating strategies discussed thus far function either by covalently bind-

ing suitable molecules to various substrates or by an adsorptive coating to 

form surface layers, mostly based on organic molecules. Although these two 

categories encompass many of the surface treatments available for microfl u-

idic devices, there remain other approaches that can be used to change the 

surface properties of biomedical microfl uidic devices. For instance, expo-

sure to reactive plasma gases can produce radicals that change the chemical 

composition of a surface, and physical sputtering techniques can be used to 

deposit thin layers on surfaces. One common example of this involves the 

use of reactive oxygen species to alter PDMS and glass surfaces via UV or 
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plasma treatment in oxygen or ozone atmospheres. While these treatments 

may be required as a precursor to subsequent covalent strategies, such as 

silanization (discussed in Section 2.2), they can also be used as a standalone 

method to alter surface properties as desired. 

 UV and UV/ozone exposure have been shown to increase surface wet-

tability with UV/ozone treatment being more effective based on greater 

observed changes in surface chemistry (Efi menko  et al.,  2002). Polycarbonate 

that has been irradiated with UV light shows a similar increase in wettability, 

in addition to EOF changes that are pH independent after treatment, unlike 

with glass substrates (Liu  et al.,  2001). Increasing the wettability of substrates 

such as PDMS improves performance in bioanalytical applications, a pos-

sible example being DNA electrophoresis in a UV treated device yielding 

high resolution and reproducibility. UV/ozone treatment can be taken a step 

further to form porous polymer monoliths by adsorbing a UV activated pho-

toinitiator and monomers to channel walls, followed by polymerization to 

non-covalently adhere the polymer to the surface. The durability and robust-

ness of this attachment has been shown to withstand high pressures, despite 

its adsorptive nature (Burke and Smela, 2012). 

 Oxygen plasma treatment is a considerably widespread surface modifi -

cation method for microfl uidic devices, mainly PDMS-based, but can also 

be used with other substrates. A short treatment on the order of 1 min pro-

duces hydroxyl groups on the PDMS surface allowing for the formation 

of covalent siloxane bonds (Si–O–Si) with other substrates including itself, 

glass, silicon, polystyrene, and others. This adhesion is irreversible and bond 

strengths between PDMS and other substrates have been shown to increase 

linearly with the degree of plasma exposure (Bhattacharya  et al.,  2005). This 

high correlation between bond strength and plasma exposure can be used 

to develop optimized plasma treatment parameters based on the degree of 

bonding needed. Concomitantly, an increase in surface wettability occurs 

due to the creation of silanol groups (Si–OH), rendering negatively charged 

channel walls for electroosmosis (Duffy  et al.,  1998). Changes in PDMS 

wettability after plasma treatment, and after exposure to several chemicals, 

have also been studied (Mata  et al.,  2005). While plasma treatment increases 

the wettability of PDMS, treatment with several different acids and bases, 

including strong acids such as H 2 SO 4 , revert the contact angle of plasma 

treated PDMS to a more native hydrophobic and less wettable state. This 

opens up the possibility of differentially patterning hydrophobic and hydro-

philic regions on the same substrate in a lab-on-a-chip microfl uidic device 

depending on the surface properties needed at each zone. 

 Metal sputtering methods can also be utilized in surface treatment 

schemes, for example sputtering and evaporation of gold on microchannel 

surfaces. The gold-coated surfaces serve as templates for self-assembled 

monolayers (SAM), to which a variety of coupling schemes can be applied 

�� �� �� �� �� ��



84   Microfl uidic devices for biomedical applications

© Woodhead Publishing Limited, 2013

with an adequate choice of thiol head groups (see also Section 2.2.1). One 

example of this involves binding collagen to SAMs using Schiff base chem-

istry for the development of cell analysis arrays with improved cell adhesion 

and attraction to treated channel walls (Leong  et al.,  2009). Other metals 

can also be coated on microfl uidic devices, for example aluminum sputter-

ing coupled with plasma treatment to create a biocompatible surface for 

increased cell adhesion and proliferation (Patrito  et al.,  2007). The metal is 

etched in areas designated by a mask to expose a hydrophilic and reactive 

PDMS surface that favors cell adhesion. The novelty of this inexpensive and 

simple method over others discussed is that only a single-component sub-

strate is used, without the need for surfactants or extracellular matrix pro-

tein adsorption methods previously described.  

  2.6     Examples of applications 

 The majority of the microfl uidic surface modifi cations mentioned in this 

chapter have a specifi c focus in terms of application. While popular surface 

modifi cations were discussed, the applications they are tuned for were only 

briefl y mentioned. In this section, three diagnostic applications are examined 

in further detail to demonstrate the great potential of microfl uidics in the 

medical sciences, as well as to further emphasize the necessity of adequate 

surface coatings for successful analyses. The applications selected are those 

that are highly regarded in their respective fi elds and take proof-of-concept 

surface treatment studies and apply them to biological and medically focused 

applications. The microfl uidic devices discussed herein are considered to be 

complete lab-on-a-chip devices, in that they are fully integrated analysis sys-

tems capable of complete diagnostics-based studies. 

  2.6.1     Lab-on-a-chip drug analysis of blood serum 

 Throughout this chapter, a signifi cant number of the surface treatments dis-

cussed were applied to bioanalysis assays using microfl uidic capillary elec-

trophoresis. Two major issues with capillary electrophoresis in a microfl uidic 

device are sample adsorption to capillary walls and unstable, high EOF. 

Both of these effects reduce resolution and effi ciency, and therefore need 

to be addressed to attain a high quality separation. As presented in many of 

the previous sections, a variety of channel wall surface treatments have been 

shown to signifi cantly reduce EOF as well as non-specifi c adsorption. There 

are benefi ts and drawbacks of different surface coatings based on invasive-

ness, diffi culty, and durability, in which an ideal coating would be easy to 

apply, not interfere with sample analytes, and be robust throughout multiple 

trials over time using the same device. 
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 2.6      (a) Drug detection device (Section 2.6.1) schematic showing the 

various operating regions. Mixing of the antigen (Th) with the tracer 

(Th*) is performed between J1 and J3. Antibody (Ab) is then mixed 

with antigen and tracer in the J3-J4 immunoassay region. J4 shows 

the injection point into the electrophoresis region followed by detection. 

( Source : Reproduced from Chiem and Harrison (1998) with permission.) 

(b) A representative electropherogram showing actual results from 

a complete experiment. The bottom-most plot represents a control 

containing only tracer in buffer. The middle plot represents a mixture of 

antibody and tracer and the top plot represents a sample immunoassay 

with tracer and antibody. The Ab-Th* complex shows a distinct peak 

that is high when only tracer is present (middle) but decreases when 

Th is added due to competitive binding to Ab. A comparison of the 

two is used to quantify Th concentration. ( Source : Reproduced from 

Chiem and Harrison (1998) with permission.) (c) Schematic of the single 

cell transcriptome device (Section 2.6.2). Numbers 1–11 represent 

independently controlled valves and the center ‘cells in’ region is used 

for sample injection. Initially, valves 1–3 are used to pump sample and 

cell trapping occurred at closed valves 4–7. Valves 8 and 10 were used 

to add cell lysis reagents and reverse transcriptase for PCR. ( Source : 

Reproduced from Bontoux  et al.  (2008) with permission.)  

 A lab-on-a-chip device with complete drug analysis capabilities, includ-

ing sample mixing, immunoreaction, separation using capillary electropho-

resis, and analysis, has been realized using a glass microfl uidic device (Chiem 

and Harrison, 1998) (see Fig. 2.6a). The automatability and positive results 

achieved with this device have opened new possibilities to further develop 

such devices for clinical use. Specifi cally in this study, the detection and analy-

sis of the asthma drug theophyllin (Th) from a blood serum sample was dem-

onstrated. The mixing portion involved the labeling of diluted blood serum 

with a tracer and immunoreaction with a specifi c antibody, anti-Th. The free 

Th was then separated from antibody-bound Th for quantitative analysis 
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(see Fig. 2.6b). The performance of the device was comparable to traditional, 

non-integrated methods with great detection limits and analysis times were 

signifi cantly shortened due to the microscale nature of the device.      

 Because surface treatments are the focus of this chapter, it is important 

to mention the contribution of a surface treatment to the success of this 

integrated device. Similar devices without surface treatment showed low 

effi ciency, tailing of analytes, and background fl uorescence due to adsorp-

tion (Nielsen  et al.,  1991). Dynamic coating using the non-ionic surfactant 

Tween® 20 was utilized to reduce non-specifi c adsorption for a variety of 

reasons, including ease of application compared to covalent methods and 

biocompatibility (Tween® 20 is a common immunoassay washing agent 

that prevents non-specifi c antibody binding). Additionally, this surface coat-

ing contributed to stable sample migration times due to a stabilization of 

EOF (Chiem and Harrison, 1997). In this specifi c experiment, Tween® 20 

was shown to be benefi cial; however, as mentioned throughout this chap-

ter, a multitude of different surface coatings have been utilized for capillary 

electrophoresis. When selecting a surface coating for your application, it is 

important to consider all aspects of the experiment and choose one that 

meets the requirements of the experiment (substrate, analyte, etc.).  

  2.6.2      Single cell transcriptome analysis with microfl uidic 
polymerase chain reaction (PCR) 

 Gene expression is a highly studied area to improve our understanding of 

organisms including their regulatory pathways, growth, etc. To investigate 

complete genetic expression or the transcriptome, single cell analysis is 

appropriate. Due to small sample volume availability in these types of stud-

ies, microfl uidics is an excellent platform to employ, especially since there 

is the potential for complete lab-on-a-chip development. Similar to the 

analysis of proteins examined in Section 2.6.1, DNA analysis poses similar 

obstacles in terms of substrate/analyte interactions that can impede success-

ful analysis, exemplifying the need for surface treatments. Advancements 

in microfl uidics have led to the development of a PDMS device that can 

capture and lyse cells followed by reverse transcriptase polymerase chain 

reaction (RT-PCR) amplifi cation and analysis to study gene expression in 

mouse brain (Bontoux  et al.,  2008). The layout of this device is schematically 

depicted in Fig. 2.6c. Injection of individual neuronal cells into the device 

and subsequent processing and analysis allowed for an average detection of 

5000 genes per cell, the expected number in a single cell of this type. This 

exceptional sensitivity and ability to study a cell’s transcriptome is a signifi -

cant clinical advancement towards rapid and more complete genetic analy-

sis to understand the pathology and physiology of an organism. 
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 A necessary and common surface treatment was used in this device: 

dynamic channel coating with the protein BSA. Due to its biocompati-

bility and ease of use, BSA surface passivation has been commonly used 

in microfl uidic PCR to reduce adsorption (Zhang  et al.,  2006) in addition 

to other applications discussed in Section 2.4.1. It has been reported that 

 Taq  polymerase adsorption is signifi cant and contributes the most to poor 

PCR performance compared to DNA adsorption, which still occurs but 

to a lesser extent (Erill  et al.,  2003). BSA has found widespread use due 

to its competitive adsorption to substrate walls with  Taq  and DNA, effec-

tively reducing unwanted analyte adsorption. A potential explanation of 

this phenomenon is that BSA has similar charge characteristics as DNA 

under microfl uidic PCR conditions and therefore has similar attraction to 

substrate channel walls (Nagai  et al.,  2001). An added benefi t of BSA is 

that it acts as a stabilizing agent of polymerase enzymes in solution. Similar 

to the Tween® 20 capillary electrophoresis surface coating, an appropriate 

surface coating for DNA PCR was applied with multiple benefi ts to ensure 

increased performance while remaining simple to apply without introduc-

ing detrimental side effects to the sample. Following a common theme, a 

vast number of surface treatments have been developed for microfl uidic 

PCR in addition to the selected example so it is recommended to review 

Section 2.8 for more resources and other potential surface treatments 

applicable for PCR.  

  2.6.3     Immunosensor to detect pathogenic bacteria 

 Immunoassays such as ELISA are very common diagnostic tools in the 

health sciences, due to their high specifi city, sensitivity, and versatility in 

detecting a wide range of target analytes. Traditional immunoassays involve 

an antibody coated on a substrate such as a standard titer plate to which a 

sample is applied. If target antigens are present, they bind to the immobi-

lized antibodies and can be detected by a variety of readout methods. One 

can imagine that bound antibodies required in immunoassays could also be 

coated to the surface of a microfl uidic device as discussed in Section 2.2 for 

a variety of substrate materials. 

 An important real world health application for immunoassays is the 

detection of pathogens such as  E. coli  in the food industry due to the health 

risks associated with foodborne pathogens. Consequently, rapid analysis of 

low sample volumes is needed, which makes microfl uidics favorable over 

complex, labor intensive immunoassays such as conventional ELISA. This 

has led to the development of simpler detection methods using impedance 

measurements, classifi ed as immunosensors. One such example based on 

immunosensing is a PDMS micro-immunosensor that can detect danger-

ous foodborne pathogens such as  E. coli  and  S. aureus . The device utilizes 
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an integrated nanoporous alumina membrane to which bacterial antibod-

ies are covalently immobilized to a self-assembled, epoxy-functionalized 

trimethoxysilane monolayer (Tan  et al.,  2011). As described in other 

silanization procedures, reactive hydroxyl groups on the substrate surface 

are needed (in this case formed with H 2 O 2  treatment) to react with silane 

methoxy groups to silanize the surface. Amino groups on the antibodies then 

react with an open epoxy group functionalized to the silane, which provides 
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 2.7      (a) Immunosensor schematic showing the capture of bacteria as 

it passes through a nanopore membrane. Antibodies immobilized to 

the surface trap bacteria which block the pores leading to an increase 

in impedance through the system. ( Source : Reproduced from Tan 

 et al.  (2011) with permission.) (b) Another example of an impedance 

based immunosensor using a simpler two chamber design in which 

glass is silanized to immobilize antibodies. As bacteria fl ow from the 

inlet into the large chamber (top), they are captured by the antibodies 

(bottom) which alters the electrical properties of the chamber. Bacterial 

sensing is accomplished by observing a change in impedance. ( Source : 

Reproduced from Boehm  et al.  (2007) with permission.)  
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a covalent linkage between the antibody and the substrate surface. When 

a sample fl ows into the membrane, sensing is accomplished when bacteria 

attach to the antibodies and begin to block a nanopore, effectively increas-

ing the impedance through the device (see Fig. 2.7a).      

 Similar surface chemistry has also been applied to a glass microfl uidic 

bacterial immunosensor (Boehm  et al. , 2007). Instead of an integrated 

membrane, the immunoassay takes place in a chamber within the glass 

chip silanized to immobilize antibodies (Fig. 2.7b). As sample fl ows into 

the chamber, bacteria bind to antibodies and act as insulators by replac-

ing equal volumes of conducting solution, thus altering the impedance of 

the system. In both of the aforementioned examples, analysis times are 

very rapid and high sensitivity is attained, illustrating the capability of 

microfl uidics as a platform for immunosensing. Furthermore, the versatil-

ity of silanization and covalent immobilization of antibodies is illustrated 

with the ability to apply this surface treatment to multiple substrates and 

device designs. Despite these differences, the treatment remains effective 

in driving the immunoassay and maintaining high sensitivity. Further ver-

satility can be realized by considering the ability to immobilize a variety 

of antibodies to various surfaces to detect complex bacterial samples or 

other biological analytes.   

  2.7     Conclusion and future trends 

 It is apparent that surface coatings are essential for the success of many 

medical microfl uidic devices for a variety of applications, whether applied 

to sensitive diagnosis or as research tools in the fi eld of medicinal biology 

and chemistry. As was demonstrated throughout this chapter, the variety 

of materials and coating strategies for microfl uidic materials is enormous. 

Among those, silicon dioxide-based devices are the best characterized and 

their covalent surface chemistry can be well adapted to a specifi c problem. 

It is therefore not astonishing that glass devices are used in many commer-

cial microfl uidic devices, such as in the cartridges used for the Bioanalyzer 

instrument from Agilent, for example. On the other hand, most polymer 

devices are fl exible; a property that could become advantageous for point-

of-care devices, implantation, and continuous monitoring. Additionally, most 

polymer devices can be fabricated with mass replication tools such as injec-

tion molding, which allows for economical and mass production. Nowadays, 

such replication tools can even be generated with nanometer-sized features 

allowing for versatile integration and parallelization. 

 Despite advancements in microfl uidics, the surface chemistry of poly-

mer devices strongly depends on the chemical composition of the polymer 

employed making general surface treatment schemes, such as that provided 

by the silanization of glass, not available. Consequently, the application of 
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polymer devices greatly depends on the choice of the polymer material, thus 

available immobilization strategies will have to be adapted to novel poly-

mer materials. A large variety of successful usages of polymer devices have 

been demonstrated and discussed throughout this chapter, illustrating that 

adequate surface coatings can be developed for polymers to compete with 

glass devices in various applications. A specifi c advantage of polymer mate-

rials over glass devices arises from their gas permeability, which becomes 

important for cell-based studies and diagnosis. PDMS, for example, has 

shown excellent gas permeability and cell culturing capability in tandem 

with appropriate surface treatments. In summary, one can expect the contin-

uation of silicon dioxide-based devices for high sensitivity applications and 

where reproducibility is greatly infl uenced by covalent and stable coatings. 

Polymer devices have great potential for point-of-care and single use appli-

cations where within-chip reproducibility is not a stringent requirement but 

cost effectiveness is essential.  

  2.8     Sources of further information and advice 

 In this chapter, a general overview of covalent and adsorptive surface coat-

ings for microfl uidic applications was given for the most common strategies 

used. For other materials and detailed protocols, the reader is referred to 

the literature cited in this chapter. Moreover, review articles provide useful 

information on coating strategies and their applications. For example, one 

of the most common materials used in the fi eld is PDMS (Section 2.2.1) and 

the properties and general handling procedures of PDMS are described by 

Mata  et al.  (2005) and Lee  et al.  (2003b). Moreover, various common sur-

face modifi cations for PDMS are summarized in references Makamba  et al.  
(2003), Wong and Ho (2009), Zhou  et al.  (2010, 2012) and surface modi-

fi cations of other polymers, specifi cally PMMA and polycarbonate, were 

reviewed by Soper  et al.  (2002). 

 The interested reader is further referred to reviews in the clinically impor-

tant fi eld of tissue engineering and PCR analysis. Surface treatments and 

procedures regarding tissue engineering were outlined by Park  et al.  (2007). 

In relation to miniaturized PCR analysis, various substrates were discussed 

by Zhang  et al.  (2006) including PDMS, PMMA, and polycarbonate. Static 

and dynamic passivation with separate and coupled surface chemistries 

were outlined including protein coatings, surfactants, silanization, polymer 

coatings, etc. This review covers a vast majority of papers published cov-

ering on-chip PCR as well as methods to develop such devices including 

aspects of fabrication, surface chemistry, implementation, etc., and specifi c 

applications such as microbial detection and disease diagnosis. Finally, sur-

face treatments for microchip electrophoresis have also been extensively 

reviewed in Doherty  et al.  (2003) and Dolnik (2004).  
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  Abstract : The dominance of surface and viscous forces at small scales, in 
particular, render the actuation and manipulation of fl uids and particles 
in microfl uidic systems a signifi cant challenge, especially if integration 
into a portable handheld platform is desired, for example, in miniaturized 
devices for point-of-care diagnostics and biosensing. We provide a 
summary of the main actuation techniques that underpin a broad 
spectrum of microfl uidic operations, and, in particular, briefl y overview 
the role of electric and acoustic fi elds for this purpose. The former are 
currently mechanisms of choice that are already widely used, whereas the 
latter, especially surface acoustic waves, comprise an emerging technique 
that has gained considerable attention of late. 

  Key words : fl uid and particle manipulation, microfl uidics, mechanical and 
non-mechanical actuation, electrokinetics, surface acoustic waves (SAW). 

    3.1     Introduction 

 Actuating and manipulating fl uids and particles at microscale dimensions 

poses a considerable challenge, primarily due to the surface area to vol-

ume ratio as the characteristic system dimension is reduced, which refl ects 

the increasing dominance of surface and viscous forces in retarding fl uid 

fl ow. This is captured by the characteristically small Reynolds numbers 

(Re  ≡    ρ UL /  μ      1) in microfl uidic systems, wherein   ρ   and   μ   are the density 

and viscosity of the fl uid, and  U  and  L  are the characteristic velocity and 

length scales, respectively. Laminarity of the fl ow is also inherent in these 

low Re systems, thereby highlighting further challenges with regards to fl uid 

mixing, especially in diffusion-limited systems. 

 To date, external syringe pumps have been widely utilized to induce 

fl ow and mixing in microfl uidic systems. Although these are precise and 

reliable, they are fairly large and hence confi ned to laboratory benchtops, 

thereby proving diffi cult to integrate with other operations on the micro-

fl uidic device comprising a miniaturized handheld platform for portable 
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operations, for example, for use at the point of need (Yeo  et al ., 2011). This is 

further complicated by the inlet and outlet tubing and ancillary connections 

required for fl uid transfer between the pump and the chip, which requires 

careful handling by a skilled user, therefore making their use considerably 

challenging for adoption by patients, for example, in diagnostic testing. The 

majority of medical testing also involves molecular and bioparticle manipu-

lation, which require additional microfl uidic capability for fast and sensitive 

preconcentration, sorting and detection. 

 In this chapter, we summarize the various mechanisms for microfl uidic 

actuation within two subcategories: mechanical and non-mechanical actua-

tion mechanisms (Table 3.1). This is followed by a brief overview of two 

mechanisms, namely electrokinetics and acoustics, which we believe consti-

tute the most promising and practical methods for driving fl uid and particle 

motion in microfl uidic devices, as refl ected by recent growing interest and 

popularity in their use.     

  3.2     Electrokinetics 

 To date, electrokinetics, which concerns the use of electric fi elds to manipu-

late fl uid fl ow, is one of the most preferred and widely used methods for 

microfl uidic actuation. This is because electrodes are cheaply and easily 

fabricated, and can be integrated without much diffi culty in microfl uidic 

devices, and have the ability to provide high electroosmotic fl ow rates, effi -

cient electrophoretic separation, and precise dielectrophoretic particle posi-

tioning. Here, we provide an overview of the basic principles underlying 

these fl ows and a brief summary of their use for microfl uidic actuation. The 

reader is referred to a more comprehensive treatise on the subject in Chang 

and Yeo (2010). 

  3.2.1     The electric double layer 

 A channel surface in contact with an electrolyte solution tends to acquire 

a net charge through various surface-charging mechanisms (Hunter, 1987). 

Consequently, free ions in the bulk with opposite charge to that on the sur-

face (counter-ions) are attracted to the channel surface, while ions with like 

charge (co-ions) are repelled. A thin polarized layer rich in counter-ions, 

known as the Debye double layer, therefore arises adjacent to the channel 

surface, as depicted in Fig. 3.1a and 3.1b. 

 The electric potential fi eld   φ   in the double layer can be described via a 

solution of Gauss’ Law    2   φ   =   −ρ    e  /  ε   governing charge conservation. For pla-

nar systems of symmetrical binary electrolytes, the volume charge density   ρ    e   

can be specifi ed by the Poisson-Boltzmann distribution; in the limit of small 
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surface potentials   φ    s   <<  RT / z  F  ~ 25.7 mV (298 K), linearization of the resul-

tant Poisson equation together with boundary conditions prescribed by the 

surface potential   φ  =  φ    s   =   λ    D   E   s   ( y  = 0) and a potential and electric fi eld  E  = 

−  d  φ  /d y  that decays away from the surface to the bulk ( y   → ∞ ) permit an 

approximate analytical solution in the form  

    ϕ ϕ λ−
sϕ ye Dλ/ ,    [3.1]   

 where  

    λ ε
Dλ RTεε

F z C
=

∞2 2 2z
    [3.2]   

 is the Debye screening length or double layer thickness. The above is known as 

the  Debye  –H ü ckel approximation  (Debye and H ü ckel, 1923), wherein  y  is the 

coordinate normal to the surface,   ε   the permittivity,  R  the molar gas constant, 

 T  the absolute temperature, ′z  the ionic valency,  F  the Faraday constant and 

 C   ∞   the bulk ion concentration. We note the inverse relationship between the 

Debye length and the ion concentration (and hence conductivity) in Equation 

[3.2]: strong electrolytes lead to thin double layers (~0.1–10 nm), whereas 

weaker electrolytes give rise to thicker double layers (~10 nm–1  μ m). 

 The Debye–H ü ckel approximation, which assumes that the counter-ions 

are mobile point charges distributed by rapid and random thermal motion 

in the  diffuse  double layer, nevertheless fails to account for hydration or sol-

vation effects due to the fi nite ion size. These effects were later taken into 

account by allowing for a  Stern  layer comprising hydrated counter-ions that 

are bound by water molecules, whose local screening effect permits their 

adsorption onto the surface (Fig. 3.1c) (Stern, 1924). A slip plane therefore 

must exist between the rigid and stationary Stern layer and the mobile dif-

fuse layer, along which the potential, more specifi cally known as the zeta 

potential   ζ  , can be experimentally measured (in contrast to the diffi culty in 

characterizing the actual potential on the surface). For weak to moderate 

electrolytes, in keeping with the small potential limit in the Debye–H ü ckel 

approximation,   ζ   ~   λ    D   E   s   ~   λ    D    σ    s  /  ε  . 
 Electrokinetic phenomena therefore arise as a consequence of slippage 

of the diffuse double layer over the charged surface upon the application 

of an applied electric fi eld to generate bulk fl ow ( electroosmosis  in the case 

of stationary charged surfaces) or particle motion ( electrophoresis  in the 

case of a stationary medium), or an applied external force to produce an 

electric potential ( streaming potential  in the case of fl ow over a stationary 

surface or  sedimentation potential  in the case of charged particles moving in 
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a stationary medium). Given their relevance to microfl uidic actuation, we 

briefl y highlight the fi rst two cases in the discussion to follow.  

  3.2.2     Electroosmosis 

  Electroosmotic slip 

 In its most general case, electroosmosis comprises the bulk motion of elec-

trolyte that arises when a tangential electric fi eld is applied across the  equi-
librium  double layer that forms when the electrolyte is in contact with a 

solid boundary that acquires surface charge as a consequence. As depicted 

in Fig. 3.2, counter-ions in the diffuse layer are attracted to the electrode with 

opposite polarity, their net charge giving rise to a Maxwell (Lorentz) force 

  ρ    e   E  and hence momentum transfer on the liquid, which drives an electroki-

netic slip at the slip plane. This slip can be derived from a balance between 

the hydrodynamic viscous and Maxwell stresses, assuming that the double 

layer is suffi ciently thin compared to the channel radius/width such that the 

fl ow is unidirectional along the channel and that the pressure gradient only 

arises as a consequence of the tangential gradient in the normal surface 

fi eld. Details of the derivation can be found in Chang and Yeo (2010); here, 

it suffi ces to quote the result, known as the  Smoluchowski slip velocity :

    u
E

s
xE

= −
εζEE

μ
,     [3.3]   
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 3.1      (a) Schematic depiction of, and (b) concentration profi le (top) 

and electric potential variation (bottom) in the Debye double layer of 

thickness   λ    D   that arises as a consequence of an electrolyte solution 

in contact with charged surface, showing the enrichment in counter-

ions and depletion in co-ions. (c) Stern layer that comprises hydrated 

counter-ions bound by water molecules.  
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 where  E   x   is the applied tangential fi eld and   μ   is the viscosity. Typically,

  ζ   ~10–100 mV and hence slip velocities up to around 1 mm/s can be gener-

ated with fi elds of approximately 100 V/cm.            

  Electroosmotic pumping 

 The velocity therefore increases from its zero value (i.e., no-slip) at the 

channel wall to the maximum value given in Equation [3.3] at the slip 

plane. Consequently, the slip drags the rest of the liquid in the channel 

along, giving rise to bulk electroosmotic fl ow. Given the asymptotically 

small Debye length, the bulk fl ow can be considered to arise from slip at 

the channel walls, and hence the velocity profi le is essentially fl at across the 

channel. This plug fl ow is convenient and particularly advantageous over 

pressure-driven fl ow from many perspectives, especially for microfl uidic 

applications, since it minimizes hydrodynamic dispersion that leads to sam-

ple band broadening. Moreover, the independence of the slip velocity on 

the channel dimension then suggests that the volumetric fl ow rate, which 

is proportional to the channel cross-sectional area, scales as the square 

of the characteristic channel dimension  H  2 . This is a considerable advan-

tage over the  H  4  scaling of the volumetric fl ow rate arising from pressure-

driven fl ows, which sharply diminishes with miniaturization of the channel 

dimension as  H  decreases. Together with the benefi ts of on-chip electrode 

integration – therefore removing the need for cumbersome fl uid transfer 

from large mechanical or syringe pumps onto the microfl uidic device, the 

elimination of mechanically moving parts, the ease of changing the fl ow 

direction upon reversal of the electrode polarity and the constant pulse-

free fl uid motion  –  electroosmotic pumps thus constitute a very attractive 

mechanism for microfl uidic actuation. 

 It can further be shown from simple scaling arguments that a channel 

dimension  H  close to   λ    D   optimizes the power effi ciency of the electroosmotic 

Surface

Anode Cathode

us

Double layer

E

 3.2      Counter-ions within the diffuse double layer are attracted towards 

the electrode with the opposite polarity upon application of a tangential 

electric fi eld, giving rise to a net Maxwell force and hence bulk motion 

of the fl uid known as electroosmosis. Given the double layer is thin 

relative to most microchannel dimensions, the fl ow velocity profi le is 

essentially fl at across the channel.  
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pump (Chang and Yeo, 2010) – in larger channels, power is wasted in the 

large electroneutral bulk region outside the double layer where there is no 

net momentum transfer due to the absence of net charge, whereas in smaller 

channels, the fl ow is suppressed by increased viscous dissipation. As such, 

and given that the volumetric fl ow rate scales with cross-sectional area, 

it is expedient to employ a parallel bundle of thin channels (e.g., nanop-

ores) whose dimensions are comparable to the double layer thickness – an 

example being that in packed capillaries or porous silica monoliths (Chen 

 et al ., 2005; Wang  et al ., 2006). For cylindrical pore geometries, and neglect-

ing the tortuosity of the pore networks, the maximum pressure that can be 

developed in such pumps, taking into account the hydrodynamic load that 

imposes a back pressure within a channel, can be expressed by  

    Δ = ( ) ( )pΔ
Q

) + () () + (max ,
8μQQeo

    [3.4]   

 where  Q  eo  =  u   s   A   p    = n   π R   p   
2  u   s   is the electroosmotic fl ow rate of the pump com-

prising  n  cylindrical pores of radius  R   p   and length  L   p  , i.e., the maximum fl ow 

rate when there is no pressure-driven fl ow ( Δ  p  = 0), and  A   l    =  π R   l   
2  the effec-

tive cross-sectional area of the hydrodynamic load section with radius  R   l   and 

length  L   l  , whose fl ow rate is specifi ed by the Hagen-Poiseuille equation:

    Q
A R p

L
l l

l
=

Δpp2

8μ
max .     [3.5]   

 Substituting Equation [3.4] into Equation [3.5],  

    Q Q
p

p
−Q

Δpp
Δpp

⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠eo 1

max

,     [3.6]   

 indicating the linear relationship between the back pressure and fl ow rate, 

and from which the effi ciency of the pump can be obtained:

    η = = −
Δ

Δ
Q

Q
pΔ

pΔeo

1
max

.     [3.7]   

 The pump becomes more effi cient therefore as  Δ  p  max  increases, which, from 

Equation [3.4], can be obtained by reducing  R   p  / R   l   such that  Q  approaches 
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 Q  eo . This is however constrained, since decreasing  R   p   below   λ    D   results in 

overlapping double layers and hence diminishing slip velocities. The pump 

operation is therefore optimal when  R   p   ~   λ    D  , as suggested above, noting 

from Equation [3.4] that  Q  eo , and hence  Q , can be compensated by increas-

ing the applied fi eld strength, although this, on the other hand, is limited by 

undesirable effects of bubble generation as a consequence of the increased 

current, which can cause blockage of the channel and whose large capillary 

pressures could cancel out any increase in the fl ow rate. 

 The theory above, nevertheless, breaks down for nanochannels when the 

channel dimension becomes comparable to the Debye length, such that an 

electroneutral ohmic region in the bulk no longer exists and the entire chan-

nel consists of a polarized region due to double layer overlap. In addition, 

entrance, resistive, pore neck charge storage, and electroviscous effects may 

also become important in these cases (Chang and Yeo, 2010). There are sev-

eral analytical models as well as molecular simulations dedicated to nano-

channel electroosmosis (see, for example, Petsev (2010) and Qiao and Aluru 

(2003)); we refer the reader to these, as the subject is beyond the scope of 

the present overview.  

  Electroosmotic mixing 

 Given the irrotationality of the electric fi eld, the similarity between the 

hydrodynamic streamlines and the electric fi eld – i.e., both velocity and 

electric fi elds are governed by the same divergence-free conditions – ren-

ders the electroosmotic fl ow an irrotational potential fl ow (hence the fl at 

velocity profi les observed in Fig. 3.2) in the absence of an externally applied 

pressure gradient (Chang and Yeo, 2010). An unfortunate consequence of 

this result, which is quite unexpected for microfl uidic fl ows where viscous 

stresses are usually dominant, is the absence of fl ow vortices to induce mix-

ing in the microfl uidic device, which, although advantageous in minimizing 

sample dispersion as discussed earlier, can be problematic given the typ-

ically low biomolecular diffusivities that result in long reaction times in 

transport-limited cases. Various strategies have therefore been adopted to 

increase mixing effi ciency in electroosmotic fl ows. For example, it is possible 

to revoke the fi eld and streamline similarity by generating a back pressure 

gradient in the channel through the introduction of surface charge, or bulk 

pH or electrolyte concentration (and hence   ζ - potential) gradients along the 

channel (Ajdari, 1995; Herr  et al ., 2000; Minerick  et al ., 2002). Alternatively, 

interfacial instabilities can be introduced in the case of two co-fl owing elec-

trolytes with differences in their conductivities (Lin  et al ., 2004; Pan  et al ., 
2007), as illustrated in Fig. 3.3, although the electric fi elds required to drive 

such transverse electrokinetic instabilities are often fairly large.        
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  3.2.3     Electrophoresis 

 Electrophoresis refers to the application of electric fi elds to move charged 

particles or ions in a stationary fl uid. Two asymptotic limits for the particle 

size  a  can be considered (Chang and Yeo, 2010). In the small particle size 

limit (Fig. 3.4a), i.e.,  a  <<   λ    D  , the particle can be assumed to be a point charge 

and hence double layer screening effects can be neglected. In this case, the 

presence of the point charge does not infl uence and hence distort the fi eld 

lines, and simply translates under electromigration effects in the absence 

of electrokinetic slip in the double layer around the particle. A balance 

between the Coulomb force exerted by the point charge  q  and the viscous 

drag force then leads to the H ü ckel equation for the electrophoretic mobil-

ity of the particle:   

    vep =
2

3

εζ
μ

,     [3.8]   

 which is related to the electrophoretic velocity through  u  ep  =   ν   ep  E . 

 In the large particle size limit (Fig. 3.4b), i.e.,  a  >>   λ    D  , the double layer 

screens the external fi eld, and hence the Maxwell force only acts in the dou-

ble layer to drive an electrokinetic slip fl ow and not on the particle itself. 
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(a) (b)
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 3.3      Transient electrokinetic instability driven by the gradient in the 

conductivity of two co-fl owing electrolyte solutions under an applied 

longitudinal electric fi eld. (a) Experimental results and (b) numerical 

simulation. ( Source : Reprinted with permission from Lin  et al . (2004). 

Copyright 2004, American Institute of Physics.)  
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In this case, the Smoluchowski slip velocity in Equation [3.3] can be used 

along the particle surface such that the electrophoretic velocity has the same 

dependency as the electroosmotic slip velocity but with opposite sign:

    u
E

s
xE

=
εζEE

μ
.     [3.9]   

 The discrimination in the electrophoretic mobility and hence migration 

velocity based on charge (more specifi cally, the surface charge density and 

hence the   ζ - potential) in Equations [3.8] and [3.9] provides the underly-

ing basis for electrophoretic separation technology. We note, however, the 

absence of the dependence on particle size or shape (although the former is 

implicit in the   ζ - potential in the point charge theory). More common, how-

ever, is the use of gels or polymer (i.e., gel electrophoresis), which provides 

a medium that acts as a molecular sieve to facilitate steric and reptation 

effects, thus permitting size-based discrimination (i.e., smaller molecules 

migrate more quickly in the gel compared to larger molecules with the same 

electrophoretic mobility under the same electric fi eld). More recently, a 

powerful technique has been proposed as an alternative to gel electropho-

resis, in which the ends of polyelectrolyte molecules are tagged with a large 

uncharged monodispersed protein or polymer that exerts a large drag on the 

molecule whilst leaving its net charge intact. This technique, known as end-

labelled free-solution electrophoresis (Meagher  et al ., 2005), has been dem-

onstrated as a fast and effi cient method for the separation of gene fragments 

in DNA sequencing. Other methods for multiplex DNA sequencing using 

capillary array electrophoresis in microfl uidic platforms (Paegel  et al ., 2002), 

as well as electrophoretic detection of DNA sequence variations in micro-

fl uidic devices, have also been proposed – for the latter see, for example, the 

+

EE

(a) (b)

2d

2a

λD
λD

++
+ +

++

3.4      (a) The electric fi eld lines around a particle remain undistorted 

around a charged particle if its size  a  is small compared to the Debye 

double layer thickness ( a  <<   λ    D  ). (b) On the other hand, the double layer 

screens the external fi eld when the particle size is large compared to 

the double layer thickness ( a  >>   λ    D  ).  
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work on single nucleotide polymorphism detection using restriction frag-

ment length polymorphism (Footz  et al ., 2004) and single-strand conforma-

tion polymorphism (Sz á ntai and Guttman, 2006). The reader is also referred 

to the review by Wu  et al . (2008) and Yeo  et al . (2011). 

 We note that the buffer solution also moves due to electroosmosis, and 

hence the electroosmotic velocity must be taken into account. Defi ning an 

electroosmotic mobility   ν   eo  =  u   s  / E , the apparent mobility and hence the 

apparent velocity of the charged particle moving through the buffer solu-

tion under combined electrophoresis and electroosmosis is simply the sum 

of the electrophoretic and electroosmotic mobilities. When the charged par-

ticles have the same polarity as that of the ions in the buffer solution, the 

apparent mobility therefore exceeds the electrophoretic mobility, whereas 

the converse is true if the charged species has the opposite polarity to the 

ions in solution. Interestingly then, the charged particles can be trapped 

when the electrophoretic and electroosmotic mobilities are equal, which can 

be exploited to reduce the length required for electrophoretic separation. 

 To date, several extensions to the above electrophoretic theories have 

been proposed with more sophisticated theories to account for electrovis-

cous effects – including that for non-spherical (Chen and Koch, 1996) and 

porous particles (Natraj and Chen, 2002), tangential surface conduction 

(Camp and Capitano, 2005), counter-ion condensation (Chang and Yeo, 

2010), as well as conducting Stern layer and convective currents effects 

(Shubin  et al ., 1993).  

  3.2.4     AC electrokinetics 

 The use of DC electric fi elds is not without inherent disadvantages. High 

DC fi eld intensities can sustain large currents that cause molecular and cel-

lular degradation, and particle aggregation, as well as bubble and ion con-

tamination generation. These problems can, however, be circumvented with 

the use of high frequency (>10 kHz) AC fi elds. The polarization mechanism 

and hence fl ow dynamics associated with AC electrokinetics are, however, 

fundamentally different from its DC or low frequency AC counterpart. 

Above frequencies associated with time scales that are below the double 

layer charge relaxation time scale   λ    D   
2 / D  =   ε  /  σ  , wherein  D  is the ionic diffu-

sivity and   σ   the conductivity, there is insuffi cient time to polarize the double 

layer. As such, AC electrokinetics utilizes the electric fi eld itself to induce 

polarization on the electrode surface in place of polarization due to the nat-

ural surface charges on the channel surface, as in DC electrokinetics (Chang 

and Yeo, 2010). Correspondingly, the induced polarization is non-uniform, 

given the double layer is no longer in equilibrium; as a result, the   ζ - potential 

is now fi eld-dependent, and thus it can be seen, for example, from the slip 

velocity given by Equation [3.3], that AC electrokinetic phenomena are 
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non-linear. Moreover, at these high frequencies, electrochemical reactions 

at the electrodes are usually absent at the RMS voltages typically employed, 

and hence problems associated with bubble and ion generation are non-

existent. Further, the AC current is localized in the double layer, therefore 

minimizing penetration and thus damage in molecular and cellular struc-

tures. Below, we provide only a very brief summary of this subject in the 

context of AC electroosmosis; for a more in-depth discourse on non-linear 

and non-equilibrium electrokinetics, the reader may wish to consult the text 

by Chang and Yeo (2010). It is worth noting that it is possible to drive sim-

ilar fi eld-induced double layer polarization using DC fi elds (alternatively 

known as induced-charge electrokinetic phenomena (Squires and Quake, 

2005), also discussed further in Chang and Yeo (2010)). 

 The simplest case of AC electroosmotic fl ow occurs due to capacitive 

charging over symmetric coplanar electrodes, as illustrated in Fig. 3.5; it is 

also possible that AC electroosmotic fl ows can be generated due to Faradaic 

charging (Lastochkin  et al ., 2004; Ng  et al ., 2009), although we will refrain 

from discussing this mechanism here. In one half of the AC cycle, ions in the 

bulk are driven by the fi eld towards electrodes of opposite polarity to form 

a double layer whose total charge balances that on the electrodes. In the 

next half cycle, the electrode polarity reverses and so does that of the dou-

ble layer on each electrode. In both cases, however, an outward tangential 

Maxwell force arises, which does not reverse in direction upon reversal of 

the fi eld. This therefore gives rise to a net non-zero time-average Maxwell 

stress and hence an electroosmotic slip to result in a pair of recirculating 

vortices with length scales comparable to the electrode dimension. This 

symmetric vortex pair, however, cancels and hence no net fl ow is produced. 

In order to create a net global fl ow, it is therefore necessary to break the 

vortex symmetry with the use of asymmetric electrodes or an asymmetric 

fi eld (e.g., a travelling wave) (Ajdari, 2000; Brown  et al ., 2000; Ramos  et al ., 
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 3.5      Schematic of AC electroosmotic fl ow on symmetric coplanar 

electrodes that is due to the capacitive charging mechanism. (a) and (b) 

show the electric fi eld directions, the resultant time-averaged Maxwell 

force, and the corresponding fl ow profi les in successive AC half-cycles. 

( Source : After Ben and Chang (2005).)  
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2003); practical devices also include an upper surface to suppress the back 

fl ow associated with the larger vortex. In fact, the most effi cient fl ow can 

therefore be produced with maximum asymmetry through an orthogonal 

(T) electrode design given the near singular fi eld at the tip of the vertical 

section of the ‘T’ (Lastochkin  et al ., 2004). First derived by Gonz á lez  et al . 
(2000), the time-averaged AC electroosmotic slip on the electrode can be 

shown to assume the form       

    u
V

s
l

s= − ∇
εl

μ4 2
sμ

0VV 2

Φ ∓ ,     [3.10]   

 where  Φ  is the potential in the bulk immediately adjacent to the double 

layer and | V  0 | the RMS amplitude of the applied voltage signal;     s   is a sur-

face gradient operator across each electrode. It is then apparent from this, 

together with a charge balance across the double layer,  

    σ ϕ ω∂
∂

= −⎛
⎝
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠n

i Cωωωω V
Φ 0VV

2
    [3.11]   

 (where   ω   is the applied AC frequency,  C  the total capacitance in the double 

layer, and  n  the coordinate normal to the electrode surface) that the slip 

velocity reaches a maximum at an optimum frequency   ω   0  associated with 

the  RC  or double layer charging time ( R  being the electrolyte resistance) 

 D /  λ    D   d , where  d  is the electrode separation. Away from this optimum fre-

quency, the slip velocity decays monotonically to zero. At low frequencies 

  ω    →  0, the double layer is completely polarized and completely screens the 

fi eld such that the electrode resembles a perfect insulator; consequently, 

the potential drop occurs mainly across the double layer. At high frequen-

cies   ω    → ∞ , there is insuffi cient time to charge the double layer, and hence 

the electrode resembles a constant potential surface (i.e., a perfect con-

ductor) and the potential drop occurs mainly across the bulk (Chang and 

Yeo, 2010). 

 Squires and Bazant (2004) later extended the analysis of AC electroos-

motic fl ows to allow for charging on ideally polarizable surfaces other than 

electrodes. In particular, they examined a conducting cylinder (e.g., a metal 

wire) immersed in an electrolyte, which when subjected to a uniform fi eld, 

attracted the normal fi eld lines, thus facilitating normal fi eld penetration 

into the double layer and giving rise to an electroosmotic slip (Fig. 3.6). 

Again, the time-averaged slip velocity exhibits a maximum due to complete 

screening in the low frequency limit and incomplete charging in the high 

frequency limit. In any case, the resulting fl ow is quadrupolar as shown in 
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Fig. 3.6c, wherein fl uid is drawn along the fi eld lines at the poles and ejected 

radially at the equator.      

 In addition to micropumping applications, the planar converging stagna-

tion fl ow associated with the recirculating vortex pair in AC electroosmosis 

above symmetric coplanar electrodes has also been exploited for linear par-

ticle assembly (Ben and Chang, 2005). A similar system was later used to 

convect single DNA molecules in a bulk suspension and immobilize them 

onto the electrode surface for subsequent stretching (Lin  et al ., 2005). Long-

range convective trapping of DNA has also been demonstrated using the 

T-electrode design – the horizontal section of the ‘T’ being used to sweep 

particles in the bulk toward the vertical section of the ‘T’ which then funnels 

the concentrated particles into a conical region (Du  et al ., 2008). Whilst such 

long-range convective mechanisms are not extremely effective at local trap-

ping, since fl ow conservation renders a true stagnation point impossible, it is 

possible to combine the AC electroosmotic fl ow with short-range forces to 

(a)

E0

Q = 0

us us

−
−

−−

−− −−− −−
−−−−

++
++ ++++

+++++
++

+
+

+++++
+

(b)

(c) (d)

E0

E

+
–

– –

–
+

++

E
++

+++ −−

− −−−− −−−−

−−−−−
−

−
++++

++++++++
+

Q > 0

 3.6      Double layer charging mechanisms of a polarizable conducting 

cylinder immersed in an electrolyte solution. Field lines (a) before and 

(b) after charging of the double layer. (c) Resulting electroosmotic fl ow 

streamlines, and (d) the corresponding streamlines obtained if the net 

charge on the cylinder surface is non-zero. ( Source : Reprinted with 

permission from Squires and Bazant (2004). Copyright 2004, American 

Physical Society.)  

�� �� �� �� �� ��



116   Microfl uidic devices for biomedical applications

© Woodhead Publishing Limited, 2013

provide enhanced particle localization. Dielectrophoresis is one such short-

range mechanism, which we shall discuss next.  

  3.2.5     Dielectrophoresis 

 Upon application of an electric fi eld, a dielectric particle suspended in a 

dielectric medium acquires an interfacial charge due to the discontinuity in 

the permittivity across the phases. The interfacial polarization, however, is 

dependent on the orientation of the fi eld due to the alignment of the indi-

vidual dipoles within the particle and medium with the fi eld, which can col-

lectively be described by a single particle dipole that produces an effective 

dipole moment. For a spherical particle of radius  a  under an external AC fi eld 

 E , upon solving for the potential of the particle and the medium through an 

expansion in spherical harmonics, this takes the form (Chang and Yeo, 2010)  

    p E3 f VEE,     [3.12]   

 where  

    f p m

p m
CMff =

+
ε εp m−

ε εp m+ 2
    [3.13]   

 is the Clausius–Mossotti factor that describes the polarizability of the par-

ticle. In the above,  V  is the particle volume and  

    ε ε σ
ωi iε εε iσσ

i−εiε     [3.14]   

 is a complex permittivity in which the subscripts  p  and  m  denote particle and 

medium properties, respectively. When subject to an applied AC electric fi eld 

with constant phase, this induced effective particle dipole then results in a 

time-averaged force on the particle, which reads (Green and Morgan, 1999):

    F E=E [ ]∇∫1

0∫∫ 3 2

T
a

T

m( )p ⋅p ∇ e ,πε     [3.15]   

 where  T  denotes the period of AC forcing. 

 We note that the force is short range, depending on the particle dimen-

sion cubed as well as the electric fi eld gradient. This non-uniform fi eld is 
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necessary since the net interfacial charge on both ends of the particle are of 

opposite polarities but equal magnitudes; the force therefore cancels out in 

a uniform fi eld since there is no effective dipole moment. The resulting par-

ticle motion that arises from this interaction between the non-uniform fi eld 

with the induced dipole moment is therefore known as dielectrophoresis 

(DEP). 

 The versatility of DEP manipulation arises from the reversal in the polar-

izability specifi ed by the real part of the Clausius–Mossotti factor Re[ f  CM ] 

about a crossover frequency  

    ωcω p p

p p
=

1

2π
( )σm pσ σσ − σpσ ( )σ σm pσ σσ +σσσ 2

( )ε εp mε εε εεεε ( )ε(ε p mε ε+εε
.     [3.16]   

 For frequencies at which Re[ f  CM ] > 0, particles are thus drawn toward 

regions of high fi eld intensity (positive DEP), whereas for frequencies at 

which Re[ f  CM ] < 0, particles are drawn toward regions of low fi eld intensity 

(negative DEP). The dependence of  f  CM  on the particle and medium con-

ductivities and permittivities also allows the design of a DEP sorter that 

endows one particle species with a positive DEP force and another with a 

negative DEP force through judicious choice of a specifi c applied frequency 

(Gagnon and Chang, 2005). Multiple species, for example, can also be sorted 

by different DEP mobilities, which can be estimated from a balance between 

the DEP force in Equation [3.15] and the Stokes drag on the particle:

    v
am

DEP = [ ]fCMffεm

μ

2

6
.     [3.17]   

 An integrated multiplex continuous fl ow microfl uidic platform for fi ltering 

debris and for sorting and trapping of colloidal beads or pathogens at a rate 

of 100 particles/s is shown in Fig. 3.7 (Cheng  et al ., 2007). Whilst this sorting 

rate is still two orders of magnitude smaller than conventional fl ow cytom-

etry, the technology offers the possibility for carrying out cell sorting and 

identifi cation with costs and portability that are not afforded by laboratory-

based cell sorters.      

 Consequently, DEP has emerged as a powerful tool for size-based dis-

crimination for microfl uidic detection and sorting. Numerous applications 

for DEP cell (blood cells, stem cells, neuronal cells, pathogens) sorting and 

characterization, pathogen (bacterial and viral) detection, and DNA, pro-

tein and chromosomal manipulation are summarized in the excellent review 

by Pethig (2010). Given the emergence of bead-based assays to enhance 
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detection, for example, in DNA hybridization and sequencing assays (Yeo 

 et al ., 2011), we anticipate DEP will play a major role in facilitating rapid 

and precise bead identifi cation and sorting in microfl uidic devices. Already, 

it has been shown that DNA concentration and the hybridized DNA con-

formation has a strong infl uence on the crossover frequency and the effec-

tive bead hydrodynamic radius (Gagnon  et al ., 2009). This was exploited 

for trapping silica nanocolloids functionalized with oligonucleotides com-

plementary to specifi c target DNA sequences for rapid microfl uidic DNA 

identifi cation in under 10 min. Beyond diagnostics and biosensing applica-

tions, DEP has also been used for isolating and positioning single cells in a 

similar manner to optical tweezers but with the advantage of design sim-

plicity and signifi cantly lower costs, primarily given that an expensive and 

complex laser is not required (Menachery  et al ., 2011).   

  3.3     Acoustics 

 Despite its many advantages, electrokinetic actuation technology is ham-

pered by the necessity for external ancillary equipment such as signal 

generators and amplifi ers, which render complete miniaturization and 

integration with the microfl uidic chip diffi cult. This is further compounded 

by the limitation of electrolyte solutions, which may be prohibitive in cer-

tain cases, and the requirement for high voltages in some other cases. An 

Inlet Outlet

Filtering Focusing Sorting Trapping

Flower

Crescent

Arrowhead

Inlet Outlet

(a)

(b)

(c)

 3.7      Bioparticle fi ltering, focusing, sorting, trapping and detection 

using an integrated dielectrophoretic chip. (a) Image of the setup 

comprising different bioparticle manipulation stages. (b) Image 

showing the electrodes fabricated on two glass slides, giving rise 

to three-dimensional effects. (c) A top view of the three different 

trapping electrode confi guration, comprising a fl ower – multiple curved 

electrode, crescent – a semicircle electrode, and an arrowhead – a 

pointed electrode. ( Source : Reprinted with permission from Cheng 

 et al . (2007). Copyright 2007, American Institute of Physics.)  
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alternative mechanism that has demonstrated signifi cant promise is the use 

of acoustic fi elds to drive microfl uidic actuation, which has the ability to 

generate relatively large throughput and high pressures. Whilst fairly low 

voltages are required, this is however compromised by the large sizes of 

the piezoelectric transducers often required to generate bulk ultrasonic 

manipulation that do not facilitate easy integration and miniaturization. 

Further, the large stresses that arise from the vibration, with frequencies 

typically of the order of 10–100 kHz and up to 1 MHz, and, in many cases, 

the accompanying cavitation that ensues, infl ict considerable biomolecular 

and cellular damage. 

 These limitations, however, can be circumvented with a technology 

that has attracted considerable traction of late  –  the use of SAWs (Yeo 

and Friend, 2009; Friend and Yeo, 2011). Since the piezoelectric substrate 

required could comprise the microfl uidic chip itself and as the interdigital 

transducer (IDT) electrodes required to generate the SAW can be inte-

grated on the substrate, there is no need for the large transducers typically 

used in conventional ultrasonic microfl uidics. Moreover, it has been shown 

that the ability to access high (MHz order and above) frequencies signifi -

cantly limits the amount of molecular damage caused. One further advan-

tage is the typically low powers (  1 W) required to drive fl uid and particle 

actuation with SAWs, even to the point of fl uid atomization, thereby allow-

ing the entire operation to be driven using a portable driver circuit powered 

by camera batteries, which, together with the chip-scale substrate (Fig. 3.8a), 

potentially allows for complete miniaturization and integration into a truly 

handheld and portable microfl uidic device (Yeo and Friend, 2009). Here, 

we briefl y discuss the basic principles underlying acoustic fl uid and particle 

actuation, and review developments in the fi eld to date, particularly focus-

ing on the SAW technology.      

SAW propagation
Streaming

Air

(a) (b)

θR

 3.8      (a) A typical SAW device comprising a piezoelectric substrate on 

which IDT electrodes are patterned (as shown in the enlarged inset) and 

a portable battery-operated electronic circuit and power supply. 

(b) Schematic depiction of the Eckart streaming generated when energy 

leaks into a drop at the Rayleigh angle   θ    R   when it is irradiated by SAWs 

propagating along the underlying substrate.  
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  3.3.1      Basic principles of acoustic fl uid and particle 
manipulation 

 A sound wave is the result of pressure or velocity oscillations that propagate 

through a compressible medium, and can be generated through bulk or sur-

face vibration of solid materials. A convenient way to produce such vibration, 

especially at small scales in microfl uidic systems, is with the use of oscillating 

electric fi elds by exploiting the electromechanical coupling afforded by pie-

zoelectric transducers or substrates. There are primarily two broad strategies 

employed for acoustic particle and fl uid actuation, which we describe next. 

 The fi rst, generally known as  acoustophoresis , exploits standing acoustic 

waves set up in a resonator confi guration to spatially trap and move cells. 

The fundamental basis of the particle localization at pressure nodes/anti-

nodes of the standing wave, and hence the ability to carry out particle sepa-

ration, arises from a competition between the dominant forces acting on the 

particle (assuming that sedimentation and buoyancy forces are negligible), 

namely, the primary acoustic radiation force  

    F kE Va aF kF E pVV φ β ρ( ,φ βφ β )sρ in( )kx ,     [3.18]   

 assuming a one-dimensional planar standing wave, and the drag force  

    F uadFF 6πμuu     [3.19]   

 acting on the particle of dimension  a  and volume  V   p  , in which  x  is the dis-

tance from a pressure node along the wave propagation axis. In the above, 

 k  = 2  π f / c   l   is the wave number, with  f  denoting the applied frequency and  c   l   

the sound speed in the fl uid medium,  E   a   =  p  0  
2   β    l  /4 =  p  0  

2 /4 K   l   =  p  0  
2 /4  ρ    l   c   l   

2  the 

acoustic energy density of the standing wave, with  p  0  being the pressure 

amplitude of the standing wave,   β    l   the liquid compressibility,  K   l   the bulk 

modulus,   ρ    l   the liquid density, and  

    φ
ρ ρ
ρ ρ

β
β

=
+

−
5 2ρ ρ
2

p lρ ρρρ ρρρ

p lρ ρρ
pβ

lβ
,     [3.20]   

 is an acoustic contrast factor in which   ρ    p   and   β    p   are the particle density and 

compressibility, respectively. Particles therefore aggregate at the pressure 

nodes for φ > 0  and at the antinodes for φ < 0 . 

 The second exploits the fl uid fl ow that results as the acoustic wave propa-

gates through a fl uid, known as  acoustic streaming  (Friend and Yeo, 2011). 
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Different acoustic streaming phenomena are observed to occur over a vari-

ety of length scales imposed by the system geometry. In a thin boundary 

layer of fl uid immediately adjacent to the vibrating surface with a character-

istic thickness defi ned by the viscous penetration depth (2  ν  /  ω  ) 1/2 , strong vis-

cous dissipation of the acoustic wave gives rise to fl ow known as  Schlichting 
streaming  (Schlichting, 1932), which is vortical in nature due to the no-slip 

condition at the oscillating solid boundary;   ν   is the kinematic viscosity and   ω   
the frequency. At the edge of the boundary layer (also known as the Stokes 

layer) over a length scale on the order of the sound wavelength in the liq-

uid   λ    L   (which, in turn, is related to the excitation frequency), a steady irro-

tational drift fl ow, known as  Rayleigh streaming , occurs as a consequence 

of the periodic recirculation in the boundary layer (Rayleigh, 1884; Manor 

 et al ., 2012). Over longer length scales >>   λ    L  , the viscous dissipation of the 

acoustic radiation due to absorption in the fl uid, whose pressure and velocity 

fl uctuations gives rise to a time-averaged particle displacement and hence 

steady momentum fl ux (i.e., Reynolds stress), which is non-zero despite 

the harmonic oscillation due to the non-linear effects arising from viscous 

attenuation of the wave (Lighthill, 1978); the resultant fl ow being known 

as  Eckart streaming  (Eckart, 1948). It is not uncommon for a combination 

or all of the various streaming phenomena to exist together in a system, 

although one particular mechanism typically dominates, contingent on the 

system geometry. This is refl ected in the fl ow phenomena observed, which 

can be remarkably distinct depending on the particular streaming mecha-

nism that gives rise to them (Rezk  et al ., 2012a).  

  3.3.2     Bulk ultrasonic vibration 

 The majority of the early work on acoustically-driven microfl uidic actu-

ation was focused on the use of bulk ultrasonic transducers. These typically 

consisted of thin plates or membranes comprising a piezoelectric ceramic 

along which fl exural waves (i.e., asymmetric Lamb waves) were generated, 

the plate/membrane thickness being a fraction of the wavelength of the fl ex-

ural wave. For example, Moroney  et al . (1991) and Meng  et al . (2000) coated 

silicon nitride onto a ground plate, followed by the deposition of a thin zinc 

oxide layer and subsequently the aluminium interdigital electrodes. The 

bulk vibration that ensued then drove acoustic streaming, which due to 

the large attenuation length for the 1 MHz order employed, extended over 

a long range, typically a few centimetres from the membrane (Luginbuhl 

 et al ., 1997); as such, the device can also be used for mixing applications 

(Yaralioglu  et al ., 2004). Nevertheless, these fl exural wave pumps are not as 

effi cient compared to the SAW fl uid actuation which we discuss in the next 

section, with larger powers required, and one to two orders of magnitude 
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lower in the velocity (typically up to 100  μ m/s) that can be produced, even 

when focusing electrodes are employed (Meng  et al ., 2000). 

 In a similar manner, it is also possible to exploit substrate vibration to 

depin contact lines, and to drive droplet motion in open microfl uidic plat-

forms. In the former, a contact line hysteresis condition for a drop subject to 

vibration was derived in which the depinning was dependent on the vibra-

tional acceleration (Noblin  et al ., 2004); in other work, the drop could be 

shown to spread under 1 MHz order piston-like thickness mode vibration 

of the underlying substrate, which induced a boundary layer streaming fl ow 

that endowed an additional surface force at the contact line (Manor  et al ., 
2011). In the latter, a fl exurally vibrating beam was employed by Alzuaga 

 et al . (2005) on which different modes were excited in order to translate the 

drop between nodal locations. 

 Ultrasound-induced bubble oscillation can also be exploited to induce 

oscillatory fl ows, particularly useful for micromixing, or to facilitate nucleic 

acid transfection across cell membranes (i.e., sonoporation), even to the 

point of cell lysis (Ohl  et al ., 2006). In these cases, the bubbles are sonicated 

at resonance (typically kHz order) to induce a strong fl ow known as  cavita-
tional microstreaming  that arises as the sound energy is dissipated due to the 

fl uid viscosity in a boundary layer surrounding the bubble (Nyborg, 1958). 

Pumping fl ows of around several mm/s can be achieved, for example, with 

multiple bubbles housed in a cavity array, and can be used to drive micro-

mixing (Tovar and Lee 2009) or even cell sorting (Patel  et al ., 2012). More 

examples of the use of bubble oscillation in microfl uidics can be found in 

the review by Hashmi  et al . (2012). Whilst relatively fast fl ows with reason-

able throughput on the order of 100  μ L/min and effi cient mixing can be 

generated using bubble-based microfl uidic actuators, diffi culties associated 

with generating, trapping and maintaining the stability of bubbles is a com-

mon problem that has yet to be adequately resolved, in addition to limita-

tions arising from molecular/cell lysis due to cavitational damage that can 

be undesirable in bioapplications other than gene transfection. 

 Much more progress has been observed on the acoustophoretic front, on 

the other hand, in which ultrasonic standing waves are employed to focus 

particles onto nodal lines for cell sorting (Harris  et al ., 2005), colloidal fi l-

tering (Hawkes and Coakley, 2001) or particle switching (Manneberg  et al ., 
2009) applications. Particles can also be separated based on size by exploiting 

the discrepancy in the size scaling between Equations [3.18] and [3.19] and 

hence the dependence of the particle migration time on the particle dimen-

sion (larger particles aggregate more quickly compared to smaller ones); 

such fractionation is more specifi cally known as free-fl ow acoustophoresis 

when conducted in a continuous fl ow system with the particles being driven 

orthogonally to the fl ow. Other design variations have also been investi-

gated, for example fl ow splitting (Johnson and Feke, 1995) and frequency 
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switching (Liu and Lim, 2011). Two vastly different particle species can 

also be separated given that the acoustic radiation force switches directions 

between positive and negative contrast factors in Equation [3.20] – a prop-

erty that was exploited for separating lipids from red blood cells (Petersson 

 et al ., 2004). The reader is referred to Laurell  et al . (2007) for a more detailed 

discussion on acoustophoresis and its applications.  

  3.3.3     Surface acoustic waves (SAW) 

 Nanometre amplitude surface vibrations on a substrate in the form of 

Rayleigh waves offer an attractive and arguably superior alternative for 

microfl uidic actuation compared to bulk ultrasound. The energy localization 

of these SAWs on the substrate and their effi cient coupling into the fl uid 

allows fl uid actuation to be carried out with signifi cantly lower dispersive 

losses, and hence the power requirement to drive comparable fl uid actuation 

to that generated by bulk acoustics is signifi cantly less, by one to two orders of 

magnitude, therefore offering the possibility for battery-powered operation, 

which, together with the chip-scale SAW device in Fig. 3.8a, enables attrac-

tive miniaturization possibilities (Yeo and Friend, 2009). Further, the low 

powers, together with the higher frequencies accessible with the SAWs, 10 

MHz and above, have been found to suppress shear or cavitation damage on 

molecules (Qi  et al ., 2010), thus making them attractive for bioapplications. 

 The SAW can be generated on a piezoelectric substrate by applying a 

sinusoidal electrical signal to IDT electrodes patterned on the substrate, 

whose fi nger width  d  determines the frequency  f  of the SAW and hence its 

wavelength   λ   SAW , i.e.,  f = c   s  /4 d  =  c   s  /  λ   SAW . As illustrated in Fig. 3.8b, the cou-

pling of acoustic energy into the fl uid to drive Eckart streaming (Section 

3.3.1) then arises from the diffraction of the SAW front in the presence of 

the fl uid, which leads to leakage of the energy into the fl uid at the Rayleigh 

angle, defi ned as the ratio between the sound speed of the Rayleigh wave 

on the substrate  c   s   to the speed of sound in the fl uid  c   l  , i.e.,   θ    R   = sin -1  ( c   s  / c   l  ). 

In addition to the recirculation within the fl uid, the acoustic radiation pres-

sure also imparts a force at the interface, that together with the momentum 

transfer to the interface due to Eckart streaming, imparts a body force on 

the drop whose horizontal component causes it to translate in the direc-

tion of the SAW. Similarly, the elliptical retrograde motion of solid elements 

on the substrate as the SAW traverses underneath the drop also induces 

Schlichting and Rayleigh streaming, which has been shown to pull out a 

thin front-running wetting fi lm in the opposite direction to that of the SAW 

propagation (Manor  et al ., 2012; Rezk  et al ., 2012a). In the same way that 

ultrasonic standing waves and acoustic streaming can be exploited to drive 

microscale fl uid actuation and particle manipulation, we provide a short 
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discussion of the use of SAWs for this purpose and their associated applica-

tions. For a more detailed discussion on SAW microfl uidics, see, for example, 

Friend and Yeo (2011). 

  SAW particle manipulation 

 Acoustophoretic manipulation can also be carried out using standing SAWs 

in a similar manner to bulk ultrasonic standing waves (Section 3.3.2). The 

standing wave, in the SAW devices, however, arises when diffraction of the 

SAW from the substrate into the liquid (Fig. 3.8b) generates sound waves 

in the liquid bulk that refl ects off the walls of the microchannel (often fab-

ricated from polydimethylsiloxane (PDMS) and placed on top of the SAW 

substrate). Depending on the channel dimension and the sound wavelength 

in the fl uid, the particles then aggregate along one or more pressure nodal 

(or antinodal) lines along the channel. Conventionally, the IDTs are placed 

perpendicular to the channel and hence fl ow direction (Shi  et al ., 2008) to 

achieve linear focusing and subsequent separation/sorting, for example, by 

size, compressibility or density (Nam  et al ., 2012). In addition, the IDTs can 

also be arranged orthogonally at two lateral sides of a square chamber to 

obtain two-dimensional patterning (Shi  et al ., 2009). A discussion on the use 

of these devices as ‘acoustic tweezers’ for cell manipulation is given by Lin 

 et al . (2012). 

 In addition, the nodal and hence particle positions can also be shifted 

along the axis of the standing wave by shifting the relative phase between 

the input IDT signal (Meng  et al ., 2011; Orloff  et al ., 2011). Particle align-

ment and sorting can also be carried out using IDTs placed at the ends of 

the channel such that the SAW propagates along the channel axis (Tan  et al ., 
2009a). One advantage of this confi guration is the ability to alter between 

fl uid pumping and particle focusing simply by switching the frequency from 

the fundamental mode to a higher harmonic (Tan  et al ., 2010).  

  SAW fl uid actuation and manipulation 

 SAW particle aggregation, trapping, patterning and separation is typically 

carried out at low input powers, considerably below 1 W, where the SAW 

displacement amplitude and velocity are relatively small, on the order of 

0.1 nm and 0.01 m/s, respectively, such that the streaming is weak in order 

to avoid dispersion of the particles. At these low powers, other particle pat-

terning phenomena are also observed, for example, those that form on the 

nodes or antinodes of capillary waves induced on the free surface of drops 

vibrated by the SAW excitation (Li  et al ., 2008). 

 At moderate power levels (approximately up to 1 W), it is possible to dis-

pense and transport drops (Renaudin  et al ., 2006). For example, sessile drops 
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can be translated on the substrate when the acoustic radiation pressure and 

acoustic streaming results are suffi cient to impart momentum transfer to the 

interface to overcome the pinning of the contact line (Brunet  et al ., 2010). 

This was shown for a variety of applications in open microfl uidic systems 

such as polymerase chain reactions (Wixforth  et al ., 2004), bioparticle sam-

pling, collection and concentration (Tan  et al ., 2007), scaffold cell seeding 

(Li  et al ., 2007a), and protein unfolding (Schneider  et al ., 2007). In addi-

tion, SAW droplet manipulation, such as mixing and particle concentration 

as well as sensing, has also been combined with electrowetting to enhance 

drop manipulation operations such as drop positioning and splitting (Li 

 et al ., 2012). 

 At these powers, the SAW can also be used to drive strong convective 

fl ows both within the drop and in channels. For example, it is possible to 

break the planar symmetry of the SAW to drive azimuthal recirculation in 

a drop or a microfl uidic chamber to generate a rapid microcentrifugation 

effect (Li  et al ., 2007b; Shilton  et al ., 2008). This was used for example for 

inducing rapid and chaotic mixing (Shilton  et al ., 2011) (Fig. 3.9a), which 

can be used to enhance chemical and biochemical reactions (Kulkarni  et al ., 
2009, 2010), or for particle concentration/separation (Fig. 3.9b). It is also 

possible to sort two particle species based on size in this microcentrifuga-

tion fl ow by exploiting the discrepancy in the scaling between the acous-

tic radiation force and the drag force exerted on the particle (Equations 

[3.18] and [3.20]): from a balance between these two forces, it is then possi-

ble to derive a frequency-dependent crossover particle size (which, in cer-

tain respects, is an analogue to the dielectrophoretic crossover frequency 

in Equation [3.15]) below which the drag force dominates to drive smaller 

particles to the centre of the drop and above which the acoustic force dom-

inates to drive larger particles to the periphery (Fig. 3.9c) (Rogers  et al ., 
2010). Finally, the drop rotation can also be used to spin 100  μ m–10 mm thin 

SU-8 discs on which microfl uidic channels and chambers can be patterned, 

as a miniaturized counterpart to the Lab-on-a-CD (Madou  et al ., 2006) for 

centrifugal microfl uidic operations; unlike the Lab-on-a-CD, however, the 

SAW miniaturized Lab-on-a-Disc (miniLOAD) platform does not require 

a laboratory bench-scale motor, as the SAW can be driven using a porta-

ble driver circuit (Fig. 3.8a), therefore constituting a completely handheld 

microfl uidic platform (Fig. 3.10) (Glass  et al ., 2012).           

 SAW streaming has been demonstrated for fl uid actuation in PDMS 

channels placed atop the substrate (Masini  et al ., 2010), in channels ablated 

into the SAW substrate (Tan  et al ., 2009a), and even on paper (Rezk  et al ., 
2012b). In addition, it was also shown that the SAW can be used to defl ect 

the interfaces of co-fl owing streams for directing emulsion droplets (Franke 

 et al ., 2009) and sorting cells (Franke  et al ., 2010). Whilst the body of earlier 

work was carried out in open microchannels, which have severe limitations 
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due to evaporation and possible contamination, recent work has focused 

on fl uid actuation in a closed PDMS microchannel loop (Schmid  et al ., 
2012) although the effi ciency of the pump remained modest as a conse-

quence of the strong absorption of the acoustic energy by the PDMS chan-

nel placed atop the SAW substrate. A way to circumvent this limitation 

was proposed by Langelier  et al . (2012), in which a glass superstrate hous-

ing the microchannel was directly bonded to the SAW substrate using UV 

epoxy; alternatively, an SU-8 glue layer can also be used (Johanssen  et al ., 
2012). Importantly, it was shown that the SAW is retained at the interface 

between the substrate and superstrate. This is in contrast to previous uses of 

a superstrate, fi rst proposed by Hodgson  et al . (2009), in which a fl uid layer 

between the SAW substrate and the superstrate was employed to couple the 

(a) (b)

(c) (d) (e)

1 mm

1 mm

t=0s

t=0s

t=8s

t=3s

t=30s

t=8s

 3.9      (a) The images in the top row show mixing of a dye due to pure 

diffusion without the action of the SAW, whereas the images in the 

bottom row show effective mixing under chaotic fl ow conditions 

driven by the SAW with an input power of  ~ 1 W. ( Source : After Shilton 

 et al . (2011).) (b) Concentration of particles in a 0.5  μ L drop via drop 

rotation induced by acoustic radiation due to the SAW. ( Source : 

After Shilton  et al . (2008).) (c)–(e) Separation of pollen and synthetic 

particles. ( Source : After Rogers  et al . (2010).) (c) Prior to the application 

of the SAW, the pollen and synthetic particles were suspended 

homogeneously throughout the entire quiescent drop. (d) After 3 s of 

applying the SAW, the pollen particles appear to concentrate in the 

centre of the drop and are hence separated from the synthetic particles, 

which tend to concentrate along the periphery of the drop. (e) The two 

species remain separated even after removal of the SAW and when the 

drop is fully evaporated after 1 min.  
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acoustic energy into the latter, resulting in a Lamb wave on the superstrate. 

Nevertheless, it was shown, that it is possible to achieve similar fl uid actu-

ation and particle manipulation on the superstrate through Lamb wave exci-

tation, albeit at a cost of considerably lower effi ciency. Regardless, the use 

of a superstrate remains attractive since the microfl uidic operations can be 

carried out in conventional silicon-based materials, which are considerably 

cheaper, thus allowing the option of disposability. Bourquin  et al . (2010) 

later showed that it was possible to pattern periodic arrays of holes or posts 

in the superstrate to form a phononic crystal lattice that acted as a bandgap 

A A

Patterned disc Fluid coupling layer

Lithium niobateSAW

A – A:

(c)

(b)

(a)

(d) (e)

 3.10      (a) Image and (b) schematic depiction of the miniLOAD platform 

comprising a 10 mm diameter SU-8 disc on which microchannels 

with a variety of designs ((c)–(e)) are fabricated to demonstrate 

capillary valving, micromixing and particle concentration/separation 

on a miniaturized centrifugal platform. The disc rotation is driven by 

coupling an asymmetric pair of SAWs into the fl uid underneath the 

disc. ( Source : Reprinted with permission from Glass  et al . (2012). 

Copyright 2012, Wiley.)  
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to drive similar azimuthal recirculation to that discussed for a drop above, 

or to fi lter, scatter, refl ect or focus the Lamb wave. This was employed for 

the development of a biosensor platform for the concentration of beads 

labelled with antibodies onto surface sites for subsequent binding and fl uo-

rescent detection (Bourquin  et al ., 2011). 

 At higher power, above 1 W, it is possible to drive suffi cient interfacial 

deformation of a fi lm or a drop to extrude fl uid jets (Tan  et al ., 2009b; 

Bhattacharjee  et al ., 2011) or to drive atomization (Qi  et al ., 2008). Given 

that a monodispersed distribution of 1–10  μ m aerosol droplets can be 

formed in the latter without requiring nozzles or orifi ces, the latter is par-

ticularly useful for pulmonary drug delivery (Qi  et al ., 2009), especially the 

next generation of therapeutic agents such as DNA, peptides and proteins, 

in a miniaturized portable platform for point-of-care therapeutics and per-

sonalized medicine. A signifi cant advantage of the SAW pulmonary delivery 

platform over conventional nebulizers is the ability to preserve the viability 

of the drug, particularly shear-sensitive molecules such as DNA and pep-

tides. In addition to drug delivery, the SAW atomization platform has been 

shown to be an effi cient ionization source for microfl uidic mass spectrometry 

interfacing (Heron  et al ., 2010; Ho  et al ., 2011). The atomization of polymer 

solutions using the SAW is also a rapid technique for template-free polymer 

patterning for microarray applications (Alvarez  et al ., 2008a) as well as for 

synthesizing 100 nm dimension protein and polymer nanoparticles (Alvarez 

 et al ., 2008b; Friend  et al ., 2008) within which drugs can be encapsulated 

(Alvarez  et al ., 2009). This was more recently extended to synthesize nano-

capsules of complementary polyelectrolyte layers for DNA encapsulation, 

as an example of tunable controlled release delivery (Qi  et al ., 2011).    

  3.4     Limitations and future trends  

 Microscale and nanoscale fl uid actuation and particle manipulation com-

prises the underpinning technology which enables a revolutionary fi eld that 

could potentially provide innovative solutions for chemical and biologi-

cal applications by performing tasks much faster, cheaper, with consider-

ably less reagent volume, and ideally more easily – tasks that include DNA 

amplifi cation by polymerase chain reaction, chemical synthesis, proteomics, 

and point-of-care diagnostics, among others (Robinson and Dittrich, 2013). 

Yet, the primary limitation that besets this enabling technology is at pre-

sent posing a severe bottleneck in the development of true integrated and 

miniaturized devices for these applications: the inability to scale down and 

incorporate compact and effi cient fl uid actuation and particle manipulation 

with the rest of the microfl uidic operations on the chip device. Whilst bench-

scale capillary pumps and ancillary equipment such as amplifi ers, signal gen-

erators, lasers, transducers and motors are adequate in driving reasonably 
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fast and effi cient fl uid actuation in a microfl uidic chip for demonstrative 

purposes, such large and cumbersome components, and the diffi culties of 

incorporating them on the chip, are impracticable when true portable func-

tionality – the underlying motivation for adopting microfl uidics in many 

applications – is desired. 

 Beyond miniaturization, another considerable challenge that has yet to be 

overcome is actuation effi ciency. At present, the best fl uidic actuation tech-

nologies that can be incorporated onto a chip, although not without their 

own challenges, are not comparable with their macroscopic counterparts 

in terms of effi ciency. Electrokinetic and acoustic pumps, for example, have 

the ability to generate fast fl ow rates, but cannot match capillary pumps 

as far as the pressures that can be generated are concerned. Particle and 

cell manipulation schemes have sorting effi ciencies and throughputs that 

are well below those achievable with conventional fl uorescent activated cell 

sorting (FACS) technology, often by over two to three orders of magnitude. 

Further, long term reliability of microfl uidic actuation technology has yet to 

be demonstrated. Another challenge that has yet to be widely addressed is 

chip automation and control – without which the device would be inoper-

able by an untrained user, thus defeating the goal of the ‘Lab on a Chip’ for 

point-of-care use and rendering the device closer in concept to a ‘Chip-in-

a-Lab’. 

 With continued advances in the research and development in microscale 

fl uid actuation, we nevertheless believe that these challenges can be over-

come. It is our opinion, however, that the solution may not necessarily lie 

with a single technology, but rather by combining several complementary 

technologies such that the limitations of a particular technology may be 

overcome with the strengths of another. An example of such that has already 

been demonstrated is the combination of fast, long-range electroosmotic 

convection and precise, short-range trapping offered by DEP. We anticipate 

further technology combinations in the future, especially cross-platform 

technologies such as the integration of acoustofl uidics and electrokinetics. 

 Nanoscale actuation is another exciting area in which we foresee further 

growth given the promise for nanofl uidic platforms (Mukhopadhyay, 2006; 

Napoli  et al ., 2010; Piruska  et al ., 2010), in particular for single molecule 

manipulation and sensing. Considerable work has been undertaken to date 

to elucidate mechanisms that govern nanoscale transport (Rauscher and 

Dietrich, 2008; Schoch  et al ., 2008; Chang and Yossifon, 2009; Sparreboom 

 et al ., 2009; Zhou  et al ., 2011) and we anticipate their widespread translation 

into practical technology in the near future. Nanofl uidic actuation, never-

theless, faces similar, if not more challenging, hurdles to those encountered 

by its microfl uidic counterpart, most importantly in practical device inte-

gration, given the additional complication of dealing with the micro/nano 

interface.  
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  Abstract : Droplet-based digital microfl uidics is a topic with growing 
relevance to biological, chemical, and health-science fi elds. The 
high precision and excellent reagent economy of such systems are 
unparalleled. There are, however, fundamental challenges related 
to actuation and sensing in terms of system scalability, and these 
challenges are addressed within this chapter. In particular, a new digital 
microfl uidics multiplexer is shown to overcome contemporary on-chip 
microdrop motion addressability issues and eliminate droplet interference 
challenges. At the same time, an integrated folded-cavity optical sensor 
provides highly localized and sensitive probing of internal fl uid refractive 
indices. The complete system offers improved microdrop motion and 
sensing capabilities for future lab-on-a-chip technologies. 

  Key words : biomedical applications, digital microfl uidics, lab-on-a-chip, 
optical sensing. 

    4.1     Introduction 

 Microfl uidic devices have received much attention in recent years (Au 

 et al ., 2011) and offer important practical advantages for laboratory anal-

yses. Enhanced portability, improved sensitivity, high throughput, and sig-

nifi cantly reduced power consumption are some of the many advantages of 

these microfl uidic devices when controlling fl uids down to a picoliter volu-

metric level. This intricate microfl uidic control has supported general bio-

technological processing in pharmaceutical (Welch  et al ., 2006) and clinical 

(Li  et al ., 2010) settings. The demand for such microfl uidic systems has been 

even greater, however, in biomedical research settings, with numerous tech-

nologies now benefi ting from the superior analytical capabilities of micro-

fl uidics – including, for example, enzymatic analyses (Miyazaki  et al ., 2008), 

DNA analyses (Humphreys  et al ., 2009), proteomics (Lee  et al ., 2009), and 

even bio-analytical mass spectrometry (Figeys  et al ., 1998). At the core of all 

of these applications lie two fundamental microfl uidic operations, microdrop 
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motion and sensing, and the further development of microfl uidic systems 

must carefully consider the scalability of these important microdrop motion 

and sensing processes. 

 The contemporary approach for microfl uidic microdrop motion makes 

use of continuous-fl ow architectures with in-line, one-dimensional (1-D) 

fl ow channels. The simplicity of these 1-D fl uid fl ow systems supports stan-

dard device fabrication through wet-etching and micromilling processes 

(Becker and Locascio, 2002). The capabilities of these 1-D microfl uidic 

devices have been tremendous, and perhaps the greatest results have been 

witnessed for fl uid control applications demanding fi ltering (Zhu  et al ., 
2004) and/or mixing (Wiggins and Ottino, 2004). A fundamental challenge 

does become apparent, however, from the practical use of 1-D fl ow channels. 

Fluid fl ow through the constrained 1-D fl ow channels is prone to clogs and 

blockages, and such failures can be catastrophic to operation. Permanent 

1-D fl ow architectures offer few opportunities to reroute or adapt by way of 

reconfi gurability or fault control. 

 If one wishes to introduce increased fl uid control, a natural extension 

would involve the use of a two-dimensional (2-D) microfl uidic architecture. 

Microdrop motion in a 2-D plane offers greater possibilities for adaptations 

via a real-time fault control, as well as increased opportunities for paral-

lel on-chip microdrop mixing/splitting algorithms in bio/chemical reactors. 

It is with this 2-D vision in mind that the fi eld of digital microfl uidics has 

emerged (Fair, 2007). A digital microfl uidic architecture employs a general-

ized microdrop motion platform with the potential for microdrop motion in 

a 2-D plane. (This digital microfl uidics technology should not be confused 

with continuous-fl ow microfl uidic systems with submerged microdrops 

being carried in a 1-D fl ow channel (Huebner  et al ., 2008; Song  et al ., 2006).) 

In digital microfl uidics, microdrop motion is not pressure-based, thus it is 

not necessary to restrict motion to 1-D fl ow channels. Instead, microdrop 

motion is achieved by localized voltage signals throughout the 2-D plane. 

User-controlled voltage distributions are applied to carry out fl uid process-

ing tasks with adaptations provided by way of voltage signals. Real-time 

adaptations can therefore come about for path planning and fault control 

(in stark contrast to the 1-D constraints of continuous-fl ow microfl uidic sys-

tems). Such reconfi gurable operation can be carried out with especially low 

fl uid volumes and high sensitivities. Moreover, the 2-D format of this gen-

eralized digital architecture can be adapted via voltage-control software for 

highly-parallel operation, with reaction-based microdrop mixing, splitting, 

routing, etc. being carried out simultaneously at multiple on-chip locations. 

Such digital microfl uidic implementations are now being applied to immu-

noassays (Alphonsus  et al ., 2010), DNA ligations (which are very sensitive 

to reagent economy) (Liu  et al ., 2008), and DNA pyrosequencing (Fair  et al ., 
2007). The low fl uid volumes, high sensitivities, and parallel operation of 
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2-D digital microfl uidic systems can together meet growing demands for 

high throughput on-chip analyses. At the same time, the need to work with 

larger fl uid volumes can be met with digital microfl uidic microdrop gener-

ation/extraction from adjacent on-chip reservoirs. Details for such splitting 

algorithms can be found in Cho  et al . (2003), Elvira  et al . (2012), and Ren 

 et al . (2004). 

 A primary issue in any 2-D digital microfl uidics design is microdrop 

motion scalability. Microdrop motion is dynamic and demands appro-

priate time synchronization and voltage localization from many system 

inputs to induce interfacial surface tension changes and microdrop motion 

(Dolatabadi  et al ., 2006). This is especially challenging in devices that are 

being scaled for use with increasing numbers of system inputs and fi ner and 

fi ner spatial resolutions. The contemporary approach for digital microfl uidic 

microdrop motion has used a voltage-activated 2-D square electrode grid 

with  M  rows and  N  columns, but such a structure becomes grossly impracti-

cal for highly-parallel operation (requiring a tremendous number,  M  ×  N , of 

independent input electrical address lines to control all  M  ×  N  square elec-

trode grid locations). For this reason, such structures have been restricted to 

grid sizes on the order of 5 × 5 grid (Davids  et al ., 2006). With these electrical 

addressability issues in mind, our work on digital microfl uidic multiplex-

ing has eased these electrical addressability and control constraints (Collier 

 et al ., 2011) and is introduced in this work as a bi-layered electrode struc-

ture with upper row and lower column electrodes. Differential voltages, with 

values biased about the microdrop motion threshold voltage, are shown to 

establish microdrop motion at all  M  ×  N  gridpoints with only  M  +  N  electri-

cal inputs. This technique overcomes the ubiquitous microdrop interference 

effect (Xu and Chakrabarty, 2008) and operates at an input voltage, 0.64 

V rms  (root-mean-squared volts) (Nichols  et al ., 2012), that is well within the 5 

V maximum for future CMOS/TTL lab-on-a-chip systems (Li  et al ., 2008). 

 A second issue in 2-D digital microfl uidics relates to fl uid sensing scal-

ability. Fluid sampling sensitivity is diminished when devices trend toward 

smaller scales with lower reagent volumes. Signal levels associated with 

standard optical imaging (Madou and Cubicciotti, 2003) and capacitance 

sensing (Ahmadi  et al ., 2010) scale down proportionally with the sampling 

area, and the associated on-chip analyses can have unacceptably low signal 

levels. With this in mind, it is desired to improve the sensing abilities of the 

localized sampling elements being integrated on the smaller and smaller 

dimensions of emerging digital microfl uidics devices. A new concept for on-

chip sensing is demonstrated in this work by way of a folded-cavity optical 

refractometry. An overhead microlens is integrated into the aforementioned 

digital microfl uidic multiplexer to form a folded cavity with an especially 

sensitive relationship to internal fl uid refractive indices. It is shown that the 

microoptical architecture can be tailored for on-chip optical sensing over 
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wide refractive index ranges with user-controlled sensitivities. The on-chip 

sensing technique is ultimately shown to facilitate effective fl uid sensing for 

integration with future generations of digital microfl uidic devices.  

  4.2     On-chip microdrop motion techniques 

 Digital microfl uidic devices are often implemented as microdrop-based sys-

tems. Such systems use applied voltages to draw microdrops to prescribed 

locations across the chip. There are multiple implementations to bring about 

this microdrop motion and the generalized architectures are introduced 

here. The digital microfl uidic multiplexer architecture is shown to be advan-

tageous for microdrop motion scalability, and its relevant theory, fabrica-

tion, and results are presented in the following subsections. 

  4.2.1     Architectures 

 The greatest degree of freedom for on-chip microdrop motion can be 

achieved by implementing microdrop motion with a 2-D square electrode 

grid (Davids  et al ., 2006). A voltage applied to an activated electrode in 

the  M  ×  N  grid creates a localized electric fi eld that attracts neighboring 

microdrops through an energy minimization process. The advantage of this 

2-D square electrode grid is its simplicity – the  M  ×  N  grid electrodes are 

activated by  M  ×  N  independent voltage inputs for complete control of 

microdrops across the 2-D plane. The use of independent inputs for each 

grid location can, however, become a practical limitation. Large-scale  M  × 

 N  gridpoints, beyond roughly a 5 × 5 grid (Davids  et al ., 2006), are diffi cult to 

implement in the on-chip 2-D plane without resorting to complex via-holes 

for out-of-plane access points. Each square electrode requires an individual 

electrical address line to be patterned onto the plane of the chip, without it 

crossing other electrodes or lines. The scalability challenges in such highly-

parallel  M  ×  N  gridpoints, with increasingly small electrode dimensions, can 

become unwieldy or even impossible. 

 The generalized square electrode grid architecture is shown in Fig. 4.1a, 

with two microdrops present on the 16 × 16 grid. If a user desires to move 

microdrop 1, but not microdrop 2, a suffi ciently high voltage,  V  0 , can be 

applied to the address line for the electrode adjacent to microdrop 1. In 

Fig. 4.1a, this is shown with the darkened electrode. The voltage creates a 

strong electric fi eld at this location to modify the local solid – liquid surface 

tension (Dolatabadi  et al ., 2006) and ultimately pull the microdrop over the 

activated electrode. By carrying out this voltage-activation process through 

sequence of steps, multiple microdrops can be moved to various locations 

across the chip without interfering with adjacent and stationary microdrops. 

For the structure shown, 256 input signals must be routed throughout the 
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(Continued)

square electrode grid, and the required address lines for this can make the 

system design particularly challenging.      

 Given the above 2-D square electrode grid challenges, an interesting 

addressing solution has been demonstrated by way of the cross-referenced 

grid (Xu and Chakrabarty, 2008). The cross-referenced grid uses a bi-layered 

structure with voltages applied to perpendicular upper row and lower col-

umn linear electrodes. The beauty of such an implementation lies in the fact 

that each linear electrode acts as both the actuating electrode and its own 

address line. This dual-purpose allows the number of electrode inputs to be 

 

Microdrop 2

i =
 256

i =
 255

i = 2
i = 1 (stationary)

Microdrop 1
(actuated)

i =
 60

V0

(a)

   

 4.1      Digital microfl uidic architectures are shown. In (a), the square 

electrode grid has a voltage applied to the left of microdrop1 ( i  = 60 

electrode), and microdrop 1 is actuated while microdrop 2 is stationary. 

In (b), the cross-referenced grid has an above-threshold voltage 

( V  0  >>  V  th ) applied to the left of microdrops 1 and 2, and both 

microdrops actuate to the left. In (c), the multiplexer uses a voltage 

that is both smaller than the threshold voltage and larger than half the 

threshold voltage ( V  th /2 <  V  0  <  V  th ), and only microdrop 1 actuates to the 

left.  
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greatly reduced: only  M  +  N  inputs are needed for actuating microdrops 

across the  M  ×  N  grid. The cross-referenced grid does have a fundamen-

tal challenge, however, when used with multiple microdrops. When the 

desired actuating microdrop shares a row or column with neighboring 

microdrops, electrical activation of the row or column results in motion of 
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4.1 Continued
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all the microdrops. This challenge is known as microdrop interference (Xu 

and Chakrabarty, 2008). Xiao  et al . have proposed interesting solutions to 

this challenge by way of a microdrop router (Xiao and Young, 2010a) and 

Integer Linear Programming (Xiao and Young, 2010b). In addition, Xu and 

Chakrabarty (2008) have presented a microdrop mapping scheme according 

to the clique-partitioning graph theory problem. However, such techniques 

offer only algorithmic solutions to microdrop interference and undoubtedly 

increase the complexity of microdrop motion sequences of large-scale  M  × 

 N  grids with many microdrops being present. 

 The generalized cross-referenced structure is shown in Fig. 4.1b. 

Horizontal upper row electrodes are indexed with  i , while vertical column 

electrodes are indexed with  j . These electrodes are patterned onto the chip 

as upper and lower planes. In Fig. .1b, microdrop 1 is situated at  i  = 4,  j  = 13, 

while microdrop 2 is situated at  i  = 8,  j  = 13. Voltage activation is applied to 

the  j  = 12 column electrode, pulling both microdrop 1  and  microdrop 2 to 

the left. Note that it is not possible to actuate microdrop 1 while keeping 

microdrop 2 stationary because of microdrop interference. Clearly, an alter-

native microdrop motion architecture is needed for systems operating with 

multiple microdrops. 

 Given the successes and challenges of the aforementioned microdrop 

motion techniques, the following work introduces a digital microfl uidic mul-

tiplexer. Our previous work (Collier  et al ., 2011) has shown that the digital 

microfl uidic multiplexer can provide complete and independent microdrop 

motion across a  M  ×  N  grid along with the reduced  M  +  N  input complex-

ity of the cross-referenced structure. The multiplexer makes use of the non-

linear relationship between microdrop motion and the applied voltage, by 

way of a well-defi ned microdrop motion threshold voltage (Renaudot  et al ., 
2011). The desired microdrop motion is brought about by the doubling 

of a differential voltage that appears between overlapped upper row and 

lower column electrodes having opposite voltage polarities. The system is 

biased such that only the doubled voltage in the overlapping region over-

comes the microdrop motion threshold voltage to initiate microdrop motion. 

Neighboring microdrops experience voltages that are lower than the thresh-

old voltage and do not undergo microdrop motion – thereby eliminating the 

microdrop interference challenge. Given a practical limit of 10  μ m microdrop 

diameters and similarly sized electrode widths, one would expect that such 

a multiplexing technique can ultimately be scaled for use with 1000 + 1000 

input lines controlling motion at 1000 × 1000 gridpoints in a 1 cm 2  chip. 

 The digital microfl uidic multiplexer uses the same physical structure as 

the cross-referenced grid, but there are two important design differences in 

its operation: (i) the multiplexer operates in a nonlinear microdrop motion 

regime biased about a threshold voltage, and (ii) the multiplexer is driven by 

a bipolar voltage AC waveform having both positive and negative polarities. 
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Such a structure is shown in Fig. 4.1c. The microdrop motion is achieved 

using two voltage waveforms. A voltage of + V  0  is applied on the  i  = 4 upper 

row electrode while  −  V  0  is applied on the  j  = 12 lower column electrode, 

where the positive value  V  0  is defi ned as the actuating voltage amplitude. 

A voltage difference of  V  0  is created between upper and lower plates in 

all regions along the row and column electrodes  except  for the overlapped 

region, where the voltage difference is 2 V  0 . By noting the threshold volt-

age,  V  th , needed for microdrop motion, this localized 2 V  0  can be leveraged 

by selecting  V  0  to be within the range  V  th /2 <  V  0  <  V  th . Thus, microdrop 

motion only occurs within the overlapped region. Figure 4.1c shows that 

only microdrop 1 moves to the left while microdrop 2 remains stationary. 

Such a digital microfl uidic multiplexer has only  M  +  N  inputs but ultimately 

allows complete  M  ×  N  microdrop control.  

  4.2.2     Multiplexer theory 

 To gain a thorough understanding on the digital microfl uidic multiplexer 

implementation, it is necessary to establish the relationship between row 

and column input applied voltages and the desired 2-D microdrop motion. 

In this work, the  i th upper row electrode receives an actuating voltage ampli-

tude of  V  0  and the state is represented by the row voltage matrix [ V  row, i  ]. The 

spatial voltage distribution (normalized to  V  0 ) is  
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 The shown values of ‘1’ along the  i th row signify positive voltage activa-

tion. Similarly, the  j th lower column electrode receives an actuating voltage 

amplitude of  −  V  0  and its state is represented by the column voltage matrix 

[ V  column, j  ]. The spatial voltage distribution (normalized to  −  V  0 ) is  
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 The shown values of ‘1’ along the  j th column signify negative voltage 

activation. 

 The motion that results from the input states of Equations [4.1] and [4.2] 

manifests itself through a surface-tension change – denoted here as the 

matrix [ Δ   γ    ij  ]. There are two distinct forms for the surface-tension change 

in relation to input voltages. The fi rst form for the surface-tension change 

and microdrop motion corresponds to a linear system, without a microdrop 

motion threshold. Surface-tension changes result from the existence of a 

nonzero value for either [ V  row , i ]/ V  0  or [ V  column , j ]/ V  0 . This ‘or’ condition is criti-

cal to the device input – output characteristic and is represented here by the 

Boolean operator ∨    in the resulting surface-tension change:
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   [4.3]   

 Unfortunately, such a system shows potential for surface-tension changes 

over the full length of the  i  and  j  electrodes. This linear dependency and pro-

pensity for microdrop interference is a manifestation of the large applied 

voltages ( V  0  >>  V  th ) that are typically used in cross-referenced architectures. 

When multiple microdrops are present, thoughtful path planning, routing, 

and scheduling (Ricketts  et al ., 2006; Yuh  et al ., 2008) must be used to pre-

vent inadvertent motion of neighboring microdrops and to avoid microdrop 

interference. 

 The second manifestation for surface-tension changes and microdrop 

motion comes about through a nonlinear relationship between microdrop 

motion and applied inputs. In such a system, surface-tension changes are ini-

tiated from the simultaneous existence of nonzero values for both [ V  row , i ]/ V  0  

and [ V  column , j ]/ V  0 . This ‘and’ condition is critical to this response and is rep-

resented here by the Boolean operator ^ in the resulting surface-tension 

change for this nonlinear distribution:
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  [4.4]   

 The response in Equation [4.4] signifi es the operation of the digital micro-

fl uidic multiplexer and its ability to offer complete  M  ×  N  microdrop motion 

(one location at a time) with only  M  +  N  inputs. 

 The condition for localized motion only in the overlapped region requires 

adherence to the  V  th /2 <  V  0  <  V  th  relation – which sets the actuating voltage 

amplitude  V  0  between upper and lower limits defi ned by the threshold volt-

age  V  th . One can therefore design the system to have an appropriate operat-

ing voltage range by noting material dependencies for the threshold voltage 

by way of (Berthier, 2008; Ahmadi  et al ., 2009)  

    V
c

thVV ≈ 2 0γα θ0sin
,     [4.5]   

 where   α   is the hysteresis angle,   γ   is the microdrop liquid surface tension,   θ   0  
is the resting contact angle, and  c  is the capacitance per unit area (Berthier, 

2008). If small threshold/operating voltages are desired, it is advantageous 

to minimize static friction forces and maximize capacitance per unit area. 

If rapid microdrop motion is desired, larger threshold/operating voltages 

can be used by maximizing static friction forces and minimizing capaci-

tance per unit area. The following section will elaborate on these practi-

cal issues through digital microfl uidic multiplexer design, fabrication, and 

implementation.  

  4.2.3     Multiplexer fabrication and results 

 A bipolar AC voltage waveform biasing scheme is ideal to facilitate oper-

ation of the digital microfl uidic multiplexer. A positive-polarity voltage 
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waveform is applied to an upper row electrode with an opposite-polarity 

voltage waveform applied to a lower column electrode. Such a scheme has 

the lower-voltage benefi ts of AC biasing (compared to DC). Moreover, AC 

operation lends itself to implementations with voltage transformers. It is 

therefore possible to have a suffi ciently high  V  0  applied on-chip, while the 

device input voltages can be made low enough for operation with digital and 

CMOS/TTL integration below 5 V. (This voltage step-up advantage comes 

about from the highly-insulating dielectric layers on the chip, which mini-

mize the current draw and power consumption.) For the digital microfl uidic 

multiplexer, a center-tapped transformer is selected because it gives a large 

voltage increase (having a voltage gain that is equal to the turns ratio) with 

two opposite-polarity AC voltage waveform outputs (having equal ampli-

tudes and a 180° phase difference). 

 A Hammond 117E4 center-tapped transformer is chosen for testing and 

demonstration of the device. This transformer receives a sinusoidal AC volt-

age waveform input,  V  in , at a frequency of 470 Hz. At this frequency, the 

transformer has a voltage gain of 75. Two AC voltage waveforms of opposite 

polarity are extracted at the three-output center-tapped transformer and 

applied to the multiplexer with an electrode switching scheme. The device 

setup is shown in Fig. 4.2. The AC voltage waveform  V  0 (0°) is applied by 

the  j -phase electrode switch onto lower column electrodes, while the out-

of-phase AC voltage waveform  V  0 (180°) is applied by the  i -phase electrode 

switch onto upper row electrodes. An overhead LEICA APOZ6 microscope 

and camera (not shown) capture the on-chip microdrop motion.      

 Testing is performed on a 16 × 16 digital microfl uidic multiplexer with 

upper and lower plates separated by 1 mm. The plates initially consist of 

1 mm thick silica with 50 nm thick copper fi lms (layers of metal can be added 

to a silica substrate using sputtering processes) patterned as electrodes via 

ultraviolet (UV) photolithography – with spin-coating of positive photore-

sist (PHOTOPOSIT SP 24D) at 5000 RPM, a 60 min hard bake, 250 nm UV 

exposure, development, and a FeCl 3  isotropic wet-etch. The resulting multi-

plexer has electrodes with 600  μ m center-to-center pitch and 550  μ m width. 

The plates are then spin-coated at 5000 RPM with a 10  μ m thick polydime-

thylsiloxane (PDMS) layer with a silicone elastomer curing-to-base ratio of 

1:10. Finally, a thin Tefl on layer is applied by way of a 2000 RPM spin-coat. 

The multiplexer grid is left with uniform and homogeneous layers of PDMS 

and Tefl on. The inset of Fig. 4.2 shows the fi nal orthogonal and overlapped 

electrode plates. All testing of the multiplexer microdrop motion presented 

in this section is performed with deionized water microdrops. 

 To successfully operate the digital microfl uidic multiplexer, it is neces-

sary to determine the threshold voltage of the system. To do this, a 1600 

 μ m diameter microdrop is placed at the  i  = 12.8,  j  = 13.4 point on the multi-

plexer, as shown in Fig. 4.3a. (Note that row  i  and column  j  fractions indicate 
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intermediate locations between grid positions.) In general, the microdrop 

diameters can be reduced to the center-to-center pitch (in this case 600  μ m) 

to provide effective addressability and control. The structural dimensions 

can be reduced if smaller microdrops are desired. The microdrop is tested 

for motion to the intermediate position between the  i  = 11 and 12 electrode 

pair and the  j  = 13 and 14 electrode pair. The voltage AC waveform  V  0 (0°) 

is applied to the  j  = 13 and 14 electrode pair, while the out-of-phase voltage 

AC waveform  V  0 (180°) is applied to the  i  = 11 and 12 electrode pair. The 

input AC voltage is initially set at  V  in  = 0 V rms  then increased. The microdrop 

fi rst moves at  V  in  = 8.3 V rms , and this voltage is recorded to give the corre-

sponding on-chip threshold voltage  V  th  = 620 V rms . The post-motion-induc-

tion microdrop position is shown in Fig. 4.3b. The established threshold 

voltage range for multiplexing,  V  th /2 <  V  0  <  V  th , will therefore be 310 V rms  < 

 V  0  < 620 V rms  for this device, with a corresponding input range of 8.3 V rms  < 

 V  in  < 16.6 V rms .      

 On a fundamental level, the multiplexer is able to move a single microdrop 

without disturbing neighboring microdrops. This important aspect is tested 

with the two-microdrop experiment shown in Fig. 4.4. Two microdrops of 

Digital microfluidic
multiplexeri-electrode switch

Center-tapped
transformer

V1(0°)

V0(0°)

V0(180°)

j-electrode switch

 4.2      The digital microfl uidic multiplexer is shown. The center-tapped 

transformer has  V  in  coupled to its input. The outputs of the transformer, 

 V  0 (0°) and  V  0 (180°), are applied to the multiplexer electrodes. The inset 

shows the orthogonal and overlapped upper row and lower column 

electrode plates.  
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1700  μ m diameter are initially placed at  i  = 9,  j  = 6 and  i  = 9,  j  = 11.3, as 

shown in Fig. 4.4a. Note that both microdrops share the same horizontal 

 i  upper row electrode. The end result is shown in Fig. 4.4b. By applying an 

input voltage  V  in  = 10.0  V  rms , one can successfully actuate microdrop 2 with a 

velocity of 1.0 mm/s to a new position of  i  = 4.8 and  j  = 12.1, while microdrop 

1 is unperturbed.      

 In order to accommodate practical applications as a biofl uidic device 

(Ho  et al ., 2005; Chandrakasan  et al ., 2008; Lam  et al ., 2009), the multiplexer 

should be adapted to operate with a lower threshold voltage. The previ-

ous input voltage of 10 V rms  is larger than what is allowed for TTL/CMOS 
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 14
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 4.3      The confi guration for determining the minimum required threshold 

voltage  V  th  is shown. The (a) initial and (b) fi nal locations of a tested 

2.06 nL microdrop are displayed. This threshold voltage is found by 

slowly increasing the applied voltage up to the point of microdrop 

motion. The electrode pair of  i  = 11 and 12 is activated with  V  0 (180°) 

while the  j  = 13 and 14 electrode pair is activated with  V  0 (0°).  
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integration (Moon  et al ., 2002; Li  et al ., 2008). With this in mind, the multi-

plexer is redesigned to have a thinner PDMS layer of 1  μ m (Renaudot  et al ., 
2011). This will allow the same localized electric fi eld to be formed across 

the insulating layers with a reduced voltage level. The revised digital micro-

fl uidic multiplexer is tested and found to have  V  th  = 48 V rms , corresponding 

 

 4.4      The independent actuation abilities of the multiplexer are shown. 

The microdrops are 2.14 nL in volume and the (a) initial and (b) 

fi nal locations are displayed. The device input is  V  in  = 10.0  V  rms . The 

waveforms  V  0 (180°) = 375  V  rms  and  V  0 (0°) = 375  V  rms  are directed to 

the  i  = 4,  i  = 5 electrodes and  j  = 11,  j  = 12 electrodes, respectively. 

Microdrop 2 is moved from  i  = 9,  j  = 11.3 to a new position of  i  = 4.8, 

 j  = 12.3 and microdrop 2 is stationary.  
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to an input voltage within the range 0.64 V rms  <  V  in  < 1.28 V rms . An input volt-

age of  V  in  = 0.64 V rms  is selected for use with the device. 

 The new low-voltage multiplexer operation is shown in Fig. 4.5. Two 

microdrops are used, with microdrop 1 having a 1800  μ m diameter and 2.54 

nL volume and microdrop 2 having a 1600  μ m diameter and 2.01 nL volume. 
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 4.5      Shown here is the complex motion and merging process for two 

microdrops. Two microdrops are moved in sequence and ultimately 

mixed. The microdrops are (a) initially at rest, (b) separated from each 

other, (c) moved towards each other, and (d) fi nally merged together.  

(Continued)
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As shown in Fig. 4.5a, the two microdrops are initially at rest on the chip, 

with microdrop 1 positioned at  i  = 7.5,  j  = 8 and microdrop 2 positioned at 

 i  = 10.5,  j  = 12.5. The microdrops are then moved in the sequence shown in 

Fig. 4.5b. Rows  i  = 4 and 13 and columns  j  = 12 and 13 are activated to move 

microdrop 1 to the  i  = 4.5,  j  = 12.5 position and microdrop 2 to the  i  = 12.5, 

 j  = 12.5 position. To facilitate microdrop mixing, these microdrops are moved 

into closer proximity, as shown in Fig. 4.5c. Rows  i  = 8, 9 and 12, and columns 
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4.5 Continued
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 j  = 11 and 12 are activated to move microdrop 1 to the  i  = 8.5,  j  = 11.5 posi-

tion and microdrop 2 to the  i  = 12,  j  = 12 position. Finally, rows  i  = 9 and 10 

and columns  j  = 9 and 10 are activated to merge the microdrops at the  i  = 

10,  j  = 12 position.        

  4.3     Sensing techniques 

 The previous section highlighted the scalability challenges for microdrop 

motion. It became diffi cult to provide localized microdrop motion given 

increasingly small device dimensions and a correspondingly high number of 

inputs. The same holds true for scalability in fl uid sensing. When on-chip struc-

tures are scaled to small dimensions, the resulting signal levels can become 

unacceptably low. This is because contemporary on-chip sensing techniques, 

with for example capacitance or optical sensing, have signals that scale down 

with the reducing sampling area. Clearly, one needs to develop systems with 

higher sampling sensitivity when small on-chip structures are considered. The 

generalized implementations for bringing about on-chip sensing are intro-

duced in Section 4.3.1, followed by an analysis of theory, fabrication, and 

results for our folded-cavity architecture in Sections 4.3.2 and 4.3.3. 

  4.3.1     Architectures 

 On-chip sensing is fundamental to lab-on-a-chip operation. The ability to 

probe fl uid states is at the core of many on-chip analytical processes, but 

such probing can become diffi cult when scalability is sought with diminish-

ing device dimensions. 

 Capacitance sampling is a well-established method for sampling on-chip 

fl uid characteristics (Ahmadi  et al ., 2010). Low-frequency dielectric prop-

erties are probed through localized capacitance measurements – as a lin-

ear relationship exists between the capacitance and internal fl uid dielectric 

constant. However, such dielectric constant values have limited ability to 

provide broad-range (e.g., spectroscopic) information, as the measurements 

are fundamentally low-frequency/DC in nature. With this in mind, sampling 

technologies with higher-frequency optical analyses have been pursued. 

 Standard optical sensing makes use of fl uid detection with an overhead 

or integrated camera/sensor. Real-time fl uid motion tracking has proven to 

be highly successful for such implementations (e.g., those displayed by the 

photographs in Figs. 4.3–4.5). Moreover, optical sensing allows for material 

quantifi cation by way of spectroscopic analyses across the high-frequency 

UV/visible/IR spectra. Numerous on-chip optical sensing systems exist with 

structures such as optical waveguides, ring resonators, and even optofl uidic 

lasers (Gai  et al ., 2011). The remaining challenge for standard optical sens-

ing relates to its scalability, however, and is particularly relevant to on-chip 

�� �� �� �� �� ��



156   Microfl uidic devices for biomedical applications

© Woodhead Publishing Limited, 2013

applications seeking operation with increasingly small device dimensions. 

The returned optical signal level typically scales with the sampling area, and 

this can make micron-scale sampling particularly challenging. 

 Given the advantages of optical sensing for material quantifi cation, the 

work presented here makes use of optical sensing in a folded-cavity scheme. 

Such an arrangement is ideally suited for use with small device dimensions, 

as appreciable signal levels can be produced for especially small sampling 

areas. For the ongoing study, the folded-cavity optical sensor will be inte-

grated for use as a fl uid refractive index probe with the aforementioned 

digital microfl uidic multiplexer being used for microdrop motion.  

  4.3.2     Folded-cavity theory 

 A folded-cavity sensor can be implemented for on-chip probing of refrac-

tive indices, and integrated directly onto the multiplexer, shown in Fig. 4.6 

as the refractometry sensing station. A cross-section generalized schematic 

is shown in Fig. 4.7. The cross-section shows a profi le of the upper and lower 

digital microfl uidic multiplexer plates with an internal fl uid (Fig. 4.7a) and 

without an internal fl uid (Fig. 4.7b). The ray paths displayed in Figs 4.7a 

and 4.7b are calculated with ray-tracing analyses for fl uid refractive indi-

ces  n   f   = 1.52 and  n   f   = 1.00, respectively, with a microlens contact angle of 

  θ   = 42.5° and a radius of 900  μ m. The optical system is thoroughly ana-

lyzed, and the microlens on the superstrate is tuned to provide intense back-

refl ection onto the overhead image sensor. When a high refractive index 

fl uid is present in the system, the image sensor records a high-intensity focal 

point. When fl uid is absent (or a lower refractive index fl uid is present), the 

Refractometry
sensing
station

 4.6      The multiplexer with integrated refractometry sensing station.  
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focal image becomes diffuse and the central beam intensity diminishes. The 

folded-cavity sensor uses this especially sensitive relationship between the 

internal fl uid refractive index and central beam intensity to optically probe 

the state of internal fl uids.           

 It is important to note that the relationship between the back-refl ected 

beam’s optical axis intensity,  I  OA , and the internal fl uid refractive index,  n   f  , 

is precisely set by the microlens contact angle. Figure 4.8 shows  I  OA  vs  n   f   as 

triangles for this   θ   = 42.5° case. The linear trend line is found to be  I  OA ( n   f  ) = 

0.8145 n   f    −  0.2396 ( R  2  = 0.9999), with a linear operational range of  n   f   = 1.28–

1.52. This refractive index operational range is particularly wide, although it 

comes at the cost of a coarse resolution ( Δ  n   f   = 0.0024). The resolution can 

be improved, however, by using sharper focusing with a higher microlens 

contact angle. This modifi ed relationship between  I  OA  and  n   f   can be seen 

for the case of a   θ   = 52.5° microlens, whose results are shown by diamonds 

in Fig. 4.8. Note the increased slope, and its resulting improvement to the 

refractive index resolution ( Δ  n   f   = 0.0007) for this  I  OA ( n   f  ) = 2.9398 n   f    −  3.4741 

( R  2  = 0.9973) trend. Even higher microlens contact angles can be used if 

one wishes to further improve the refractive index resolution. This can be 

seen for the case of a   θ   = 72.5° microlens, denoted by squares in Fig. 4.8. 

The  I  OA  vs  n   f   trend is now  I  OA ( n   f  ) = 24.13 n   f    −  35.202 ( R  2  = 0.9965), and the 
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 4.7      The folded-cavity optical arrangement is shown as the sampling 

station on the digital microfl uidic multiplexer. Ray-traced back-refl ected 

beams and simulated images on the image sensor are shown for (a) a 

high refractive index fl uid being present, and (b) no fl uid being present. 

The electro-dispensing apparatus is shown in (c) with the dispensed 

polymer microlens on the sampling station’s superstrate.  
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resulting increased slope dramatically improves the refractive index resolu-

tion ( Δ  n   f   = 0.0001). The improved resolution can be particularly useful for 

sensitive measurements of chemical kinetics (Ladam  et al ., 2001) and tem-

perature characteristics where refractive index perturbations of 0.0005 must 

be resolved (Li  et al ., 1994).      

 The overall relationship between the refractive index range/resolution 

and microlens contact angle is summarized by Fig. 4.9. The refractive index 

range is shown on the left vertical axis and the refractive index resolution 

is shown on the right vertical axis. Note how an increased contact angle 

offers a fi ner refractive index resolution, and this comes at the cost of a 

lower refractive index range. For practical high-sensitivity measurements of 

refractive indices, contact angles above   θ   = 65° can provide the required 

fi ne resolution. For wide-range measurements of refractive indices, contact 

angles below   θ   = 50° can provide the required broad measurement range. 

Fabrication details and measurements for the wide-range refractive index 

probe are presented in the following section.       

  4.3.3     Folded-cavity fabrication and results 

 The aforementioned folded-cavity refractive index probing technique will 

be integrated with the digital microfl uidic multiplexer. The combined system 
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 4.8      The linear relationship between the back-refl ected optical axis 

intensity,  I  OA , and the refractive index,  n   f  , is shown for three different 

microlens contact angles. Curves with triangles, diamonds, and 

squares show theoretical  I  OA  values for   θ   = 42.5 º ,   θ   = 57.5 º , and   θ   = 72.5 º  
respectively. Experimental results are shown as crosses for   θ   = 42.5 º .  
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offers a scalable design for microdrop motion and sensing. Given that the 

multiplexer dimensions have been fi xed for optimal microdrop motion, it 

is necessary to accomplish the optimized refractive index probing given 

only modifi cations to the folded-cavity microlens. Such modifi cations come 

about through microlens contact angle tuning and resulting modifi cations to 

the relationship between the internal fl uid refractive index and image sen-

sor’s optical axis intensity. 

 The desire for contact-angle tuning can be met with our established elec-

tro-dispensing technique (Born  et al ., 2010). Electro-dispensing is an  in situ  

polymer deposition process in which a dispensing tip voltage is used dur-

ing the dispensing to create the desired microlens form. The structure can 

then be solidifi ed with UV-curing (~5 min with a 400 nm wavelength 10 

mW laser). The complete setup is shown in Fig. 4.6c. A localized electric 

fi eld is formed between the grounded copper plate and metal dispensing 

tip. The dispensing tip voltage,  V  disp , and nominal polymer surface tensions 

defi ne the dispensed droplet profi le and contact angle   θ  ( V  disp ) according to 

the Lippmann–Young equation:

    cosθ θcos
γ

γ γ
γ γ

cV cVdispVV

lfγ
γγ slγγ

γγ
dispVV

lfγγ( )θθ disp +θcos = +0θθθθ
2 2γ γ cV

2 2γ γlfγγ γγ
       [3.3.1]   

 where  c  is the capacitance per unit area. Initial conditions are defi ned for 

V  disp  = 0, with solid – fi ller (  γ   sf ), solid–liquid (  γ   sl ), and liquid – fi ller (  γ   lf ) surface 
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4.9      The relationship between the refractive index range (left vertical 

axis) and its corresponding resolution  Δ  n   f   (right vertical axis, being one-

hundredth the range) are shown as a function of the microlens contact 

angle   θ  .  
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tensions being defi ned for the initial contact angle of   θ   0 . User-controlled 

modifi cations to the contact angle occur when  V  disp  > 0. To start, an appro-

priate substrate and a surrounding fi ller fl uid are chosen to establish a suffi -

ciently high initial contact angle   θ   0 . This contact angle can then be lowered 

according to Equation [3.3.1] to tune the focusing conditions for UV-curing 

and use in the desired application. 

 For the present analysis, with wide-range refractive index measurements 

being desired, a microlens profi le with a contact angle of   θ   = 42.5° is cho-

sen. A UV-curable polymer (NOA 68) is dispensed with an air fi ller onto a 

PTFE-coated glass substrate to form the microlens. A pressure-controlled 

dispenser (Nordson Ultimus V) is used to deposit the desired volume, with 

a microlens radius of 900  μ m, then the dispensing tip voltage is tuned over 

the range  V  disp  = 300–1500  V  DC  to form the desired microlens contact angle. 

UV-curing is then applied. A 100 pL volume yields a microlens with radius 

of 900  μ m and contact angle of 42.5°. 

 The fabricated microlens facilitates folded-cavity sensing and is incorpo-

rated as a sampling station adjacent to the digital microfl uidic multiplexer. 

This element provides the desired localized optical sensing of fl uid refrac-

tive indices between the two plates. To determine the fl uid refractive index, 

a collimated white LED illuminates the structure. The back-refl ected opti-

cal beam is then sampled by a beamsplitter and overhead image sensor. An 

appropriate sequence of multiplexer electrode activations is used to pull the 

fl uid samples into the sampling station where images are then captured and 

refractive indices are determined. 

 The folded-cavity sensing system is calibrated with well-known refractive 

indices. The optical axis intensities are recorded for water ( n   f   = 1.33), etha-

nol ( n   f   = 1.36), and silicone oil ( n   f   = 1.52). Results are displayed as crosses 

in Fig. 4.8 and are seen to follow the theoretical linear trend for the   θ   = 

42.5° microlens. Ultimately, the folded-cavity sensing system is found to 

be successful in characterizing a wide variety of fl uids within the on-chip 

microdrop motion/sensing system. 

 The system introduced here addresses some of the fundamental challenges 

in contemporary on-chip biomedical devices. Operation on small dimensions 

with highly-parallel formats is typically desired. The scalable nature of the pre-

sented multiplexer makes it especially useful for these micron-scale parallel 

systems. Biomedical operations incorporating bioassays and clinical diagnos-

tics on human urine, saliva, tears, and sweat can therefore be carried out con-

currently with small sample volumes (Srinivasan  et al ., 2003, 2004). The work 

presented here, with the combined multiplexer and refractometry system, can 

be used as a complete control/sensing analytical tool for  in sit u diagnostics. 

Examples include the monitoring of hemoglobin concentrations in red blood 

cells (Park  et al ., 2009), protein and lipid concentrations (Barer, 1955), and dis-

tilled/saturated solution concentrations (Yunus and Rahman, 1988).   
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  4.4     Future trends 

 Droplet-based digital microfl uidic technologies are growing rapidly. The 

precise control and reagent economy made available by the systems have 

allowed these technologies to excel in a growing number of biomedical fi elds. 

Processes based upon immunoassays (Alphonsus  et al ., 2010), DNA liga-

tions (Liu  et al ., 2008), DNA pyrosequencing (Fair, 2007), enzymatic analy-

ses (Miyazaki  et al ., 2008), proteomics (Lee  et al ., 2009), and bio-analytical 

mass spectrometry (Figeys  et al ., 1998) have all benefi ted from these tech-

nologies. These fi elds have sought improved control and sensing capabilities, 

and droplet-based digital microfl uidics can provide these capabilities. 

 Future research trends will likely focus on the applied challenges for the 

aforementioned digital microfl uidic implementations, with particular atten-

tion paid to four contemporary challenges of a practical nature. The fi rst 

practical challenge relates to evaporation – an especially important issue 

when reagent economy is sought. On-chip systems are being developed 

to address this practical concern through techniques based upon environ-

mental control (Barbulovic-Nad  et al ., 2008), seals (Gong  et al ., 2004), and 

ambient fi llers (Pollack  et al ., 2000). The second practical challenge relates 

to contamination. External contamination can be controlled by way of the 

same ambient fi ller solutions that minimize droplet evaporation (Pollack 

 et al ., 2000). At the same time, cross-contamination between internal fl uid 

samples is a practical concern – especially when biomolecular adsorption 

effects are pronounced. Appropriate thin-fi lm layers and wash operations 

(Zhao and Chakrabarty, 2009) can be applied to control these contami-

nations. The third practical challenge relates to packaging. Droplet-based 

systems for bioreactors, etc., typically require a reservoir from which fl u-

ids can be drawn, and such systems must provide reliable seals, overcome 

strong capillary forces, and mitigate the formation of bubbles. Srinivasan 

 et al . have demonstrated numerous advances in overcoming these practical 

constraints (Srinivasan, 2005). The fourth and fi nal practical challenge for 

droplet-based digital microfl uidics relates to routing constraints. Microdrop 

control becomes an issue of increased importance when fi ne resolutions and 

large numbers of droplets/inputs are required. And such considerations are 

of particular concern when applications are sought with droplets in close 

proximity – with processes such as mixing, sorting, and splitting (Yuh  et al ., 
2008).  

  4.5     Conclusion 

 The fundamental issue of scalability has been addressed to a large extent by 

the work presented here. The digital microfl uidic multiplexer was shown to 

provide complete 2-D microdrop motion in a system with decreased input 
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complexity (and input voltages compatible with TTL/CMOS technologies). 

At the same time, an optical sampling station with a folded-cavity arrange-

ment was fabricated and demonstrated for improved sensitivity in sampling 

internal fl uid refractive indices. Such technologies can become cornerstones 

for emerging biotechnological and biomedical applications that benefi t 

from microsystem integration.  
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  Abstract : Effi cient drug delivery plays a crucial role in disease treatment 
and remains an important challenge in medicine. Recent advances in the 
fi eld of microfabrication have offered the possibility to develop controlled 
release systems for drug delivery. Herein, we will mainly address two 
kinds of delivery devices: microreservoir and micro/nanofl uidic devices. 
For each type of drug delivery device, we start with working principles 
and the fabrication process, and then summarize the recent applications 
of each type of drug delivery system, with a focus on how to control 
drug delivery with different triggered systems. At the end of this chapter, 
challenges and the future prospect of chip-based controlled drug delivery 
will be discussed. 

  Key words : microfl uidic, controlled drug release, drug delivery, fabrication, 
triggered system. 

    5.1     Introduction 

 Drug delivery is the method or process of administering a pharmaceutical 

compound to achieve a therapeutic effect on disease. Conventional dos-

ages mean oral delivery and injection are the predominant routes for drug 

administration. The main drawbacks of these types of dosage are non-local 

treatment and toxicity to healthy tissues. 1  An ideal drug delivery would 

be controlled for high effi ciency treatment and local drug release to mini-

mize toxicity. With the development of micro/nano electromechanical sys-

tem (MEMS/NEMS) technology and material science, a variety of devices 

have been developed to achieve drug delivery for disease treatment over 

the years. The devices with micro/nanostructures, as powerful platforms, 

can provide better drug therapy because they allow precise, local, and con-

trolled dosing with lower toxicity. These devices can offer opportunities to 

address unmet medical needs related to disease therapy. 

 An ideally controlled drug delivery system  requires simultaneous consid-

eration of several factors, such as the mechanism of drug release, the route of 
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administration, and capability of targeting. The approach of drug release has 

a signifi cant effect on therapeutic effi cacy. An ideal approach should maintain 

drug levels within the therapeutic window to avoid potential health hazards, 

maximize therapeutic effi ciency, and provide a well-controlled drug release 

triggered by stimuli. Drug concentration above the therapeutic window is toxic, 

and below the therapeutic window will lose therapeutic effi cacy. Conventional 

drug delivery systems, such as oral and injection, generally have a high ini-

tial level of the drug after the fi rst administration, followed by sharp decrease 

in blood concentration (Fig. 5.1a). Controlled drug release helps to address 

this issue. Figure 5.1b shows two profi les of most common time dependent 

release, sustained release, and pulsatile release. Sustained release can offer a 

constant drug concentration within the therapeutic window. However, pulsa-

tile release provides a consecutive burst drug delivery. To improve treatment 

effi ciency of the disease, controlled drug delivery can be achieved in differ-

ent approaches based on different compounds or different therapeutic needs. 

Most treatments request a sustained release of drug at a constant rate over 

long periods of time. For some specifi c drugs, such as insulin and hormones, 
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 5.1      Profi le of conventional, sustained, and pulsatile drug release. 

(a) Plasma concentration versus time curve for conventional drug 

administration. (b) Plasma concentration versus time curve for pulsatile 

and sustained drug release.   
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the drug release should mimic the body’s natural pulsatile. A variety of con-

trolled drug delivery devices have been developed to achieve a good therapeu-

tic effect over the years. Controlled drug release can be triggered by different 

stimuli, such as temperature, pH, magnetic and electric fi eld, etc. These devices 

use different routes of administration, and different methods and materials for 

device fabrication, typically including polymer- and silicon-based micropumps, 

microneedles, microreservoirs, and microfl uidic systems. In this chapter, to 

avoid duplication with other chapters, we will focus on two kinds of delivery 

devices: microreservoir and micro/nanofl uidic devices.       

  5.2     Microreservoir-based drug delivery systems  

 Compared to traditional approaches, microreservoir devices allow more 

precise control over the drug delivery rate and limit side effects with 

local implantation. As one of next generation target delivery systems, the 

microreservoir system offers the possibility for self-managed and high effec-

tient patient therapy. 

  5.2.1     Working principle 

 The controlled release microreservoir device typically consists of reservoirs 

containing drugs, release control systems, and biodegradable polymers or 

metallic layers as membranes. Individual or multiple drugs are sealed in the 

reservoirs, isolating them from the environment. The metallic or polymer layer 

covering on the reservoir is opened, or degraded on command, to expose their 

contents to the body. The structure of microreservoir-based devices includes 

single and multi-reservoir systems. The covers can be trigged with different 

approaches, including temperature, pH, and magnetic and electric fi eld.  

  5.2.2     Microreservoir fabrication 

 Devices of microreservoir-based drug release are mainly of silicon structure 

and polymer structure. Fabrication of silicon-based devices is commonly 

achieved by photolithography, etching, and deposition steps in order to pro-

duce the desired confi guration of features such as reservoirs, valves, and 

membranes or trigger systems. The fabrication can proceed according to 

the standard processes of MEMS techniques, such as bulk micromachining 

and surface micromachining. Figure 5.2 is a schematic of the typical fabri-

cation process of bulk micromachining. 2  It starts with an anisotropic silicon 

etch using an oxide mask (Fig. 5.2a and 5.2b). This is followed by a confor-

mal plasma-enhanced chemical vapor deposition (PECVD) oxide deposi-

tion (Fig. 5.2c). Subsequently, an anisotropic oxide etch is used to remove 

the oxide at the bottom of the trenches, leaving the sidewall oxide intact 
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(Fig. 5.2d). At this stage, an isotropic silicon etch (SF 6 ) is performed, which 

results in undercut and fi nalization of the silicon structures (Fig. 5.2e).      

 The fabrication of surface micromachining usually starts to construct a 

sacrifi cially patterned layer on top of a silicon substrate. The structural mate-

rial is then deposited and patterned. Finally, the sacrifi cial layer is removed, 

leaving the desired microstructure. 

 Recently, fabrication of polymer-based devices has also been well devel-

oped. Three techniques can be used to fabricate polymer-based structures 

for microreservoir-based devices: photolithography, replica molding, and 

surface machining. 3  Photolithograph is usually used to construct devices with 

thin membranes. SU-8 and PMMA are commonly used polymers. A fabrica-

tion process of the SU-8 photolithograph is illustrated in Fig. 5.3. Polymeric 

structures are also formed by molding and embossing techniques. In this 

technique, a master mold is generally created with a hard material, such as 

silicon wafer, using the standard MEMS fabrication process. A pre-polymer 

is deposited in the mold and solidifi ed after surface treatment to reduce 

adhesion of the mold to the polymeric materials. The polymeric structure is 

then removed. The advantage of molding is that the mold can be repeatedly 

used. This method is normally used to obtain micro-size structures.      

 Another important technique that can be used to build polymeric struc-

tures on a silicon substrate is surface machining. Surface machining can be 

(a) (b)

(c) (d)

(e)

 5.2      Cross-section of bulk micromachining process. (a) Wafer with oxide 

layer. (b) Anisotropic oxide etch. (c) Deposition. (d) Anisotropic oxide 

etch. (e) Undercut. ( Source : Copyright permission from Elsevier. 2 )  
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used to create small sized structure. However, due to the increased surface 

nonplanarity with the additional layer, there are limitations when creating a 

multi-layer structure. The basic surface micromachining process is described 

in the fabrication of silicon structure-based devices.  

  5.2.3     Examples of applications 

  Silicon-based devices 

 Microreservoir-based devices have been developed over years. 4  A number 

of silicon-based drug delivery devices have been reported. These devices 

can achieve drug release by different triggers, such as electrochemical dis-

solution,5,8 telemetry,6 temperature/thermal,7 polymer degradation,9 and 

magnetic force.10 Silicon-based microreservoirs typically have an array of 

cavity shape, with metallic walls on a lateral surface. The top and bottom 

basis can be sealed by metallic or polymeric layers. Drugs can be released 

from microreservoirs if the sealed layer is opened. Figure 5.4a is a multi-

pulse drug delivery system fabricated on a silicon substrate using electro-

chemical dissolution to control the drug release. 5  Each reservoir can be 

fi lled with a 20 nL volume drug. Gold membranes with excellent biocom-

patible properties as anodes are on top of the reservoirs, preventing drug 

exposure before the trigger. Gold anodes are dissolved in the presence of 

chloride ions when anodic voltage is applied to the membrane. The drug 

is released when the thin gold membrane disappears after the applica-

tion of a voltage for several seconds. This profi le of drug release presents 

1 SU-8

2 SU-8

(a)

(b)

(c)

Mask

 5.3      Schematic of the photolithographic steps with a SU-8 photoresist. 

(a) Spin-coating and fl ood-exposure of SU-8 photoresist on silicon. 

(b) Coating and exposure of a second SU-8 for generation of structure 

using the mask. (c) SU-8 development.  
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a burst drug delivery. Figure 5.4b shows the result of a prototype device 

fi lled with two model chemicals. The results demonstrated that the acti-

vation of each reservoir could be controlled individually with separated 

circuit. Varying amounts of drugs in solid, liquid, or gel could be released 

into solution in a pulsatile manner, a continuous manner, or a combina-

tion of both. In addition, the applied potential of the device was just 1.04 

V vs. SCE with low power consumption.      

 More recently, Microchips Inc. presented a controlled pulsatile release of 

the polypeptide leuprolide from microchip implants over 6 months in dogs, 

which demonstrated an excellent biocompatibility of the device. 6  In this 

design, each microchip contains an array of discrete 300 nL reservoirs, from 

which dose delivery can be individually controlled by telemetry (Fig. 5.5). 

The fi lled and titanium hermetically sealed chip was electrically connected 

to wireless communication hardware, power supply, and circuit boards on 

the  in vivo  implant (Fig. 5.5c). The devices were remotely programmed to 

open selected reservoirs, initiating drug release. The profi le of the maximum 

drug concentration ( C  max ) in Fig. 5.5d showed the release kinetics of the 

drug over a period of 25 weeks.      

 Electrothermal induction, as a traditional technique, has been applied in 

controlled drug delivery. 7  In this study, an electrothermally induced single 

reservoir is sealed by a silicon nitride membrane. Activation causes thermal 

shock to the suspended membrane allowing the drugs inside the reservoir 

to diffuse into the region of interest. Also, the size of reservoirs can be engi-

neered for offering on-demand drug release. This work explored a fuse acti-

vation mechanism that operates controlled release electrothermally for low 

energy consumption. The reason for low consumption is that the fuse for 

opening the membranes is geometrically laid out on the weakest point of 
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 5.4      (a) A prototype microchip for controlled release showing the shape 

of a single reservoir. (b) Pulsatile release of multiple substances from 

a single microchip device. ( Source : Copyright permission from Nature 

publishing group. 5 )  
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the membranes. The energy consumption for the  in vitro  release is approxi-

mately 134  μ J, which reduced four orders of magnitude over the previous 

devices made with a full gold membrane. The reported device could provide 

a sustained drug release for more than 200 h.  

  Polymer-based device 

 Polymer devices, as low-cost drug delivery systems, have been success-

fully fabricated for administration of biopharmaceuticals. Figure 5.6a is a 

multi-pulse drug delivery device with 1.2 cm in diameter and 480–560  μ m 

thick consisting of 36 poly (L-lactic acid) reservoirs and poly (D, L-lactic-

co-glycolic acid) (PLGA) membranes. 9  The timing of drug release can be 

controlled with the different biodegradable rates of the materials used, the 

molecular mass, and the composition and thickness of membranes. In this 

work, drug release from reservoirs was maintained over a period of months. 

Figure 5.6b shows the percentage of initial loading released from a represen-

tative device, in which both heparin and dextran were loaded into reservoirs 

sealed with molecular mass PLGA. The  in vivo  drug release was studied 
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    5.5      Reservoir-based implantable drug delivery system. (a) Front and 

back of the 100-reservoir microchip. (b) Representation of a single res-

ervoir. (c) Electronic components on the printed circuit board (PCB) in 

the device package. (d) Average  C  max  for each release event throughout 

the 6-month study. ( Source : Copyright permission from Nature publish-

ing group. 6 )  
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 5.6      (a) Diagram of polymeric microchip device. The main body of 

the device is composed of a reservoir-containing substrate that is 

fabricated from a degradable polymer. Truncated conical reservoirs in 

the substrate are loaded with the chemical to be released, and sealed 

with polymeric degradable reservoir membranes on one end and a 

sealant layer (polyester tape) on the opposite end. Inset, close-up 

of a reservoir, reservoir membrane, sealant layer and chemical to 

be released. (b) Cumulative percentage of initial loading released 

from microchip device  in vitro . Release results are shown for a 

representative device that was loaded with both 14C-dextran (crosses) 

and 3H-heparin (circles). ( Source : Copyright permission from Nature 

publishing group. 9 )  
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and it was revealed that pulsatile release was analogous to that observed in 

other  in vitro  studies.      

 Differently from the sturcture above, a magnetically controlled device 

capable of on-demand release of defi ned quantities of an antiprolifera-

tive drug, docetaxel (DTX), was reported in 2011. 10  This device consists 

of a single reservoir which was created by molding polydimethylsiloxane 

(PDMS) on SU-8 pattern using photolithography. A PDMS membrane 

coated with magnetic iron oxide nanoparticles is used to seal the res-

ervoir. This magnetic PDMS membrane deforms and the drug solution 

is released from the device under a magnetic fi eld. A sustained leakage 

release of docetaxel, an antiproliferative drug, was achieved for 35 days 

at a rate of 171 ± 16.7 ng per actuation interval. In the cell viability exper-

iment, released docetaxel caused cell viability in HUVEC and PC3 cells 

decreasing to 24% and 58% after one actuation, and to 21% and 34% 

after ten actuations, respectively. This device, made with biocompatible 

PDMS, presents a promising prospect on  in vivo  implantation. 

 In other reports, 11,12  researchers built poly (methyl methacrylate) 

(PMMA) microdevices using photolithography and reactive ion etching 

(RIE). RIE can easily create reservoirs with varying depths by controlling 

the etch time and the ion fl ow rate, which provides a simple approach to 

adjust the drug loading volume. The different individual model drugs were 

loaded into each reservoir on the device. (See Plate I in the colour section 

between pages 328 and 329.) The use of different hydrogel systems in each 

reservoir shows difference in the controlled release of the respective drugs 

over the same release period and offers independent release of multiple 

drugs. In addition, the PMMA surface was functionalized with lectin to 

improve bioadhesion of the device and epithelium, enhancing drug reten-

tion time. Plate I shows the fabrication processes for both single drug and 

multi-drug loaded devices. The independent drug releases are performed 

independently from each other.         

  5.3     Micro/nanofluidics-based drug delivery systems  

 With smaller delivery channels and exits, micro/nanofl uidic devices could 

easily penetrate health issue to reach relatively inaccessible locations. 

Simultaneously, they offer opportunities to integrate multi-techniques to 

perform drug release, sensing and feedback in the local organ. 

  5.3.1     Working principle 

 Micro/nanofl uidics is the science of manipulating, controlling, and study-

ing fl uids at micro/nanodimensions. This unique characteristic allows 
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micro/nanofl uidic devices as controllable platforms to precisely perform 

drug delivery. In general, reservoirs, channels, pumps, and valves are pri-

mary components of micro/nanofl uidic devices for precise drug delivery by 

implanted or transdermal techniques. Drugs stored in reservoirs are pre-

cisely moved to desired locations by control parts, such as micropumps and 

valves. The advantage of the micro/nanochannel-based drug delivery system 

is that it can provide a stable drug concentration in bodies. The device, with 

a long and narrow channel, can minimize drug degradation as compared 

to a device that directly exposes the whole reservoirs to the environment. 

It is more useful for delivering sensitive, unstable, and easily-contaminated 

drug. The rate of drug delivery is mostly manipulated through fl ow diffu-

sion. More new control systems have been reported recently, such as sys-

tems using electrokinetic force 13  and pH tunable nanofl uidic diode. 14  Mostly, 

micro- and nano-channel-based devices provide a sustained drug release.  

  5.3.2     Fabrication of microfl uidic drug delivery systems 

 Microfl uidic-based devices for drug delivery are mostly constructed with 

polymers. Similarly to microreservoir-based devices, microfl uidic devices 

are fabricated by standard photolithography, etching, deposition, and mold-

ing techniques. 

 For nanofl uidic devices, due to their tiny dimensions, fabrication of nano-

channels needs to be done in a clean room to minimize the contamination of 

particles. Standard semiconductor processing techniques are utilized to con-

struct nanofl uidic devices. Generally, four highly effective and reproducible 

methods are used: (1) bulk nanomachining, (2) surface nanomachining, (3) 

buried channel technology, and (4) nanoimprinted lithography (NIL). 

 In the bulk nanomachining process (Fig. 5.7), the wafer is lithographically 

patterned, and the oxide mask is etched with an HF solution. The silicon is 

then anisotropically etched with a developer solution, tetramethylammo-

nium hydroxide (TMAH). Finally, the oxide mask is stripped and bonded 

to a borofl oat glass wafer. For surface nanomachining, the fabrication of 

nanofl uidic devices is similar to that used in microreservoir devices. Buried 

channel technology can also be used to fabricate nanofl uidic devices, espe-

cially reservoir-based nanofl uidic devices. The detailed fabrication process 

is shown in Fig. 5.8 (left). 15  The process can be implemented with several 

steps: deep reactive ion etching to from  trench, trench coating with protec-

tive material, etch coating at bottom of trench, second isotropic etching to 

round out bottom, strip coating and channel closing by trench fi lling. On the 

right of Fig. 5.8 are SEM images of the device.           

 Nanoprinting lithography with a two-step process is an alternative fab-

rication method. The fi rst process is the imprint step, which duplicates the 

nanostructures on the mold in the polymer. The polymer is heated to become 
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 5.8      Process sequence (left) and SEM micrographs (right) of buried 

channels. ( Source : Copyright permission from Elsevier. 15 )  

Si wafer with native oxide

Photolithography patterning

HF etch

Developer anisotropic etchant

Oxide mask removal and 
bonding process

 5.7      A fabrication process for bulk nanomachining with wafer bonding.  
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a viscous liquid, which allows it to deform into the shape of the mold. The 

second step is the pattern transfer where an etching anisotropic process, 

such as RIE, is used to remove the residual polymer in the compressed area. 

PMMA with a small thermal expansion and pressure shrinkage coeffi cient 

is a common polymer used in NIL.  

  5.3.3     Examples of applications 

 Before 2000, the applications of microfl uidic and nanofl uidic devices were 

concentrated on diagnosis, microchemical reactors, protein and DNA sep-

aration, and cellular analysis. Since then, more efforts have been devoted 

to developing micro/nanofl uidic drug delivery and disease therapy. Here, 

a few drug delivery systems of micro/nanofl uidics, as examples of applica-

tions, will be introduced, including diffusion delivery, pressure injection, and 

electrokinetic force. 

 Diffusion drug release is one of the simplest drug delivery microfl uidic 

methods16–18. Using this method, the storage cavity or reservoir, embed-

ded in the microchannel, is fi lled with the reagent. These devices exhib-

ited a sustained drug release. In one work, the microchip was fabricated 

with PMMA, embedded with one or more microwells and microchannels 

with different lengths16. The well and the channel fi lled with biocompati-

ble polymer serve as the drug reservoir and diffusion barrier, respectively. 

When the matrix is exposed to fl owing liquid, the reagent dissolves and is 

released from the cavity. With increasing length of channels, the onset time 

and duration of drug release increase. Multiple microwells on the micro-

chip can perform differently prolonged periods of time by designing dif-

ferent lengths of micorchannels. Though fabrication of diffusion delivery 

Interconnection Polyimide structure Probe tip

Contact pads

Fluid inlets

Microelectrodes 
inside channels

Buried leads Microelectrodes

Fluid outletsBuried channels

 5.9      Illustration of implantable, fl exible polyimide probe with 

microelectrodes and microfl uidic channels. ( Source : Copyright 

permission from Elsevier. 19 )  
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devices is simple, in some cases it may not be able to perform the drug 

delivery precisely. 

 Figure 5.9 shows a polymer-based implantable device with embedded micro-

electrodes and microfl uidic channels. 19  This implanted device combines electric 

with fl uidic technique, which allows simultaneous, selective chemical delivery/

probing and performs multi-channel recording/simulation of bioelectric activ-

ity. In this device, microelectrodes were characterized by impedance spectros-

copy, and drug delivery was achieved with pressure injection techniques. This 

device enables the monitoring of chemical and electrical information exchange 

among cells. The devices combine for the fi rst time simultaneous electric and 

fl uidic interfacing to tissue with a fl exible micro-implant. This design can be 

used to study the chemical and electrical information exchange and communi-

cation of cells both  in vivo  and  in vitro  experiments. 

 Another device is a combination of nanofl uidics and microfl uidics 

(Fig. 5.10). 20  The plenum chamber as a reservoir provides the nutrient supply 

and/or purging fl uid. Nano-drugs can be supplied by setting the supply pres-

sure of the nano-drug solution higher than that of the fl uid supply side. Except 

a positive infl uence on drug-concentration uniformity, a heat fl ux beneath the 

microchannels ensures that the drug-fl uid mixture is delivered to the living cells 

at an optimal temperature. An ideal nano-drug delivery system is an integra-

tion of drug preparation, feeding, sensing and feedback functions. It requests 

the well-controlled fl uid to reach different function parts. The microchannels 

can alter the fl uid to the requested function sections by adjusting the individual 

inlet pressure. With independent controlled microchannels, the microfl uidic 

device offers a possibility to perform all those functions in a single device.      

 Electrokinetic actuation is another example of common approaches used 

to control drug delivery. 12,21–23  In one of the papers, 21  an implantable and 

mechanically robust nanofl uidic membrane was manufactured with precise 

silicon nanofabrication techniques. Two integrated platinum electrodes at the 

inlet and outlet play the roles of reversing the nanofl ow by applying opposite 

Variable nano-drug inlets
(Nanofluid)

Multiple microchannels
(Attached to wells with cells)

Surface heating

Buffer fluid inletPlenum chamber 
(Reservoir)

 5.10      Nanomedicine delivery system with eight microchannels. ( Source : 

Copyright permission from Elsevier. 20 )  
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voltages as well as controlling the rate of nanofl ow. This electrokinetically 

actuated nanofl uidic membrane can provide a sustained drug release at a 

low applied voltage. The delivery performance of the nanochannel mem-

brane was measured and monitored with a fl uorescence microscope over a 

period of 33 days. Compared with the active release, the passive leakage is 

less than ~10% and 20% for FITC-BSA and lysozyme after 33 days and 

10 day release, respectively. This nanofl uidic membrane can achieve rhythmic 

delivery by electrokinetic actuation and control the range of release rates by 

the mechanical dimension of the fl uidic network, the voltage, and the electro-

phoretic mobility of the molecules. 

 In some cases, combining other techniques with microfl uidics can pro-

duce some interesting designs. In an exemplar study, the researchers present 

a device that combines the porous supraparticle with microfl uidic channels, 

providing a sustained drug release. 24  In this work, porous supraparticles 

are fabricated via dry self-assembly method using droplet templates dis-

pensed in superhydrophobic substrates inside a microfl uidic channel. The 

porous supraparticle as a reservoir stores drugs. The device is fabricated 

with PDMS. A stable rate of drug release can be achieved by controlling 

porosity, size, and chemistry properties of particles and drugs. Although this 

device provides just a ~10 min drug delivery, the microfl uidic combination 

with functional particles presents a new horizon for microfl uidic-based con-

trolled drug delivery. 

 In addition, microfl uidics can be integrated with the needle structure for 

controlled drug release. 25,26  For example, in a nanoneedle drug release device, 

a microfl uidic channel as an interconnector and reservoir provides fl uidic 

interconnection of external devices and drug storage room. 25  A microfl u-

idic interconnector assembly was designed and fabricated using SU-8 and 

conventionally machined PMMA in a way that it has a male interconnector 

that directly fi ts into the fl uidic reservoir of the microneedle array at one 

end, and another male interconnector that provides fl uidic interconnection 

to external devices at the other end. 

 In a different report, microfl uidics are integrated with convection enhanced 

drug delivery (CED), which is a promising therapeutic method for treating 

diseases of the brain (Fig. 5.11). 27  By increasing the rate of infusion at pos-

itive pressure, CED can enhance the drug penetration distance and over-

come limitations of traditional treatment for brain tumors caused by the 

large tumor size and the diffi culty of delivering drugs into their dense tissue. 

Compared to the CED using needles and cannulas delivering drugs, this 

integrated microfl uidic system for CED shows several advantages, including 

small size to minimize tissue damage, low backfl ow, the rigid tip to penetrate 

deep into tissue, and the fl uidic outlet located away from the penetrating 

edge to avoid occlusion of the channel. Moreover, it offers the possibility of 
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integrating electrical, mechanical, and chemical sensors to record the local 

environment and further control drug concentration.        

  5.4     Conclusion 

 MEMS/NEMS technology, combined with new materials and data 

manage ment, opens revolutionary opportunities to develop low-cost, 

biocompatible, and controlled drug delivery devices. Both sustained and 

pulsatile drug delivery in the therapeutic window have been achieved. 

The multiple reservoir-based device allows people to perform multiple 

drug delivery simultaneously. Also, different controlling approaches pro-

vide more options to selectively deliver drug in local tissues according 

to different physiological environment and needs. Nowadays, microres-

ervoir devices have become commercial products of drug delivery. With 

the development of compatible materials, new controllers and delivery 

methods, and microfl uidic-based drug delivery devices will also be ulti-

mately applied in clinic.  
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 5.11      Electron micrographs of microfl uidic probe. (a) Parylene microfl u-

idic channel with dimension of 50 × 10  μ m. (b) Pointed tip of insertable 

portion of probe. (c) Entire probe with protrusion for fl uidic connection 

(1), base for handling (2) and tissue penetrating insert (3). ( Source : 

Copyright permission from Elsevier. 27 )  
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  5.5     Future trends 

 In addition to providing well-controlled drug release, highly effi cient treat-

ment for diseases, and low toxicity for health tissues, an ideal drug delivery 

system should include a monitored or triggered feedback to manage the 

drug release in response to a therapeutic marker or patient’s body. However, 

the drug delivery devices on the market usually need to control drug release 

under patients and experts’ administration according to the result of the 

outer monitor. How to obtain low-cost drug delivery devices with combina-

tion of monitored sensors of therapeutic marker and drug release network is 

a challenge for controlled drug devices. Advances in micro/nanofabrication, 

material science, communication technique, and biology will contribute to 

the design of ideal devices that can integrate biomonitoring with drug deliv-

ery in a closed-loop system on a single chip, without expert administration. 

 To date, pH and temperature controlled drug releases are two approaches 

that can be directly used in clinic without a complicated control system. 

pH sensitive materials have been used in clinic to perform controlled drug 

release according to different pHs of healthy and unhealthy tissues or phys-

iological environments. In addition, temperature triggered drug release also 

can build the simple triggered drug delivery device. 

 Besides, new biodegradable materials with low toxicity and high degrad-

able rate are essential to improve the qualifi cation of the implanted device, 

especially those that can be used to create biocompatible and fl exible micro- 

even nano-sized structure with MEMS/NEMS. Developing more ‘smart’ 

materials with unique properties (such as temperature sensitive and mem-

ory materials) will offer more opportunities to design customized delivery 

and feedback loop devices. 

 Also, local drug release can minimize the drug toxicity to healthy tis-

sues, which is critical for long-term drug delivery. Surface modifi cation with 

receptors can be utilized to specifi cally target unhealthy tissues and fi x the 

devices at the target location during a long period of drug release. 

 As a multidisciplinary fi eld, the combination of new technology and new 

materials guidance promises to foster further innovation of drug delivery.  
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    Plate I      (Chapter 5) (a) Schematic process overview for fabricating 

single or multi-drug loaded microdevices using photolithography. (b) A 

fl uorescent micrograph showing the presence of a single model drug 

(Texas red-BSA) loaded in all three reservoirs of the same microdevice. 

(c) A fl uorescent micrograph composite of a multi-drug (Texas red-BSA, 

red; FITC-BSA, green; DNP-BSA, blue) loaded microdevice as individual 

drug in separate reservoirs. The white circle highlights the microdevice 

area. ( Source : Copyright permission from John Wiley & Sons Inc. 

Chirra, H. D. and Desai, T. A. (2012) ‘Multi-reservoir bioadhesive 

microdevices for independent rate-controlled delivery of multiple 

drugs’, Small, 8(24): 01367.)   
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  Abstract : Microneedles (MN) are micron-sized needles, ranging from 
25 to 2000  μ m in height, made of a variety of materials and shapes. 
Application of MNs to the skin can create micron-sized transport 
pathways that allow enhanced delivery of a wide range of drug 
molecules. The concept of MNs was fi rst conceived in 1976; however, 
it was not possible to make them until the fi rst exploitation of 
microelectromechanical systems (MEMS) in 1998. Therefore, this chapter 
will focus on the fabrication techniques of MNs using MEMS, the design 
and material consideration of MNs, and the application of MNs in drug 
delivery and monitoring biological fl uids. 

  Key words : microneedles, microelectromechanical systems, transdermal 
drug delivery, skin, drug delivery, biological fl uid monitoring. 

    6.1     Introduction 

 Transdermal delivery is currently restricted to around 20 drug molecules 

that are approved by the US Food and Drug Administration for delivery 

by transdermal patches; for example, fentanyl for pain management, and 

nicotine for smoking cessation (Prausnitz  et al ., 2004). These approved 

molecules are all of low molecular weight (<500 Da), have adequate solu-

bility in both water and oil, and require a low daily dose to be administered 

(Chu and Prausnitz, 2011 ; Teo  et al ., 2006). Other properties required for 

good skin permeation include high but balanced octanol:water partition 

coeffi cient and a low melting point, which correlates with good solubility 

(Potts, 1990; Teo  et al ., 2006). The limited permeability of molecules that 

do not possess the above properties is due to the outermost layer of the 

skin, the  stratum corneum  ( SC ). This ‘dead’ layer of tissue has the ability 

to prevent the permeation of foreign compounds, including drug mole-

cules, and therefore acts as a very effective barrier (Naik  et al ., 2000). 
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 In order to enhance drug permeation of the skin, a number of chem-

ical and physical methods have been investigated. Chemical penetration 

enhancers, such as azone and l- α -lecithin have shown inconsistent results 

in terms of drug permeation and infl ammatory reactions (Fang  et al ., 2003). 

The peptide magainin is a natural pore former and it can be used to increase 

skin permeability (Kim  et al ., 2007). Physical methods, such as ultrasound, 

iontophoresis and electro poration, have been investigated but these meth-

ods require additional equipment to generate the physical disruption 

(Conjeevaram  et al ., 2002 ; Joshi and Raje, 2002; Vanbever  et al ., 1996). 

 The concept of MNs for use in drug delivery was initially considered a 

number of decades ago, with the fi rst patent being fi led by Gerstel and Place 

in 1976 (Gerstel and Place, 1976), but it was not until late into the 1990s that 

papers were published detailing a viable technique, due to previous limita-

tions in fabrication. Since that time, interest in this method of drug deliv-

ery has expanded signifi cantly. According to Kim  et al ., the current count of 

papers detailing the use of MN for drug delivery stands at over 350 (Kim 

 et al ., 2012a ). These papers describe the delivery of a range of drug mol-

ecules via a number of methods, including vaccines. The main body of work 

has involved the investigation of the use of MNs to aid the delivery of drugs 

via the transdermal route. MNs, as previously described, are micron-sized 

projections that can be produced in a range of conformations and materials, 

offering a new way to deliver drug molecules. In order to facilitate this, Kim 

 et al . stated ‘a MN should be large enough to deliver almost any drug but 

still be small enough to avoid pain, fear and the need for expert training to 

administer’ (Kim  et al ., 2012b ). As the  SC  is only 15–50  μ m thick in the dry 

state, the MNs have been developed so they bypass the  SC  but avoid the 

deeper tissues, which contain nerve endings and blood vessels, and so over-

come the drawbacks associated with hypodermic needles (Shawgo  et al ., 
2002; Xie  et al ., 2005). 

 In the last few decades, the development of new therapeutics has seen the 

emergence of a large number of biotherapeutics. Due to the nature of these 

molecules, I.V via hypodermic needle is the most commonly employed 

method of delivery. This allows the gastrointestinal tract and fi rst-pass 

metabolism to be avoided; however, the disadvantages noted above are 

cause for concern. Previously the transdermal route was not a feasible route 

to use to deliver these drugs, but through the utilisation of MN, the skin has 

become a target for delivering these molecules. Using MN to circumvent the 

 SC , the range of drugs that can be delivered across the skin has been con-

siderably increased to include biotherapeutics and vaccines as well as low 

molecular weight drugs. In addition to improving transdermal delivery, MN 

has been shown to facilitate delivery to the eye, cell nucleus, and localised 

tissue delivery.  
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  6.2     Fabrication of microneedles (MNs) 

 Microelectromechanical systems (MEMS) technology is the most promis-

ing method to fabricate the optimal design of MNs for specifi c application, 

as it allows for accurate replication of MNs to produce extremely precise 

devices. It was the microelectronics industry that allowed the production 

of these very small structures through microfabrication. The earliest MNs 

were manufactured using standard microfabrication techniques to etch 

arrays of micron-size needles into silicon (Henry  et al ., 1998). Since then, 

they have been produced using a range of materials, such as ceramic, glass, 

polydimethylsiloxane (PDMS), dextrin and polymers, as well as metal such 

as stainless steel and titanium. They have also been produced in numerous 

geometries, sizes, and shapes, with or without a bore, allowing use for dif-

ferent applications. Use of MEMS techniques has led to potential applica-

tions in biomedical fi elds (called BioMEMS), such as in drug delivery, DNA 

sequencing devices, biosensors and chemical analysis systems (Ashraf  et al ., 
2011; Donnelly  et al ., 2012). The most common substrate material for micro-

machining is silicon. It has been successful in the microelectronics indus-

try and will continue to be in areas of miniaturisation for several reasons, 

such as it is abundant, inexpensive compared to metal and ceramic, and can 

be processed to unparalleled purity. Silicon’s ability to be deposited in thin 

fi lms is also very amenable to MEMS (Donnelly  et al ., 2010 b; Garland  et al ., 
2011; Kim  et al ., 2012 b). 

 Most MN fabrication methods are based on the conventional microfab-

rication techniques of adding, removing, and copying microstructures utilis-

ing photolithographic processes, laser cutting, metal electroplating, silicon 

etching, metal electropolishing and micromoulding (Kim  et al ., 2012b ). The 

three basic techniques in MEMS technology are the deposition of thin fi lms 

of material on a substrate, applying a patterned mask on top of a fi lm by 

photolithographic imaging, and etching the fi lms selectively to the mask. 

  6.2.1     Thin fi lm deposition 

 Thin fi lm deposition involves processing above the substrate surface (typi-

cally a silicon wafer with a thickness of 300–700  μ m). Material is added to the 

substrate in the form of thin fi lm layers, which can be either structural layers 

or act as spacers later to be removed. MEMS deposition techniques fall into 

two categories, depending on whether the process is primarily chemical or 

physical (Madou Marc, 1997). In chemical deposition, fi lms are deposited via 

a chemical reaction between the hot substrate and inert gases in the chamber 

at low or atmospheric pressure. Depending on the phase of the precursor, 

chemical deposition is further classifi ed into plating, spin coating, chemical 

vapour deposition (CVD) (e.g. low pressure CVD, plasma-enhanced CVD, 
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and very low pressure CVD), and atomic layer deposition. In physical depo-

sition, the raw materials (solid, liquid or vapour) are released and physically 

moved to the substrate surface, e.g. thermal evaporation, sputtering and ion 

plating. The choice of deposition process is dependent upon several factors, 

e.g. substrate structure, operating temperature, rate of deposition and source. 

These fi lm layers are deposited and subsequently patterned using photolith-

ographic techniques, then etched away to release the fi nal structure (Banks, 

2006; Madou Marc, 1997). A summary of MEMS deposition techniques can 

be found in Table 6.1.     

  6.2.2     Photolithography 

 Photolithography is a technique used to transfer copies of a master pattern 

onto the surface of a substrate of some material (usually a silicon wafer). 

The substrate is covered with a thin fi lm of some material, e.g. silicon dioxide 

(SiO 2 ), on which a pattern of holes will be formed, as seen in Fig. 6.1. There 

are different types of lithography, including photolithography, electron 

beam lithography, ion beam lithography and X-ray lithography. Diamond 

patterning is also an option for lithography. A thin layer of an organic poly-

mer, known as photosensitive or photoresist, which is sensitive to ultra-

violet (UV) radiation, is then deposited on the oxide layer (Fig. 6.1a). A 

photomask, consisting of a glass plate (transparent) coated with a chromium 

pattern (opaque), is then placed in contact with the photoresist-coated sur-

face (Madou Marc, 1997). The wafer is exposed to the illumination; the sim-

plest form is via the use of UV, transferring the pattern on the mask to 

the photoresist, which is then developed (Fig. 6.1c). The radiation causes 

a chemical reaction in the exposed areas of the photoresist, of which there 

are two types: positive and negative. During the development processes, the 

rinsing solution removes either the exposed areas or the unexposed areas 

 Table 6.1     Different MEMS deposition techniques 

 Physical vapour deposition 

(PVD) techniques 

 CVD techniques  Others deposition 

techniques 

 • Thermal evaporation 

 • Sputtering 

 • Molecule-beam epitaxy 

 • Ion plating 

 • Laser ablation deposition 

 • Cluster-beam deposition 

 • Plasma-enhanced CVD 

(PECVD) 

 • Atmospheric pressure 

CVD 

 • Low pressure CVD 

(LPCVD) 

 • Very low pressure CVD 

(VLPCVD) 

 • Metallorganic CVD 

 • Spray pyrolysis 

 • Epitaxy 

 • Casting 

 • Electrochemical 

deposition 

 • Silk-screen printing 

 • Plasma spraying 

 • Casting 
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of photoresist, either by wet (using solvent) or dry (using vapour phase or 

plasma) and leaving a pattern of bare and photoresist-coated oxides on the 

wafer surface (Fig. 6.1d). After that, the unwanted photoresist left after the 

development process is removed by oxygen plasma treatment (Banks, 2006; 

Donnelly  et al ., 2012; Madou Marc, 1997). The fi nal oxide pattern is then 

either a positive or negative copy of the photomask pattern and used as a 

mask in subsequent processing steps (Fig. 6.1f). In MEMS, the oxide is used 

as a subsequent mask for either further additional chemical etching creating 

deeper 3D holes, or new layers on which to build further layers, resulting in 

an overall 3D structure or device (Banks, 2006; Madou Marc, 1997).       

  6.2.3     Etching 

 Etching is a technique to cut the unprotected parts of a material’s surface 

by using strong acid or a physical process to create a design in it, and can 

be divided into two categories: wet etching and dry etching. The selection 

of any of the abovementioned methods largely depends on the material of 

construction and the type of MNs (Donnelly  et al ., 2012). It is used to etch 

(a)

(c)

(d)

(f)

UV light

Glass plate

Opaque
pattern
Hardened

resist

(e)

SiO2 (–1 μ)

n-type silicon

(b)

SiO2

Si

Negative photoresist coat

Oxidation

Lithography preparation

Unexposed photoresist removed 
by developer

Exposed photoresist removed

Exposure

SiO2 etched

 6.1      Sequential processes in the transfer of a pattern to the substrate 

surface.  

�� �� �� �� �� ��



190   Microfl uidic devices for biomedical applications

© Woodhead Publishing Limited, 2013

the thin fi lms previously deposited and/or the substrate itself. In wet etch-

ing the material is removed by immersion of a material (typically a silicon 

wafer) in a liquid bath of a chemical etchant. These etchants are classifi ed 

into isotropic and anisotropic. Isotropic etchants attack the material at 

the same rate in all directions. Anisotropic etchants etch material at dif-

ferent rates in different directions, so they are faster in a preferred direc-

tion. Potassium hydroxide (KOH) and tetramethyl ammonium hydroxide 

(TMAH) are the most common anisotropic etchants. Structures formed in 

the substrate are dependent on the crystal orientation of the substrate or 

wafer. The dry etching technology can be divided into three classes: reactive 

ion etching (RIE), sputter etching, and vapour phase etching. Deep reac-

tive ion etching (DRIE) is a higher-aspect-ratio, up to 50:1, etching method 

involving an alternating process of high-density plasma etching and CVD. 

This process, called BOSCH, was patented by Laermer and Schilp at Robert 

Bosch GmbH in 1994 (Laermer and Schilp, 1996). For silicon, DRIE is one 

of the most important promising technologies for high volume production. 

The BOSCH process provides a tool to optimise fabrication parameters to 

achieve high etch rate, high aspect ratio, straight sidewalls and small side-

wall scalloping. The probability of getting non-vertical, tapered sidewalls is 

limited (Roxhed  et al ., 2007).   

  6.3     MN design parameters and structure 

 The shape and geometry of MN is critical during design and fabrication. 

The needles must be capable of inserting into skin without breaking and 

the needles should be of suitable length, width and shape to avoid nerve 

contact (McAllister  et al ., 2003; Park  et al ., 2005; Yung  et al ., 2012). The elas-

tic properties of human skin can prevent MN from penetrating by twist-

ing around the needles during MN application, particularly in the case of 

blunt and short MNs (McAllister  et al ., 2003). Metals are typically strong 

enough, whereas polymers must be selected in order to ensure they have 

suffi cient mechanical strength. Typical MN geometries vary from 25 to 2500 

 μ m in length, 50 to 250  μ m in base width and 1 to 25  μ m in tip diameter 

(McAllister  et al ., 2003; Yung  et al ., 2012). 

 Based on the fabrication process, the MNs are classifi ed as in-plane MNs, 

out-of-plane MNs, or a combination as seen in Fig. 6.2. Considering the in-

plane designs (Fig. 6.2a), the MNs are parallel to the machined surface of the 

substrate (e.g. Si wafer). The major advantage of in-plane MNs is easily and 

accurately controlled production of MNs with various lengths during fabrica-

tion process. In out-of-plane designs (Fig. 6.2b), the MNs are perpendicular 

to the fabrication surface of Si wafer and are easier to produce in arrays than 

in-plane (Ashraf  et al ., 2011; Donnelly  et al ., 2012). MNs can also be classifi ed 

as solid, coated, dissolving, and hollow, according to the structure.      
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 MNs can be classifi ed on the basis of overall shape and tip, ranging from 

cylindrical, rectangular, pyramidal, conical, octagonal, to quadrangular, with 

different needle lengths and widths. The tip shape of MNs is important for 

skin penetration, because sharper MNs have higher potential for penetrat-

ing the skin, but larger tip diameters require higher insertion forces, which 

may lead to bending or breaking of the needles in the skin (Arora  et al ., 
2008; Banga, 2009; Teo  et al ., 2006). In addition, the shape of the tips of hol-

low MNs is essential for the fl ow rate; the fl ow from a blunt-tip MN is lower 

than a bevel-tip MN, because a blunt-tip MN compacts the skin and thus 

(a) (b) (c)

 6.2      Scanning electron microscope (SEM) images of (a) in-plane MNs 

(Daddona, 2002), (b) out-of-plane MNs (Donnelly  et al ., 2009b), and 

(c) combined in-plane and out-of-plane MNs (Jae-Ho  et al ., 2008).  

(a)

(f) (g) (h)

(b) (c) (d) (e)

 6.3      Shapes of MN (a) Cylindrical; (b) Tapered tip; (c) Canonical; (d) 

Square base; (e) Pentagonal-base canonical tip; (f) Side-open single 

lumen; (g) Double lumen; (h) Side-open double lumen. ( Source : 

Adapted from Ashraf  et al ., 2011.)  
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has higher risk of clogging (Bodhale  et al ., 2010; Luttge  et al ., 2007). To over-

come this problem, it should have very sharp tip, with the bore of the MN 

off-centred or on the side of the MN. Increasing the number of bores in hol-

low MNs will increase the fl ow rate; nevertheless, this results in decreased 

MN strength and a reduction in sharpness (Stoeber and Liepmann, 2002). 

Figure 6.3 summarises the multiple geometries of MN available.      

  6.3.1     Solid MNs 

 As the name suggests, these MNs are solid with no openings in the structure. 

In order to utilise these MNs for drug delivery, a variety of materials have 

been used for manufacture, including metals (Gill and Prausnitz, 2007a; 

Matriano  et al ., 2002), silicon (Gardeniers  et al ., 2003), glass (McAllister  et al ., 
2003), non-biodegradable polymers (Jin  et al ., 2009; Moon  et al ., 2005) and 

biodegradable polymers (Park  et al ., 2005) (Table 6.2). The most common 

materials are discussed below.    

  Silicon MN 

 Prausitz’s research group from Georgia Institute of Technology, Atlanta, 

USA fabricated the fi rst MN, which was made up of silicon. The Si wafer 

was etched by an oxygen/fl uorine plasma mixture in a RIE (a dry etching 

process), with a chromium mask. The dimensions of needles were approxi-

mately 80  μ m at the base, 150  μ m in length, and approximately 1  μ m radius 

of curvature at the tip. These needles were able to increase skin permeability 

of calcein, insulin and bovine serum albumin (Henry  et al ., 1998; McAllister 

 Table 6.2     Lists of the most common materials used for fabrication of MN 

 Metals  Synthetic polymer  Natural polymer 

 Biodegradable  Non-

biodegradable 

 Silicon  Poly lactic acid 

(PLA) 

 Poly vinyl acetate  Carboxy methyl 

cellulose 

(CMC) 

 Stainless steel  Poly glycolic 

acid (PGA) 

 Alginic acid  Amylopectin 

 Titanium  Polycarbonate  Gantrez AN139  Dextran 

 Palladium  Poly vinyl 

pyrrolidone 

(PVP) 

 Carbopol 971 

P-NF 

 Galactose 

 Nickel  Polylactide-co-

glycolic acid 

(PLGA) 

 Polyetherimide  Maltose 
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 et al ., 2000). Wilke  et al . (2005) fabricated silicon MN by a dry etching tech-

nique (a modifi ed RIE), using a standard wafer of 525 μ m thickness, and a 

conical-shaped solid MN with an aspect ratio of 4.5:1 (height: base diame-

ter). As usual, undercut etch rate to vertical etch (using SF 6 /O 2 ) was utilised 

with the BOSCH-DIRE process (Wilke  et al ., 2005). 

 Another type of solid silicon MNs, called microenhancer arrays, were 

etched from silicon wafers using lithography and potassium hydroxide etch-

ing, were able to deliver naked plasmid DNA into mice skin. These needles 

measured 50–200  μ m in length over a 1cm 2  area and had a blunt tip (Mikszta 

 et al ., 2002). The signifi cance of this study was the feasibility of using blunt-

tipped MNs to scrape the skin for increased the delivery of DNA vaccine to 

generate an immune response. 

 Roxhed  et al . (2008a) fabricated sharp hollow silicon MN tips with side-

openings. In addition, the tips were sealed with a layer of gold coating, to 

yield a closed-package system. The MNs were made on a 600  μ m thick, 

monocrystalline silicon wafers using a two-mask process, an anisotropic 

DRIE etch through the BOSCH process, and an isotropic SF 6  plasma etch-

ing. There were two designs of MN: a 310  μ m long cross-shaped, and 400 

 μ m long circular-shaped. Three different methods to open the gold seals are 

burst opening, opening upon insertion into the skin, and electrochemical 

opening (Roxhed  et al ., 2008a). Moreover, Roxhed  et al . (2008b) integrated 

the 400  μ m long circular-shaped HMN with an electrically controlled liq-

uid dispensing unit to form a patch-like drug delivery system. This liquid 

dispenser was made up of three different layers: a 500  μ m thick printed 

circuit board (PCB) heater layer, a 500  μ m thick expandable layer (a mix-

ture of silicone elastomers), and a liquid reservoir (total volume of 12  μ L). 

This integrated device was used for delivery of insulin in diabetic rats and 

showed consistent control over blood glucose levels (Roxhed  et al ., 2008b).  

  Metal MNs 

 Metal MN have good mechanical strength, are easy to fabricate, relatively 

inexpensive, and the metals used, such as stainless steel, titanium, and nickel, 

have established safety records in FDA medical approved devices (Gill and 

Prausnitz, 2007a ). They have been fabricated by laser cutting (e.g. stainless 

steel), wet etching (e.g. titanium), laser ablation, and metal electroplating 

methods (Kim  et al ., 2012b ). The smallest used hypodermic needles (30/31 

G) were translated into arrays of MNs. A research group at Alza Corp 

reported titanium MN arrays (commercially called Macrofl ux®) fabricated 

by applying a thin layer of photoresist onto a titanium or stainless steel 

sheet, contact-exposing and developing the resist with the desired pattern, 

and bending the arrays to a 90° angle (relative to horizontal sheet plane), 

which ranged from 175–430  μ m in length, 190–320 arrays/cm 2  over an area of 
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2 cm 2 , base width 170  μ m and thickness 35  μ m. These microprojection arrays 

were able to deliver oligodeoxynucleotides, ovalbumin, synthetic peptide, 

and human growth hormone across hairless guinea pigs’ skin (Cormier and 

Daddona, 2003). 

 Omatsu  et al . (2010) fabricated MNs on a metal surface based on laser 

ablation using circularly polarised optical vortices having non-zero total 

angular momentum, known as twisted light with spin, for the fi rst time. The 

needle showed a height of at least 10  μ m above the target surface and a tip 

diameter of less than 0.5  μ m. They also demonstrated the fabrication of a 

two-dimensional 5 × 6 MN array. This technique forms a metal MN by depo-

sition of a few laser pulses onto a metal target, signifi cantly improving the 

time and cost of fabrication of two-dimensional metal MN arrays (Omatsu 

 et al ., 2010). 

 Bai  et al . (2012) fabricated micro-nickel needle arrays by Lithographie, 

Galvanoformung, Aboformung (LGIA) process, which is a high aspect ratio 

fabrication technique based on polydimethylsiloxane (PDMS) mould and 

nickel transfer technology. The density of the array was 900 MN/cm 2  and the 

height was 150  μ m; the advantages of this fabrication method are in forming 

complex 3D micro metal structures, low cost, and high throughput.  

  Ceramic MN 

 The use of ceramic materials raised the possibility to fabricate solid and 

porous MNs, which could be loaded with liquid for drug delivery or diag-

nostic sampling (Bystrova and Luttge, 2011). Solid ceramic MNs were 

fabricated by micromolding alumina slurry using a (PDMS) MN mould 

and ceramic sintering (Donnelly  et al ., 2012; Kim  et al ., 2012b ). Bystrova 

and Luttge (2011) from University of Twente, the Netherlands, fabricated 

ceramic MNs by the micromachining of the SU-8/Si master, which allowed 

a variety of needle geometries, such as disc shape. The multiple replication 

of the PDMS mould gives a low cost production mould that can be reused 

for ceramic (Bystrova and Luttge, 2011). 

 Ceramic MNs have also been lithographically fabricated using a two-pho-

ton-induced polymerisation approach. An intense laser was scanned within 

a photosensitive polymer–ceramic hybrid resin using a galvano-scanner and 

a micropositioning system to induce polymerisation locally in the shape of 

the MN (Bystrova and Luttge, 2011; Kim  et al ., 2012b ).  

  Coated MNs 

 The micron lengths of needles enforce special coating formulation to obtain 

uniform coatings and spatial control over the region of the MN to be coated, 

because the effects of surface tension, capillarity and viscous forces become 

more prominent at these small length scales. Therefore, for coating drug 
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formulation, solid MNs should be composed of surfactants to facilitate wet-

ting and spreading of the drug solution on the MN surface during the coat-

ing process, viscosity enhancers to increase coating thickness, and stabilising 

agent to protect and stabilise biomolecules during drying and storage (Choi 

 et al ., 2012; Gill and Prausnitz, 2007b ). In addition, coating solution excipients 

and solvent should be safe for human use, and the coating method should be 

compatible with manufacturing processes and not damage coated drugs. 

 In 2012, Peters and colleagues from Zosano Pharma, Inc., California, 

USA, demonstrated for the fi rst time that erythropoietin Alfa (EPO) can 

be formulated at high concentration and coated onto an MN patch without 

loss of effi cacy or formation of insoluble aggregates. In this study, titanium 

MN arrays were made by photo/chemical etching, and the drug formulation 

which was 15% w/w EPO, 15% w/w sucrose and 0.2% w/w polysorbate 20 

coated on the MN array, was spun at 50 rpm, in a drug formulation reservoir 

(2 mL in volume) to produce a thin fi lm of drug with controlled thickness 

of ~100  μ m. The tips of the needles were dipped into the thin fi lm, and the 

coating per area adjusted by the number of dips. The time between each dip 

coating was less than 5 s, which was enough to allow the coating to dry. The 

dose per patch was also optimised by the MN array area (from 0.3 to 3 cm 2 ) 

(Peters  et al ., 2012). DeMuth  et al . (2010) fabricated multilayer-coated MN, 

which achieved transcutaneous delivery of plasmid DNA to the epidermis. 

Plasmid DNA was delivered to the skin by MN application to achieve co-

localisation with Langerhans dendritic cells (DeMuth  et al ., 2010).   

  6.3.2     Hollow MNs 

 Hollow MNs (HMN) are of interest for pharmaceutical application because 

they enable transfer of a wide range of molecules transdermally with the 

advantages of hypodermic injection, such as rapid onset action without the 

drawbacks (e.g. pain, skin reaction). The fl ow rate can be modulated for a 

rapid bolus injection, a slow infusion, or a time varying delivery rate. HMNs 

can be integrated into a smart biomedical device consisting of a biosensor, 

and blood sampling and drug delivery systems (Donnelly  et al ., 2012; Kim 

 et al ., 2012b ; van der Maaden  et al ., 2012). 

 HMNs were made of glass; polymer and metal have been prepared from 

substrates by conventional fabrication methods. These needles have been 

produced either from material substrate of MEMS directly, or from mul-

tiple substrates with different physicochemical properties to be utilised as 

sacrifi cial layer and fabricated by different techniques including laser micro-

machining, DRIE of silicon, an integrated lithographic moulding technique, 

deep X-ray photolithography, and wet chemical etching and microfabrica-

tion (Kim  et al ., 2012b ). 
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 McAllister  et al . (1999) demonstrated the fi rst out-of-plane HMNs The 

fabrication process combined a solid silicon MN with the BOSCH process 

to form a needle bore, 150  μ m long HMN and microtubes. The paper also 

presented the fabrication of metal HMNs which were fabricated by electro-

plating the needles (lost-mould technique), had bore openings of 10  μ m in 

diameter, and penetrated epidermal tissue  in vitro . Kim  et al . (2004) dem-

onstrated later in the same way the fabrication of metal HMNs by electro-

plating needles on solid MN arrays made of SU-8. The silicon HMNs were 

fabricated by the BOSCH process to create hollow shell structures with 

high aspect ratio, after which isotropic and wet etching processes were used 

to obtain sharper tips. To obtain a polymer HMN, a drilling process, to make 

the bore hole, and milling, to create the bevelled tip shape out of polyphe-

nylsulfone polymer, were utilised (Daugimont  et al ., 2010).   

  6.4     Strategies for MN-based drug delivery 

 MNs manufactured using a variety of materials such as metals (Gill and 

Prausnitz, 2007a; Matriano  et al ., 2002), silicon (Gardeniers  et al ., 2003), 

glass (McAllister  et al ., 2003), non-biodegradable polymers (Jin  et al ., 2009; 

Moon  et al ., 2005) and biodegradable polymers (Park  et al ., 2005) have 

been used for enhancing TDD. Four main approaches, one using hollow 

MNs and the other three utilising solid MNs, have been utilised, as shown 

in Fig. 6.4.      

  6.4.1     Skin pretreatment: ‘poke and patch’ 

 Skin pretreatment produces microconduits through which molecules are 

able to travel (Banga, 2009; Singh  et al ., 2010) (Fig. 6.4a). Drugs are con-

tained within a patch or a semi-solid topical formulation that is applied over 

the area where the MNs were applied (Williams, 2003). This method is suit-

able for both localised delivery to the target tissue but also systemic deliv-

ery. The delivery of drugs via this method initially investigated the feasibility 

of delivering molecules such as calcein (623 Da), across the skin with and 

without using MNs. An increase in permeability of around 10 000-fold was 

observed when MNs were applied for 10 s, while application of the MNs 

for 1 h prior to removal resulted in a 25 000-fold increase in calcein per-

meability (Henry  et al ., 1998). Naltrexone delivery was investigated across 

both guinea pig and human skin by the delivery of drugs to human skin by 

this method. After application of the MNs, elevated levels of naltrexone in 

the plasma were observed for 3 days following, compared to non-treated 

MN skin. Permeability of the guinea pig skin to the hydrophilic naltrex-

one hydrochloride was augmented 10-fold with similar results observed for 

human skin (Banks  et al ., 2008, 2010). 
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 More recent work has produced data relating to the localised delivery 

of phenylephrine (PE) to the anal sphincter muscle using MN for the 

treatment of faecal incontinence. Pretreating human cadaver skin with an 

array of 50 MN resulted in a 6-fold increase in the amount of PE deliv-

ered, with a 100 MN array increasing the amount delivered by 10-fold 

compared to without MN treatment (Baek  et al ., 2011). A further appli-

cation of this approach has been in the delivery of 5-aminolevulinic acid 

(ALA) used in photodynamic therapy, which involves the combination 

of photosensitisers and light to kill target cells (Dai  et al ., 2009; Donnelly 

 et al ., 2008). Topical delivery of ALA has shown good clearance rates and 

is not associated with cutaneous photosensitivity, and therefore can treat 

superfi cial lesions successfully. Deeper lesions, however, are resistant to 

this method of delivery as ALA is hydrophilic and therefore can only 

penetrate the top layers of tissue. Pretreatment of murine skin with sili-

cone MN for 30 s and then the application of ALA-containing patches 

saw no signifi cant change in ALA levels in deeper tissues, but there was 

a reduction in application time and the ALA dose necessary to produce 

high levels of the photosensitiser protoporphyrin IX in skin (Donnelly 

 et al ., 2008).  

(a)

(b)

(c)

(d)

 6.4      (a) Solid MNs applied and removed to create micropores followed 

by the application of a traditional transdermal patch. (b) Solid MNs 

coated with drug molecules applied for instant delivery. (c) Polymeric 

MNs which remain in skin and dissolve over time to deliver the drug 

within the MNs. (d) Hollow MNs for continuous drug delivery or body 

fl uid sampling. ( Source : Adapted from Arora  et al ., 2008.)  
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  6.4.2      Dissolving, swelling or porous MN: ‘poke and 
release’ 

 This method of delivery involves application of the MNs, which either can 

dissolve/swell, or can contain pores, through which drug will diffuse into 

systemic circulation (Fig. 6.4c). The materials from which the MNs are pro-

duced act as drug depots holding the drugs until the trigger for release 

occurs, i.e. dissolution or swelling (Van der Maaden  et al ., 2012). 

 Dissolving MNs upon insertion into tissue is the trigger for drug release 

that is encapsulated within the needles. Both sugars and polymers have 

been utilised to produce these MNs with the degradation of the structures 

over time resulting in no fragments being left in the skin or hazardous 

waste (Migalska  et al ., 2011; Sullivan  et al ., 2008). Initial studies involving 

dissolving MNs employed organic solvents and elevated temperatures for 

production, which caused concern in relation to the stability of drugs, espe-

cially those of a proteinaceous nature (Park  et al ., 2006; Sullivan  et al ., 2008). 

Sugars such as maltose and galactose were used to fabricate these MNs 

but elevated temperatures of over 100°C were required to produce molten 

forms of these sugars, known as caramels (Donnelly  et al ., 2009a; Miyano 

 et al ., 2005). Alternatively, Lee  et al . in 2008 used polylactic acid (PLA), 

carboxymethyl cellulose (CMC), amylopectin and bovine serum albumin 

(BSA) as dissolving materials for the delivery of a range of molecules to 

the skin. Those MN formulations with drug only in the needle shaft were 

hypothesised to be useful for bolus dosing due to rapid dissolution, con-

fi rmed by the study of sulforhodamine in the porcine skin 5 min after inser-

tion of the MN. Prolonged release from these systems is not possible due to 

the small loading capacity of the MN. In order to extend the delivery life 

of the system, drugs were also incorporated into the backing layer, or only 

into the backing layer and not the needles, meaning a reservoir of drug was 

available. Prolonged release of over 1 day was observed with CMC MNs 

containing sulforhodamine. Encapsulation of the protein, lysozyme, inside 

the MN matrix for dissolution was also shown to have no adverse effects on 

the secondary structure (Lee  et al ., 2008). The encapsulation of other drugs 

such as erythropoietin and enzymes within dissolving MNs has been shown 

to retain the activity of the drugs even after 2 months of storage, which is 

encouraging (Ito  et al ., 2006; Lee  et al ., 2008; Sullivan  et al ., 2008). In a study 

by Li  et al ., the maltose MN dissolved within 1 min, with the microconduits 

formed remaining open for 24 h, allowing the rapid delivery of monoclonal 

antibodies (Li  et al ., 2009). 

 Hydrogels are macromolecular polymeric materials that are crosslinked 

to form a 3-D network that permits the retention of relatively large volumes 

of water, while avoiding solubilisation in an aqueous environment (Kim 

 et al ., 1992; Peppas  et al ., 2000). Therefore, this swelling property of hydrogel 
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MNs allows fl uid uptake that in turn allows dissolution of drug within the 

MN to provide continuous drug diffusion from the MNs into surrounding 

tissue. Release from these structures can be controlled by alteration of the 

polymer or polymer content that in turn affects the swelling behaviour 

(Hennink and van Nostrum, 2002; Hoffman, 2002; Kim  et al ., 1992). In a 

recent study conducted by Kim  et al ., hydrogel microparticles were incorpo-

rated into the hydrophobic polymer, poly(lactic-co-glycolic) acid. Insertion 

into porcine cadaver skin resulted in the microparticles swelling, resulting in 

rhodamine release. This design can also serve as a method to deliver hydro-

phobic drugs as well as hydrophilic (Kim  et al ., 2012a). Similarly, we have 

showed, for the fi rst time, hydrogel-forming MNs prepared from crosslinked 

polymers, which contain no drug themselves. Instead, they rapidly take up 

skin ISF upon skin insertion to form continuous, unblockable, hydrogel 

conduits from attached patch-type drug reservoirs to the dermal microcir-

culation. This technology has the potential to overcome the limitations of 

conventional MN designs, and greatly increase the range of drug deliverable 

transdermally. Using these novel MNs we have shown sustained delivery of 

molecules of different molecular weights, such as BSA (67 000 Da), insulin 

(6000 Da), theophylline (180 Da), metronidazole (171 Da), caffeine (194 

Da) and methylene blue (320 Da) (Donnelly  et al ., 2012). 

 Porous MNs have been manufactured from both non-biodegradable and 

biodegradable materials, with biodegradable materials being favoured due 

to the inherent weakness of these structures compared to solid MNs (Park 

 et al ., 2007). The structural weakness may result in fracturing of the needles, 

therefore if non-biodegradable materials are used fragments of the mate-

rial may be left in the skin once drug delivery has ceased and the needles 

are removed. A progression on this technology incorporates a solid silicone 

MN with a macroporous silicone tip. Macroporous silicone is biodegradable, 

and therefore this overcomes the problem non-biodegradable tip fragments 

being left in tissue, and therefore offers an alternative method of drug load-

ing (Ji  et al ., 2006).  

  6.4.3     Coated MN: ‘coat and poke’ 

 Coated MNs can provide extremely quick drug delivery, in some cases 

within one minute. The most common method for producing these MNs is 

to dip-coat the needles in the drug solution once or repeatedly (Bariya  et al ., 
2012 ) (Fig. 6.4b). Drug delivery is limited, due to the small dimensions of the 

MN shaft and tip, and therefore the area for coating is typically low (i.e. up 

to 1 mg) due to smaller MN arrays (Gill and Prausnitz, 2007b); this method, 

therefore, is normally reserved for potent drug molecules such as vaccines 

(Bal  et al ., 2010; Banga, 2009). Thick layers of drug coating are not feasible, 

as low skin delivery effi ciency has been shown resulting from a blunting of 
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the MN and therefore poor penetration (Chen  et al ., 2009; Cormier  et al ., 
2004 ; Matriano  et al ., 2002; Xie  et al ., 2005 ). Both hydrophilic and hydropho-

bic drugs, along with microparticles, proteins, DNA and RNA, have been 

delivered in this manner (Bal  et al ., 2010; Cormier  et al ., 2004 ; Gill  et al ., 
2010; Gill and Prausnitz, 2007a, 2007b ; Xie  et al ., 2005 ). A variation of this 

delivery method uses the ‘dip and scrape’ method, which involves the scrap-

ing of previously coated solid MN across the skin (Mikszta  et al ., 2002). This 

action produces very small abrasions that provide access to the lower layers 

of tissue. However, some diffi culties have arisen due to potential skin irrita-

tion and lack of control over drug delivery (van der Maaden  et al ., 2012).  

  6.4.4      Continuous drug delivery using hollow MNs: ‘poke 
and fl ow’ 

 Hollow MNs are used to deliver drug solutions via the ‘poke and fl ow’ 

method, which involves insertion of the MN into tissue and then a drug 

solution can be transported through the bore of the MN in similar fashion to 

a hypodermic needle (Gardeniers  et al ., 2003; Wang  et al ., 2006) (Fig. 6.4d). 

Due to the limited amounts of drug that could be administered by the other 

conformations of MNs, hollow MNs were developed (Bariya  et al ., 2012 ). 

Passive diffusion of the drug solution may occur through the MN, with active 

delivery allowing more rapid rates. Active delivery requires a driving force, 

which may be produced by a number of methods that have been detailed 

in literature. Commonly, a syringe is used to drive the solution through the 

MN into the tissue, but some studies have combined the MN systems with 

a pump or pressurised gas (Amirouche  et al ., 2009; Bal  et al ., 2010; Gupta 

 et al ., 2009; McAllister  et al ., 2003). This method of delivery, however, does 

have distinct shortcomings in that fl ow rates are normally less than 300 nL 

min  − 1  (Martanto  et al ., 2006; Roxhed  et al ., 2008b ; Wang  et al ., 2006), with 

higher rates of administration in the order of  μ L min  − 1  requiring the incor-

poration of hyaluronidase into the formulation to degrade the skin collagen 

fi bres (Martanto  et al ., 2006). Also, as the bore of the MN is small, there is 

a risk of blockage, which would prevent further delivery of drug solution 

(Jiang  et al ., 2009). 

 A study conducted by Gupta  et al  utilised a single hollow MN to deliver 

local anaesthesia, lidocaine. This method of delivery was compared to the 

conventional mode of using a hypodermic needle to deliver the lidocaine 

intradermally. Results showed that the subsequent levels of local anaesthe-

sia were the same for each method but patient satisfaction with the MN 

technique was much greater due to a reduction in pain observed determined 

by VAS pain scores. Consequently, 77% of the participants favoured MNs, 

and 80% indicated that they did not deem the MNs to be painful (Gupta 

 et al ., 2012). Insulin delivery through hollow MNs has been investigated by 
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a number of research groups. A study conducted by McAllister  et al . in 2003 

involved the microinfusion of insulin through hollow MNs to diabetic, hair-

less rats. A drop in blood glucose levels of over 70% from was observed in 

comparison to preinfusion levels and also compared to control rats infused 

saline, and those with insulin solution applied topically (McAllister  et al ., 
2003). In a similar experiment carried out in male Sprague Dawley hairless 

rats using metal MNs, the post-infusion blood glucose level was reduced by 

47% in comparison with the preinfusion levels. Negative control investiga-

tions showed that topical insulin without MNs produced undetectable levels 

of plasma insulin (Davis  et al ., 2005).  

  6.4.5      Challenges relating to microneedles and drug 
delivery 

 MN development is a vast and ever-expanding area of research and this is 

demonstrated by a large number of patent applications that have been fi led. 

Many of these patents focus on the design of MN and not the fi nal develop-

ment of a viable drug delivery device. Each of the systems mentioned previ-

ously that utilise MN to deliver a range of drugs would still be considered to 

be in the developmental stage. The challenge with this technology lies in the 

production of a viable and useable complete system that would allow effec-

tive amounts of drug to be delivered across the skin. Decades of research 

have yet to yield a single product, due to diffi culties in development. 

 First in terms of MN design, as has been alluded to, hollow MNs carry 

a risk of blockage and they are structurally weaker than the other confor-

mations. When considering coated MNs, only a thin coating layer of drug 

solution is possible, to avoid blunting of the tip and poor penetration. The 

tips of solid MNs have also been shown to fracture once inserted into skin, 

which could result in immune reactions to foreign bodies (Chen  et al ., 2008). 

The ‘coat and poke’ method of drug application has an inherent disadvan-

tage; this is a two-step process, which may limit its ease of use compared to 

other methods (Garland  et al ., 2011). The material used to manufacture the 

MN can result in a number of issues in relation to the use in drug delivery. 

Solid MNs produced from metals can leave metallic traces in the skin, which 

in turn may result in irritation, erythema and swelling among other effects 

(Donnelly  et al ., 2011). The ‘ideal’ MN has not been identifi ed, due to the 

vast number of variables in design and manufacture. This area is therefore 

an ongoing topic of research worldwide. Attention must also be paid to the 

potential site of MN application when delivery of drugs is an aim. As is 

widely known, the thickness of our skin varies across our bodies and also 

between individuals. This factor poses an issue in relation to bioavailabil-

ity variation, and needs to be considered when developing delivery systems 

(Godin and Touitou, 2007). 

�� �� �� �� �� ��



202   Microfl uidic devices for biomedical applications

© Woodhead Publishing Limited, 2013

 Even without considering the challenges that the development of MN 

devices poses, there is also an issue regarding the attitude that healthcare 

professionals and the public have concerning MN. If a delivery device is to 

succeed in the market, those individuals that would potentially prescribe 

or use the device must have a positive attitude towards the device. Birchall 

and colleagues undertook a study to identify the attitudes of both the public 

and healthcare professionals towards MN. The advantages, such as reduced 

pain and tissue damage, as well as the potential for self-administration, 

were identifi ed. Disadvantages, including cost, delayed onset of action and 

dosing reliability, were stressed as concerns. The healthcare professionals 

raised issues relating to inter-patient variation, inadvertent self-adminis-

tration and the ability to deliver an accurate dosage. Both the public and 

professionals highlighted the problem regarding the inability to determine 

whether the dose had been successfully administered, therefore a visual 

aid would be integral to the fi nished product. This study identifi ed issues 

that the research community needs seriously to consider throughout their 

development processes in order to facilitate the transfer this technology 

into the healthcare market. However, overall the attitude of both the public 

and those healthcare professionals was positive (Birchall  et al ., 2011).   

  6.5     MN-mediated monitoring using skin interstitial 
fluid (ISF) and blood samples 

 Monitoring of analytes in biological fl uids represents an important aspect 

of modern day healthcare. This may be in the form of drug level measure-

ments, as in therapeutic drug monitoring, or could involve the monitoring 

of key biomarkers for diagnostic purposes or in the management of dis-

ease states. Little true progress, however, has been realised within clinical 

practice with regards to the methods used to extract these analytes and, for 

most measurements, conventional blood sampling remains routine, despite 

the renowned drawbacks associated with this invasive method. For exam-

ple, hypodermic needles are associated with risk of needle-stick injuries, 

and cross-contamination, such as 37.6% of Hepatitis B infections, 39% of 

Hepatitis C infections and 4.4% HIV/AIDs infections among world health-

care workers (Rapiti  et al ., 2005). In addition to the health implications, 

needle-stick injuries also represent a signifi cant economic burden, with one 

study estimating an annual cost of £500 000 per NHS trust (Ball, Pike, 2009). 

Premature neonates, in particular, can exhibit blood volumes as low as 80 

mL/kg, making blood sampling to any degree far from ideal and frequent 

sampling increasing the risk of anaemia (Koren, 1997). From the patient’s 

perspective, minimally invasive sampling offers less discomfort and could 

offer signifi cant benefi ts for those with needle-phobia and low sample 

volumes. 
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 Minimally invasive monitoring methods include the use of reverse 

iontophoresis (Bouissou  et al ., 2009; Ching  et al ., 2011; Ebah  et al ., 2012; 

Leboulanger  et al ., 2004), reverse iontophoresis combined with electropo-

ration (Lee  et al ., 2010), low frequency ultrasound (Paliwal  et al ., 2010), 

capillary microdialysis (Kim  et al ., 2008; Nielsen  et al ., 2009), and by pore 

creation using a near infrared laser (Venugopal  et al ., 2008), to name just 

a few. ISF monitoring is common practice and an alternative technique to 

blood extraction (Ching  et al ., 2010; Liu  et al ., 2005, 2007; Sun  et al ., 2010; 

Wang  et al ., 2005). While the majority of minimally invasive extraction meth-

ods remove ISF, MNs have been explored for both blood and ISF sampling, 

with some claiming an adaptation to either matrix possible. For ISF, MN 

penetration depths of 50–150  μ m have been reported satisfactory, whereas 

arrays designed for blood extraction should offer much larger penetration 

depths, with values of around 400  μ m (Khanna  et al ., 2008). Others report 

penetration values as large as 1 mm (Gardeniers  et al ., 2003) or 1500  μ m 

(Chaudhri  et al ., 2010) as necessary for successful blood withdrawal. A pen-

etration depth of 325  μ m (Mukerjee  et al ., 2003) is unlikely to guarantee 

successful blood access however, considering penetration into the dermis is 

required for blood capillary targeting, with investigations recording that the 

epidermis possibly extends as far as 400  μ m below the skin (Donnelly  et al ., 
2012). Various different approaches to monitoring using MN have been pro-

posed, including the use of HMN arrays for fl uid collection and analysis, 

solid arrays for pretreatment and subsequent fl uid collection, as well as inte-

grated options which negate the need for fl uid removal entirely. Regardless 

of the approach, to represent a valuable alternative to current practice, the 

MN device must be capable of successful and reproducible penetration 

without fracture, and enable accurate measurements of the target analyte. 

  6.5.1     Fluid fl ow 

 Irrespective of the fl uid to be accessed, consideration must be given to the 

force which will drive fl uid fl ow and ensure adequate fl uid collection, with 

some quoting fl ow rates between 1 and 100  μ L h  − 1  as necessary (Gardeniers 

 et al ., 2003). Many designs rely on passive extraction alone, depending solely 

on capillary action to generate fl uid fl ow. One such design proposed uses 

a bi-mask process to achieve sharp tips, a cylindrical body and side ports 

to minimise blockage of the HMN, and is suggested for use in either drug 

delivery or microbiological sampling (Zhang and Jullien, 2003). The authors 

recommend this design as easily fabricated to provide a high needle density 

and offering a low fl ow resistance and good structural strength. In a paper 

that follows, they describe this design further and investigate performance 

(Zhang and Jullien, 2005). The needles, fabricated using silicon dioxide, were 

capable of human skin penetration without breakage but passive liquid 
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extraction was only demonstrated on potato. Another early study, describ-

ing a system amenable to both ISF and whole blood, used an HMN array 

with integrated fl uidic microchannels, fabricated using silicon and glass, 

and conducted preliminary tests on the ear lobe of one human volunteer 

(a)

(i)

(b)

(ii) (iii)

The applicator The AdminPatchTM

(c)

(d) (e)

Handle

Microneedles

Roller disc

(f)

 6.5      MN applicators from different companies. (a) MicroCor ™  

applicator. ( Source : Adapted from Cleary, 2009.) (b) Zosano’s 

Macrofl ux® (i) applicator loaded with patch, (ii) applicator activated, 

(iii) patch delivered to the site. ( Source : Adapted from Zosanopharma®, 

2009.) (c) AdminPatch® MN array applicator. ( Source : Adapted from 

Nanobiosciences®, 2009.) (d) MicronJet® MN device. ( Source : Adapted 

from Nanopass®, 2009.) (e) BD Soluvia ™  applicator. ( Source : Adapted 

from BD, 2009.) (f ) MTS-Rollers ™  applicator. ( Source : Adapted from 

Microneedle®, 2009.)  
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(Mukerjee  et al ., 2004). The authors outline three needle tip designs includ-

ing a ‘volcano-like design’, a ‘micro-hypodermic’ design and a ‘snake-fang’ 

design shown in Fig. 6.5. A common issue with hollow designs is the poten-

tial for blockage and the fi rst two listed here exhibited this issue. The third, 

‘snake-fang’, design was reported as superior since it was found to be less 

susceptible to this diffi culty, with the bore here placed 25  μ m off-centre. The 

fl uid capture from the ear lobe by capillary action was described, but pen-

etration testing conducted on the fi rst knuckle of the thumb concluded that 

a 1.5 ± 0.25 N force was required for penetration. The risk of glass becoming 

embedded within the skin represented a major drawback with this design.      

 Other work has focused more on the theoretical considerations behind 

fl uid fl ow, driven by capillary action, in HMN and the development of mod-

els and calculations to aid in the determination of optimal MN design for 

optimum fl uid fl ow. Work by one group developed a theoretical fl uid model 

to enable interpretation of microfl uidic properties of Newtonian fl uids 

within silicon MN, and concluded a faster fl uid fi lling when the length width 

ratio of the microchannel was  √ 2+1 (Liu  et al ., 2006). 

 The employment of arrays with a high needle density has been suggested 

as a possible means to enable suffi cient rates of fl ow, with the use of out-of-

plane arrays recommended as most appropriate for achieving such specifi -

cations (Gardeniers  et al ., 2003). In contrasting with this, others discuss the 

need for more active extraction methods to ensure adequate fl uid collection 

rather than reliance of capillary force alone. The use of vacuum force to 

assist with fl uid withdrawal has been described (Tsuchiya  et al ., 2010), as 

well as more novel approaches such as exploitation of the phase transition of 

a gel to power sample extraction. The latter approach was fi rst documented 

in the literature using poly ( N -isopropylacrylamide) integration within a 

microsystem intended for glucose sensing (Kobayashi and Suzuki, 2001). 

The volume change exhibited by the gel in response to a variation in tem-

perature was utilised in this study to power a micropump for fl uid extrac-

tion, with the ultimate aim of achieving spontaneous sampling in response 

to the temperature of human skin. While successful sampling of a glucose 

solution was achieved through a 50  μ m diameter MN using this concept, 

fl ow was only unidirectional and in response to temperature shifts between 

30°C and 40°C and, thus, not relevant for human body temperature. Work 

to instigate sampling at more relevant temperatures (30–37°C) was subse-

quently carried out (Suzuki  et al ., 2002). The improved design incorporated 

a silicon membrane to enable repeated gel use as a result of its elastic force. 

By shifting the system between hotplates maintained at 30°C and 37°C, vol-

ume changes were found to occur within less than 1 min and 90% response 

time of the sensor reported to range between 30 and 40 s. This modifi ed 

system could also successfully achieve bi-directional fl ow; however, the use 

of non-ideal materials, such as silicon, for MN fabrication is again declared 
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a challenge by the authors. Further work by this group then explored the 

possibility of continuous monitoring adopting this approach. Adjustment of 

pH, in addition to temperature, to induce the volume change was used. This 

study also explored the use of an enzyme-loaded gel to extend the time for 

volume reduction even further (Suzuki  et al ., 2004). Using this combined 

approach of pH and temperature-induced changes the time for sampling 

was prolonged, while the use of the enzyme-loaded gel provided opportu-

nity for further adjustment. The work also demonstrated continuous glu-

cose sampling using an external glucose sample solution.  

  6.5.2     The ‘female mosquito’ paradigm 

 Many within the fi eld have used the female mosquito as an inspiration for 

their designs. The proboscis of the female mosquito has been recognised as 

an ideal model for achieving painless penetration of the skin, given their 

approach to feeding and, thus, have been examined by those wishing to 

exploit natural design (Kong and Wu, 2010; Ramasubramanian  et al ., 2008). 

Painless skin penetration by the mosquito has been noted to be achieved at 

an extremely low force, estimated around 16.5  μ N, with the effi cient design 

remaining resistant to buckling or fracture (Kong and Wu, 2010). Such 

properties have been recognised as critical in MN design and close imita-

tion of the female mosquito’s feeding mechanism was recognised a means 

towards optimisation (Ramasubramanian  et al ., 2008). One blood collec-

tion system proposed to mimic the mosquito focused on achieving a jagged 

shape to the HMN, through use of wet etching, to form a jagged groove 

on the silicon (Oka  et al ., 2002). Successful penetration without breakage 

was demonstrated in this work through hard silicon rubber and the system 

was claimed to be impervious to leakage after testing using a commercial 

pump and liquid ink. However, the fabrication process suggested failed to 

result in an accurate jagged shape across the entire MN length. Another 

mosquito-inspired system for the purposes of blood extraction, as well as for 

drug delivery, used SU-8 to produce cylindrical HMNs with a height of 1540 

 μ m, wall thickness of 15  μ m and inner diameter of 100  μ m (Chaudhri  et al ., 
2010). The authors noted lower wall thickness and heights larger than 800 

 μ m of insuffi cient strength to endure the development process. Based on 

theoretical calculations derived from fundamental mechanical engineering 

principles, the MNs proposed are claimed unlikely to succumb to buckling 

upon skin penetration. A desire to emulate the high aspect ratio possessed 

by the target species (~400) was discussed and a value of 103 was achieved. 

While fabrication is outlined in detail, tests on mechanical strength and 

functionality were not presented. A further study attempting to emulate the 

female mosquito instead demonstrated the use of titanium alloys for MN 

fabrication via a thin fi lm deposition process (Tsuchiya  et al ., 2010). To allow 
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close imitation of the labium, MN inner diameters of 100  μ m or less were 

selected, while MN height was fi xed at 4 mm. The design also incorporated 

a vacuum to facilitate blood extraction, aiming for an extraction speed of 

5  μ L/s. The use of titanium was found to alter the surface properties of the 

MN, resulting in an accelerated extraction time in comparison to stainless 

steel, but both materials fell short of the aim when the inner diameter was 

50  μ m. MN inner diameter was thus proven to be a critical determinant of 

blood extraction speeds, and an inner diameter of 100  μ m for titanium MN 

was deemed suffi cient for blood glucose determination with a commercial 

glucose monitor. This study also found MN length and shape to be pivotal 

to fl ow rate.  

  6.5.3     Differential strategies for fl uid extraction 

 While much work in the area of MN-mediated monitoring has focused on 

the development of HMN for fl uid collection, alternative approaches have 

also been explored. One group suggested a novel array to remove the use 

of conventional holes altogether, instead developing MNs with quadruped 

grooves for blood storage following capillary force extraction (Khumpuang 

 et al ., 2004). This interesting suggestion used a biocompatible material, 

polymethacrylate (PMMA), for MN fabrication by a novel technique, plain-

pattern to cross-section. Penetration of this array into chicken meat was 

confi rmed using a liquid with similar viscosity to blood (aniline blue); how-

ever, they failed to successfully demonstrate fl uid fl ow along the grooves 

with this approach. 

 Another approach described used a combination design based on both 

hollow and solid silicon MN for ISF extraction (Mukerjee  et al ., 2003). This 

strategy used HMNs for fl uid fl ow in the centre only, and designed with a 

bevelled tip to impede pore blockage. The incorporation of an outer border 

of solid needles functioned to stretch the skin to facilitate successful pen-

etration. Human skin penetration of this device was demonstrated using an 

 in vivo  confocal microscope, with some MN tip breakage identifi ed. Such 

events are clearly not ideal, particularly when dealing with materials with 

poor biocompatibility. Application to the human ear lobe resulted in fl ow 

through the 80  μ m wide channels, which was assumed to be ISF. 

 A two-stage approach to sample extraction has also been explored, using 

solid MN for skin pretreatment with subsequent fl uid extraction, using vac-

uum force (Wang  et al ., 2005). This study used glass MNs for ISF extraction 

for subsequent glucose analysis, with insertion achieved using a vibration 

technique and involved both animal (rats) and human subjects. The vacuum 

was applied for 2–10 min and 5–10 min on rats and humans, respectively. In 

human volunteers, volumes of 1–10  μ L were extracted from a 1 cm  − 2  area 

with 7–10 MN-created conduits. The vacuum procedure was reported to 
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cause erythema in human subjects, but the overall procedure defi ned as rel-

atively painless. ISF glucose measurements obtained using this design were 

found proportional to that of the blood. However the need for a calibration 

factor using blood was an obvious fl aw for this system. Importantly, these 

authors showed detection of rapidly changing blood glucose levels without 

any associated time-lag using this technique; an issue previously alluded to 

for other minimally invasive monitoring work (Potts  et al ., 2002; Sieg  et al ., 
2004). In work that followed this group attempted to examine the accuracy 

of electrochemical monitors for glucose measurement by comparison with a 

gas chromatography-mass spectrometry method for the different matrices, 

blood and ISF, with the conclusion that use of ISF results in a bias which 

must be accounted for (Vesper  et al ., 2006). 

 Sato  et al . (2011) adopted a similar approach by using polycarbonate MN 

arrays (305 MN arrays per 50 mm 2  area), with a length of 300  μ m. In contrast 

to the vacuum approach outlined by Wang  et al . (2005), a reservoir was used 

for ISF collection by passive diffusion and osmotic pressure only, allowing 

for sodium to be used as an internal standard. Two reservoir designs were 

proposed; the fi rst was a plastic chamber containing 1.2% KCL solution, 

the second a hydrogel patch consisting of polyvinyl alcohol with 2% KCL 

solvent and adhesive tape. Interstitial glucose measurements were found to 

be in close correlation with blood measurements, but this was based only on 

data from healthy volunteers, thus exhibiting minimal glucose fl uctuations, 

rather than for a more representative diabetic population. Furthermore, a 

recent patent has also outlined the possible use of this two-stage approach 

for extraction in a design which claims fl exibility to, not only blood and ISF 

collection, but also other bodily fl uids, including saliva, tears, lymph and 

urine, for analytical evaluation (Brancazio, 2012). Again, the designs out-

lined here incorporated vacuums or chambers to ensure pressures lower 

than atmospheric to facilitate fl uid fl ow rather than placing sole reliance on 

passive mechanisms.  

  6.5.4     Integrated designs 

 The development of integrated systems that negate the formal extraction of 

fl uid and instead rely on the use of integrated sensors has also been explored. 

Analyte detection for MN-mediated monitoring can therefore be on-site, 

with the incorporation of integrated sensors, as well as off-site, using fl uid 

extracted for subsequent analysis. In the case of the former, sensor develop-

ment and optimisation have been critical aspects of design progressions to 

date towards a complete, optimised, integrated system. One system to allow 

easy integration with a polymethylsiloxane (PDMS) biochip involved the 

fi rst single-crystal-silicon MN array fabricated in the plane of the substrate 

(Paik  et al ., 2003). The extraction fl uid of interest in this design was blood, 
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using MNs with lengths around 2 mm and microchannel diameters around 

20  μ m. Fluid fl ow  in vitro  and  in vivo , with successful penetration into the 

tail vein of a mouse, was demonstrated. In a paper that followed, penetration 

was tested using agarose gel, chicken breast, rat-tail vein and rabbit ear, and 

fl uid fl ow confi rmed using agarose gel and chicken breast (Paik  et al ., 2004). 

The authors outline optimisation of the design, highlighting the need to bal-

ance sharpness with mechanical strength, and propose a tip taper angle of 

30°C to be superior, producing a 6.28 N buckling load enabling penetration 

without breakage. However, the actual functioning of the integrated biochip 

was not addressed. 

 A group in the Netherlands proposed a combination of anisotropic wet 

etching and the BOSCH-DIRE process to produce an out-of-plane silicon 

HMN array, with fl ow channels positioned off-centre to avoid blockage 

(Gardeniers  et al ., 2003). Subsequent works have also adopted this strategy 

in an attempt to avert this issue (Bodhale  et al ., 2010; Luttge  et al ., 2007). 

The triangular-tipped MNs produced had height of only 350  μ m and max-

imum channel width of 70  μ m. As already discussed, such heights seem 

insuffi cient for successful blood withdrawal, thus possibly indicating the 

fabrication approach as unfi t for purpose. The diagnostic capabilities of the 

device were therefore examined using blood collected with a 1.8 mm lancet. 

Compatibility of the array with a capillary electrophoresis chip was dem-

onstrated using 30  μ L of the collected blood, but inaccuracies compared to 

expected blood concentrations were evident. In work that followed, water 

was used to fi ll the volume between the chip and the sampler, resulting in 

the successful demonstration of potassium, sodium, magnesium and lithium 

measurement (Vrouwe and Luttge, 2005). However, this again was based 

only on a model for the MN system, composed of CE chip and sample col-

lector, and failed to demonstrate actual MN blood extraction. The same 

group later suggested the use of SU-8 as a material for HMN fabrication, 

improving biocompatibility, and outlined novel fabrication methods to pro-

duce this polymeric MN patch, achieving needle heights  ≥  500  μ m (Luttge 

 et al ., 2007). They suggest this device enables blood collection for analysis 

off-site, as well as again describing integration with a CE chip. Only prelim-

inary results were presented to show the capabilities of the device in blood 

diagnostics, proving the device suitable for sample transfer, such as to a CE 

chip, so facilitating the analysis of inorganic ions in blood. 

 Another integrated system for sampling and glucose sensing was sug-

gested, using in-plane silicon HMN and gold microelectrodes (Liu  et al ., 
2005). Here a unique approach was taken to glucose sensing, using electro-

chemical detection as well as a novel technique for enzyme immobilisation, 

relying on capillary force to immobilise the enzymes on the microelec-

trode surface. The sensor showed good linearity for glucose in the concen-

tration range 0–500 mg/dL when tested using standard solutions. Enzyme 
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immobilisation was also a key component in the system described by Goud 

 et al . (2007), consisting of a novel biosensor integrated with microfl uidic 

channels and MNs fabricated using Ormocer®, an organically modifi ed 

ceramic material for glucose monitoring (Goud  et al ., 2007 ). This design, 

unlike that proposed by Liu  et al . (2005), offered the advantage of MNs 

fabricated using a material described as biologically inert and non-toxic, 

i.e. Ormocer®. The biosensor used here incorporates electrodes, developed 

from carbon nanotubes and glassy carbon, alongside the enzyme, glucose 

oxidase, encapsulated within a zirconia/Nafi on matrix to offer improved 

sensitivity and specifi city. This system displayed prompt glucose detection, 

using standard glucose solutions, signifying its potential value in glucose 

monitoring applications. In both instances, however, extensive evaluation of 

the integrated functioning of the entire system failed to be conducted. 

 The exploitation of enzyme-mediated bioluminescent reactions for 

detection has also been outlined as part of an autonomous MN system. This 

system consisted of an MN array with an associated reaction chamber and 

photodetector (Chandrasekaran  et al ., 2003). With this approach, metab-

olite concentrations were determined by coupling reactions with other 

enzyme-linked reactions that emitted light. Light emitted could then be 

subsequently measured. In this study, the production of ATP during glucose 

consumption was exploited, since the enzyme-catalysed process of luciferin 

oxidation uses ATP and results in bioluminescence. Subsequent measure-

ment of light intensity was thus related to glucose concentration. The use 

of ATP in many biochemical reactions broadens the potential applications 

of this design. The hollow metal MNs integrated within the system dem-

onstrated successful fl uid fl ow (1000–4000  μ L h  − 1 ) without leakage, with a 

1500  μ m shaft length and 4.1 mm lumen length. The novel photodetection 

approach was illustrated as feasible with the sensor characterised within the 

range relevant to glucose detection (2.0–7.0 mM of ATP). However, the per-

formance of this device was limited by a decreased light intensity. 

 A different integrated design focused on arrays composed of gold-coated 

silicon with a hetero-bifunctional poly(ethylene glycol) coated to its surface 

for protein biomarker capture (Corrie  et al ., 2010). The surface modifi cations 

were designed to enable selective detection of AF-IgG, which was tested 

using a 10% mouse serum. Application to mouse ear skin in this study illus-

trated the device to be capable of selective biomarker capture, and the ease 

of removal for subsequent analysis. As with many of the designs suggested, 

various modifi cations are essential prior to optimal human targeting, such 

as ensuring an adequate penetration depth and biocompatibility consider-

ations, to name but a few. 

 A similar approach has also been outlined for hydrogen peroxide and 

lactate detection using an array of HMNs with integrated carbon-paste elec-

trodes (Windmiller  et al ., 2011a). In this case, a biocompatible polymer was 
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used to produce MNs with a height of 1500  μ m and a vertical central bore 

of 425  μ m.  In vitro  studies performed indicated the selectivity and sensitiv-

ity of this sensor, which demonstrated stability over the time period (2 h). 

This group have also proposed a different design to remove the need for 

fl uid extraction for glutamate oxidase and glucose detection, with a view 

towards their continuous monitoring (Windmiller  et al ., 2011b). This design 

incorporates both hollow and solid MNs, using the same polymer during 

fabrication, to form a single array with multiple microcavities, in which the 

detection enzymes, glutamate oxidase and glucose oxidase, are entrapped 

within a thin fi lm of poly( o -phenylenediamine) (PPD) to minimise inter-

ference. High sensitivity and fast detection within clinically relevant ranges 

was shown for this biosensor using both a buffer matrix and human serum. 

A different paper also focuses on the use of an integrated design incorpo-

rating solid MNs, which themselves act as the sensor surface for glucose and 

lactate detection (Trzebinski  et al ., 2012). These were developed using SU-8 

coated with gold and then an enzyme layer, before being surrounded in a 

protective epoxy-PU membrane. Stability of this device was claimed for the 

48 h period. Again, glucose detection within the clinically relevant ranges 

was demonstrated for this device, and the concurrent detection of both glu-

cose and lactate are suggested as a possibility. 

 With an aim of cost reduction, other researchers have proposed a micro-

valve for fl uid extraction, which is intended for integration within an MN 

array and biosensing system (Miguel Moreno  et al ., 2009; Moreno  et al ., 
2008). By removing the standard high energy need for valve operation, and 

through use of low cost polymers, which are easily fabricated, a cost reduc-

tion for this approach was intended. The valve design employs two chambers 

with varied pressures separated by a SU-8 wall and undergoes both thermal 

and mechanical activation. A gold wire, bonded to a copper line on a PCB 

substrate, crosses the wall and functions to collapse the wall via thermal 

destruction upon current fl ow. Different pressures between the chambers 

will also facilitate this destruction. Miniaturisation of this system has yet to 

be demonstrated, however, as well as the actual sensing functionalities for 

biomedical monitoring purposes. 

 With biosensors clearly at the forefront of monitoring using an MN array-

based approach, consideration has also been given to prolonging sensor life-

time. The destruction proteins can impart on enzyme-based sensors has been 

addressed with suggestions made to exclude large molecular weight com-

pounds and, thus, prolong enzyme-based biosensor lifetime. One approach 

in an attempt to achieve this aim involved the integration of a dialysis mem-

brane within the monitoring device (Zahn  et al ., 2000). Two designs based 

on silicon MN for ISF extraction were suggested. First, the use of a diffu-

sion membrane of layered polysilicon either side of a thin thermally grown 

oxide of approximately 10–50  μ m with etch holes was described. The second 
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design was based on a permeable polysilicon. It is concluded within this 

work that the latter design should offer superiority, in terms of mass trans-

fer rates as well as fi ltration capabilities. In work that follows, this group go 

further with this concept in the design of an MN-based glucose monitor-

ing system, with the addition of an integrated glucose sensor (Zimmermann 

 et al ., 2003). In this design, ISF fl ows through the out-of-plane MN (200  μ m 

length) before passing through a porous polysilicon dialysis membrane, thus 

excluding larger proteins before coming into contact with the sensor for 

detection. This in-device glucose sensor had a suggested optimum fl ow rate 

of 25  μ L/min and response linearity was illustrated for glucose concentra-

tions in the region of 0–160 mg/dL. While the capabilities for ISF sampling 

and glucose sensing with the integrated device are demonstrated, the use of 

only eight MNs proved insuffi cient for a signifi cant sensor response, relying 

on capillary action and evaporation alone for fl uid extraction. An increased 

array density was, however, proposed as a solution. Work with this design is 

further explained within a later paper; however, results remain preliminary 

and are largely based upon models and estimations (Zahn  et al ., 2005). 

 A recently published patent also cites the prevention of protein entry 

into the collection chamber as a crucial element of sensor design (Mischler 

and Werner, 2012), suggesting the incorporation of a fi lter membrane which 

prevents entry of molecules greater than 10 TDa, such as that previously 

outlined (Zahn  et al ., 2005). The invention functions to continuously mon-

itor analytes in ISF using optical detection methods, negating the need for 

reagents and relying on the correlation between analyte concentration and 

absorbed radiation. A miniaturised system is described consisting of an array 

of HMNs that enable fl uid fl ow to a chamber. The chamber has a window 

allowing radiation entry and transmission. Diamond coating is a suggestion 

to further minimise protein disruption by preventing protein attachment 

to the window surface. A detector on the other side of the window enables 

radiation detection, and is coupled to a unit functioning to quantify analyte 

concentrations. Possible analytes outlined by the authors include glucose, 

cholesterol, creatinine, urea and triglycerides. Importantly, this integrated 

design’s on-site approach to sample analysis also eliminates the need for 

additional regents to be used for analyte quantifi cation. The inventors here 

also suggest a watch-type design for this device, with needles attached to the 

portion of the watch face in contact with the arm, with the face displaying 

the calculated concentration. Such considerations regarding ease of use and 

convenience for the user are critical for the advancement of these alterna-

tive strategies from novel ideas into useful and applicable approaches to 

patient monitoring. 

 The amalgamation of drug delivery, alongside the processes of blood 

extraction, fi ltration and insertion, has also been described for a device tar-

geted for patients with renal disease (Tayyaba  et al ., 2011). The electronic 
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components of this system include a microcontroller, which controls trans-

port according to pressure, as determined by the fl ow sensors. Blood extrac-

tion with this system is achieved using 1700  μ m polyglycolic-acid (PGA) 

MN with a double-radius structure, creating a pressure difference to pre-

vent clogging. Following extraction, blood enters a heparin-containing mix-

ing chamber before passing through the fi ltration membrane to remove 

molecules such as urea and vancomycin, with high molecular weight mol-

ecules. One such molecule, beta2-microglobulin ( β 2m), requires fi ltration, 

however, necessitating the inclusion of a  β 2m absorbent material to ensure 

its removal. The dual lumens were constructed to have lengths of 800 and 

900  μ m with corresponding diameters of 60 and 100  μ m. The authors high-

light viscosity as an important determinant of fl ow rate and, based on a 5 × 

5 array, fl ow rates for acetone, water and blood for the system were defi ned 

at 1182, 971, and 845  μ L min  − 1 , respectively. While the proposed system is 

outlined in terms of fabrication and theoretically analysed, progress towards 

the demonstration of the integrated system’s actual functionality is needed. 

Furthermore, the advantage of using biocompatible PGA for MNs within 

the blood extraction component of this device seems degraded by the use 

of silicon for MNs within the drug delivery element of the design (Tayyaba 

 et al ., 2011).   

  6.6     Future trends 

 There has been a substantial increase in the attention that MN technology 

has received over the last 5 years, with number of publications concerning 

MN evaluation more than tripling since 2005. It is envisaged that this will be 

a continuing trend, with MN-focused academic research groups increasing 

in number and size, and an increased attention from industry. It is likely that 

MN technology will be useful for delivering not only the growing number 

of biopharmaceuticals available, but also for small water soluble molecules 

not normally amenable to transdermal delivery and active cosmaceutical 

ingredients. There are currently a number of companies working towards 

commercialisation of their respective MN technologies, including Zosano 

Pharma, Corium, Nanopass, 3M, and Beckton-Dickinson. Zosano Pharma 

are currently preparing to enter a pivotal Phase III clinical trial using the 

Macrofl ux® technology developed by Alza. A solid drug-coated MN patch 

system (MN height 190  μ m) for the delivery of parathyroid hormone in 

the treatment of severe post-menopausal osteoporosis will be used. There 

appears to be a high likelihood of positive outcomes, based upon extremely 

encouraging and relatively large-scale Phase II results. Importantly, Zosano 

Pharma have incorporated an applicator system as an essential compo-

nent of this delivery system. This applicator applies a consistent, pain-free 

force, and has been optimised for easy use by elderly patients. Furthermore, 
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focus study groups (288 post-menopausal women with osteoporosis aged 

60–85 years) were conducted to evaluate patient perception of this technol-

ogy, with positive outcomes noted. It was highlighted that 93% of patients 

liked the patch concept ‘extremely well’, while 90% rated it as easy to use, 

as exemplifi ed by the fact that 82% of patients were capable of applying the 

patch correctly the fi rst time without any help. Indeed, it appears that incor-

poration of the applicator device lead to enhanced patient acceptability and 

faith in the device as a drug delivery system. NanoPass technologies Ltd 

have conducted a number of clinical trials demonstrating effective, safe, and 

painless intradermal delivery of local anaesthetics, insulin, and infl uenza 

vaccine via their MicronJet® technology (hollow MN device). Similarly, 

3M’s microstructured transdermal system (MTS), having either solid or 

hollow MNs, has shown promising results in several pre-clinical studies 

investigating delivery of proteins, peptides and vaccines. While the above-

mentioned MN devices have been based upon solid or hollow MN systems, 

it is envisaged that devices based upon FDA-approved, biodegradable/dis-

solving polymeric MN formulations will receive increased attention from 

pharma companies moving forwards. This is due to a number of inherent 

advantages associated with such polymeric systems. In particular, the self-

disabling nature of these devices may aid in their regulatory approval. Once 

inserted into skin, polymeric systems will either rapidly dissolve, or undergo 

such morphological changes that disable effective skin penetration if used 

on another individual. Post-removal of this is particularly advantageous if 

polymeric microneedle devices were to be used as part of large-scale vac-

cination programmes, eliminating the need for sterilisation of a needle that 

may be reused between individuals, and avoiding the potential for cross-

contamination to occur in countries that may not have access to sterilisation 

equipment, as well as reducing the potential for needle-stick injuries occur-

ring. Specialised means of disposal would not be required. 

 The Donnelly’s Group in Belfast is working on MN arrays prepared from 

hydrogel-forming polymeric systems (Donnelly  et al ., 2012). Such arrays are 

hard in the dry state but, upon insertion into skin, take up interstitial fl uid 

and undergo a transition to form discrete  in situ  hydrogel bulbs. The MNs 

themselves contain no drug, but instead are connected to a conventional 

matrix-type transdermal patch. Drug can thus diffuse through the swollen 

MNs, which act as a continuous unblockable conduit between drug reser-

voir and dermal microcirculation (Fig. 6.4). Importantly, drug delivery is no 

longer limited by how much drug can be loaded into the MNs themselves, 

so delivery of greater doses over longer time periods is now possible. In an 

alternative application, the MNs can be used to extract skin interstitial fl uid 

for diagnostic or therapeutic monitoring purposes (Fig. 6.6).      

 The Group have obtained substantial funding from the UK Biotechnology 

and Biological Sciences Research Council (BB/E020534/1, Donnelly 
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RF ‘Transdermal delivery of macromolecules mediated by microneedle 

arrays’ and BB/FOF/287, Donnelly RF, Woolfson AD ‘ In vitro  and  in vivo  

safety investigations to support the commercialisation of novel micronee-

dle arrays for transdermal drug delivery’), the Engineering and Physical 

Sciences Research Council (EP/H021647/1, Donnelly RF  et al . ‘Microneedle-

mediated enhanced Raman therapeutic drug monitoring’), The Royal 

Society (‘Microneedle delivery of bio-inspired nanoparticles for psoriasis 

treatment’) and Invest Northern Ireland (PoC21A ‘Polymeric microprojec-

tion arrays for Transdermal delivery of active pharmaceutical ingredients’) 

and are now pursuing commercialisation of a range of different applications 

of the technology with several major industry players. 

  6.6.1     Moving forwards 

 Given the ever-increasing evidence available within the academic and pat-

ent literature that MNs of a wide variety of designs are capable of achiev-

ing successful intradermal and transdermal delivery of conventional drugs, 

biopharmaceuticals, vaccines and active cosmaceutical ingredients, it is 

envisaged that the already concerted industrial effort into development of 

microneedle devices will now intensify. Furthermore, novel applications of 

microneedle technology are likely to come to the forefront. The ability of 

microneedle arrays to extract bodily fl uids for drug and/or endogenous ana-

lyte monitoring is particularly interesting. The ability of MN-based devices 

to both deliver and extract molecules across the skin in a minimally inva-

sive manner opens up the possibility for the development of a closed-loop 

responsive device, with an MN-based delivery component delivering a ther-

apeutic molecule in response to information provided by an MN-based 

monitoring component. As technological advances continue, MN arrays 

may well become the pharmaceutical dosage forms and monitoring devices 

of the near future. However, there are a number of barriers that will fi rstly 

need to be addressed in order for MN technology to progress. 

(a) (b) (c)

50 μm 100 μm 100 μm

 6.6      SEM micrographs of (a) ‘Volcano’ MN design, (b) ‘Hypodermic’ 

MN design, and (c)’Snake Fang’ MN design. ( Source : Adapted from 

Mukerjee  et al ., 2004.)  
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 The ultimate commercial success of MN-based delivery and monitoring 

devices will depend upon not only the ability of the devices to perform their 

intended function, but also their overall acceptability by both health care pro-

fessionals (e.g. doctors, nurses and pharmacists) and patients. Accordingly, 

efforts to ascertain the views of these end-users will be essential in moving 

forwards. The seminal study by the Birchall Group in this regard was highly-

informative (Birchall  et al ., 2011). The majority of healthcare professionals 

and members of the public recruited into this focus-group-centred study 

were able to appreciate the potential advantage of using MNs, including 

reduced pain, tissue damage, risk of transmitting infections and needle-stick 

injuries, feasibility for self-administration and use in children, needlephobes 

and/or diabetics. However, some concerns regarding effectiveness, means to 

confi rm successful drug delivery (such as a visual dose indicator), delayed 

onset of action, cost of the delivery system, possible accidental use, misuse 

and abuse were also raised. Healthcare professionals were also concerned 

about inter-individual variation in skin thickness, problems associated with 

injecting small volumes and risk of infection. Several other possible issues 

(accidental or errors based) and interesting doubts regarding microneedle 

use were discussed in this study. Overall, the Group reported that 100% of 

the public participants and 74% of the health care professional participants 

were optimistic about the future of microneedle technology. Such studies, 

when appropriately planned to capture the necessary demographics, will 

undoubtedly aid industry in taking necessary action to address concerns and 

develop informative labelling and patient counselling strategies to ensure 

safe and effective use of microneedle-based devices. Marketing strategies 

will, obviously, also be vitally important in achieving maximum market 

shares relative to existing and widely used conventional delivery systems. 

 In order to gain acceptance from healthcare professionals, patients and, 

importantly, regulatory authorities (e.g. the US FDA and the MHRA in the 

UK), it appears a strong possibility that an applicator aid and a ‘dosing indi-

cator’ will be included within the overall MN ‘package’, with the MN array 

itself being disposable and the applicator/dosing indicator reusable. While 

a wide variety of applicator designs have been disclosed within the patient 

literature, only a few, relatively crude, designs based upon high impact/

velocity insertion, or rotary devices have been described. Our own previous 

work has shown that application force has a signifi cant role to play in MN 

insertion depth (Donnelly  et al ., 2010a). Clearly, patients cannot ‘calibrate’ 

their hands and, so, will apply MNs with different forces. Unless a large-scale 

study can be done showing consistent rates and extents of MN-mediated 

drug delivery when the MNs have been inserted by hand, then, for con-

sistent dosing across the population, applicator devices will need to be 

supplied. Moreover, patients will need a level of assurance that the MN 

device has actually been inserted properly into their skin. This would be 
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especially-true in cases of global pandemics or bioterrorism incidents where 

self-administration of MN-based vaccines becomes a necessity. Accordingly, 

a suitable means of confi rming that skin puncture has taken place may need 

to be included within an applicator device or the MN product itself. 

 From a regulatory point of view, currently little is known about the 

safety aspects that would be involved with long term usage of microneedle 

devices. In particular, studies will need to be conducted to assess the effect 

that repeated microporation has upon recovery of skin barrier function. 

However, given the minimally invasive nature of the micropores created 

within the skin following MN application, especially in comparison to the 

use of a hypodermic needle, and the fact that statistically it is highly unlikely 

that MNs would be inserted at exactly the same sites more than once in 

a patient’s lifetime, it is envisaged that MN technology will be shown to 

have a favourable safety profi le. Indeed, skin barrier function is known to 

completely recover within a few hours of MN removal, regardless of how 

long the MNs were in place. Local irritation or erythema (reddening) of the 

skin may be an issue for some patients. Since the skin is a potent immuno-

stimulatory organ, it would be interesting to know whether repeated MN 

use would ever cause an immune reaction to the drug or excipients of MN 

materials , and whether such an effect would be so signifi cant as to cause 

problems for patients. 

 Infection is an issue that has long been discussed in relation to use of 

MN-based systems, since MNs, by necessity, puncture the skin’s protective 

 SC  barrier. However, as we and others have shown (Donnelly  et al ., 2009b), 

microbial penetration through MN-induced holes is minimal. Indeed, there 

have never been any reports of MNs causing skin or systemic infections. This 

may be because of the abovementioned immune component of the skin, or 

the skin’s inherent non-immune, enzyme-based, defences. Alternatively, since 

the micropores are aqueous in nature, microorganisms may be more inclined 

to remain on the more hydrophobic  SC . Whether skin cleansing before MN 

application is necessary remains to be seen and is a vital question. Ideally, 

this would not have to be done, so as to avoid unnecessarily inconveniencing 

patients and making the use of the product in the domiciliary setting appear 

more akin to a self-administered injection than application of a conven-

tional transdermal patch. Regulators will ultimately make the key decisions 

based on the weight of available evidence. Depending upon the application 

(e.g. drug/vaccine/active cosmaceutical ingredient delivery or minimally 

invasive monitoring), MN-based devices may be classed as drug delivery 

stems, consumer products or medical devices. From a delivery perspective, 

it will be important if MNs are considered as injections rather than topical/

transdermal/intradermal delivery systems, since this will determine whether 

the fi nal product will need to be sterilised, prepared under aseptic condi-

tions, or simply host a low bioburden. Any contained microorganisms may 

�� �� �� �� �� ��



218   Microfl uidic devices for biomedical applications

© Woodhead Publishing Limited, 2013

need to be identifi ed and quantifi ed, as may the pyrogen content. Should 

sterilisation be required, then the method chosen will be crucial, since the 

most commonly employed approaches (moist heat, gamma or microwave 

radiation, ethylene oxide) may adversely affect the MNs themselves and/or 

any contained active ingredient (e.g. biomolecules). 

 Sterilisation and/or aseptic production will add considerably to costs for 

manufacturers. Indeed, the practicalities involved in the large-scale produc-

tion of MN devices for commercial applications will need to be carefully 

considered. Currently, MNs are made by a wide variety of techniques, often 

in processes that are completely different from those used in the produc-

tion of conventional dosage forms. Often, multiple manufacturing steps are 

required, particularly for coated MNs and those micromoulded from silicon 

or metal masters. Silicon MNs typically require clean room processing. As 

such, it would appear that any pharmaceutical or medical devices fi rm wish-

ing to commercialise MN technology would need to a make a signifi cant 

capital investment in order to design, develop and optimise a cost effec-

tive, reproducible, method for mass MN production. Adaptation of standard 

quality control procedures will also be required. Ultimately, the regulatory 

specifi cations applied to the fi rst generation of MN products that reach the 

market may set the bar for all those that follow. Packaging of MN-based 

devices will be important, especially during transport and storage. Patient 

handling may only be controlled to a limited extent by effective product 

labelling and pharmacist-led counselling. Packaging should be suffi ciently 

robust to prevent damage, contamination or accidental release of active 

ingredients during storage.   

  6.7     Conclusion 

 A wide variety of MN types and designs have been shown to be effective 

for the transdermal delivery of a diverse range of molecules, both  in vitro  

and  in vivo . The potential now exists to greatly expand the range of types 

of drugs that can be delivered effectively across the skin. This will signif-

icantly enhance the value of the transdermal delivery market and will be 

increasingly-important over the coming years as the number of new drugs 

of biological origin continues to increase. Small-scale clinical trials have 

highlighted the minimally invasive nature of MN-based systems, causing 

no pain, minimal irritation if any, and complete skin recovery within a 

few hours. Vaccine-loaded MN arrays have been shown to elicit a greater 

immune response in comparison to conventional injections and have a 

number of key advantages over the use of hypodermic needles. The abil-

ity of microorganisms to traverse MN-induced skin pores within the skin 

has been found to be minimal and with a lower incidence for occurrence 

when compared to the skin damage caused through hypodermic needle 
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skin puncture. MN devices also have the potential for use in non-invasive 

therapeutic drug/analyte monitoring and the possibility for closed-loop 

delivery systems may become important moving forwards. Focus group 

studies have identifi ed key areas that need to be addressed by the MN com-

munity in order for the technology to progress. These include a means to 

ensure reproducible MN application in every patient every time and con-

fi rmation of successful device insertion. A signifi cant number of small and 

large industry players are presently engaged in clinical trials, with the aim 

of commercialisation of their respective MN-based devices. Future studies 

will be needed to address potential regulatory concerns over the use of 

microneedle devices, as well as focusing on the design and development 

of processes to enable a low cost, effi cient means for microneedle mass 

production. 

 Overall, the future for the MN sector appears to be very bright, with 

rapid expansion in fundamental new knowledge feeding industrial devel-

opment. In due course, it is hoped that MN-based technological advance-

ments will lead to enhanced disease prevention, diagnosis and control, 

with concomitant improvement in health-related quality of life for patients 

worldwide.  
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  Abstract : Microdevices, since their inception in the last decade of the 
twentieth century, have changed our view of science, due to their potential 
applications in fi elds ranging from optics, semiconductors and the 
microelectronics industry to drug discovery and development, point-of-
care clinical diagnostics, sensitive bioanalytical systems and other areas of 
the biological sphere. In this chapter we review the potential applications 
of microfl uidic platforms for drug discovery applications comprising high-
throughput screening in target selection, lead identifi cation/optimization 
and preclinical testing. Application of microfl uidics in chemical analysis, 
as well as analysis of metabolites in blood for studying pathology, is also 
discussed. 

  Key words : microfl uidics, drug discovery, high-throughput screening, drug 
analysis, point-of-care diagnostics. 

    7.1     Introduction 

 The ascent of microfabrication research and development at the turn of the 

century has opened several avenues for the biomedical sector. Micron-scale 

chips, with micrometre dimension channels, can be used to manipulate fl uid 

fl ow at the micron/submicron scale. The spatial control offered by this tech-

nology, known as ‘microfl uidics’, has potential applications in handling, pro-

cessing and analysis of fl uids (Whitesides, 2006). The miniaturized scale of 

these devices requires lower sample volumes (in nanolitres) than conven-

tional microplate assays (requiring hundreds of microlitres), hence making 

them economical alternatives. The minute dimensions of the devices offer 

shorter diffusion path lengths, allowing faster analysis and precise control 

of fl uid fl ow, and leading to specifi city in chemical microreactors. Design 

manipulation, easily achievable by conventional lithographical and novel 
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nanotechnology techniques, provides versatility in mixing fl uids that can be 

controlled by external physical forces such as magnetic and electric fi elds. 

These microdevices may either be integrated into existing macrodevices, or 

constitute comprehensive analytical systems by themselves. The miniaturi-

zation provided by these high-throughput devices allows for a large number 

of replicates on a small chip, enabling massive parallelization and thereby 

increasing effi ciency and lowering costs (Lombardi and Dittrich, 2010). The 

fl uid fl ow properties at microscale are very different from those at macro-

scale, and this can be exploited using microfl uidic devices (Beebe  et al ., 2002). 

These advantages make them an ideal choice in disciplines spanning across 

molecular analysis, biodefence programmes, and the discovery and develop-

ment of new drugs in the pharmaceutical and biotechnological industries. 

 Initially, the concept of microfl uidics was applied to the fi eld of analyt-

ical chemistry. Lithographic patterning/etching, used to produce chemical 

sensors and analytical techniques on glass/silicon substrates, provided proof 

of concept for their applicability (Harrison  et al ., 1993; Manz  et al ., 1990). 

Afterwards, chemical and biological sensors that could thwart the threats of 

bioterrorism, and aid in biodefence sample testing (Liszewski, 2003), were 

developed. With the surge in biotechnological methods, proteomics, genom-

ics, and the discovery of protein-based therapeutics, microfl uidics offers 

brighter prospects in DNA sequencing and genotyping as well as in pro-

tein separation and analysis (Chen  et al ., 2010; Gomez, 2011). Microfl uidic 

devices have also provided valuable opportunities for drug discovery 

and development processes, with their benefi ts at each stage from target 

identifi cation (Malmstadt  et al ., 2006) to lead identifi cation/optimization 

(Jones  et al ., 2005), and further to preclinical studies (Matsui  et al ., 2006), 

clinical trials (Herr  et al ., 2007), formulation development (Alsenz and 

Kansy, 2007) and the manufacturing stage (Szita  et al ., 2005). Additionally, 

these devices have been used for improved confi nement of cells in three-

 dimensional (3D) scaffolds, cell-based testing and cell component analy-

sis. The cellular and molecular interactions at a scale proportional to their 

dimensions (Whitesides, 2003) are very different from those observed at 

macroscale volumes. An interesting application has been in the fi eld of tis-

sue engineering, whereby microfl uidic platforms provide 3D scaffolds mim-

icking the natural environment for growth and mutual interaction between 

cells (Li  et al ., 2012; Yamada  et al ., 2012). They have also been investigated 

for transdermal and pulmonary delivery of drugs (Ashraf  et al ., 2011; Yeo 

 et al ., 2010), as well as for personalized diagnostic kits (Yager  et al ., 2006). 

 In this chapter we will present an overview of the microfl uidic devices 

that have been researched for drug discovery and drug analysis. First, we 

discuss the role played by microfl uidics in the current paradigm for drug 

discovery, in identifying druggable targets, and in the progress achieved by 

high throughput screening (which has allowed thousands of molecules to be 
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screened on a chip), followed by optimizing few lead molecules and assess-

ing their pharmacokinetic and pharmacodynamic properties in preclinical 

systems. Later, we discuss the application of microfl uidic devices in chemical 

analysis.  

  7.2     Microfluidics for drug discovery 

 Discovering new therapeutics for a pathophysiological condition involves 

identifying a specifi c target (Kang  et al ., 2008). With the help of computa-

tional biology and/or experimental methods, such targets can be identifi ed. 

This is followed by validating the target by a series of complicated cell-based 

or animal experiments. Once validated, screening of drug libraries, pro-

duced by combinatorial chemistry, composed of millions (usually >10 6  com-

pounds) of drug molecules to fi nd a few lead molecules for clinical trials, is 

carried out. This is aimed at getting the safest, most reliable and effi cacious 

pharmaceutical compound, which is then fi led as a new drug application 

for approval by regulatory agents such as the United States Food and Drug 

Administration (FDA). The complex and lengthy procedure of discovering 

a suitable drug candidate is exemplifi ed by the fact that it takes 10–15 years 

for a drug to go from bench to bedside, and it has been estimated to cost 

approximately 1 billion USD (Wu  et al ., 2010). The attrition, from thousands 

of new chemical structures in the drug library, to a few lead compounds, to 

a single successful therapeutic agent, is a result of the ineffi cient procedures 

used in the conventional/current drug discovery and development process. 

 Progress in the use of microscale platforms aids the process of drug dis-

covery through effi cient and expeditious design of therapeutics and pro-

vision of information on biological targets (Lal and Arnsdorf, 2010). 

High-throughput microfl uidic devices have shown considerable promise 

over the conventional methods, which required long processing times and 

expensive equipment, thereby delaying the whole drug discovery process. 

In the following sections, we describe the contribution of microfl uidics to 

various segments of drug discovery. 

  7.2.1     Identifi cation of druggable targets 

 The process of drug discovery begins with the identifi cation of the func-

tion of a potential drug target and comprehending its role in the disease 

process. Discovering pharmacological activities was conventionally carried 

out by testing various substances (usually plant extracts) in living organ-

isms to observe the changes caused in a particular phenotype. However, 

towards the end of the twentieth century, this process of phenotype-based 

target identifi cation was largely replaced by a target-based approach. With 

progressive acquisition of knowledge in the fi eld of molecular biology and 
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improvement in isolation techniques, identifi cation of complex systems 

that are responsible for a drug’s pharmacological response has evolved to 

be the new approach in identifi cation of drug targets and it has reduced the 

use of living organisms and living tissues (Terstappen  et al ., 2007). 

 Drug targets, which may be a cellular receptor, an ion channel, nucleic 

acids, DNA or RNA, enzymes, polysaccharides and lipids, are chemically 

well-defi ned molecular structures capable of interacting with therapeutic 

drug moieties (Imming  et al ., 2006). This interaction leads to downstream 

clinical effects. Common drug targets belong to the classes of kinases, pro-

teases, phosphatases and G protein coupled receptors. Ion channel proteins 

represent another attractive target in the drug discovery paradigm, as they 

have been implicated in several cardiovascular and neuronal disorders 

(Dunlop  et al ., 2008). Around 40% of targets in drug discovery belong to 

the class of ligand-gated ion channels (Yin  et al ., 2008).They act as the main 

targets for the currently available pharmaceutical agents, as well as majority 

of those agents in the drug development phase, and hence have been the 

focus of intense research resulting in dedicated conferences and numerous 

publications (Perrin  et al ., 2006; Zagnoni, 2012). 

 As most of these targets are a part of the cell membrane lipid bilayer 

structure, their functionality depends on the membrane integrity. The 

proteins may be denatured once dissociated from the membrane, and 

hence are required to be integrated into the membrane throughout the 

analytical procedure (Suzuki  et al ., 2004). Target validation employing 

isolated membrane proteins and ion channels offers many technologi-

cal challenges, as reproducing these nano-scale systems is very complex 

(2007). However, incorporating these drug targets in artifi cially synthe-

sized lipid bilayer membranes, and by specifi cally controlling the mem-

brane architecture and surface characteristics, simulating the natural 

environment of a drug target is envisaged as an option for target identi-

fi cation (Zagnoni, 2012). 

 Microfl uidic technology has played a key role in the fabrication of bilayer 

lipid membranes (BLM) (Mayer  et al ., 2003). Micron-sized BLMs with 

integrated membrane proteins and ion channels are advantageous over 

macro-systems, providing economical and time saving analysis platforms. 

These BLMs bear remarkable electric sealing, and hence are amenable to 

recording electrical signals across single membrane protein. On-chip pla-

nar bilayer structures were fi rst introduced in 2004 by Suzuki  et al . (2004). 

They fabricated a bilayer membrane chip using a silicon wafer having fl ow 

channels on both sides that are connected to apertures (Fig. 7.1a). Lipid 

solution and buffer, injected alternatively, resulted in the formation of the 

lipid bilayer. The proteins were incorporated in the bilayer using protein 

laden liposomes. Integrated microelectrodes could be used for determining 

the membrane potential, and thus could serve as a tool for ligand-binding 
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studies. However, silicon-based devices suffer from many disadvantages, 

including high dielectric loss of silicon leading to high electrical noise. Apart 

from that, the manufacture of silicon-based devices is time consuming, and 

the reproducibility of the BLMs is questionable. Other materials used for 

fabrication include epoxy photoresist (Cheng  et al ., 2001), glass (Fertig  et al ., 
2002) and Tefl on (Mayer  et al ., 2003), but the resultant BLMs were fragile 

and unstable.      

 Polymeric microfl uidic devices have the potential to overcome these 

drawbacks, offering advantages of economy and ease of fabrication. Poly 

(methyl methacrylate) (PMMA) has been seen as viable alternative, due 
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 7.1      Formation of bilayer lipid membranes (BLM) on microfl uidic chips. 

(a) Conceptual diagram of a membrane fl uid chip having fl uid channels 

and apertures. Alternate fl ow of lipid and buffer solutions leads to 

formation of BLMs. (Suzuki  et al ., 2004). (b) A microfl uidic device with 

a channel extending from a trench, where electrodes are inserted in 

both the upper well (containing lipid) and the lower channel (containing 

buffer). The bilayer is formed within an aperture upon exposure to air 

(left), the growth of which is monitored over 20 s (right). The setup was 

placed over a microscope to observe BLM formation that appeared as a 

bright region in the centre (Sandison  et al ., 2007).  
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to its good optical and dielectric properties, low glass transition tempera-

ture, ease of processing, and ability to bond other materials, unlike Tefl on 

(Sandison  et al ., 2007). Suzuki  et al . modifi ed their previous silicon-based 

design, to make a PMMA-based device providing a tapered aperture for 

lipid fl ow, and hence achieve a constant amount of lipid solution at the aper-

ture. Further application of a static pressure to control fi lm thickness yielded 

a more reproducible (90%) bilayer. With further optimization, embedding 

of four lipid bilayers on a single chip and gramicidin peptide, a monovalent 

cation channel, incorporated into the bilayer, was achieved (Suzuki  et al ., 
2006). One of the unique advantages of this microfl uidic device is that it 

facilitates easy microscopic observation of the bilayer (Suzuki  et al ., 2007). 

Sandison  et al . created microfl uidic channels on PMMA-coated glass sub-

strates by using hot embossing and laser micromachining (Fig. 7.1b). PMMA 

surface was chemically treated to render it hydrophobic. Lower channel was 

fi lled with buffer, and lipid solution was applied to the upper well, which was 

later fi lled with the buffer. Lipid bilayers could be achieved by exposure of 

the top surface to air (Sandison  et al ., 2007). 

 Malmstadt  et al . suggested that the air required in triphasic PMMA-based 

BLMs can be problematic, and automation is limited as continuous oper-

ator vigilance is needed during device fabrication. Also, an annulus was 

formed around the membrane due to the solvent, limiting the miniaturi-

zation capability (Malmstadt  et al ., 2006). They developed a novel method 

based on hydrophobic properties of poly (dimethylsiloxane) (PDMS). A 

non-aqueous solution of the lipid was suspended in an aqueous fl ow stream 

through a microfl uidic channel in PDMS. Solvent, being hydrophobic, parti-

tions into PDMS, shrinking the lipid membranes together and forming a 

bilayer (Fig. 7.2a). Ide and Ichikawa developed a microfl uidic device based 

on successive stacking of a glass slide, plastic sheet, PDMS spacer and aga-

rose-coated coverslip (Fig. 7.2b). Lipid solution is fi rst applied to the plas-

tic aperture and sucked by vacuum to form a thin layer over the coverslip. 

Electrolyte was then added to the well and the aperture was moved towards 

the coverslip, compressing the spacer. Before applying a thin layer of lipid, 

excess electrolyte was removed. Another layer of electrolyte was applied 

over this and excess lipid drained by the means of lateral diffusion, leaving 

behind central lipid bilayer. The area of the bilayer could be controlled by 

modulating the aperture movement (Ide and Ichikawa, 2005). This method 

offers the advantage of specifi c control of bilayer thickness due to applica-

tion of vacuum and provision for aperture adjustment.      

 Kreier  et al . developed a solvent-free method for creating lipid bilay-

ers, using giant unilamellar vesicles that were made to burst by suction 

through a micron-sized glass orifi ce. Ion channel proteins were integrated 

in the bilayer by incubation of giant unilamellar vesicles to obtain proteo-

liposomes in a simpler and less time consuming manner than with previous 
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 7.2      Formation of bilayer lipid membranes (BLM). (a) By microfl uidic 

solvent extraction, (i) droplet of organic solvent with dissolved lipid 

is formed in an aqueous stream of fl uid. Lipids are organized on the 

hydrophobic – hydrophilic interface (inset). (ii) As solvent enters the 

PDMS, the two interfaces approach one another. (iii) Finally, only 

the lipid layers are left behind, forming a bilayer membrane. (iv) 

Images showing solvent extraction from a lipid solution droplet in a 

microfl uidic channel, over a period of time (minutes:seconds), the BLM, 

although not visible in the last image, was formed and confi rmed by 

electrical measurements (Malmstadt  et al ., 2006). (b) By microfl uidic 

bilayer chamber method, (i) A drop of electrolyte was applied to the 

well of spacer. (ii) A plastic sheet was placed on the spacer and moved 

downward until the aperture hit the bottom. Then excess electrolyte 

was removed with a pipette. (iii) Small amount of lipid solution and a 

sample solution were added sequentially. Alternatively, lipid solution 

was sprayed through a fi ne pipette to the edge of the aperture with 

bubbling without removing the electrolyte in (ii). (iv) After formation 

of a thick membrane across the aperture, the plastic sheet was moved 

upwards. The membrane expanded, reached the agarose layer and 

thinned to form a bilayer. (v) Successive bright-fi eld images of BLM 

formation (Ide and Ichikawa, 2005).  
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techniques. Typical gating phenomena were observed by changes in pH and 

membrane voltage in the outer membrane protein OmpF obtained from 

 Escherichia coli  (Kreir  et al ., 2008). Chip-based bilayers have been used for 

bacterial toxin binding studies. Using total internal refl ection fl uorescence 

microscopy, cholera toxin B subunit and tetanus toxin C fragment could be 

detected as low as 100 pM (Moran-Mirabal  et al ., 2005). It was suggested 

that this method is adaptable for proteins and nucleic acids as well. 

 These techniques to fabricate BLMs  in vitro  provide a good platform to 

identify ion channel proteins as drug targets. Also, once identifi ed, these tar-

gets can then be used to screen new therapeutic agents and identify lead 

compounds for preclinical studies. They can also be used for determination 

of membrane properties under non-physiological conditions and gain access 

to ion channels in intracellular membranes (Kreir  et al ., 2008). 

 Cellular receptors and the downstream signal transduction pathways 

are being increasingly recognized to play a critical role in drug action and 

astounding progress has been made in characterizing their behaviour. Signal 

transduction has also been enormously researched with many companies 

having dedicated programmes for signal transduction based drug discov-

ery (Anonymous, 2000). Enzymes such as tyrosine kinase play an impor-

tant role in phosphorylating proteins, forming the essential links in signal 

transduction pathways (Wang  et al ., 2008). Wang  et al . recently developed 

a novel microfl uidic device combining the function of electroporation and 

fl ow cytometry to measure the translocation of fl uorescently tagged tyrosine 

kinase to the cell membrane, at a single cell level. It was demonstrated that 

cells stimulated through antigen receptor retained more kinase than their 

non-stimulated counterparts. These results could have a marked impact on 

target-based drug discovery, as kinases are frequently involved in common 

diseases such as cancer (Wang  et al ., 2008). 

 Analysis of protein molecules from a single cell has been envisaged as a 

potential tool to identify specifi c targets. Recently, single cell analysis has 

gained considerable importance in microfl uidics-based drug discovery, as 

these devices are able to perform manipulation, lysis, labelling, separation 

and quantifi cation of the protein contents in a single cell (Huang  et al ., 2007). 

Although this technique is not amenable to live cell monitoring, it provides 

for simultaneous detection of multiple targets, combining higher sensitivity 

with higher throughput. Using a single cell analysis chip, the number of  β  2  

adrenergic receptors was determined. The integrated microfl uidic chip facil-

itated cell and chemical handling, cell lysis, electrophoretic separation, and 

detection of lysate using laser-induced fl uorescence (Gao  et al ., 2004; Wu 

 et al ., 2004). Separation of proteins and peptides has also been achieved on 

miniaturized electrophoretic cells (Schulze and Belder, 2012; Sikanen  et al ., 
2012). Some of these techniques have been dealt with in greater detail in the 

subsequent section on analysis. 
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 Understanding of the interactions between receptors and their ligands 

provide insightful information on disease progression, and exploration of 

such drug – receptor pairs provides us an opportunity to discover drugs selec-

tively targeting a particular receptor (Goldberg  et al ., 2009). Modulation of 

physiological events, such as cell differentiation and death, release of neu-

rotransmitters and hormones, is a result of activation/suppression of signal 

transduction pathways, which are often coupled to cellular receptors. This 

activation/suppression is in turn due to binding of specifi c ligands to these 

receptors. Much of the research work in discovering new receptor ligands 

has been focused on binding studies of low molecular weight molecules to 

macromolecular receptors, followed by screening of biochemical changes. 

However, it has been reported that lack of a particular biochemical event 

does not necessarily translate into lack of receptor activation. Other cellular 

components and events, such as second messengers, downstream processes, 

gene transcription and change in receptor confi guration, have to be looked 

into. This, however, is not possible with the conventional assay procedures 

(Gurwitz and Haring, 2003). High-throughput ligand-binding assays provide 

a suitable alternative to perform multiple tasks on a small chip. Moreover, 

the discovery of many new ‘orphan’ receptors, for which no ligands are cur-

rently known, offers a promising avenue for drug discovery. 

 Microfl uidic devices are benefi cial for ligand-binding studies, as they 

reduce interaction times, enhance sensitivity and throughput (Kang  et al ., 
2008), and aid in separation of complexed and uncomplexed molecules 

(Bange  et al ., 2005). For these binding studies, receptor or ligand molecules 

can be immobilized on a PDMS substrate by adsorption (Makamba  et al ., 
2005), or covalent bonding (Sui  et al ., 2006), or by microcontact printing 

as achieved for solution hybridized oligonucleotides (Razumovitch  et al ., 
2009). These binding interactions are usually quantifi ed by the measurement 

of equilibrium dissociation constant ( K   d  ) of the ligand – receptor complex. 

 Goldberg  et al . demonstrated the interaction of glycopeptide antibiot-

ics, teicoplanin and vancomycin, immobilized on a PDMS microchannel 

with 5-carboxyfl uorescein- d -Ala- d -Ala- d -Ala (5-FAM-(DA) 3 ). The  K   d   

was reported to be similar to previously reported values as measured by 

commercial systems, even though it utilized a smaller amount of reagents 

(Goldberg  et al ., 2009). Centrifugal microfl uidic platforms, which are disc-

shaped microfl uidic devices, have also been developed whereby the fl uid 

fl ows by simple rotation of the disc. Interaction between phenothiazine anti-

depressants and calmodulin, attached to a green fl uorescent protein, was 

studied. Drug binding affected the fl uorescence properties, and hence con-

centration of the drug bound to the protein receptor could be determined 

(Puckett  et al ., 2004). The BLMs described earlier have been used exten-

sively for ligand-binding studies over the past two decades. Recently, phos-

pholipid bilayers were patterned with bovine serum albumin by lithography. 
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Following repeated cycles of patterning, ganglioside GM1 was coated along 

the microfl uidic channels in different concentrations, and its interaction 

with varying concentrations of cholera toxin B was studied (Shi  et al ., 2008). 

Javanmard  et al . demonstrated a novel method of coupling a microfl uidic 

device with shear force spectroscopy to study the interaction between pro-

tein molecules and DNA base pairs. The method could be used to measure 

the affi nity of bonding between the interacting molecules by measuring the 

drag force required to detach the ligand bound to the microfl uidic channel 

when the receptor attached to the surface of microbeads is pressure driven 

through these channels (Javanmard  et al ., 2010).  

  7.2.2     Hit identifi cation and lead optimization 

 After the identifi cation of a particular druggable target, the next step in 

the drug discovery process is to identify a ‘hit’, which involves the phases of 

hit identifi cation (HI), lead identifi cation (LI), and lead optimization (LO). 

A ‘hit’ is a particular chemical or biological moiety that binds to a specifi c 

target which has been implicated in an ailment. Screening and optimization 

of millions of ‘hits’ results in several ‘lead’ compounds. This whole multi-

phase process, in which ‘leads’ are optimized by an initial screening involv-

ing multiple ‘hits’, is described as a ‘hit-to-lead’ process (Goodnow, 2006 ). 

Synthesizing and screening the right drugs which can potentially be used, 

carried forward through a drug development programme, and enter a clinic, 

starts from correct identifi cation of hits and leads. These steps are impera-

tive, since drug discovery is an expensive process. An error at this stage may 

lead to an expensive failure at a later stage. 

 Drug candidates may either be derived from combinatorial libraries or be 

of natural origin. Drug libraries have been estimated to be in the order of 

10 63  (Bohacek  et al ., 1996). Microfl uidic chip-based combinatorial chemistry 

and high-throughput screening, together aim to result in a paradigm shift, 

leading to the development of methods of sequential synthesis and testing 

of thousands of compounds in parallel (Knight, 2000). 

  Synthesis of drug libraries 

 Recognition of drug targets has kept pace with the fast progress in genomic 

and proteomic tools. Pharmaceutical companies on the other hand are fac-

ing challenges to generate drug compounds at the fastest possible rate, in 

an inexpensive manner. Synthesis of drug libraries has been described as 

the biggest impediment in the drug discovery process (Jones  et al ., 2005). 

Improved methods in combinatorial chemistry have resulted in rapid syn-

thesis of large number of chemical compounds, and have produced enor-

mous drug libraries. This has been further accelerated by the improvement 
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in the design of the microfl uidic reactors. These microfl uidic reactors can be 

classifi ed into three types, based on the fl ow pattern, namely (i) fl ow-through 

type, (ii) droplet or slug type, and (iii) batch type. The most common fl ow-

through type enables multiple reagents to be maintained at a temperature, 

and be pressure driven through the channels. These reactors have been used 

widely in extraction procedures as well as in multiple chemical syntheses 

(Keng  et al ., 2012). 

 Parallel combinatorial synthesis in multiple microfl uidic reactors has also 

been demonstrated utilizing the continuous fl ow of reagents in microfl uidic 

channels. A multiple microfl uidic reactor assembly was fabricated to synthe-

size carbamates in a multistep procedure (Sahoo  et al ., 2007). However, this 

method sacrifi ces the advantages of an integrated system for several reac-

tions to be carried out on a single chip. Researchers then looked to fabricate 

a consolidated device with multiple layers of parallel chips. A multilayer 

glass chip was developed for a 2 × 2 series synthesis in parallel (Kikutani 

 et al ., 2002). The complexity and expense of fabrication of this multi-lay-

ered device was a concern. Recently, Dexter and Parker exhibited parallel 

combinatorial synthesis of compounds on a single-layered microfl uidic chip 

(Fig. 7.3a). They fabricated a single layer PDMS chip for synthesizing a 2 × 2 

series of amide formation products (Dexter and Parker, 2009).      

 However, continuous fl ow reactors are not suitable for multistep reac-

tions, especially those involving sequential synthesis. A modifi ed technique, 

termed batch microfl uidics, in which specifi c microvalves control the deliv-

ery of reagents in batches, has been developed. These isolated batches can 

be delivered to the microfl uidic reactor chamber at specifi c time points in a 

reaction cycle, exercising greater control over the reaction (Lee  et al ., 2005). 

A fl uoride radiolabelled imaging probe, in nano/microgram scale, was syn-

thesized in fi ve sequential processes involving fl uoride concentration, water 

evaporation, radiofl uorination, solvent exchange, and hydrolytic deprotec-

tion (Fig. 7.3b). 

 A newer technology, known as droplet microfl uidics, has recently come 

to the fore. It is based on compartmentalization of each assay in a small 

droplet, usually in the range of 1 pL–10 nL, surrounded by an immiscible 

oil, which can be manipulated and processed in a high-throughput manner 

(Brouzes, 2012). Each of these droplets can act as a tiny microfl uidic reactor, 

notably reducing the reagent volumes required. A mesh-grid design microw-

ell array was fabricated by Um  et al ., which allows for continuous addition 

and trapping of picolitre single cell droplets in the microwells (Fig. 7.3c). 

Due to miniaturization, the device provides high-throughput screening of 

the droplets (Um  et al ., 2012), but multistep reactions using these devices 

are still a big challenge. 

 In addition, these microfl uidic reactors have also been used for synthe-

sis of biological molecules, such as DNA. Short synthetic oligonucleotides 
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 7.3      Different types of microfl uidic reactors. (a) A continuous PDMS-

based microfl uidic fl ow reactor for 2 × 2 parallel combinatorial 

synthesis. The tubing has been inserted at each inlet and outlet port 

(Dexter and Parker, 2009). (b) Optical micrograph of a batch type 

microfl uidic reactor with actual dimension (inset) (Lee  et al ., 2005). 

(c) Schematic of a microdroplet manipulator, including functions for 

(i) droplet generation, (ii) transfer of droplets to a microwell array, 

(iii) migration of droplets into the wells, (iv) trapping of second droplets 

and (v) oil change to induce droplet merging (Um  et al ., 2012).  
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were joined under thermal cycling in a microfl uidic picoArray device to 

form DNA constructs up to 10 kb instantaneously. The fabricated DNA 

construct was shown to express relevant proteins and may be used for 

cell free protein expression on a large scale (Zhou  et al ., 2004). Mei 

 et al . developed a microfl uidic array device for synthesis of chloram-

phenicol acetyl-transferase and luciferase, and reported the yield to be 

13–22 times higher than that achieved in microcentrifuge tube, with a 

5–10 times longer lasting protein expression. The device is composed of 

an array of units that allowed for fabrication of different proteins, pro-

tein expression and nutrient supply. The device is also capable of syn-

thesis and analysis of proteins on a single chip, potentially eliminating 

the need to harvest proteins, thereby reducing wastage and increasing 

process effi ciency (Mei  et al ., 2007). A droplet-based microfl uidic method 

was recently developed for on-chip protein synthesis. Production of a 

water-in-oil-in-water (W/O/W) emulsion was accomplished by formation 

of a water-in-oil emulsion on a poly (methyl methacrylate) chip, up fi rst, 

followed by complete emulsion formation on a PDMS/glass microchip. 

Synthesis and expression of a green fl uorescent protein from a DNA 

template was successfully demonstrated using a microfl uidic platform 

(Wu  et al ., 2011). 

 Most of the devices developed use PDMS as the substrate material due 

to its excellent optical properties as well as its mouldability. However, 

PDMS is incompatible with many organic solvents and adsorbs many 

hydrophobic compounds due to its surface properties. Keng  et al . fab-

ricated a microfl uidic platform that is operated by electrowetting-on-

dielectric (EWOD). The device was made from inorganic materials 

coated with perfl uoropolymer, and offers fl exibility in use with organic 

and hydrophobic reagents (Keng  et al ., 2012). The device was shown to 

be suitable for diverse chemical reactions with minimal consumption of 

reagents, with suitability for multistep procedures requiring several sol-

vent exchange rounds. 

 These devices have been put to effi cient use to generate drug libraries, 

which provide a powerful source that needs to be screened to explore new 

drugs. To screen these large combinatorial libraries of compounds, the 

pharmaceutical industry has looked at high-throughput screening (HTS) 

methodologies over the past two decades. Conventional screening meth-

ods were able to screen 5000–20 000 compounds over a few years, result-

ing in ineffi cient screening of only 2–20% of the compounds on the whole 

library. However, HTS, or newly termed ultra-high throughput screening 

(uHTS), methodologies aim to screen 10 000–100 000 compounds over 

a period of 24 h, resulting in generation of 2–18 million screening results 

per year (Beggs, 2001). This logarithmic increase in screening capability 

has given a boost to the hit-to-lead discovery process.  
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  High-throughput screening 

 Traditionally, high density microplates including 96, 384, 1536 and those 

with >1536 wells have been used extensively for HTS (Battersby and Trau, 

2002; Brandish  et al ., 2006). However, liquid handling on a microlitre scale 

in these microplates was found to be diffi cult due to their inability to be 

integrated with robotic liquid handling technologies as well as suitable 

detection platforms. Microfl uidic platforms can further miniaturize the 

HTS platforms, lowering the assay volume required. Also, these platforms 

can be easily modelled for convenient liquid handling and integrated with 

analytical devices. Microfl uidic HTS platforms for confi ning reagents have 

been studied in both serial and parallel confi gurations. Using the serial 

method, compounds are screened successively with only one detector unit. 

However, in this approach, the throughput is largely dependent on fl ow rate 

and concentration of the sample, as well as acquisition speed of the detec-

tor. In contrast, parallel screening offers faster analysis, segregating multiple 

samples into miniaturized compartments of a high density microplate, and 

analysing by a single detector. Parallel analysis is, however, limited by the 

miniaturization capacity and hence the extent of parallelization (Thorsen, 

2004). Nevertheless, both methods have been extensively used in microfl u-

idic HTS. 

 Microfl uidic microwell arrays are versatile tools for cell culture and 

high-throughput experimentation through cell-based assays, particularly 

important in drug screening and offering a potential alternative to animal-

based testing. Nearly 50% of all drug discovery processes rely on cell-based 

assays (Fox  et al ., 2006). Seeding many cell types on a single chip offers 

the advantages of testing the effect of drugs on different cells types. It also 

offers the potential of testing many compounds on a single cell type in high 

throughput. A multiwell microelectrode array was fabricated using PDMS 

by conventional soft lithographic process. The array was then coated with 

a cell-adhesive layer of poly-D-lysine followed by patterning a non-con-

ducting agarose gel layer to isolate the individual neuronal micro-circuits 

and record individual action potentials of drugs such as bicuculline and 

N-methyl-D-aspartic acid (Kang  et al ., 2009) (Fig. 7.4a). Chen  et al . devel-

oped a complementary microwell and microcolumn system for screening 

of drugs (Fig. 7.4b). They used microelectro-mechanical systems (MEMS) 

to fi rst fabricate a microwell array on a glass substrate to culture the cells. 

Employing a similar process, they fabricated complementary microcolumns 

that would carry the drugs to be topically applied onto the cells. The system 

was found to be suitable for delivering high-throughput identifi cation of 

epidermal growth factor receptor inhibitors (Chen  et al ., 2011c). An inte-

grated multilayer microdevice incorporating a drug/medium concentration 

gradient generator, fl ow controlling microvalves, and microchambers for 
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 7.4      Microfl uidic microarrays for cell based high-throughput screening. 

(a) A multiwell microelectrode array, (i) phase contrast image of 

agarose microwells on a micro-electrode array. Each microwell is 

composed of a microelectrode, poly-D-lysine coated surface, and 

agarose hydrogel wall, scale – 200  μ m. (ii) The growth of neuronal 

conduits in microwells over a period of 3 weeks, scale – 50  μ m (DIV – 

days  in vitro ) (Kang  et al ., 2009). (b) Schematic illustration of the 

microwell and microcolumn cell based assays, (i) workfl ow for reverse 

transcription, and (ii) drug screening assay (Chen  et al ., 2011b). 

(c) Schematic of a multilayered microfl uidic device for drug screening. 

Layer A consists of pear shaped microchambers for cell culture. The 

microchambers were surrounded by micropillars to confi ne the cells 

inside. Layer B was used to generate concentrations of drug solutions. 

Layer C was made of PDMS and had microvalves for controlling the 

drug/medium volume dispensed below. Layer D had an air inlet for 

distribution of air to pneumatic chambers (Liu  et al ., 2012).  
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cell culture was recently fabricated by Liu  et al . for testing the apoptosis 

behaviour in a cisplatin-resistant cancer cell line (Liu  et al ., 2012). A vertical 

perfusion mode was adopted in this device, as shear stress due to horizontal 

fl uid fl ow can adversely impact the cells. Using the set-up, sequential load-

ing of cells, medium, drugs and air was achieved in successive layers of the 

device (Fig. 7.4c).      

 Despite a lot of progress in developing microscale arrays for cell culture, 

cell seeding in these arrays is a challenge. Kang  et al . addressed this issue by 

developing a simple wiping method to seed cells in microwells (Fig. 7.5). A 

coverslip was used to slowly wipe the cells suspended in the growth medium 

across the surface of the microwell array. Cell concentration, microwell 

geometry and wiping speed controlled the cell seeding density (Kang  et al ., 
2010). They also developed an algorithm and software for automatic count-

ing of cells in a microwell array. The software, named Arraycount, detects 

the cell count from the fl uorescent cell images in high throughput. The 

results were in close correlation with cell counts from the manual methods 

(Kachouie  et al ., 2009).      

 Studying single cell characteristics offers an advantage over observing the 

behaviour of a group of cells, as single cell characteristics might be hugely 

different from the entire population of cells. Microwell arrays have been 

developed to confi ne single cells, for observation of these and their prog-

eny over a period of time. One of the fi rst studies pertaining to single cell 

confi nement in microwell arrays for drug screening was reported by Rettig 

and Folch (2005). PDMS microwells were fabricated by conventional soft 

lithography, and controlled seeding of single cells into microwells could be 

achieved by optimizing the geometry of the microwells. It was observed that 

microwells with an aspect ratio (diameter: depth) close to 1 had more than 

85% wells with single cell occupancy for both adherent and non-adherent 

cells (Rettig and Folch, 2005). An interesting round bottom microwell array 

was recently developed by Liu  et al . by creating PDMS microwell arrays 

by reverse moulding using polystyrene microspheres melted on a glass 

substrate (Liu  et al ., 2010). The size of these microwells could be tuned to 

10–20  μ m, which is diffi cult to achieve with conventional soft lithography. 

The PDMS microwells were then used to confi ne single cells by pouring 

excess cell suspension over the microwells, which allowed the cells to settle 

in. The enzymatic activity of the cells was studied by carrying out the car-

boxylesterase assay using calcein AM. Fluorescence intensities from single 

cells could be captured to reveal different kinetic behaviour of entrapped 

cells, which was related to cell viability (Fig. 7.6). Another novel way of con-

straining single cells in microwells was demonstrated by Wang  et al . (2012). 

The fl exibility of PDMS was exploited by stretching the patterned PDMS 

array using a tube that delivered the cells onto the array. After loading, the 

tube was withdrawn and cells settled in the microwells, which were then 
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 7.5      Microwell fabrication by photolithography and cell confi nement 

using wiping method. (a) Photolithography: Poly(ethylene glycol) 

diacrylate was patterned into microwells using a photomask. (b) Cell 

patterning; a drop of cell solution was pipetted onto a thin glass slide 

and placed in contact at an obtuse angle with the microwell slide 

adjacent to the array. The cover glass was rotated to an angle of 45° and 

moved across the array, spreading the cell solution into the microwells 

and removing excess solution from the surface. This process localized 

cells and isolated liquid in the microwells. (c) (i)–(iv) shows the time 

lapse images of wiping a wedge of rhodamine/cell solution, leaving 

behind cells in the microwells with no excess liquid on array surface. 

The dotted line indicates the actual contact of the glass slide on the 

array surface. (d) (i)–(iii) Effect of wiping speed on cell distribution 

in microwells, where fast (>10 mm/s) and slow (<0.1 mm/s) wiping 

resulted in non-uniform distribution of cells, while normal (1.0 mm/s) 

resulted in uniform distribution (Scale – 400  μ m) (Kang  et al ., 2010).  
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amenable to further analytical treatment. They also demonstrated that cells 

within the microwells could be isolated by deforming the PDMS substrate 

using a microneedle (Wang  et al ., 2012). A further example was illustrated 

by Lew and co-workers, who devised a plastic microwell array by using eco-

nomical materials such as shrink wrap fi lm and tape. A carbon dioxide laser 

was used to cut holes in the tape, which acted as a mask to etch wells in the 

shrink wrap by oxygen plasma (Lew  et al ., 2011).      

Oxygen plasma

Glass

Glass

Glass

glass

Drop suspension of PS microspheres

Hydrophilic surface
on glass substrate

Assembly of PS microspheres
on glass surface

Partial melting and
deformation of PS microspheres
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PS microspheres
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 7.6      Microwell arrays for single cell analysis. (a) Fabrication of PDMS-

based microwell arrays using polystyrene microbeads, and (b) 

micrograph image of Ramos cells in each microwell (Scale 20  μ m) (Liu 

 et al ., 2010).  
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 Apart from multiwell arrays, multiplexed screening platforms have 

also been developed to screen multiple samples in one run. The ability to 

analyse multiple proteins, nucleic acids as well as small molecules, reduces 

assay time, reagent volume and cost. Multiplexed measurements provide 

the ability to increase the throughput without a simultaneous increase in 

the density of the microfl uidic array. Multiplexing technology has been 

applied to two different types of microfl uidic platforms: planar arrays 

and suspension (particle based) arrays. For protein and DNA analysis, 

planar arrays have been used, whereby protein molecules have been pat-

terned as microarrays onto substrates using lithography (MacBeath and 

Schreiber, 2000). Such systems offer application specifi c advantages, rang-

ing from study of protein – protein interactions to establishing proteins as 

targets for small molecules and specifi c functions of enzymes. Suspension 

arrays, on the other hand, offer the advantages of studying the properties 

of compounds in solution, thereby providing ease of sample modifi cation, 

higher throughput and increased batch-to-batch uniformity (Nolan and 

Sklar, 2002). 

 A multiplexed system could be used to screen a compound against 

multiple kinases, or study protein – protein interaction and detect changes 

in enzyme conformation (Xue  et al ., 2001). In this report, four kinases 

were screened against a substrate. The reaction products/substrates 

could be separated by electrophoretic separation on a chip and analysed. 

Multiplexed screening of picolitre-sized droplets that could be manipu-

lated using an array of electrodes has also been reported. For example, 

caspase-3, a marker of apoptosis, which is an important tool in cancer 

drug discovery, was measured after human cervical adenocarcinoma 

HeLa cells were treated with different concentrations of staurosporine. 

The technique termed as digital microfl uidics was compared with conven-

tional techniques involving 96-well plate. It resulted in a 33-fold reduc-

tion in sample volume together with a lower detection limit for caspase-3 

analysis compared with conventional techniques. This can be attributed 

to the lack of delamination in apoptotic cells in the digital microfl uidics 

platform that uses the droplet manipulation system instead of pipetting 

or aspiration of liquids with conventional techniques (Bogojevic  et al ., 
2012). 

 Analysing multiple samples by multiplexing, however, poses a challenge 

in sample recognition. Hence, it is necessary to have an encoding scheme 

integrated into the system to allow for rapid and precise analyte identifi ca-

tion. Encoding schemes based on spectrometric (Han  et al ., 2001), graphi-

cal (Evans  et al ., 2003), electronic (Service, 1995) and physical techniques 

(Vaino and Janda, 2000) have been developed. An exhaustive review 

of various encoding techniques has been published by Braeckmans  et al . 
(2002). Spectrometric techniques utilize specifi c wavelengths to analyse a 
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compound. In contrast, graphical methods use certain optical elements that 

are chemically patterned onto the microarray. These techniques require 

much sophistication, and are expensive and may require a considerable 

amount of time for fabrication and integration. 

 Pregibon  et al . recently developed a novel encoding scheme for multi-

plexed platforms (Pregibon  et al ., 2007). In this system, two poly(ethylene 

glycol)-based monomer solutions, one being a fl uorescent dye and the other 

being an acrylated probe, were made to fl ow through microfl uidic chan-

nels. The solutions during fl ow were exposed to ultraviolet light using con-

ventional techniques of continuous fl ow lithography to develop a patterned 

particle (Pregibon  et al ., 2007). The morphological properties of the particles 

were determined by a photomask, inserted into a fl uorescence microscope 

(Pregibon  et al ., 2007). A simple dot coding scheme was used on the photo-

mask that could generate over two million particles, with each having a unique 

code. Although the particle size achieved in this method was larger than in 

previous methods, the authors demonstrated that the sample volume required 

was manageable, together with providing higher sensitivity and reproducibil-

ity. The system was able to detect DNA at very low concentrations, without 

signal amplifi cation, proving it to be a completely integrated encoding device, 

with advantages of low cost, high effi ciency with virtually unlimited number 

of codes possible, and all this achievable with the services of a simple fl uores-

cence microscope. 

 Inkjet printing technology has been purported as a highly effi cient 

screening alternative, providing effi ciencies greater than 200 000 com-

pounds per day, currently achievable with the microfl uidic platforms 

described earlier. The technology offers capabilities to simultaneously 

deposit cells and drugs to be tested in a small picolitre volume. Post-

processing, the cell characteristics can be studied to evaluate the drug 

effects. Such a novel platform was developed by Rodr í guez-D é vora  et al . 
(2012). They developed an inkjet printer-based method to pattern green 

fl uorescent protein expressing  Escherichia coli  cells grown on a soy agar 

medium, on a coverslip. Live/Dead ™  assay, used to assess bacterial cell 

viability, demonstrated high rate of cell survival after imprinting. Fast 

screening utilizing low volumes to assess the effect of three antibiot-

ics patterned together with the bacterial cells could be carried out. This 

bioprinting approach was compared to the standard micro-pipetting 

approach and was found to yield similar results at much lower volumes 

(Rodr í guez-D é vora  et al ., 2012). 

 These microfl uidic platforms have signifi cantly enhanced the profi le of 

HTS, leading to optimization of hits and leads, before the leads are put 

through preclinical testing for evaluation of their preliminary pharmacoki-

netic and toxicological properties.   
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  7.2.3     Preclinical evaluation 

 Interaction with the molecular targets begins the journey of the drug 

in the human body. When a drug is administered, it has to be absorbed 

across mucous membranes, followed by its distribution to its target site 

and metabolism to an inactive metabolite to be eliminated from the 

body. It should also be devoid of any toxic effects. These characteristics, 

respectively known as absorption, distribution, metabolism, elimination 

and toxicology (ADMET) are essential factors in determining the path of 

the drug in the later stages of the drug discovery process. A fi ne balance 

between these pharmacokinetic characteristics is needed for the develop-

ment of a drug from a chemical entity (Muster  et al ., 2008). Unsatisfactory 

ADMET profi les account for attrition of 50–60% drug candidates at the 

preclinical development stage (Smith, 2007), with lack of effi cacy and 

undesirable toxicity being the major causes (Kramer  et al ., 2007). It has 

been reported that the lack of effi cacy accounts for 30% of failures of new 

drug entities and toxicity further accounts for another 30%. If these are 

detected at later stages in the drug development process, the overall cost 

of the programme will be increased, as cost escalates with each stage (Kola 

and Landis, 2004). This is why pharmaceutical companies are nowadays 

adopting the ‘ fail early; fail cheap ’ approach to identifying the toxicolog-

ical properties of drug compounds. This is done in lieu of savings in the 

event that toxicological properties are identifi ed at a much later stage or 

even after the launch of the product, necessitating an inevitable and highly 

expensive market recall. It has been reported that market recalls, as a per-

centage of approvals, in the United States has fallen from 27.2% in 1980s 

to 5.2% in 2000s (Qureshi  et al ., 2011). This has, in part, been the contri-

bution of more novel and effi cient toxicity screening platforms that have 

been developed in the past two decades. It also underlines the importance 

of profi cient preclinical programmes, and the role played by them in drug 

development. 

  In vitro  toxicological testing in cell models provides useful infor-

mation about the drug candidates, much before the expensive animal 

experiments and first-in-human clinical trials are conducted.  In vitro  

experiments have been long touted to replace animal testing, espe-

cially due to the ethical concerns surrounding animal experimentation 

(Wen  et al ., 2012). Moreover,  in vitro  toxicity in excised animal organs 

may not be extrapolated to correctly reflect human toxicities. On the 

other hand,  in vivo  preclinical testing in live animals requires a large 

amount of compound under investigation, which is usually available in 

limited quantities and may be prohibitively expensive (Muster  et al ., 
2008). 
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  In vitro evaluation 

 Three-dimensional (3D) cell culture mimics the natural environment of 

the cells, including cell – cell and cell – extracellular matrix interactions, as 

opposed to planar two-dimensional (2D) cultures that are used to main-

tain cells (Pampaloni  et al ., 2007). An excellent collation of advantages of 

3D cell culture over the 2D format has been provided by Zhang and van 

Noort (2011). Also, these 3D cultures offer an  ex vivo  alternative to live 

animal testing, and potentially reduce the cost of toxicity screening during 

drug development. Nonetheless, 3D cell cultures present a few shortcom-

ings, especially with sample handling and imaging. Since these cultures are 

thicker than conventional ‘petri-dish’ cultures, they are diffi cult to adapt to 

conventional microscopic techniques. Liquid handling in patterned micro-

structures requires sophisticated micro/nanolitre scale devices. However, 

the advantages of studying the cells in an environment outweigh the tech-

nological shortcomings, which, too, are being addressed simultaneously. 

 As hepatotoxicity has been the leading cause of failure at the clinical 

trial stages and post launch market withdrawals, many researchers have 

looked at developing  in vitro  cell-based hepatotoxicity assays. It is impor-

tant to notice here that most of these agents went through preclinical ani-

mal testing and were assumed to be safe (Kaplowitz, 2005). Microfl uidic 3D 

cell culture platforms aim to address this problem, and have been designed 

to provide deeper insights into cell behaviour when exposed to cytotoxic 

agents. A multiwell 3D cell culture platform was designed using soft lithog-

raphy to co-culture primary hepatocytes with mouse 3T3-J2 fi broblasts 

(Fig. 7.7a). A PDMS stencil containing through-holes in a 24-well format 

was fi rst applied to a polystyrene plate, followed by application of collagen-

I through the holes. After removal of the PDMS stencil and application of 

a 24-well PDMS blank, hepatocytes were cultured on the 24 wells, which 

attached to the collagen, surrounded by fi broblasts. The hepatocyte mor-

phology was maintained in the wells for 4–6 weeks. Albumin and urea syn-

thesis, measured as markers of protein synthesis and nitrogen metabolism 

and typically considered as a measure of liver function, were reported to be 

normal. On the other hand, pure cultures were reported to be morphologi-

cally unstable and there was a loss of albumin and urea synthesis (Khetani 

and Bhatia, 2008).      

 Kane  et al . designed a microfl uidic 8 × 8 array, composed of PDMS. Each 

well in the array had two chambers. The primary chamber’s bottom was 

made of glass coated with collagen, for co-culturing rat hepatocytes and 

3T3-J2 fi broblasts; the collagen aided selective adhesion of hepatocytes, 

while continuous perfusion of medium and removal of waste products was 

achieved by microfl uidic tubing connected to the chamber. The secondary 

chamber, which was separated from the primary chamber by a thin PDMS 
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 7.7      Multiwell culture for  in vitro  toxicity testing. (a) Schematic of the 

fabrication process (left panel) with photomicrographs of each step 

(right panel). A PDMS stencil in a 24-well format with through holes at 

the bottom of each well is sealed to a polystyrene plate, with collagen-I 

adsorbed on exposed polystyrene. The stencil is then peeled off 

followed by be application of blank PDMS stencil before cell seeding. 

Hepatocytes are then seeded which selectively attach to collagen-I, 

allowing fi broblasts to be seeded in other bare areas (Khetani and 

Bhatia, 2008). (b) A mathematical PBPK model and a corresponding 

physical  μ CCA based on the human body. A  μ CCA consists of liver, 

tumour and marrow chambers, interconnected with channels mimicking 

the blood fl ow pattern in the human body (Sung and Shuler, 2009).  
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membrane, was linked to microfl uidic channels supplying humidifi ed air 

with 10% carbon dioxide at 37°C. They also reported similar results, with 

increased albumin and urea production (Kane  et al ., 2006). Such microfl u-

idic platforms have also been used to assess cardiotoxicity, neurotoxicity, 

embryotoxicity and cytolysis, a summary of which has been provided in a 

review by Wen  et al . (2012). These microfl uidic devices, which can emulate a 

particular organ  in vitro , are referred to as organ-on-a-chip devices. 

 Although the above listed cell-based assays provide information about a 

compound’s therapeutic and toxic properties on the tissue under consider-

ation, they do not tell anything about the effect on the whole body or inter-

actions with other organs and related dose dynamics. As a drug in the body 

goes through the complex process of ADME, collectively called as phar-

macokinetics (PK), with contributions from different organs, cell culture 

using cells-on-a-chip or organ-on-a-chip technology, fails to capture these 

responses. Of late, scientists have developed miniaturized multi-compart-

ment cell culture platforms better known as body-on-a-chip devices. These 

can promote tissue – tissue interactions by creation of environment and fl ow 

conditions scaled down to  in vivo  tissue sizes. They can also aid in study-

ing interactions between organs in a high-throughput manner, enabling 

the study of multiorgan metabolic and toxicity profi les of a compound. 

Microscale systems designed for physiologically based pharmacokinetic 

modelling (PBPK), having different compartments for different tissues, 

can assist in understanding parameters such as tissue-to-blood perfusion, 

enzyme kinetics, liquid-to-cell ratio and physiological stress on a particular 

tissue/organ (Esch  et al ., 2011). 

 A novel microfl uidic system, microscale cell culture analogue ( μ CCA), 

has been developed for multiorgan toxicity analysis. A multiorgan culture 

system, the integrated discrete multiple organ culture or ‘wells-within-a-

well’ system, was designed by Li  et al . Cells from different organs were cul-

tured in small wells in their respective media in a bigger well. They cultured 

primary cells from liver, kidney, lungs, central nervous system, blood vessels 

as well as human breast adenocarcinoma cancer cell line, MCF-7. For testing 

the toxicity of a model drug, the bigger wells were fl ushed with a medium 

containing the drug, tamoxifen. The effect of tamoxifen was evaluated and 

its comparative toxicity towards various organs was also examined. Apart 

from this, the system offers another advantage in enabling the analysis of 

the anticancer activity of a drug with respect to its effect on normal tis-

sues. Although the authors did not delve into multiorgan interactions, this 

in principle can be adapted for this purpose and its capabilities should be 

further investigated (Li  et al ., 2004). 

 In a model based on PBPK to emulate the dynamics of the human body, 

different compartments hosting different cell types were connected through 

microfl uidic channels to mimic blood circulation. Four different cells were 
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cultured on a  μ CCA, including hepatocytes (HepG2/C3A), bone marrow 

cells (MEG-01), uterine cancer cells (MES-SA), and a multidrug resistant 

(MDR) uterine cancer cell line (MES-SA/DX-5). In a combination drug 

therapy of chemotherapeutic doxorubicin, with MDR modulators cyclo-

sporine and nicardipine, treated for 24 h or 72 h, a selective toxicity towards 

MES-SA/DX-5 was detected, a synergy not observed in conventional 96-well 

plate assays. This device could thus be used in drug screening and selection 

of potential MDR modulators, as well as gather dose required and dose 

response curves for subsequent  in vivo  animal experiments or clinical trials 

(Tatosian and Shuler, 2009). 3D hydrogel cultures in  μ CCA format were 

developed by Sung and Shuler (Fig. 7.7b). Three types of cells, hepatocytes 

(HepG3/C3A), myeloblasts (Kasumi-1) and colon cancer cells (HCT-116), 

were embedded in different chambers in 3D hydrogels, representing dif-

ferent organs. The cytotoxic effect of tegafur, a prodrug of active antican-

cer drug, 5-fl uorouracil, commonly used in colon cancer was tested using 

this device. An interesting revelation, as compared to conventional 96-well 

plate assay was that, although, the liver cells in  μ CCA showed metabolism 

of tegafur similar to 96-well plate, the metabolism led to the death of hepa-

tocytes, an effect which was unnoticeable in well plate assays (Sung and 

Shuler, 2009). The literature is replete with tegafur toxicity data, particularly 

its hepatotoxicity (Maruyama  et al ., 1995). In such a scenario, development 

of microfl uidic systems providing critical toxicity information in  in vitro  

models bodes well for preclinical drug testing.  

  Ex vivo evaluation 

 Apart from  in vitro  microfl uidic cell culture platforms, some researchers have 

also looked at  ex vivo  microfl uidic platforms by isolating animal tissues, par-

ticularly liver, and culturing excised explants to analyse the toxicity of vari-

ous compounds. It has been reported that precision cut liver slices fare better 

than hepatocytes alone with respect to metabolic activity (Graaf  et al ., 2007). 

Continuous perfusion of nutrient medium can further reduce the loss of met-

abolic activity and prolong protein expression in these slices. Microfl uidic 

devices have been designed to continuously replenish the spent medium 

and remove waste material from these slices. van Midwoud  et al . designed a 

PDMS-based ‘perifusion’ device, with liver slices supported on polycarbonate 

membranes (Fig. 7.8a). The term ‘perifusion’ was used instead of perfusion, 

as the medium fl owed around the slices. PDMS membranes were purposely 

kept thin so as to allow for effi cient gaseous exchange. Metabolic activity of 

7-ethoxycoumarin observed was comparable to the well plate-based method 

was observed in this device (van Midwoud  et al ., 2010). Another PDMS-based 

device was developed to analyse ethanol toxicity in liver explants. Using this 

device, concentrations as low as 20 mM produced a decrease in mitochondrial 
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 7.8      Microfl uidic platforms for  ex vivo  experiments. (a) For culturing 

liver slices. (i) Cross-sectional view of a PDMS-based biochip for 

culturing liver slices that were supported on a polycarbonate 

membrane. The device was termed as a ‘perifusion’ device as 

culture medium fl owed around the slices. Thin PDMS membranes 

allowed for effi cient gaseous exchange. (ii) A photograph of the 

device mentioned in (i) (van Midwoud  et al ., 2010). (b) For leukocyte 

counting and assessment of haematotoxicity. A microcavity array 

was created by PDMS to form a sieve like structure that retained 

the leukocytes, while allowing other blood cells to pass through. 

The cells can then be separately analysed for toxicity due to various 

drugs (Hosokawa  et al ., 2012).  
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metabolic activity as well increased lactate dehydrogenase activity, a marker 

of cell death. These effects were observed in a concentration dependent man-

ner, together with a decrease in albumin and urea synthesis (Hattersley  et al ., 
2011). Such devices utilizing excised tissues represent clinically more relevant 

models to replace animal experimentation.       

  In vivo evaluation 

 Microfl uidic platforms have also been used to assist  in vivo  animal experi-

ments, for blood sampling, sample preparation and analysis (Kang  et al ., 
2008). An automatic blood collection microfl uidic chip-based on PDMS 

was developed by Wu  et al . for withdrawal of blood from mice without the 

need of trained personnel. The device consisted of two layers, holding chan-

nels for blood inlet, outlet, heparin block, blood reservoir and sample wells. 

A microfl uidic device was used for processing blood samples from mice 

for determining haematotoxicity (Fig. 7.8b). In this device, a microcavity 

array was created by master-moulding PDMS structures to form a sieve-like 

structure that separated leukocytes from other blood cells. Benzene toxicity 

was assessed by staining the leukocytes and counting them over a period of 

2 weeks (Hosokawa  et al ., 2012). Microfl uidic platforms have been designed 

to be integrated with novel analytical techniques such as matrix assisted 

laser/desorption ionization–mass spectrometry (MALDI-MS), which can 

facilitate fast sample analysis with high precision and resolution of many 

metabolites in biological samples (Lee  et al ., 2008; Xu  et al ., 2006). 

 These microfl uidic systems have thus played a critical role in various 

stages of the drug development process. Beginning with the identifi cation 

of targets, to synthesis of compounds for generation big compound librar-

ies, to HTS and preclinical development, microfl uidics has been effectively 

adapted to reduce the consumption of reagents and make the drug discov-

ery process more effi cient and cost effective. In the subsequent section, we 

will discuss about the application of microfl uidics in analysis of chemical 

and biological drugs. We also discuss the role played by these devices in 

detection of diseases and routine diagnostic purposes, which may reduce 

the healthcare costs.    

  7.3     Microfluidics for drug analysis and diagnostic 
applications  

 Miniaturization of analytical tools has been propelled by the recent surge 

in the development and maturation of microfabrication techniques. The 

better control of physical processes at the micron-scale has further fuelled 

the interest in micro-analytical systems as new paradigms for pharmaceuti-

cal analysis. These systems are aimed at reducing both the sample volume 
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and time of analysis, besides being amenable to integration with the other 

platforms and potential for high throughput. High parallelization, thus now 

possible, had made analysis of multiple compounds fast and easy (Lee  et al ., 
2009). Design modifi cation can provide integrated facilities for handling 

fl uids, and thermal and spatial control for targeting specifi c detection com-

ponents to enhance selectivity (DeMello, 2006). With the mass fabrication 

of micron-sized platforms now made possible through sophisticated instru-

ments, the cost of production of these devices has come down, providing an 

opportunity to develop single use analytical devices, thereby reducing the 

possibility of cross contamination (Lion  et al ., 2004). 

  7.3.1     Microfl uidics for drug analysis  

 Although there have been many mechanistic and experimental advance-

ments in analysis of drugs, the basic analytical equipment and components 

have not changed much over the past few decades. Recently, with the appli-

cation of microscale techniques adopted from the semiconductor industry, 

scientists are now poised for choice to carry out analytical assessments at 

an order 5–9 times lower than conventional counterparts (DeMello, 2006). 

Microscale analytical devices, also termed as micro-total analytical systems 

( μ TAS), comprise microchannel networks that aim to replicate the analy-

sis procedures on physically shrunk platforms, without compromising the 

analytical effi ciency or sensitivity. Apart from this,  μ TAS can be designed to 

attain a high level of automation, thereby making multiplexed assays pos-

sible and providing a system that reduces manual errors, helping to increase 

the assay accuracy. These devices have been more popular in the analysis 

of biological molecules such as proteins and nucleic acids (Guo  et al ., 2012; 

Meagher and Thaitrong, 2012), and have been the subject of other chapters 

in this book. Here, we would limit our focus to discussion about the applica-

tion of microfl uidics in the analysis of drug entities. 

 Analysis of pharmaceutical compounds has been carried out using high 

performance liquid chromatography (HPLC), linked to various detection 

modules including ultraviolet and fl uorescence spectrophotometers as well 

as mass spectrometry, electrophoresis, potentiometry, colorimetry, radioiso-

topic assay, microbiological methods, enzymatic methods, surface plasmon 

resonance based biosensor assays and chemiluminescence, among many 

others. Microfl uidic platforms, due to the fl exibility in their design, are doc-

ile to integration with most of the above listed analytical methods. With 

the increasing demand for highly sensitive and minuscule working volume 

microfl uidic platforms, it is imperative that the chosen method is able to 

detect low amounts of the analyte. Chemiluminescence (CL) was reported 

to be a highly sensitive technique, with vitamin B 12  concentrations as low as 

5 pg/mL being detected easily (Kumar  et al ., 2009). CL-based methods have 
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been used for microfl uidic detection of vitamin B 12  and L-phenylalanine. 

Luminol oxidation by hydrogen peroxide in the presence of externals 

catalyst ions, such as cobalt (II) and copper (II) and amino acids such as 

L-phenylalanine under alkaline conditions, is the basis of this test. The resul-

tant product is a blue compound (3-aminopthalate ion) that can be detected 

at a wavelength of 425 nm (Chen  et al ., 2007; Wang  et al ., 2007). 

 Lok  et al . developed a microfl uidic chip to detect the concentration of 

vitamin B 12  using a continuous fl ow microfl uidic chip (Fig. 7.9). The device 

consisted of a two passive mixing reaction chambers and a double spirally 

wound microchannel network as an optical detection unit, spanning the 

three sequentially fabricated layers. Microchannels in the second layer were 
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 7.9      Microfl uidic chip for chemiluminescence based detection of vitamin 

B 12 . (a) Schematic of the chip with fi ve inlets, two mixing chambers and 

two spiral detection units, and the fabricated chip (b) (Lok  et al ., 2012).  �� �� �� �� �� ��
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 7.10      Schematic of a multilayered microfl uidic device for analysis of 

drugs. (a) The device comprised three layers; the top and bottom layer 

were made of glass and a PDMS membrane was sandwiched between 

the two layers. (b) Photograph of the device. (c) Cross-sectional view of 

the microvalves showing closed and open position (Kong  et al ., 2009).  

covered by the fi rst layer. The second consisted of a mixing chamber and a 

clockwise spiral detection unit. The third layer had the other mixing cham-

ber and an anticlockwise spiral detection set. The mixing chambers were 

designed in layers to counter the problem of mixing in the laminar fl ow. 

The spirally designed detection channels presented a better CL signal to 

the optical detector as compared to a single loop unit. The microchip also 

had a chamber for acidifi cation of vitamin B 12 , as cobalt present in vita-

min B 12  complex is not released passively to catalyse the reaction. Using the 

device, up to 0.3 pg/mL of vitamin B 12  could be detected (Lok  et al ., 2012). In 

another CL-based microfl uidic chip, using the same principle of oxidation of 

luminol catalysed by copper sulphate, was used to detect L-phenylalanine, 

as the CL signal increased in the presence of L-phenylalanine in alkaline 

medium. PDMS was used to fabricate the device by soft lithography. The 

device was provided with four sample inlets and one outlet, and was able 

to detect around 39 picogramme/ml of L-phenylalanine in commercial soft 

drinks as well as pharmaceutical injections (Kamruzzaman  et al ., 2012).      
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 Won  et al . developed a microfl uidic device on glass slides for simultaneous 

detection of fi ve sulphonamide drugs (Won  et al ., 2012). The device was pro-

vided with modules for pre-concentration and electrokinetic separation of 

drugs using the fi eld amplifi ed sample stacking (FASS) and fi eld amplifi ed 

sample injection (FASI) techniques in two parallel channels (Shiddiky and 

Shim, 2007). Subsequent electrochemical detection of sulphonamides was 

carried out at the end of the separation channel, which consisted of a sil-

ver/silver chloride, platinum wire and aluminium-gold nanoparticles modi-

fi ed carbon paste electrode. The device was able to detect femto-molar level 

concentrations of these drugs and provide an opportunity to simultaneously 

detect these drugs in clinical samples. A microfl uidic chip integrated to a 

laser-induced fl uorescence scanner was developed for the detection of  β  2  

agonist drugs such as clenbuterol (Fig. 7.10). These drugs increase muscle 

mass and have been often misused in farm animals (Martinez-Navarro, 

1990), as well as in power sports by athletes (Delbeke  et al ., 1995; Hesketh 

 et al ., 1992), making it vital to analyse them in a rapid and accurate man-

ner. The three layers of the device consisted of a fl uidic channel, a PDMS 

membrane, and a pneumatic control layer interspersed with many pneu-

matic microvalves and micropumps to enable the delivery of reagents. Glass 

was used to fabricate the fl uidic channel and pneumatic control layer by 

standard lithography and etching to create microchannels. The PDMS mem-

brane was then sandwiched between the two layers and generated pneu-

matic valve and pump effect due to defl ection by compressed air. The drugs 

could be detected within 30 min and at a concentration as low as 0.088 ng/

mL (Kong  et al ., 2009). Thus, microfl uidic devices can play a crucial role in 

detection drugs and pharmaceuticals, and can be routinely used in chemical, 

pharmaceutical and clinical settings with high precision in an economical 

way.       

  7.3.2     Microfl uidics for diagnostic purposes  

 The conventional diagnostic techniques based on sophisticated macroscopic 

equipment such as gas chromatography – mass spectrometry are only fea-

sible in big air-conditioned laboratories, which are equipped with trained 

workforces and devices for sample handling, together with ample ancillary 

resources needed for effi cient diagnosis. But this is not attainable outside 

the realm of these laboratories, especially in the developing world, particu-

larly in rural areas (Lee  et al ., 2010; Yager  et al ., 2006). Miniaturized versions 

of analytical platforms have been recently conceptualized, primarily based 

on microfl uidic technology, to perform diagnostic analysis, consuming mini-

mal amounts of reagents with high effi ciency and speed, making the device 

a portable point-of-care, self-usable system. This not only reduces the logis-

tical issues with sample handling and transfer, but also provides patients 
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with the luxury of testing for various markers, such as blood glucose, in the 

comfort of their homes, which is particularly suitable for geriatric patients. 

These microfl uidic diagnostic devices may reduce the healthcare costs asso-

ciated with diagnosis. 

 Microfl uidic biosensors, as they are commonly known, have been fabri-

cated for a variety of purposes. Particularly important among these are on-

chip enzymatic assays. As enzymes have the potential of converting a large 

number of substrate molecules into product in a fraction of a second, in a 

highly selective manner, they offer an exciting avenue for chemical analy-

sis. Enzyme assay on a chip may be either homogenous or heterogeneous. 

In the former, all the reactants are in solution phase (Hadd  et al ., 1997), 

while in the latter either of the enzyme/substrate/inhibitor needs to be 

immobilized on a solid surface (Mao  et al ., 2002; Krenkova and Foret, 2004). 

Mostly, enzyme immobilization is carried out on microchannel walls or onto 

some support inside the channels. This provides the advantages of enzyme 

recycling, placement of enzyme at specifi c locations on microchannels, and 

analysis in a continuous fl ow environment, making immobilized assays a 

preferable choice (Kim  et al ., 2009). 

 Enzyme immobilization has been mostly carried out on microspheres, also 

known as microbeads, due to their similar size properties to microchannels, 

as well as large surface area for enzyme support (Peterson, 2005). They offer 

the advantage of being contained at appropriate locations by using mechan-

ical barriers or magnetic devices. Kim  et al . developed a microfl uidic device 

for glucose detection. The device consisted of two separate chambers, for 

reaction and detection, respectively. In the reaction chamber, microbeads 

were covalently bound to an enzyme, glucose oxidase, and were supported 

by microfi lters. A poly (ethylene glycol)-based microarray (fabricated by 

photolithography) encapsulating a horseradish peroxidize, formed the 

detection chamber. The bienzymatic reaction was used to detect the conver-

sion of non-fl uorescent substrate (Amplex Red fl uorescence indicator) to a 

fl uorescent resorufi n, with glucose concentrations in the range of 1–10 mM 

detected successfully by fl uorescence microscopy and quantifi ed by soft-

ware (Kim  et al ., 2009). In a modifi ed version, Sheng  et al . used glucose oxi-

dase modifi ed magnetic nanoparticles, constrained in the microchannel with 

the aid of external magnetic fi eld, for the amperometric analysis of glucose. 

The device offered a simple alternative to other such devices, as no mixing 

was needed, achieving higher sensitivity. Detection was linear with a range 

between 25  μ M and 15 mM. The device also possessed a separation channel 

that avoided the entry of macromolecules, thereby eliminating the need to 

pre-process the sample. This allowed the serum samples to be directly used 

for glucose analysis (Sheng  et al ., 2012). Other devices integrating enzyme 

and immunoassays have been fabricated for simultaneous detection of glu-

cose and insulin (Wang  et al ., 2003). 
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 Herr  et al . designed a microchip-based device for the detection of dis-

ease biomarkers in periodontal disease (Fig. 7.11). The multifaceted device 

had integrated capabilities for sample pretreatment, including fi ltering, mix-

ing and enrichment of the saliva, which could be withdrawn in a hands-free 

manner. The device, a microchip electrophoretic immunoassay ( μ CEI), was 

provided with molecular sieves fabricated using hydrogel, to enrich the sam-

ple, followed by electrophoretic separation to resolve a fl uorescent antibody 

bound to an enzyme, responsible for tissue decay. Using the method, they 

could dispense with the need for using matched antibody pairs as well as to 

immobilize the antibody (Herr  et al ., 2007).      

 Enzyme-linked immunosorbent assay (ELISA) has been the mainstay of 

clinical diagnostics for detection of antigens and antibodies. However, the 
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 7.11      Microchip electrophoretic immunoassay ( μ CEI) chip. The device 

had fl uid wells for: S, sample; B, buffer; SW, sample waste; BW, 

buffer waste; mAb*, fl uorescently labelled monoclonal antibody. 

The device possessed molecular sieves to enrich the sample and 

electrophoretically separate the molecular antibody that is bound to an 

enzyme (Herr  et al ., 2007).  �� �� �� �� �� ��
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 7.12      Microfl uidic lab-on-a-disc platforms. (a) Schematic of a fully 

automatic disposable ELISA platform, with facilities for plasma 

separation, storage of buffers, reagents, mixing the reactants and 

collection of waste. ELISA assay could be performed in half as volume 

and less than 30 min. The numbers indicate the sequence of reaction (Lee 

 et al ., 2009). (b) Schematic of an improvised platform with facilities for 

assessing both immunoassay and clinical chemistry of blood, provided 

on a single disc. The detection chamber could be used at 10 different 

wavelengths to accommodate a range of reactions (Lee  et al ., 2011).  

conventional macroscale ELISA protocols are laborious, sluggish, require 

multiple reagent addition and washing steps, and often result in inconsistent 

results due to manual glitches. Furthermore, commercially available ELISA 

kits, as well as the instruments used, are costly (Lai  et al ., 2004). Chip-based 

ELISA methods offer the advantage of faster antigen – antibody reaction 

with the consumption of signifi cantly less reagent (Cesaro-Tadic  et al ., 2004; 

Murakami  et al ., 2004). Microfl uidic ELISA platforms have been researched 

in great detail in the past few years (Herrmann  et al ., 2006; Holmes  et al ., 
2007). Lee  et al . developed a fully automatic ELISA platform for detecting 

antigen and antibody for hepatitis B virus, on a disposable plastic disc, made 

of poly (methyl methacrylate), having arrangements for conducting immu-

noassays from whole blood. The device had facilities for plasma separation 

and chambers for storage of buffers, reagents, substrates, collection of waste, 
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mixing the reagents, and detection of the product. Using just 150  μ L of blood, 

the assay could be performed as opposed to double this volume with con-

ventional methods; the whole assay could be carried out in 30 min, whereas 

conventional well plate-based ELISA yields results in a minimum of 2 h (Lee 

 et al ., 2009). Miniaturization did not compromise the sensitivity of the device, 

and a similar detection limit could be achieved (Fig. 7.12a). Recently, they 

developed an advanced chip to carry out the immunoassay as well as bio-

chemical assessment of whole blood (Fig. 7.12b). The chip had an automated 

arrangement for plasma separation, mixing, incubation and detection. The 

freeze-dried reagents for both assays were stored in dedicated compartments, 

and the detection was carried out by optical measurements at ten different 

wavelengths to accommodate various reactions (Lee  et al ., 2011). Their group 

has also developed a multiplexed immunoassay, based on three different bio-

markers to improve detection effi ciency (Park  et al ., 2012).      

 Droplet-based microfl uidic approaches have been used for analysis of 

human physiological fl uids such as blood, serum, plasma, sweat and tears. 

These might be very useful in a point-of-care setting, whereby a patient 

can use a microdroplet of his/her sample, with minimal training, without 

much inconvenience, and read the results in real time. A monolithic elec-

trowetting platform consisting of a photolithographically patterned metal 

electrode array on a glass substrate was designed and the sample was sand-

wiched between this array and another plate of glass. The sample droplet 

was encapsulated in silicone oil to prevent evaporation and ensure smooth 

transport, at frequencies of 20 Hz and voltage less than 65 V. Glucose con-

centration was determined by a colorimetric assay in various physiologi-

cal samples and results were found to be comparable to reference values 

(Srinivasan  et al ., 2004). 

 Electrochemical methods of detection are recognized to be among the 

most sensitive, as they do not involve any label tagging for studying the fate 

of biological compounds. Electrodes serving as sensors have found their 

niche in medical diagnostics, due to their relative ease of fabrication and 

integration with analytical devices. With several markers being pliable for 

electrochemical analysis, many methods of electrode fabrication have been 

pursued (Wartelle  et al ., 2005; Quinton  et al ., 2011). Screen printed elec-

trodes (SPE) based on carbon are another form of electrochemical analyti-

cal device that has been studied for the detection of chemicals, such as nitric 

oxide (Miserere  et al ., 2006), and biomarkers for cancer (Wan  et al ., 2011). 

They are useful for electrochemical immunosensor assays, as they offer the 

advantages of low background current, ease of chemical modifi cation on 

carbon surface and relative inertness of carbon-based materials. A variety 

of materials such as nylon, glass, alumina, and organic fi lms have been used 

for electrode fabrication and present an interesting alternative for point-of-

care testing (Miserere  et al ., 2006; Schuler  et al ., 2009). 
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 7.13      Screen printed electrodes as microfl uidic platforms for 

immunosensor applications. (a) Carbon and silver/silver chloride 

electrodes were printed on a sheet of vegetable parchment, with WE, 

working electrode; RE, reference electrode; CE, counter electrode. (b) A 

sheet of vegetable parchment with 18 electrodes (Yan  et al ., 2012).  

 Recently, Yan  et al . fabricated SPEs on vegetable parchment as a substrate 

for disposable immunosensor fabrication in detection of prostate specifi c 

antigen (PSA) (Fig. 7.13). Electrodes were printed from carbon and silver/

silver chloride ink. The device was then integrated to a paper-based micro-

fl uidic device, to absorb detection solution and immersing the electrodes in 

electrolyte. The immunosensor was fabricated by coating the SPEs with a 

sheet of functionalized graphenes, containing the enzyme-linked antibody 

on gold nanoparticles. The assay could detect PSA as low as 2 pg/mL, and 

offers a suitable method for detecting potential disease specifi c biomarkers, 

allowing for early diagnosis in a disease (Yan  et al ., 2012).      
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 A microfl uidic magnetic disc has been used to separate rare, circulating 

endothelial cells (CEC) from peripheral blood mononuclear cells (Chen 

 et al ., 2011b). These CECs have been associated with many diseases, and 

their low concentration in blood impedes their detection. A magnetic disc 

was used to trap the cells attached to immunomagnetic beads. Human 

umbilical vein endothelial cells (HUVEC) were used as a model for CECs 

and stained with anti-CD146-phycoerythrin antibody, which was tagged to 

anti-phycoerythrin magnetic beads that attracted these cells to the magnetic 

disc. This magnetic disc had an inlet channel, connecting channels and a 

waste reservoir. When the disc was rotated, the centrifugal force propelled 

away the non-magnetic cells through the connecting channels to the waste 

reservoir, effectively retaining target cells (HUVECs) in the inlet reservoir, 

which had a multistage magnet over it. 

 As a basic criterion, the point-of-care diagnostic devices meant for the 

developing world must be inexpensive and integrated, dispensing the ser-

vices of ancillary equipments (Mabey  et al ., 2004; Martinez  et al ., 2008a). In 

the wake of this cost consideration, paper-based microfl uidic devices offer 

a potential alternative to glass/polymer-based open channel microsystems. 

These devices can also enable a multitude of sample outlets from a sin-

gle inlet, ensuring simultaneous analytical assays, without the need for an 

external pumping device. Being light in weight and easy to stack makes 

their shipment logistically much easier than glass/polymer-based devices. 

Paper-based microfl uidic devices have been researched in detail by the lab-

oratory of George Whitesides at Harvard, called 3D microfl uidic paper ana-

lytical devices ( μ PAD) (Bruzewicz  et al ., 2008; Martinez  et al ., 2007, 2008b, 

2008c).  

 Microfl uidic devices have also been developed for diagnosis of lyso-

somal storage disorders (Shen  et al ., 2012), cancer (Lien  et al ., 2010; Chen 

 et al ., 2011a; Tang  et al ., 2012), H1N1 infl uenza (Lee  et al ., 2012) and herpes 

simplex virus (Zubair  et al ., 2011), sickle cell disease (Hersher, 2012) and 

Johne’s disease in cattle (Wadhwa  et al ., 2012). In principle, all microfl uidic 

diagnostic devices consist of a molecular sensing unit coupled to a signal 

converter (transducer) that reads out the results quantitatively. An elabo-

rate review of different mechanistic approaches of biosensors is provided by 

(Mohanty and Kougianos, 2006). Since the biosensors vary greatly in their 

design, and hence their sensitivity and effi ciency, the reader is referred to a 

few state-of-the-art reviews for more detailed information (Choi  et al ., 2011; 

Mohammed and Desmulliez, 2011). 

 It is expected that microfl uidic technology will play a crucial role in med-

ical diagnostics in the coming years, essentially with the development of 

disposable, sample-to-result devices, making routine diagnosis a more per-

sonalized approach (Eicher and Merten, 2011; Foudeh  et al ., 2012).   
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  7.4     Conclusion and future trends 

 Conclusively, microfl uidic devices have shown initial promise in all areas of 

drug discovery and development, as well as in the domains of miniaturized 

diagnostic devices. The future of microfl uidic devices for application in drug 

discovery appears bright with a lot of research activity being focused on the 

development of miniaturized chips. However, the concern remains about 

the integration of these devices with ancillary equipment, including electri-

cal accessories, pressure pumps and platforms for analysis of samples. Due 

to their increased acceptance and potential benefi ts as economical alterna-

tives to conventional bench-top macroscale equipments, it is important to 

develop integrated ‘everything-on-a-chip’ systems that are widely accepted 

in all stages of drug discovery and development. This may entail an inter-dis-

ciplinary effort from engineers and researchers working on fl uid dynamics 

to design micropumps, analytical equipment manufacturers to scale down 

analysis systems to commensurate with the chip size, and fi nally researchers 

working on microfabrication to further miniaturize the platforms and mak-

ing them adaptable to these ancillary systems. 

 Industry has played a crucial role in this respect so far. Fluidigm Corporation 

(http://www.fl uidigm.com/), a venture by Dr Stephen Quake from Caltech, 

has developed various platforms for microfl uidic device integration. Based 

on the technology known as multilayer soft lithography, 3D structures can 

be created from elastomers to form integrated valves (NanoFlex ™ ), pumps 

and channels. Besides this, Caliper Life Sciences (http://www.caliperls.com/) 

have also developed several automated/semi-automated robotics controlled 

liquid handling systems (Zephyr®) that can be potentially integrated with 

microfl uidic devices. These microfl uidic integration tools are expected to aid 

microfl uidic-based drug discovery by improving effi ciency and scalability. 

 With the rate of approval of new drugs declining in the past few years and 

the pharmaceutical industry still lacking effective tools in discovering new 

drugs, microfl uidic platforms come with a ray of hope, chaperoning routine 

assays in a more effi cient manner and hopefully allowing more highly effi ca-

cious and safe drugs to be discovered. 

 On the other hand, miniaturized devices as diagnostic kits have made 

inroads into the households of many diabetic patients as blood glucose moni-

tors. Miniaturized devices for other applications not only face fabrication 

and technical issues of being an integrated and comprehensive system, but 

they also face the challenge of patient acceptance, having a direct interface 

with the end user. Although their acceptance is propelled by the convenience 

of use, the future of such devices for routine practice in other pathologi-

cal conditions would rely on how the users perceive them. A sizeable pop-

ulation, particularly in remote villages and tribal areas in developing world, 

lack good education, and training to use such devices might prove to be a 
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daunting task. Moreover, it would require sincere effort on the part of cli-

nicians and marketing professionals, to persuade the patients in developed 

world, who have been so used to visiting a clinic to get their routine bio-

chemical check-ups, to adopt such self-usable devices. In addition, it has to 

be ensured that such devices are safe to use and dispose, without causing any 

serious environmental hazards.  

  7.5     Sources of further information and advice 

 Although we have tried to encompass the major developments on the drug 

discovery and analysis front in this chapter, the reader is referred to the 

following for further details. A review refl ecting on the origins and the cur-

rent status of microfl uidics by George Whitesides is highly recommended 

(Whitesides, 2006). Another comprehensive review, by Yeo  et al ., that 

describes the role of microfl uidics in various biological applications is also 

recommended (Yeo  et al ., 2011). Other important works that appear in lit-

erature and circumscribe the two areas of interest in this chapter include 

(Imming  et al ., 2006; Yager  et al ., 2006; Kang  et al ., 2008; Wen and Yang, 2008; 

Lombardi and Dittrich, 2010; Livak-Dahl  et al ., 2011).  
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 Microfluidic devices for cell manipulation   

    H. O.   FATOYINBO ,    University of Surrey, UK       

   DOI : 10.1533/9780857097040.3.283 

  Abstract : This chapter discusses issues relating to the processing of 
biological cells in microfl uidic channels and the different techniques 
available to manipulate cells in microfl uidic systems. Broadly classifi ed 
into electrical, hydrodynamic, optical, magnetic and acoustic mechanisms, 
the forces acting on micrometre-sized particles and current technological 
developments as applied to cells will be presented. Recent technological 
advances in cancer research, based on microfl uidic devices, will be 
addressed to illustrate the potential of these new microsystems as 
powerful diagnostic tools, particularly when multiple technologies are 
combined to complement each other in engineering the next generation 
of miniaturised medical diagnostic devices. 

  Key words : micromanipulation, cancer, microfl uidics, microenvironment, 
lab on a chip. 

    8.1     Introduction 

 Since the concept of microfl uidic systems in the late 1970s (Terry  et al ., 
1979), a range of microfl uidic systems incorporating physical, electrical and 

bio/chemical elements performing  μ -processes on biological cells have been 

engineered, and are generally referred to as laboratories-on-a-chip (LOC) 

or bio-microelectromechanical (BioMEMS) systems (Manz  et al ., 1990; 

Reyes  et al ., 2002). 

 In this chapter some key issues relating to cell behaviour within microfl u-

idic systems, including the  in vitro  cellular microenvironment, fl ow regimes 

and considerations of channel networks will be discussed. Within these 

systems, microscale technologies engineered to act on particles dispersed 

in microfl ows can be classifi ed in to electrical, hydrodynamic, optical, mag-

netic and acoustic mechanisms. These forces acting on particles and current 

technological developments for processes such as separation, characterisa-

tion, focusing and trapping will be addressed. Finally, there is an overview of 

these technologies applied in cancer research, i.e., fl ow through operations 

and detection, with a general outlook for future trends in applications and 

system development will be explored. 
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  8.1.1     Key issues 

 The signifi cant reduction in system dimensions has a positive effect on per-

formance, as characterised by various dimensionless numbers (Table 8.1), 

offering increased throughput and mass parallelisation of on-chip pro-

cesses such as cell culturing and cellular bioassays. To tackle various issues 

such as system designs for biocompatibility, effi ciency and cost effec-

tiveness, enhanced understanding of biological processes by engineers, 

and approaches for standardisation and system integration of modular 

 Table 8.1     Dimensionless numbers commonly encountered in analysis of 

microfl uidic systems 
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ρ
μ

uDρρ hDD

  

Inertial

viscous
 

 [8.1] 

 P é clet  Pe 

 

D u

D

hD

 
 
convection

diffusion
 

 [8.2] 

 Weissenberg  Wi 

 
τ γpττ

i

  
shearrate relax.time×

 
 [8.3] 

 Deborah  De 

 
τ

τ
pτ

flowττ   
relax.time

flow time
 

 [8.4] 

 Dean  Dn 

 Re
2

D

r

hD⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

1
2

 
 transverse flow

longitudinal flow
 

 [8.5] 

 Elasticity  El 

 
τ μ
ρ

pττ
rρρ 2   

elastic effects

inertial effects
 

 [8.6] 

 Knudsen  Kn 

 
L

L

pL
  

mean fn ree path

length
 

 [8.7] 

 Raleigh  Ra 

 

u D

D

b hD

 

 Pe for buoyant fl ow  [8.8] 

 Grashof  Gr 
 
ρ

μ
u Dρρ b hD

 
 Re for buoyant fl ow  [8.9] 

 Capillary  Ca 
 
μ
γ
uμμ

  
viscous

interfacial
 

 [8.10] 

 Weber  We 
 
ρ

γ
u rρρ 2

  
inertial

surface tension
 

 [8.11] 

 Stokes   N  St  
 

μ
ρ

uμμ
gDρρ hD 2   

viscous

gravitational
 

 [8.12] 

 Poiseuille  Po 
 
r P

Lu

2

μLL
  

press

viscous

ure
 

 [8.13] 
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components, an interdisciplinary approach is required amongst physicians, 

scientists and engineers.      

  8.2     Microenvironment on cell integrity  

 The ability for biological cells to maintain their functionality in vitro is crit-

ical for accurate cell based processes. A good understanding of cell prop-

erties and factors which can contribute to cellular damage in microfl uidic 

systems is needed in order to fabricate systems for long-term cell survival. 

  8.2.1     Cell structure and function 

 Biological cells are the functional unit of all living organisms classifi ed as 

either prokaryotic or eukaryotic (Alberts  et al ., 1994). Structurally, they typ-

ically consist of an internal fl uidic compartment (i.e., cytoplasm) dispersed 

with microscopic organs – organelles (e.g., cytoskeleton, mitochondria, 

ribosomes, etc.) of varying functional roles that maintain both internal and 

external microenvironments through a range of biological activities (e.g., 

cellular respiration, DNA replication, biochemical signalling and protein 

synthesis). A semi-permeable membrane surrounding the cytoplasm con-

sists primarily of adjacent phospholipids – a hydrophilic phosphate head 

and two hydrophobic glyceride tails. Phospholipid heads are in contact with 

either the cytoplasm or the extracellular matrix (ECM), while the diglyc-

eride tails are repelled from the cytoplasm and ECM forming the main 

hydrophobic region of the two-layered structure commonly referred to as 

the lipid bilayer. Other biological constituents of a cell membrane include 

ion channels, surface receptors, aquaporins, enzymes and hormones, which 

all play vital roles in regulating cellular activity and structural integrity.  

  8.2.2     External stresses on cells 

 In some cell types (e.g., bacteria, fungi), a cell wall is present representing an 

additional structural boundary on the outer side of the cell membrane, offer-

ing rigidity and protection to mechanical stresses. For example, the cell wall of 

bacteria is made of peptidoglycans of varying thicknesses (10–80 nm) essential 

to their survival with a high (90%) or low (10%) presence of peptidoglycan 

signifying its’ positive or negative Gram strain, respectively. Yeast cells (e.g.,  S. 
cerevisiae ) by comparison are the most common cell model for biologists in 

life science research, and have been extensively studied down to the molecular 

level revealing the cell wall as a highly adaptable organelle (Klis  et al ., 2006). 

It has four major functions: (1) stabilisation of internal osmotic conditions, (2) 

physical stress protection, (3) maintaining cell shape, a pre-condition of mor-

phogenesis, and (4) scaffold for proteins, limiting the permeability of the cell 
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wall to macromolecules. Physiological adaptation to changes in environmen-

tal conditions have been attributed to membrane-spanning mechanosensors 

detecting perturbations in the cell wall and/or plasma membrane, initiating a 

 cell wall integrity  (CWI) signal transduction pathway to induce gene expres-

sion for products involved in cell wall structure and remodelling (Jendretzki 

 et al ., 2011). Similar transduction pathways feature in all cells, with any muta-

tion in their component frequently associated with a type of cancer (Kim and 

Choi, 2010). In general, all ECMs, including fungal and bacterial cell walls, 

consist of proteins and polysaccharides, highly variable between taxonomic 

groups, providing signalling cues to cells to adjust their biophysical properties 

based on the external stresses placed upon them. 

 Mammalian cells bathed in various iso-osmotic solutions, possess a selec-

tively permeable plasma membrane (~10 nm in thickness) as their outer barrier, 

with a resting voltage potential ranging between  − 100 and +5 mV. This mem-

brane potential arises due to the fact that the cytoplasm of most cells is more 

negative with respect to the ECM or its external microenvironment (Jackson, 

2006). Concentration of potassium ions along with negatively charged proteins 

and phosphate ions is higher inside the cell than outside, while sodium and 

chloride ions are more abundant outside the cell than inside. This microenvi-

ronment condition creates an electrochemical gradient across the cell mem-

brane which is constantly regulated by ion channels to restore homeostasis. 

Changes in external salinity or osmolality, detected by osmosensors have been 

found to initiate signalling pathways to alter the rate of protein synthesis, cell 

volume and intracellular electrolyte concentrations in response (Kultz and 

Chakravarty, 2001). It was shown that excessive osmotic stresses on mamma-

lian kidney cells also caused cell cycle interference and genomic damage. 

 Red blood cells (RBC) are  specialised  anucleated biconcave cells, ~8  μ m 

in diameter and ~2  μ m in thickness at rest (Guido and Tomaiuolo, 2009); 

when transported under pressure in microfl uidic channels smaller in size 

than the cells themselves, they are physiologically suited to a high degree 

of mechanical stresses and the protein spectrin makes it fl exible, allow-

ing it to deform so as to exit capillaries and enter the ECM (Barshtein 

 et al ., 2007). Osmotic deviations to normal physiological saline conditions 

(~0.9% NaCl) cause RBCs to swell (haemolysis) in hypotonic solutions, or 

shrink (crenate) in hypertonic solutions. This situation, ‘osmotic shock’, can 

arise with all mammalian cell types when removed from their normal envi-

ronment and placed within microfl uidic systems of inadequate media for-

mulations. Phenotypic change in an endothelial cell line was found to be a 

result of shifts in osmolarity due to water evaporation in a microfl uidic cell 

culture platform, while it has been reported that microsystems in which a 

fl uid – air interface exists (e.g., electrowetting on dielectric (EWOD), nano-

vial arrays or passive pumping) have signifi cant evaporation and loss of 

fl uid volume issues (Heo  et al ., 2006; Berthier  et al ., 2008).   

�� �� �� �� �� ��



Microfl uidic devices for cell manipulation   287

© Woodhead Publishing Limited, 2013

  8.3     Microscale fluid dynamics 

 Many classical macroscale fl uid dynamic relationships can be scaled down 

accurately describing fl ow properties of solids at the microscale. Furthermore, 

a range of physical phenomena present themselves which are either more 

infl uential at the microscale or absent at the macroscale. In this section a 

brief overview of some important hydrodynamic theory in microchannels for 

biological fl uids is given. For a more comprehensive analysis refer to (Gad-el-

Hak, 2001 ; Beebe  et al ., 2002; Stone  et al ., 2004; Squires and Quake, 2005). 

  8.3.1     Dimensionless numbers 

 Dimensionless numbers reduce the number of variables that describe a sys-

tem, thereby reducing the amount of experimental data required to make 

correlations of physical phenomena to scalable systems. The most common 

dimensionless group in fl uid dynamics is the  Reynolds number  (Re), named 

after Osborne Reynolds who published a series of papers describing fl ow 

in pipes (Reynolds, 1883). It represents the ratio of inertial forces to viscous 

forces (Equation [8.1]), where ρ    is the fl uid density,  u  is average fl uid velocity, 

 D   h   is cross-sectional length of the system, and   μ   is the dynamic fl uid viscosity. 

 Gravesen  et al . (1993) indicated that fl ow regimes within 32 different 

microfl uidic devices analysed were not simply laminar or turbulent but 

had a transitional Reynolds number, Ret ×= ( )hL Dh30 , accounting for fl ow 

development, varying as a function of entrance length ( L ) and the hydrau-

lic diameter ( D   h  ). The three regimes described were based on differences 

in pressure drops due to inertial forces and viscous forces. Large length to 

hydraulic diameter ratios, greater than 70, give Re  t   > 2300, although since 

none of the microsystems operated in fully developed turbulent regimes (Re 

 ≈  4000) the value had little signifi cance. Typically, as a system is scaled down 

the infl uences of inertial forces decreases, while viscous forces become more 

dominant. Thus, microfl ows are generally characterised as laminar, with 

transitions to turbulent fl ow (Re  ≥  2300) rarely developing (Brody  et al ., 
1996; Schulte  et al ., 2002). Table 8.1 defi nes some other common dimen-

sionless numbers used in describing Newtonian and non-Newtonian fl uid 

characteristics in microfl uidic systems (Ruzicka, 2008).  

  8.3.2     Properties of biofl uids 

 The viscosity of a fl uid is related to the fl uid’s resistance to motion and can 

be determined by relating shear force and velocity gradients in a fl owing 

fl uid as described by Newton’s law of viscosity (Equation [8.14]), where 

shear stress (  τ  ) is defi ned as force per unit area, γ
•yy

    is the shear rate (= d du yd    ) 

and   μ   is the proportionality constant or viscosity.  
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    τ μ γμμ
•

       [8.14]   

 Biological fl uids are classifi ed as non-Newtonian fl uids (i.e., pseudoplastic) 

and their viscosity is dependent on the shear rate and shear stress ratio of 

the fl uid. These are characterised by the power law (Equation [8.15]), where 

 K  is the consistency index and  n  is the fl ow behaviour index.  

    τ γ⎛
⎝
⎛⎛
⎝⎝

⎞γ⎠γ⎞γ⎞⎞
⎠⎠
⎞⎞⎞⎞•

K
n

       [8.15]   

 The parameters characterise the rheology of power law fl uids; when  n  = 1 

the fl uid type is Newtonian;  n  > 1 corresponds to dilatants; and  n  < 1 cor-

responds to pseudoplastics with an apparent viscosity (  μ    a  ) that increases or 

decreases, respectively, with increasing shear rate. Fahraeus and Lindqvist 

(1931) fi rst reported the dependence of haematocrit (~40% v/v) and rela-

tive apparent viscosity on tube radius. Subsequently, characterising the fl ow 

behaviour of RBCs in microcapillaries indicated that physical parameters 

such as velocity and thickness of suspending medium separating tube wall 

from the cell (dependent on pressure drop, capillary diameter and RBC vol-

ume fraction) all infl uence the RBC’s shape deformation in fl ow (Zharov 

 et al ., 2006). 

 Media solutions bathing cells typically consist of ions, proteins, car-

bohydrates, gases, etc., making fl uid viscosities and conductivities (  σ    m   = 

~1.5 S m  − 1 ) extremely high. Experiments conducted in microfl uidic systems 

for cell manipulation tend to deviate away from the ideal suspension mix-

ture in favour of less viscous, Newtonian solutions (i.e., aqueous solutions), 

ensuring (1) resistance to fl uid fl ow and (2) saturation of technological lim-

its are minimised. As microfl uidic networks and on-chip mixing/dilutions of 

fl uids become more complex, and deviations in hydrodynamic resistance as 

a result of viscosity changes manifest (Pipe and McKinley, 2009), consid-

erations of microfl uidic geometries, interfaces and integrated components 

need to be factored into the design process from the outset.  

  8.3.3     Flow dynamics in microchannels 

 Common methods for fl ow actuation within microsystems are pressure 

or electrokinetically driven (Stroock and Whitesides, 2003; Trietsch  et al ., 
2011). For an incompressible fl uid, the equivalent of Newton’s second law ( F  

=  ma ), can be represented by the Navier–Stokes equation (Equation [8.16]) 

where  u  is the velocity fi eld (m s  − 1 ),  P  is pressure (Pa) and  F   b   represents 
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external body forces acting on the bulk fl uid, per unit volume (e.g.,   ρ g , mag-

netic, electric potential, etc.).  

    −∇ + ∇ +
∂
∂

+ • ∇P u+ ∇ F
u

t
u u• ∇μ ρ∇ + =u∇∇ b ρu2

local
convective

       [8.16]   

 Microfl ows predominantly fall within the laminar region (Re < 1), so the 

non-linear convective term in Equation [8.16] can be neglected, along with 

the body forces, leaving the Stokes equation for predictable linear fl ow in a 

channel (White, 1994).  

    ρ μ∂
∂

∇ + ∇
u

t
uμ+ ∇μ 2        [8.17]   

 Applying the mass continuity equation for incompressible fl uid fl ow, i.e., 

∇ • =u 0   , we get a linear equation in which fl ow is determined by pressure 

at low Re, with variation in pressure in the X-direction of the channel only 

(Brody  et al ., 1996).  

    μ∇ =μ P

X

dPP

dXX
       [8.18]   

 Steady-state fl ow away from the microchannel entrance, where height ( h ) 

<< width ( w ) and length ( l ), is axial across the channel height (Fig. 8.1). 

Applying no-slip boundary conditions (i.e.,  u  = 0), fl ow under pressure is 

described by Equation [8.19]. Known as Poiseuille profi le fl ow, it has a con-

stant negative curvature and a maximum velocity ( u  max ) at  y  = 0.       

Fbouyancy

x

h

y

Fdrag

Fgravity

Fflow

u = 0

u = 0

y = 0

Shear rate

8.1      Parabolic fl ow profi le within a microfl uidic channel, where  h  <<  w . 

The gradient of the profi le shows the shear rate, proportional to the 

fl uid’s viscosity infl uencing the general forces acting on a spherical 

particle within the fl ow fi eld.  
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    u
P

x

h y

h
= − −⎛

⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

dPP

dxx

2 2y⎛
22

1
μ

       [8.19]   

 For circular channels, the average velocity, u Q A   , where  Q  is volumetric 

fl ow rate (m 3  s  − 1 ) and  A  is cross-sectional area of the channel (m 2 ), is often 

taken. Assuming no-slip conditions at the tube wall, i.e.,  r  = 0 and  u  = 0, for 

fully developed laminar parabolic fl ow with a maximum velocity found at 

the centre, the volumetric fl ow rate is,  

    Q u R
R

X
=u R −⎡

⎣⎢
⎡⎡
⎣⎣

⎤
⎦⎥
⎤⎤
⎦⎦

1

2 8
2

4

max ( )P gzggPπRRRR
πRR

μ
ρgg

d

dXX
       [8.20]   

 Equation [8.20] describes Hagen–Poiseuille fl ow, allowing for a fl uid’s resis-

tance ( R   H  ) to fl ow to be described in terms of pressure drop (ΔPΔΔ    ) for circu-

lar channels, assuming  z  = 0, i.e., horizontal channel.  

    Δ = =ΔΔ
L

R
RH

8
4

μLL

πRR

Q
Q        [8.21]   

 Rectangular microchannels with aspect ratios ( α  =  w/h ) where the chan-

nel width is larger than the height (i.e.,  w > h ), have fl ows characterised as 

Hele–Shaw fl ow (Equation [8.22]). The fl ow profi le remains parabolic along 

 h , but as  α  increases, the average velocity over the channel width becomes 

increasingly plug-like.  

    Δ = =ΔΔ
LQ

wh
QRHR

12
3

μLL
       [8.22]   

 For microchannels where  w < h , Equation [8.22] is modifi ed to Equation 

[8.23], which gives a less than 0.3% error for   α   < 1 and Re < 1000 (Cornish, 

1928; Beebe  et al ., 2002; Fuerstman  et al ., 2007).  

    Δ = × − ⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

⎡
⎣
⎢
⎣⎣

⎤
⎦
⎥
⎤⎤
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ΔΔ
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h

w h⎝⎝⎝
12

1
3

1
⎛⎛⎛μ

×
LL w⎛Q ⎡ h0 63 ππ

× ⎛⎛⎛⎡
⎢
⎡⎡ h
1

0 63
tanh        [8.23]   

 If   α   is unity, for a given cross-sectional area the maximum fl ow for a given 

pressure difference will exist and can be approximated to:

    Δ =ΔΔ
LQ

h

32
4

μLL
       [8.24]   
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 From Equations [8.21]–[8.24] we can see that pressure drops in micro-

fl uidic systems are infl uenced by (i) the volumetric fl ow rate, and (ii) the 

fl uid’s resistance to fl ow, quantities infl uenced by the geometry of the 

microchannel.  

  8.3.4     System design and operation 

 Computer aided simulation of physical phenomena is a useful tool in design 

optimisation of microfl uidic devices, though experimental evaluation is still 

performed using test particles such as commercially available nano- or micro-

polystyrene beads. Rapid prototyping for inexpensive microfl uidic systems 

through techniques such as soft lithography (Zhao  et al ., 1997; Whitesides 

 et al ., 2001), multilayer soft lithography (Quake and Scherer, 2000; Unger 

 et al ., 2000), cofabrication of multicomponent microsystems (Siegel  et al ., 
2009) and maskless writing (Do  et al ., 2011) have had a signifi cant impact in 

fabricating complex but cheap microfl uidic systems, integrated with various 

elements required to manipulate particles. 

  Complex microfl uidic networks 

 In pressure-driven laminar fl ow, the hydraulic-electric circuit analogy con-

cept has been reported as a useful method for analysing and designing com-

plex microfl uidic network systems (i.e., multiple combining or branching 

microchannels at a node), based solely on channel dimensions and geometry 

(Kim  et al ., 2006; Oh  et al ., 2012). The relationship between voltage, current, 

resistance and conductor length in electrical circuits can be easily trans-

lated to microfl uidic circuits between pressure, fl ow, hydraulic resistance 

and channel length, respectively. In systems where fl uid mixing is relatively 

slow and the Pe number is quite large, a boundary between the streams will 

develop. Figure 8.2a shows a fl ow fraction-dependent microfl uidic network, 

where the fl ow ratio of two incoming streams ( Q  1  and  Q  2 ) can be used to 

predict the boundary width ( w ) of a fully developed laminar fl ow a distance 

(I w ×w Re    )  away from the channel node, possessing a parabolic velocity 

fl ow profi le. The fractional areas ( S  1 ,  S  2 ) of the parabolic profi le are propor-

tional to the volumetric fl ow rate of each incoming stream. In high aspect 

ratio microchannels the pressure-driven fl ow velocity is independent of the 

position across the channel width, with an approximation to the boundary 

width realised from analysis of the ratio of incoming or outgoing volumetric 

fl ow rates (Equation [8.25]) as depicted in Fig. 8.2b. Figure 8.2c shows the 

equivalent electric circuit of Fig. 8.2a.       

    
w
w

Q
Q

w
w

Q
Q

1

2

1

2

3

4

3

4

== or     [8.25]   
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 This strategy is ideally suited to aqueous solutions where tuneable concen-

tration gradients of chemical and biochemical stimuli can be generated for 

cell-based studies (Sun  et al ., 2008). As fl uid viscosity increases, hydraulic 

resistance of a microchannel is affected and stream combinations at a node 

of differing viscosity fl uids result in unpredictable fl ow rates and concen-

tration profi les. Design complexity and geometric dimensions of micro-

fl uidic networks for on-chip sample preparation or cell transportation 

are limited and dependent on process, cell size and cell concentration to 

(a) S3 : S4 = Q3 : Q4S1 : S2 = Q1 : Q2

Q3 < Q4Q1 < Q2

Q4Q2

Q1

L3 > L4

Q3

L4

L3

S2

S1 S3

S4l ≈ w x Re

w

(b) w3 : w4 = Q3 : Q4w1 : w2 = Q1 : Q2

W1W1
W4W4

W3W3

W2W2

WW

(c) Q1

Q1 + Q2 = Q3 + Q4

Q2

Q2

Q1

Ps,1

PA PBPs,2

RH,1

RH,AB

RH,2

Q3

Q4

RH,3 ∝ L3

RH,4 ∝ L4

 8.2      Schematic of a typical fl ow fraction-dependent microfl uidic network 

when  Q  1  >  Q  2  and  Q  3  <  Q  4 . There exists a boundary (dotted lines) 

between the two incoming streams or the two outgoing streams. (a) 2D 

model (e.g., parabolic fl ow profi le) to estimate the boundary width. The 

partial areas of the parabola ( S  1  and  S  2 , or  S  3  and  S  4 ) are proportional 

to the volumetric fl ow rates of each stream ( Q  1  and  Q  2 , or  Q  3  and  Q  4 ). 

(b) 1D model (e.g., fl at fl ow profi le) to estimate the boundary width. 

With this rough approximation, the ratio of the boundary widths of 

the two incoming streams ( w  1 : w  2 ) or that of the two outgoing streams 

( w  3 : w  4 ) can be estimated with the volumetric fl ow rate ratio of the input 

streams ( Q  1 : Q  2 ) or that of the output streams ( Q  3 : Q  4 ), respectively. (c) 

Equivalent electric circuit. ( Source : Reproduced from Oh  et al ., 2012, 

with permission of The Royal Society of Chemistry.)  
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minimise clogging. For instance, hydrodynamic fi ltration setups with mul-

tiple branching microchannels of variable sizes were designed to separate 

highly dilute concentrations (0.3% v/v) of RBCs and leukocytes (Takagi 

et al ., 2005; Yamada and Seki, 2005; Matsuda  et al ., 2011). Hydrodynamic 

focusing of particles and cells has been shown using parallel fl ow from two 

inlet buffer streams sandwiching a central stream of particles, island struc-

tures in channels to split fl ows, and by recombining split fl ows to main chan-

nels for sheath fl ow (Di Carlo  et al ., 2007; Aoki  et al ., 2009; Lee  et al ., 2009). 

Furthermore, PDMS (polydimethylsiloxane) a commonly used material for 

microfl uidic channels, has a low elastic modulus and large increases in ΔPΔΔ     

along a microfl uidic channel has resulted in channel deformations making 

fl ow rates in complex networks unpredictable (Gervais  et al ., 2006; Sollier 

et al ., 2011).  

  Bubble extraction 

 Gas bubble formation in microfl uidic devices is regularly encountered and 

can cause unequal fl ow distribution or even inhibit fl ow through block-

age. It arises from various sources including the device interfacing with 

the other modules, from the surface chemistry of the device itself, or from 

dead volumes upstream of fl uidic channels. Elevated wall shear stresses 

occurring at the interfaces of bubbles and cells signifi cantly affect the bio-

logical function of cells, causing detachment or cell membrane rupture. To 

enable normal device operation, strategies for eliminating gas progression 

have been devised, and include active bubble trap and debubbler on a two-

layer PDMS substrate (Skelley and Voldman, 2008) and long-term sta-

ble integrated bubble traps (IBT) for use in 10 day mammalian culturing 

(Zheng  et al ., 2010). Lochovsky  et al . recently described an in-plane bub-

ble trap, compatible with soft lithography fabrication, where gas removal 

rates for nitrogen at Δ =ΔΔ 94. k6 Pa    was 0.144  μ L/min and when multiple 

traps are operated in parallel achieved a rate of 0.6  μ L/min, signifi cantly 

faster and more reliable than previously reported strategies (Lochovsky 

et al ., 2012).    

  8.4     Manipulation technologies 

 Biological cells are dielectric materials with variations in electrophysi-

ological, biophysical and optical properties. Technologies utilising these 

properties can achieve high accuracy and precision in controlling and 

selecting particles, while in some cases competing against hydrody-

namic forces. Manipulation processes include characterisation, sorting, 
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separation, trapping, patterning, concentrating or focusing cells in contin-

uous fl ow or batch operations. As most of the technologies to be discussed 

have a form of ‘heritage’ and some similarities based on fi eld fl ow frac-

tionation operation, it is worthwhile considering this technique in a class 

of its own. 

  8.4.1     Field fl ow fractionation 

 First proposed in the 1960s, fi eld fl ow fractionation (FFF) is a class of ‘soft 

impact’ elution techniques employed mainly to separate heterogeneous 

mixtures of supramolecules, proteins and bioparticles (<100  μ m dia.) within 

laminar microfl uidic fl ows (Giddings, 1968; Caldwell  et al ., 1984). The basic 

principle is based on differential fl ow displacement along the axis of fl ow 

due to an external force fi eld, F    , applied perpendicular to the parabolic 

fl ow as in Fig. 8.3 (Giddings, 1993). Based on differences in particle mobility 

(i.e., physical characteristics), the fi eld controls the equilibrium position of 

the particle into localised bands of laminar streamlines, varying in veloc-

ity as a function of channel height. Hence, particles positioned closest to 

the channel wall (the accumulation wall) are eluted slowest (uwall = 0   ), while 

particles at the centre of the channel are eluted fastest (u ucentre max    ), result-

ing in different retention times. The rates at which particles move through a 

microchannel are governed by the retention equation, applicable to all FFF 

systems:   

    R = ⎛
⎝⎜
⎛⎛
⎝⎝

⎞
⎠⎟
⎞⎞
⎠⎠

−
⎡
⎣
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⎤
⎦
⎥
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⎦⎦

6
1

2
2λ ⎡

λ⎠
λ⎤

coth        [8.26]   

 where  R  is the retention ratio, which for small values of λ     reduces to R = 6λ   . 

The non-dimensional parameter λ     is determined by the physical proper-

ties of the retained particle (Equation [8.27]), where  U  is the fi eld induced 

velocity,  D  is the diffusion coeffi cient of the sub micron particle,  T  is abso-

lute temperature,  k  is the Boltzmann constant, and  h  is the channel height 

(Giddings, 1993).  

    λ = =
D

Uh

kT

F h
    [8.27]   

 Infl uences of diffusion in FFF separation mechanisms are negligi-

ble when cells or microorganisms are the object of manipulation, with 

retention times infl uenced by size, shape, density, rigidity and surface 
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features leading to larger bioparticles being eluted faster than smaller 

ones (Roda  et al ., 2009). Commonly referred to as ‘steric’ and ‘hyper-

layer’ (Fig. 8.3b and 8.3c) elution modes (Giddings and Myers, 1978; 

Chianea  et al ., 2000), FFF mechanisms typically applied to cell manip-

ulation include, in their broadest form, centrifugal sedimentation FFF 

(SdFFF) or gravitational FFF (GrFFF), fl ow FFF (FIFFF or F4) and 

electrical FFF (EIFFF) (Giddings, 1993; Kowalkowski  et al ., 2006). 

Modifi cation of the retention ratio in Equation [8.26] takes into con-

sideration steric exclusion of particles of radius  r , where α = r w    

from the accumulation wall, in which a reversal of the retention order of 

particles becomes apparent due to large particles protruding out into the 

fl ow streams (Myers and Giddings, 1982).  

External field

Accumulation wall

(a)

External field(b)

External field(c)

8.3      Elution modes of fi eld fl ow fractionation (FFF) in a microfl uidic 

channel with an external fi eld acting perpendicular to the parabolic 

fl ow. (a) Normal (Brownian) FFF mode operation in which clouds of sub 

micron particles different distances away from the accumulation wall in 

the parabolic fl ow experience different velocities. (b) Steric FFF mode 

separation of particles. (c) Hyperlayer FFF mode separation.  
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 For spherical particles in steric FFF mode, the factor γ     accounts for particle 

migration issues such as hydrodynamic lift forces which increase with shear 

rate and increased particle diameter. Equation [8.28] has been further sim-

plifi ed due to the small values of λ     and α    normally presented, giving a steri-

cally controlled retention ratio of (Giddings  et al ., 1987).  

    R = 6γα        [8.29]   

 The main driving forces and subtypes applicable to FFF cell manipulation 

are found in Table 8.2.     

  8.4.2     Hydrodynamic mechanisms 

  Deterministic physical interactions 

 Deterministic lateral displacement (DLD) uses periodic arrays of asymmet-

ric microposts of different geometries to reduce multipath zone broadening 

of varying sized particles (Huang  et al ., 2004). Processes such as separation, 

steering, refracting and focusing have been demonstrated (Morton  et al ., 
2008; Loutherback  et al ., 2010). Each row of the micropost array is shifted 

horizontally with respect to the previous row by a distance ( d ), which can be 

a fraction of the centre-to-centre distance (λ    ) of the micropost as in Fig. 8.4. 

As laminar fl uid fl ows through the gap of adjacent microposts it bifurcates 

around the micropost it meets in the next row. The gap is typically larger 

than the particles to avoid clogging, and based on the critical hydrodynamic 

diameter ( D   c  ) of the particle all similar sized particles follow equivalent 

migration paths characterised by either the zigzag mode or displacement 

mode. Similar to the way light rays can be re-directed at the interfaces of 

differing materials (Fig. 8.5a), differences in the DLD of cells exists when 

compared to photons. In the zigzag mode particles fl ow in a cyclic proces-

sion, exiting and entering streamline lanes such as the bottom stream in 

Fig. 8.5e, while in displacement mode (top stream of Fig. 8.5e) particles with 

sizes greater than  D   c   move at an angle determined by the ratio of micro-

post offset to the row-to-row spacing (ε λ   ) (Inglis  et al ., 2006). As this 

separation technology relies on a deterministic process, faster fl ow rates 

improve the performance of the device limiting sporadic processes such as 

diffusional mixing. Two dimensionless numbers used to analyse fl uid and 

particle motion in these microsystems are the P é clet number (Pe) of the par-

ticle, where ελ    is the local characteristic length of the post where diffusion 
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 Table 8.2     Broad categorisation of fi eld fl ow fractionation (FFF) subtypes associated 

with cell manipulation 

 External force  FFF Subtypes  References 

 Cross fl ow (FI)  Flow FFF (FIFFF), 

Hollow Fibre FIFFF, 

Symmetrical FIFFF 

(SF4), Asymmetric 

FIFFF (AF4) 

 Saenton  et al ., 2000; Reschiglian 

 et al ., 2002a, 2002b 

 Sedimentation 

(Sd) 

 Sedimentation 

FFF (SdFFF), 

Centrifugal SdFFF, 

Gravitational 

(GrFFF) 

 Chianea  et al ., 1999 

 Urbankova  et al ., 1992; Andreux 

 et al ., 1993; Bernard  et al ., 1995; 

Metreau  et al ., 1997; Roda  et al ., 

2009a 

 Electrical (EI)  Electrical FFF (EIFFF), 

Cyclic EIFFF, 

Dielectrophoretic 

(DEP-FFF) 

 Caldwell  et al ., 1972; Kesner  et al ., 

1976; Caldwell and Gao, 1993; 

Markx  et al ., 1997; Rousselet 

 et al ., 1998; Tri  et al ., 2000; Yang 

 et al ., 2000; Gale  et al ., 2001; 

Gale and Srinivas, 2005; Kantak 

 et al ., 2006; Vykoukal  et al ., 2008 

Large particleSmall particle

Posts Streamlines

1 2 3

1 2 3

1 2 3

1 2
d λ

G

3

 8.4      Schematic illustrating the separation by deterministic lateral 

displacement in an array of microposts, with an example row shift 

fraction of one-third. This shift creates three equal fl ux streamlines. 

The dashed lines are the boundaries between the streamlines, which 

are assigned an index in the gaps between the posts. Paths of particles 

both smaller and larger than the critical threshold are depicted with 

by their associated line paths. Small particles stay within a fl ow 

stream and large particles are displaced at each obstacle.  G  is the clear 

spacing between the gap,   λ   is the centre-to-centre post separation, 

and  d  is the relative shift of the post centres in adjacent rows. ( Source : 

Reproduced from Davis  et al ., 2006. Copyright 2006 National Academy 

of Sciences, USA.)  
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Randomly polarised,
monochromatic light

Microfluidic channel

2.7 μm da.

1.1 μm da.

Fluid Flow

Particle
paths

α = 0˚ α = 11.5˚

Microstructured post arrays

Calcite
crystal

(a)

(b)

(c)

(e)

No = 1.65

θ = 6.2˚

ne = 1.49n = 1

(d)

30 μm

40 μm

10 μm

 8.5      Optical and microfl uidic birefringent interfaces. (a) Optical 

birefringence in a calcite crystal: normally incident, randomly polarised 

light, incident on the anisotropic crystal splits into two polarisation 

dependent paths. Remarkably, the extraordinary ray, whose 

polarisation is parallel to the calcite optical axis, is defl ected away 

from the normal. (b) Schematic of particle trajectories at the interface 

between a neutral region and a microfl uidic metamaterial element. 

Particles larger than a critical size follow the array asymmetry, whereas 

(Continued)
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competes with fl uid transport (i.e., advection), and the Reynolds number, 

where the traditional cross-sectional length is replaced with a characteristic 

length over which the fl uid changes its direction. If Pe > 1, the diffusion rate 

is less than the advection rate at the local scale, indicating smaller particles 

follow the stream line path created by the posts and larger particles experi-

ence a deterministic lateral migration. Design parameters such as gap size 

and shift fraction ε    , infl uence  D   c   and when varied in successive regions of 

arrays (‘chirped’ or ‘cascaded’), the dynamic range of the device is increased 

(Davis  et al ., 2006; Inglis  et al ., 2008).            

  Inertial migration 

 The phenomena of particle migration in Poiseuille fl ow macroscale and 

microscale systems have been observed and described (Segre and Silberberg, 

1961, 1962; Kim and Yoo, 2008; Choi  et al ., 2011). Characteristics such as par-

ticle distribution and equilibrium position have been reported to be infl u-

enced by parameters such as the channel diameter ( D   h  ) to particle diameter 

( d   p  ) ratio, the particle volume fraction, particle density and fl ow velocity 

(Kim and Yoo, 2012). 

 Particles in fl uid fl ow are subjected to shear forces (i.e., drag) and normal 

forces (i.e., lift) from bound fl uidic elements. Dominant inertial lift forces 

direct particles laterally across streamlines to equilibrium positions within 

microchannels, particularly when microfl uidic Re is in the range of 1–100 

and particle Re (Re  p  ) is of the order of 1, as in Equation [8.30], where is the 

maximum fl uid velocity and assuming d Dp hD << 1   .  

    Re Remax
p

p

h

p

h

u dmax

Dh

d

Dh

= =
⎛
⎝⎜
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⎞
⎠⎟
⎞⎞
⎠⎠

ρuu

μDD

2

       [8.30]   

smaller particle follow the fl uid fl ow. (c) The simplest metamaterial 

element is an asymmetric array of posts tilted at an angle __relative to 

the channel walls and bulk fl uid fl ow. Shown is a top-view scanning 

electron micrograph (SEM) of the interface between a neutral array 

(  α   = 0°) and an array with array angle   α   = 11.3° (the gap  G  = 4  μ m and 

post pitch   λ   = 11  μ m are the same for both sides). (d) Cross-sectional 

SEM image showing the microfabricated post array. (e) Equivalent 

microfl uidic birefringence based on particle size showing the time-

trace of a 2.7- μ m red fl uorescent (top stream) transiting the interface 

and being defl ected from the normal. Smaller, 1.1- μ m beads (bottom) 

stream are not defl ected at the interface. ( Source : Reproduced 

from Morton  et al ., 2008. Copyright 2008 National Academy of 

Sciences, USA.)  

8.5 Continued
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 Microchannel cross-sectional position infl uences particle migration, with 

randomly distributed particles seen to concentrate into narrow bands, so 

called Segre and Silberberg annulus, within circular pipes (Fig. 8.6a). In 

square microchannels particles laterally focus to equilibrium positions 

and subsequently accumulate near the centre of each channel wall face 

(Fig. 8.6b) in a pseudo Segre and Silberberg annulus (Bhagat  et al ., 2008b; 

Di Carlo, 2009). Lift forces ( F   L  ) exerted on particles in fl ow, scales with the 

intrinsic properties of the fl uid, Re  p   squared and the dimensionless lift coef-

fi cient  f   L   which is a function of the channel Re and particle position within 

the channel, such that at equilibrium  f   L   = 0 (Ho and Leal, 1974; Schonberg 

and Hinch, 1989; Asmolov, 1999).       

    F
f U d

D
LFF mf Uf U p

hD
=

ρUUUU 2 4d
2

       [8.31]   

 Equilibrium positions or focusing reached by dilute suspensions of radially 

migrating spherical particles in microfl ows were attributed to the balancing 

of two major lateral forces: (1) inertial lift forces induced by shear-gradient 

fl uid fl ow directs particles at the centre region towards the channel wall, and 

(2) wall repulsion forces at the channel wall region pushes particles towards 

the centreline of the fl uid fl ow (Ho and Leal, 1974). Using Stokes’ law 

(F d up pudragFF πμdd    ), an expression for the particle migration velocity ( u   p  ) from 

the centreline due to lift can be approximated, where  f   L   = 0.5:

Focused to
segre-silberberg
annulus

Outlet

Inlet

Outlet

Inlet

Random particle
distribution

Flow

(a) (b)

Flow

Random particle
distribution

Focused to
four faces
of a square
channel

 8.6      (a) In a cylindrical pipe, at moderate Reynolds numbers, randomly 

distributed particles are known to focus to an annulus located between 

the centre and wall of the pipe. (b) In square channels, following the 

symmetry of the system, particles instead focus to four equilibrium 

regions centred at the faces of the channels for dilute suspensions of 

particles fl owing at moderate Reynolds numbers. ( Source : Reproduced 

from Di Carlo, 2009, with permission of The Royal Society of 

Chemistry.)  
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 The microchannel length ( L ) required for a particle to completely migrate 

to its equilibrium position can be calculated from Equation [8.33], where  L   p   

is the maximum required migration distance.  

    L
u L
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D L

u d f
p

pU
h pD L

p Lff
= =max
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3

2

2

3

πμDD

ρuu
       [8.33]    

  Curved channels 

 Curved microchannels have been shown to have a secondary inertial effect 

on fl uids which in turn infl uences particle equilibrium positions and focus-

ing capabilities (Fig. 8.7a–8.7d). The high momentum fl uid at the channel 

centre displaces the lower momentum fl uid at the wall surface, causing 

counter-rotating vortices perpendicular to primary fl ow and additional drag 

forces on the particle from this secondary fl ow. The fl ow is characterised by 

two dimensionless numbers, namely Dean number and the curvature ratio, 

δ = D rhD 2     (Bhagat  et al ., 2008a). Particle focusing based on curved geome-

tries is independent of particle density, though the ratio of Dean drag and 

inertial lift is a key parameter in describing how particles behave in sepa-

ration and concentration processes (Di Carlo  et al ., 2007; Gossett and Di 

Carlo, 2009).       

  Hydrodynamic fi ltering and microfl uidic networks 

 Hydrodynamic fi ltration (HDF) uses multiple side channels branching off 

a main microfl uidic channel to concentrate and classify heterogeneously 

sized particles introduced at the system inlet (Yamada and Seki, 2005). As 

a particle’s centre cannot be present near the channel sidewall at a length 

equivalent to the particle radius ( r   p  ), fl ow rates distributed into the side 

channels at a suffi ciently low rate will never let particles greater than a spe-

cifi c diameter into the these side channels, even when the cross-sectional 

size of the side channel is greater than the particle or the particle is fl owing 

very close to the side wall as depicted in Fig. 8.8a. As fractions of pure fl uid 

fl ow into upstream side channels, the concentration of particles increases 

downstream of the main channel, resulting in particle alignment along the 

side walls (Fig. 8.8d). By increasing the relative fl ow rates in the downstream 

side channels, aligned particles are collected according to size in a stepwise 

fashion.      
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 The principle of pinch fl ow fractionation (PFF) is closely related to HDF 

(Nakashima  et al ., 2004; Yamada  et al ., 2004). Two fl uidic inlet streams, one 

with particles and one without, at differing fl ow rates, meet at a ‘pinch seg-

ment’ (Fig. 8.9a) at which point the particle-rich fl uid is focused onto one 

sidewall aligning particles in its stream, similar to fl ow FFF. Different sized 

particles assume characteristic positions away from the sidewall in the pinch 

segment, with smaller particles closest to the wall. Downstream of the pinch 

segment a broadening of the microchannel (broad segment) occurs and the 

slight differences in positions are amplifi ed in the spreading fl ow profi le. 

The ratio of inlet fl ow rates and microchannel geometries affects separa-

tion effi ciencies. Takagi  et al . (2005) introduced asymmetric pinched fl ow 

Longitudinal
ordering

Lateral
focusing

Inlet (random)

Rp = 0.5

Inlet

(b) (c) (d)

Outlet (ordered)

Outlet

(a)

y
x

0.97

2.9

 8.7      Inertial self-ordering. (a) Schematic drawing of the inertial ordering 

process. After fl owing through a channel of a particular symmetry, 

precise ordering of initially scattered particles is observed both 

longitudinally along the direction of fl ow and laterally across the 

channel. (b) Top-down views of fl uorescent streak images of fl owing 

9- μ m-diameter particles in a square channel (50  μ m) fi lled with water 

(density   ρ   = 1.00 g/mL and dynamic viscosity   μ   = 10 –3  Pa⋅   s). Flow is from 

left to right. The inlet region is shown at the left, where the particles 

are initially uniformly distributed within the fl uid. Longer images show 

the outlet 3 cm downstream for the channel Reynolds number  R  c  = 15, 

30, or 90 (particle Reynolds number  R  p  = 0.48, 0.97, or 2.9). Focusing 

of particles into four single streamlines is observed. From above this 

appears as three lines with double the intensity in the middle streak–

line. (c) For a symmetric curving channel the symmetry of the system 

reduces focusing to two streams. Above a critical Dean number (De) 

focusing is perturbed. (d) For an asymmetric curving system, focusing 

down to a single stream is favoured. Focusing is again more complex 

as De increases. ( Source : Reproduced from Di Carlo  et al ., 2007. 

Copyright 2008 National Academy of Sciences, USA.)  �� �� �� �� �� ��
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fractionation (AsPFF) as an improvement to PFF in which multiple branch-

ing channels downstream of the pinch segment were (Fig. 8.9b). This offered 

the advantage of reduced system clogging and enhanced separation of parti-

cles through controlled fl ow resistance into the branched channels, achieved 

by adjusting channel dimensions.       

  Biomimetics 

 Naturally occurring hemodynamic phenomena found in microcirculatory 

systems, such as Zweifach-Fung (bifurcation law), margination and plasma 

skimming, has been mimicked for designing microfl uidic devices for blood 

cell separation and enrichment (Kersaudy-Kerhoas  et al ., 2010). RBCs tend 

to concentrate at the centre of a blood vessel under fl ow, which has two 

consequences: (1) plasma skimming between two asymmetrical daughter 

vessels reduces RBC fraction in one vessel, and (2) leukocyte margination 

to the vessel sidewalls as a result of RBC and leukocyte collisions. This 

biomimetic approach of margination was demonstrated in a microfl uidic 

Side channel
Main channel

First
selection

Particle concentration
and alignment Second

selection

Branch point
(a)

(d)

(b) (c)

Main
channel

Liquid with
particles

 8.8      Principle of hydrodynamic fi ltration (a)–(c) Schematic diagrams 

showing particle behaviour at a branch point; (a) the relative fl ow rates 

distributed into side channels are low, (b) medium, and (c) high. Broken 

lines show the virtual boundaries of the fl ows distributed into side and 

main channels. (d) Schematic diagram showing particle concentration 

and alignment in a microchannel having multiple branch points and 

side channels. ( Source : Reproduced from Yamada  et al ., 2005, with 

permission of The Royal Society of Chemistry.)  
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 8.9      Schematic diagrams of particle separation: (a) is PFF, and 

(b) is AsPFF. Liquid containing particles is light-coloured, and 

liquid without particles is dark-coloured. The size of an arrow 

represents the flow rate. In PFF, identical branch channels are 

arranged, and liquid flow in the pinched segment is uniformly 

distributed. Therefore, Branch 4 and Branch 5 are never used, and 

the difference in effluent positions of particles is small. In AsPFF, 

one branch channel (drain channel) is designed to be short and/

or broad, and liquid flow is asymmetrically distributed. So all the 

branch channels are effectively used, and the difference in effluent 

positions becomes large compared with PFF. ( Source : Reproduced 

from Tagaki  et al ., 2005, with permission of The Royal Society of 

Chemistry.)  
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system for leukocyte enrichment from blood, resulting in a 34-fold enrich-

ment (Shevkoplyas  et al ., 2005), while the use of multiple triangular expan-

sions upstream (Fig. 8.10) mimicking postcapillary venules for nucleated 

cell margination from RBC gave a 45.75-fold enrichment (Jain and Munn, 

2011). A recent demonstration of this technique was based on the blood 

condition sepsis where  E. coli  and  S. cerevisiae , along with infl ammatory 

cellular components, were removed from blood in a two stage single pass 

device at ~1 mL/h per channel, with realistic potential for multiplexing or 

parallelisation for higher throughput (Hou  et al ., 2012).       

  Hydrophoresis and microstructure inclusions 

 Hydrophoresis is a technique whereby particles in a suspension are trans-

ported under the infl uence of a microstructure-induced pressure fi eld, as 
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 8.10      Design of nucleated cell separation unit. (a) Schematic of the 

separation device. The device is made using PDMS soft lithography. 

(b) Illustration of working principle. Whole blood enters the device 

at the inlet port. Nucleated cell margination is encouraged in the 

pre-extraction stage of the device. With the NCs segregated near the 

wall, they can then be collected into the extraction channels. Pure RBCs 

are also collected through the central drain channel. (c) A snapshot of 

the extraction region of the device. Labelled NCs can be seen entering 

the extraction channels at top and bottom. ( Source : Reproduced 

from Jain and Munn, 2011, with permission of The Royal Society of 

Chemistry.)  
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illustrated in Fig. 8.11 (Choi and Park, 2007; Choi  et al ., 2007). Stroock  et al . 
(2002) analytically quantifi ed the anisotropic effect oblique grooved pat-

terns within a microchannel wall had on pressure-driven fl ows resulting in 

the movement of fl uid near the structure surface in the groove direction. 

Fluid transverses the microchannel, interacting with opposing transverse 

pressure gradients creating a recirculating fl ow component in the cross-sec-

tion in addition to the principal Poiseuille fl ow component, with a net effect 

of generating helical streamlines (Stroock and Whitesides, 2003). Although 

this was exploited for fl uid mixing, slanted obstacles on the top and bot-

tom of a microfl uidic channel were used to create transverse fl ows perpen-

dicular to the main fl ow for size-based separation of microbeads, RBC and 

microbead sheathless focusing (Choi and Park, 2007; Choi  et al ., 2008).       

  Hydrodynamic devices 

 Inertial focusing and lift hydrodynamics within asymmetric microchan-

nels have been used to fi lter platelets from dilute blood cells (Di Carlo 

 et al ., 2008; Geislinger  et al ., 2012) and isolate bacteria from human RBC 

at 10 8  cells/ml with >99% purity with an upper limit fl ow rate of 18  μ L/

min (Wu  et al ., 2009). Kuntaegowdanahalli  et al . (2009) used a fi ve-loop 

 

 8.11      Hydrophoretic separation principle. Shaded- and lined-areas denote 

lower and upper slanted obstacles, respectively. A fl ow direction is along 

the y-axis. (a–c) Top-viewing and cross-sectional schematic diagrams of 

the slanted obstacles. (a) The slanted obstacles drive lateral fl ows across 

the x-axis by which particles are pushed to a sidewall. (b) The focused 

particles fl ow clockwise following the rotating fl ows generated by the 

bottom-side obstacles and move to the bottom of a channel. (c) The large 

particle is located in the area where there is no lateral pressure gradients 

and stays in the focused position. On the other hand, the small particle is 

exposed to lateral pressure gradients along the x-axis and deviates from 

its focused position. ( Source : Reproduced from Choi and Park, 2007, 

with permission of The Royal Society of Chemistry.)  
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spiral microchannel device, as in Fig. 8.12, combining the effects of inertial 

and Dean drag forces to focus and separate size varying polystyrene beads 

into separate outlet channels and subsequently neuroblastomas from 

glioma cells at a throughput of 1 × 10 6  cells/min with 80% effi ciency and 

>90% viability. This was further adapted for sorting (~15 × 10 6  cells/h) of 

asynchronous mammalian cell lines and human mesenchymal stem cells 

(hMSC) based on their phase in their cell cycle with a >95% viability (Lee 

 et al ., 2011).      

 HDF has been shown to generate a 29-fold enrichment of leukocytes 

from human blood at a fl ow rate of 20  μ L/min using a two-step process. 
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 8.12      (a) Schematic of the spiral microparticle separator. The randomly 

dispersed particles equilibrate at different equilibrium positions along 

the inner wall (IW) of the spiral microchannel under the infl uence 

of lift and drag. Separation between individual particle streams is 

enhanced by opening the spiral channel into a wider straight channel 

before extracting the individual streams using a multiple outlet design. 

(b) The eight outlet channels of the PMMA-based microfl uidic spiral 

device. ( Source : Adapted from Kuntaegowdanahalli  et al ., 2009, with 

permission from The Royal Society of Chemistry.)  
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An improvement on the original design was described by Yamada and Seki 

in which fl ow splitting and recombination with the main channel achieved 

perfect alignment of target particles along the sidewall for a more effi cient 

separation process (Yamada and Seki, 2006) and at the centre of the main 

channel for particle focusing (Aoki  et al ., 2009). Size-based separation of 

erythrocytes from leukocytes, with up to 100 side channels, was shown to 

attain high levels of effi ciency (Matsuda  et al ., 2011). Investigators recently 

observed the rotational behaviour of spherical particles and non-spherical 

Janus particles at branch points and applied their fi ndings to HDF separa-

tion based on shape (Sugaya  et al ., 2011), while tuning viscoelastic polymer 

media was demonstrated in the hydrodynamic spreading of neural and glial 

cells with >90% viability (Wu  et al ., 2008). 

 A multistage-multiorifi ce fl ow fractionation (MS-MOFF) (Fig. 8.13) 

was introduced by Jung’s group, in which the combined effects of iner-

tial lift forces with turbulent secondary Dean fl ow were used to separate 

particles based on size, through multiple series of Re constant contraction 

and expansion microchannels, with high purity and recovery rates dem-

onstrated with microspheres (Park and Jung, 2009; Park  et al ., 2009; Sim 

 et al ., 2011).      

 A tuneable hydrophoretic separation device fabricated from PDMS for 

elastic deformation was placed between two acrylic substrates (Choi and 

Park, 2009). Compressive forces applied to the substrates enabled cross-

sectional tuning, allowing a range of particle diameters (2.5–7  μ m), a sep-

aration criterion, to be employed without constant rebuilding of devices.   

  8.4.3     Electrokinetic mechanisms 

 H.A. Pohl described the phenomenon of dielectrophoresis (DEP) as the 

translational motion of a neutral particle resulting from polarisation effects 

produced by an inhomogeneous electric fi eld (Pohl, 1951, 1958). It was not 

until the late 1960s/early 1970s that experimental and theoretical reports of 

DEP on biological cells in suspensions began to appear (Pohl and Hawk, 

1966; Crane and Pohl, 1968, 1972; Pohl and Crane, 1971). AC electrokinetic 

theory, and the forces generated within these microsystems, are covered in 

depth by (Pohl, 1978; Pethig, 1979; Jones, 1995; Ramos  et al ., 1998; Castellanos 

 et al ., 2003; Hughes, 2003; Pethig, 2010). 

  Dielectrophoresis 

 A homogenous spherical dielectric particle of radius,  r , placed in a uniform 

electric fi eld ( E ) becomes polarised due to the fi eld’s interaction, inducing a 

dipole moment ( p ) in the sphere,  
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       [8.34]   

 where ε p mεε ( )ε εr0ε     is the absolute permittivity of the suspending medium/

particle, εr    is the relative permittivity of the medium/particle, and ε0ε     is the 

permittivity of free space (≈ −8 8 418 8 10 12 1. F× −8541878 10 12 m    ). The time average DEP 

force acting on a polarisable particle placed in a non-uniform alternat-

ing current (ac) electrical fi eld can be expressed in the form (Wang  et al ., 
1995),  

  
 F rmrDEP 2 3πε { }S( )ffCffff( )( )( ) ∇ + ( )fCff ( )( f )( ) ∇E +EERMEEE S ( fffffERe I ( )E ExE y y zE z∇ + ∇ +y ∇2 2∇ + 2φ φEx yE+x ∇2E+ φ((     

 
  [8.35]   

 where  E  RMS  and φ    are the root mean square magnitude and phase of the 

applied electric fi eld in Cartesian axis ( x, y, z ), respectively. The polarisabil-

ity (or Clausius-Mossotti) factor ( )fCMff ( )))    , describes the frequency-depen-

dent dielectric characteristics of the particle and suspending medium, where 

40 μm

40 μm

100 μm 200 μm

200 μm

Flow direction

20 40(%) 20 40(%)

Thickness = 40μm

800μm 1000μm

1000μm

440μm

40μm

8.13      Photographs of simultaneous experiments using a mixture of the 

two polystyrene microspheres at Re = 85. Schematic view of MS-MOFF 

and position of image captured. The top photo represents the end of 

1st multi-orifi ce segment. The photos represent the end of the 2nd two 

multi-orifi ce segments. Dark arrows indicate the 7  μ m particles and 

white arrows indicate the 15  μ m particles, respectively. Dimensions 

of the orifi ce and fl ow broadening sections are also shown. ( Source : 

Adapted from Sim  et al ., 2011, with permission from The Royal Society 

of Chemistry.)  
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the complex permittivity (εkε*εε    ) for the medium ( k = m ) and particle ( k = p ) 

is described by  

    ε ε ε σ
ωk kε εε kσσ

j j
σkσ

*εε −ε εkε = −0εε 1        [8.36]   

 or by a complex conductivity (σkσσ*σσ    ),  

    σ ωε εk kσ σσ kεj*σσ = +σkσσ 0ε        [8.37]   

 A homogeneous particle’s conductivity is σ p bσ σσ σ= +σbσσ ( )sK rs    , where  K   s   is the 

surface conductance, σbσσ     is particle bulk conductivity, and ω    is the angular 

frequency of the applied fi eld. Thus, the complex Clausius–Mossotti factor 

can be expressed in terms of complex conductivities or the more common 

complex permittivities (Equation [8.38]).  

    f p m

p m
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* *

* *
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ε εp
* ** *

=
⎛

⎝⎜
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⎝⎝

⎞

⎠⎟
⎞⎞

⎠⎠
       [8.38]   

 In the absence of a spatially varying phased electric fi eld, as found in travel-

ling wave DEP (twDEP) (Masuda  et al ., 1988; Talary  et al ., 1996), the imag-

inary component (Im) of the Clausius–Mossotti factor in Equation [8.35] 

equals zero, leaving the typical anti-phase dielectrophoretic force, F DEP    , 

originally described by Pohl (1978).  

    F r EmDEP RMEE S( )fCff ( )( )( ) ∇2 2E3 ( )f ( ) ∇πε Re        [8.39]   

 DEP vector response to an applied fi eld is dictated by Re( )fCMff ( )ω    , with 

 − 0.5 < Re( )fCMff ( )ω     < 0 indicating net particle movement to low intensity 

electrical fi elds (negative DEP) and 0 < Re( )fCMff ( )ω     < +1 indicating move-

ment to high intensity electrical fi elds (positive DEP). A null response, 

Re( )fCMff ( )ω     = 0, is referred to as the particle’s crossover frequency, a param-

eter which has been used in DEP-based separation strategies (Gascoyne 

 et al ., 1992; Markx  et al ., 1994; Gascoyne and Vykoukal, 2004; Fatoyinbo 

 et al ., 2007b). Heterogeneity in cellular structures, along with variations 

in size and shape (e.g., discoid, ellipsoidal, oblate) have been captured in 

the Clausius–Mossotti factor using the ‘multishell’ model (Fricke, 1924; van 

Beek, 1960; Irimajiri  et al ., 1979). Using a ‘smeared-out’ approach, relative 

complex permittivities of the membrane (εmem
*εε    ) and cytoplasm (εcytyy

*εε    ) for a cell 
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of radius ( r ) and plasma membrane thickness ( d ) are evaluated and com-

bined to obtain a particle’s effective complex permittivity (ε p,
*εε effff    ), equivalent 

to a homogeneous particle, which can then replace ε p
*εε     in Equation [8.38] 

(Huang  et al ., 1992).  

    ε εpεε ,
* *ε εε εeff mεff em

( )r r d− + ( )( )εcyεε t mεy em( )* * ( )ε ε* *εεcyεε t mεy em

( )r r d−

3

3
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2(( ) (− ++++
       [8.40]   

 Equation [8.40] is useful in extracting electrophysiological properties from 

a cell’s DEP spectrum (frequency-dependent manipulation), such as mor-

phological changes, membrane capacitance and conductivity, revealing ion 

permeability and infl uences of drug exposure in microfl uidic cell-based 

assays and capturing modes within fl ow regimes (Coley  et al ., 2007; Pethig 

and Talary, 2007; Sanchis  et al ., 2007; Hoettges, 2010; Fatoyinbo  et al ., 2011; 

Hawkins  et al ., 2011; Labeed  et al ., 2011; Mulhall  et al ., 2011; Wu  et al ., 2012; 

Unni  et al ., 2012).  

  AC electro-osmosis 

 In certain microelectrode confi gurations (e.g., coplanar electrodes), the 

application of an ac voltage generates fl uid pumping with the direction 

and velocity dependent on the amplitude and frequency (~0.1–100 kHz) of 

the signal (Garcia-Sanchez  et al ., 2006). The fl ow occurs due to oscillating 

induced charges in the double layer, present at the electrode – electrolyte 

interface. It is driven by the tangential component of the electric fi eld ( E   t  ), 

which produces a slip velocity (uslip   ) characterised by the voltage drop across 

the double layer (ΔφDLφφ    ) and the tangential electric fi eld outside the double 

layer (Yeh  et al ., 1997; Ramos  et al ., 1999).  

    u
u

Em
tEEslip = m ( )DLΔ⎡⎣⎡⎡ ⎤⎦⎤⎤

1

2

ε
De        [8.41]   

 The parameter Λ   is given by the ratio of the Stern layer capacitance per 

unit area and the capacitances per unit area of both the Stern and diffuse 

layers (Castellanos  et al ., 2003). This non-linear electrokinetic fl ow of the 

fl uid has been applied to asymmetrical electrode geometries for microfl u-

idic pumping of fl uids (Stroock and Whitesides, 2003), while others have 

demonstrated this technique in manipulating cells out of bulk fl ow and on 

to the electrode surfaces to enhance detection, concentration and pattern-

ing processes (Fatoyinbo  et al ., 2007a; Melvin  et al ., 2011). A more general 
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term describing the fl uid fl ow, induced by electrical charges, around both 

metallic and dielectric surfaces in the presence of DC and low AC fi elds 

is induced-charge electro-osmosis (ICEO) coined by Bazant and Squires 

(2004, 2010).  

  Electrokinetic devices 

 Electrokinetics is a versatile technology that has benefi ted from advances 

in microelectrode fabrication technologies such as photolithography, thus 

an extremely large body of literature and variant technologies (based on 

operating strategy or electrode design) of the above principles exists. The 

dielectrophoretic force imparted on a cell varies with cell polarisability and 

volume. Applied fi elds can be either direct current (dc) or alternating cur-

rent (ac), thus the range of electrokinetic based devices which have been 

designed is large and variably multifaceted or modular (Muller  et al ., 1999; 

Dalton and Kaler, 2007; Burgarella  et al ., 2010). The magnitude of the electric 

fi eld gradient generated by 2D planar (e.g., spiral (Fig. 8.14h), interdigitated 

(Fig. 8.14b), interdigitated castellated (Fig. 8.14a)) or 3D microelectrode 

geometries (e.g., 3-D wells (Fig. 8.12j), DEP-dots (Fig. 8.14i)), decays expo-

nentially away from the microelectrode edge (Wang  et al ., 1997; Morgan 

 et al ., 2001; Green  et al ., 2002; Hoettges  et al ., 2003; Tsukahara and Watarai, 

2003; Fatoyinbo  et al ., 2008). Thus, microelectrode arrangements in DEP 

systems are important in generating varying morphological fi eld gradients 

(a) (b) (c) (d)

(e) (f) (g)

(h) (i) (j)

 8.14      Some common microelectrode confi gurations for particle 

manipulation in electric fi elds. (a) Interdigitated castellated, (b) 

interdigitated, (c) linear quadrupole or twDEP confi g, (d) quadrapolar 

for electrorotation, (e) focusing, (f) defl ectors, (g) ratchet, (h) spiral, 

(i) dots, and (j) wells.  
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required to induce motion, though consideration of the DEP force magni-

tude and other forces arising within the system, including, gravity, viscous 

drag, buoyancy and hydrodynamic fl ow must be optimised accordingly for 

fl ow through operations (Hughes, 2002).      

 Travelling wave DEP (twDEP) occurs when three or more consecutively 

energised microelectrodes, out of phase by X degrees and summing up to 

360° (Fig. 8.14c), transport cells parallel to the substrate in a forward or 

backward direction depending on the sign ofIm( )fCMff ( )ω    , thus imposing var-

iable rates of motion and retention times for different particles (Masuda 

et al ., 1988; Huang  et al ., 1993; Hughes  et al ., 1995; Wang  et al ., 1997; Green 

et al ., 2002; Cheng  et al ., 2009). When a quadrupolar microelectrode’s (out 

of phase by 90° as in Fig. 8.14d) tips are focused towards each other and 

pointed at a specifi c region, particles undergo a rotational torque (electro-

rotation (ROT)) with a velocity that is a function of the fi eld frequency 

(Gimsa, 1997; Holzel, 1998; Cen  et al ., 2004). ROT is useful in probing the 

electrophysiology of single cells, but lacks throughput and the set-up is more 

complex (e.g., particle drift) in comparison to DEP techniques (Wang  et al ., 
1991, 1992; Hughes, 1998; Hoettges  et al ., 2008). 

 Dielectrophoretic fi eld fl ow fractionation (DEP-FFF) uses dielectric and 

density properties to discriminate between cells. By balancing multiple 

forces in hydrodynamic fl ow, including hydrodynamic lift, cells of different 

electrophysiology and density attain an equilibrium height in a microchan-

nel through nDEP and are eluted at different rates (Markx and Pethig, 

1995; Markx  et al ., 1997; Wang  et al ., 2000; Gascoyne, 2009; Liao  et al ., 2012). 

Microelectrodes positioned at an angle to the main fl ow have been used to 

defl ect (Fig. 8.14f) and focus (Fig. 8.14e) cells to regions of a channel cross-

section, or into side channels, in sorting and separation processes (Doh and 

Cho, 2005; Kim  et al ., 2008). As a cell approaches an angled electrode the 

nDEP force can exceed drag forces, resulting in the cell travelling parallel 

to the electrode until the drag forces exceed the DEP force, enabling the 

cell to fl ow past the electrode in a path line specifi c to a cells’ DEP mobility. 

Kim  et al . (2011) described a fl uorescence-activated sorting system in which 

fl uorescent microbeads were hydrodynamically focused using a sheath fl ow 

for laser excitation which was simultaneously detected by a photomultiplier 

tube (Fig. 8.15). Depending on the level of intensity, the beads were focused 

into one of three outlet channels by angled electrodes, indicating DEP’s 

ability to sort multiple particle mixtures effectively.                

 Insulator-based dielectrophoresis (iDEP) relies on the electric fi eld non-

uniformity being created by insulating structures/obstacles within a micro-

fl uidic channel, with a dc signal applied across these structures via two 

electrodes situated at either end of the channel (Cummings and Singh, 2000; 

Chou  et al ., 2002; Cummings and Singh, 2003). The reduction in fabrication 

costs arising from complex metallisation processes, a simple fl uid and particle 
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transportation mechanism through electroosmotic fl ow from dc signals and 

the reduced fouling capabilities, has made this technology an increasingly 

popular approach for particle trapping and concentration (Lapizco-Encinas 

 et al ., 2004, 2005). An extension of iDEP is contactless DEP (cDEP) in which 

fl uid electrodes are used to generate the fi eld non-uniformities (Demierre 

 et al ., 2007; Shafi ee  et al ., 2009). The fl uid electrode channels containing a 

highly conductive solution are separated from the sample channel where 

insulating structures reside by thin insulating membranes, eliminating 

High intensity bead (Electrode I and II)

Medium intensity bead (Electrode II and III)
Sample

inlet

532 nm laser spot
II III

Electrodes

Dielectrophoresis
separation region

Fluorescence
detection region

20 μm

Hydrodynamic
focusing region

Sheath
flow inlet

Low intensity bead (No electrode)

I

II III

 8.15      Beads were focused to the centre of the channel using sheath fl ow 

in the hydrodynamic focusing region, fl uorescent tags were detected 

in the fl uorescence detection region, and beads were separated using 

dielectrophoretic forces in the separation region. Photographic image 

of the microfabricated chip; the channel has an inlet to outlet length 

of 21 mm, a height of 30  μ m and a width 100  μ m. Electrodes have a 

gap length of 20  μ m and a width of 20  μ m. ( Source : Adapted from Kim 

 et al ., 2011, with permission from Elsevier.)  
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electrode – cell contact and minimising sample contamination, joule heat-

ing, bubble formation and electrochemical effects during cell manipulation 

(Henslee  et al ., 2011; Sano  et al ., 2012).   

  8.4.4     Acoustic mechanisms 

 Ultrasonic standing waves (USW) technology for fl uid and particle manip-

ulation, also referred to as acoustofl uidics, is a rapidly evolving technology. 

Based on differences in acoustophysical properties (size, density and com-

pressibility), particles can be manipulated effectively using acoustic radiation 

forces. The most common acoustic resonator microsystem designs include 

(1) layered, (2) transversal, and (3) surface acoustic wave (SAW) resonators 

as in Figs 8.16 and 8.17 (Lenshof  et al ., 2012). The motion of microparticles 

and cells in acoustic fi elds is aptly termed acoustophoresis (Hagsater  et al ., 
2007; Bruus, 2012a, 2012b). 

(2n+1)λ/4

(2n+1)λ/4

(2
n+

1)
λ/4

(2
n+

1)
λ/4

Layered resonator

n•λ/2

n•λ/2

Transversal resonator

Reflector layer
Fluid layer
Matching layer
Coupling layer
Transducer

Reflector layer
Fluid layer
Matching layer
Coupling layer
Transducer

 8.16      Acoustophoretic device classifi cations: transversal and 

layered resonators; the choice of material depends on what type 

of resonator is to be designed. The layered resonator requires 

carefully matched refl ection and matching layers with regards to 

the wavelength in order to achieve a system with high Q-value. 

Although, as it is the system Q-value that is important here, it is 

possible to use materials which themselves are not acoustically 

optimal, such as polymers, and some losses could be acceptable as 

long as the system is well matched. Transversal resonators on the 

other hand rely more on materials with high characteristic acoustic 

impedance and are less sensitive to matched layers as the whole 

system resonates as one body. They are thus easier to design, but 

are limited to the choice of materials which can be utilised. ( Source : 

Adapted from Lenshof  et al ., 2012, with permission from The Royal 

Society of Chemistry.)  
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  Acoustic radiation force 

 The general acoustic radiation force,  F  rad , for a spherical particle of radius  r , 

immersed in a fl uid in the presence of an acoustic fi eld is given by Manneberg 

 et al . (2009),  

    F r
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 8.17      The resonance in SAW devices rely on waves propagating 

into a fluidic compartment via a wave guiding substrate. In order 

not to create interfering resonances, the material enclosing the 

fluid should be of similar characteristic acoustic impedance as 

the fluid, making polymers suitable. The surface waves are 

generated by one or more interdigitated (IDT) electrode 

transducers positioned outside of the channel, and constructive 

interference of two opposite SAWs results in a SSAW in the 

area where the microchannel is bonded. (a) Schematic of the 

separation mechanism showing particles beginning to translate 

from the sidewall to the centre of the channel due to axial 

acoustic forces applied to the particles when they enter the 

working region of the SSAW (site 1). The differing acoustic forces 

cause differing displacements, repositioning larger particles 

closer to the channel centre and smaller particles farther from the 

centre (site 2). (b) Comparison of forces (normally in pN range) 

acting on particles at Site 1 and Site 2, respectively. ( Source : 

Adapted from Shi  et al ., 2009, with permission from The Royal 

Society of Chemistry.)  �� �� �� �� �� ��
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 where,  
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 The pressure ( p ) and velocity ( u ) fi elds are time averaging,   ρ   and  c  are the 

density and speed of sound, for subscripts: medium ( m ) and particle ( p ). For 

a one dimensional plane acoustic standing wave, Equation [8.42] reduces to  

    F kacousFF tic ac( )x s= ( )kxkk4 r E kacE3πrr Φ        [8.44]   

 where EacE     is the acoustic energy density of wavelength   λ  , wavenumber 

k cmπ λπ λ ω    , and the acoustophoretic contrast factor, Φ    , is defi ned as,  
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 From Equation [8.45], Φ     is dependent on the relative densities of the medium 

and particle, the relative compressibility of both materials (i.e., k k kp mk k    ), 

and recently included, a fl uid viscosity parameter for smaller-sized particles 

(Settnes and Bruus, 2012). It determines the direction the acoustic force is 

acting on the particle in a microchannel and for the case of the simple stand-

ing half-wavelength, particles are directed towards pressure nodes for Φ     > 0 

(central plane) or towards the anti-node for Φ     < 0 (wall region) (Petersson 

 et al ., 2005).  

  Acoustophoretic devices 

 Acoustophoresis is not limited by high conductive fl uids, surface charges or 

pH, though complexities in device design, material choice and fabrication 

pose challenges owing to the high quality factor (Q-value) needed for the 

resonator and the minimisation of resonance attenuation when interfaced 

with channel wall forming substrates. As an alternative to the more expen-

sive silicon substrate, isotropically wet-etched glass chips were shown to have 

superior performance in microfl uidic acoustic cell washing and focusing also 

enabling visualisation of cell streams (Evander  et al ., 2008). Acoustophoretic 

devices exploit half-wavelength resonators for separation, sorting, trapping 

and alignment of particles (Laurell  et al ., 2007). Continuous separation of 

polystyrene beads on a silicon chip into multiple side channels was actuated by 
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a 2 MHz piezoceramic plate in the fi rst harmonic mode (2 2λ    ). Separation 

effi ciencies was found to be dependent on side channel angles branching off 

the main channels with a 45° branch more effective than a 90° branch (Nilsson 

 et al ., 2004). This system was modifi ed for the separation of 2.5% concentra-

tion of RBCs from 1% concentration of triglyceride emulsions (Petersson 

 et al ., 2004). Reducing the cross-sectional dimensions of the microchannel 

to a half-wavelength (λ 2   ) standing wave increased the acoustic force at the 

channel centre focusing a band of RBC exiting via a central outlet chan-

nel (>70%) while lipid emulsions exited via the sides (>80%). Separation of 

whole blood cells from plasma in an elongated separation channel through a 

sequential stepwise removal of concentrated blood cells enabled subsequent 

plasma protein analysis (Lenshof  et al ., 2009). The orthogonal acoustic redis-

tribution of particles/cells based on size in a dual-inlet laminar fl ow system is 

known as free-fl ow acoustophoresis (FFA) fractionation (Kumar  et al ., 2005; 

Petersson  et al ., 2007). It can be seen from Equation [8.46] that the particle’s 

velocity vp ( )x     due to the acoustic force is proportional to the square of the 

particle’s radius. An acoustophoretic device operating in transversal mode 

with multiple outlet channels and a trifurcated inlet is driven under laminar 

fl ow with buffer media injected in the central inlet and sample media from 

the two side inlets. As the streams fl ow parallel upstream in the separation 

channel, under the infl uence of an applied acoustic force, balanced by Stokes 

drag, large particles transverse the channel at different speeds according to 

size, exiting at spatially positioned outlet channels.  

    v
kr E

kxp ( )x =
2

3
2

2Φ acE

μ
sin( )        [8.46]   

 Standing surface acoustic waves (SSAW), where parallel interdigitated trans-

ducers (IDT) generate lateral acoustic radiation forces on particles within the 

microchannel has also recently been used to separate and focus particles in 

continuous fl ows (Fig. 8.18) (Shi  et al ., 2009b, 2011; Nam  et al ., 2011a, 2011b). 

Acoustic tweezers in which RBCs and  E. coli  were patterned into grid-

like arrays used SSAW technology as in Fig. 8.19, with the IDTs positioned 

orthogonally to each other (Shi  et al ., 2009a). Although in its infancy, SSAW-

based designs demonstrate versatility and lower power consumption over 

traditional bulk acoustic wave designs, with the potential of seamless integra-

tion of acoustic-based manipulation technologies in microfl uidic systems.             

  8.4.5     Optical mechanisms 

 In the last decade the relatively new research fi eld of optofl uidics has seen a 

multitude of developments for LOC systems, mainly regarding miniaturised 
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detection systems (Mogensen and Kutter, 2009; Cho  et al ., 2010b). 

Optofl uidics can be considered as the merging of optics with microfl uidic 

technology, i.e., the interaction of light with matter in microfl uidic fl ow, 

whereas the term photophoresis has been used to describe the movement 

of micron-sized particles subjected to beams of light (Zhao  et al ., 2006). 

The term optofl uidics has been applied in a variety of ways and it can be 

justifi ably argued that some well-established techniques and devices (e.g., 

optical tweezers, SPR) have quietly been included into this technological 

classifi cation (Psaltis  et al ., 2006; Horowitz  et al ., 2008). The basic physics of 

light interactions with biological materials is well understood (Svoboda and 

Block, 1994). Platforms for cell sorting, trapping and manipulation in micro-

fl uidic systems, based on particle size and refractive index or fl uorescence 

labelling, are becoming more widespread. 

(b)

(a)
Outlet

Inlet

Microfluidic
channel

IDT

Microfluidic
channelLeakage

wavesθ R

LiNbo3

PDMS

SAWSAW IDTIDT

x

y

LiNbO3

 8.18      (a) A photograph a PDMS microchannel in between a pair 

of parallel IDTs used for particle focusing. (b) A cross-section 

schematic of the microchannel and IDTs used to generate two SAWs 

travelling in the opposite direction. The leakage waves are radiated 

into the liquid phase under the Rayleigh angle. ( Source : Reproduced 

in part from Shi  et al ., 2011, with permission from The Royal Society of 

Chemistry.)  
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  Optical devices 

 Cell manipulation using optical tweezers (also known as optical traps) 

was fi rst demonstrated by Bell Laboratories using visible argon laser 

light and infrared (IR) light (Ashkin and Dziedzic, 1987; Ashkin  et al ., 
1987). Movement of a micron-sized dielectric particle is induced by the 

direct transfer of photon momentum to a non-absorbing particle during 

Channel
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Particles
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 8.19      Schematic of the SSAW-based patterning devices. (a) 1D 

patterning using two parallel IDTs. (b) 2D patterning using two 

orthogonal IDTs (the angle between the IDTs can be changed to achieve 

different patterns). ( Source : Reproduced from Shi  et al ., 2009, with 

permission from The Royal Society of Chemistry.)  
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refraction and refl ection, i.e., the radiation pressure. The radiation pres-

sure (optical force) from a high intensity, focused Gaussian profi le laser 

has scattering and gradient force components, which gives a point of stable 

equilibrium near the beam focus. Particles are trapped transversely by the 

gradient force (~pN), while the axial motion of the particle is controlled by 

the scattering forces (Ashkin, 1997). For cells greater than the wavelength 

of light (d p >> λ   ), ray optics has been used to derive the radiation force 

from scattering of the incident light momentum (Ashkin, 1992; Svoboda 

and Block, 1994). 

 Single beam and multiple beam confi gurations have been used to 

manipulate and trap cells in microfl uidic systems with high precision and 

little or no damage to the cell integrity. Eriksson  et al . (2010) assessed the 

impact of glucose level changes through reversible microfl uidic fl ow on 

single cell  S. cerevisiae  by individually selecting and positioning them in a 

5 × 5 array (1.28 mm 2 ) using optical tweezers. With a power density of 240 

mW from the lasers, continuous cell budding indicated the cells were not 

adversely affected. Figure 8.20 shows a cell sorting system using multiple 

microfl uidic streams, optical tweezers, and an image processing method-

ology for recognising fl uorescence and size (Wang  et al ., 2011). This sys-

tem uses multiple laser traps to dynamically trap and transport cells to a 

desired location for sorting purposes, achieving high purity factors with 

low sample populations. Optoelectronic tweezers (OET) were introduced 

by Choi  et al . (2005) where light passing through a digital micromirror dis-

play image patterned that image onto a photoconductive layer to produce 

virtual electrodes. When the system was energised with an ac signal, cells 

moved into negative or positive energy traps due to electric fi eld gradi-

ents originating from the illuminated area. This optical platform has low 

power consumption and mass parallelisation of single cell motion based on 

the combined technologies of optical tweezers and the principle of DEP 

manipulation. Further developments of OET technology have included 

integration with electrowetting on dielectric (EWOD) in which HeLa cells 

were either trapped or transported in microfl uidic droplets via lateral drop-

let motion (LOET) (Shah  et al ., 2009). Recently polymer-based optically 

induced DEP (ODEP) devices have been developed to manipulate parti-

cles using dynamically changing virtual electrodes controlled by computer 

as in Fig. 8.21, or the concave curvature and fl exibility of a device substrate 

(Wang  et al ., 2010; Lin  et al ., 2012). Continuous separation of targeted sin-

gle cells through optical transportation perpendicular to the fl ow streams, 

using single or multiple laser traps, have extremely low throughput, which 

is a signifi cant drawback at ~10 cells/s compared to ~10 5  cells/s for fl uores-

cence activated cell sorting (FACS) technique (Murata  et al ., 2009).             
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  8.4.6     Magnetic mechanisms 

 Erythrocytes possess the protein haemoglobin, containing four iron atoms 

in a ferrous state for oxygen binding. Oxyhaemoglobin and deoxyhaemo-

globin are diamagnetic and paramagnetic materials, respectively. The met-

alloprotein methaemoglobin (Fe 3 +) is also present in erythrocytes, but in 

larger quantities for diseased cells, has a greater paramagnetic suscepti-

bility than its ferrous state counterpart, and malaria infected erythrocytes 

(Hackett  et al ., 2009). The fi rst successful separation of erythrocytes from 

whole blood using magnetic fi eld gradients was reported by Melville  et al . 
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 8.20      (a) Cell sorting procedure using multiple microfl uidic inlet and 

outlet streams, optical tweezers and an image processing methodology 

for recognising fl uorescence and size. (b) Cell sorter set-up combined 

with optical tweezers and a microfl uidic chip. ( Source : Reproduced 

from Wang  et al ., 2011, with permission from the Royal Society of 

Chemistry.)  
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(1975a, 1975b). The use of magnetic susceptibility as a separation parameter 

for magnetophoresis in laminar fl ow has been successfully applied directly 

to biological cells (Paul  et al ., 1981; Takayasu  et al ., 2000; Zborowski  et al ., 
2003). Manipulating non-magnetic cells in a high gradient magnetic fi eld 

coupled with microfl uidics and applications of magnetic nanoparticles in 

medicine and biotechnology has previously been described (Pankhurst 

et al ., 2003; Pamme, 2006; Liu  et al ., 2009). 

  Magnetic force 

 A magnetic material placed in a magnetic fi eld ( H ) has a magnetic induc-

tion ( B ), measured in teslas (T), expressed by Equation [8.44], where μ0    

is the permeability of free space (4 10 7 1π −7 Tm A    ) and the magnetisation, 

(M m V     ) , is the magnetic moment ( m ) per unit volume ( V ) of the material 

(Oberteuf, 1974).  
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8.21      (a) Schematic illustration of polymer-based ODEP platform for 

selective manipulation of particles. (b) Series of photographs taken 

under an optical microscope, demonstrating the selective manipulation 

of polystyrene particles with a diameter of 20  μ m. (i–iv) All polymer 

particles between the outer – and inner rings are excluded as the 

diameter of the outer ring shrinks. (v–viii) All the polymer particles 

between the new outer- and previous inner rings can be collected 

inside the inner ring as the diameter of the outer ring shrinks. ( Source : 

Reproduced from Wang  et al ., 2010, with permission from the American 

Institute of Physics.)  
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    B ( )H M+Hμ0        [8.47]   

 Magnetic susceptibility (χ   ) is a dimensionless number relating to the degree 

of magnetisation (A m  − 1 ) of a material in response to a magnetic fi eld.  

    M HχHH        [8.48]   

 Materials classifi ed according to their magnetic susceptibility are diamag-

netic ( )χ((    , paramagnetic ( )χ((     or ferromagnetic ( )χ((     (Fig. 8.22). 

Ferromagnets, also known as permanent magnets (e.g., iron and nickel) are 

strongly attracted to magnetic fi elds. Materials such as platinum and oxy-

gen are considered paramagnetic and are weakly attracted and aligned in 

magnetic fi eld maxima, while biological materials such as proteins, DNA 

and cells are weakly diamagnetic and are repelled to magnetic fi eld minima. 

Due to such factors as intrinsic structural impurities or anisotropic lattice 

arrangements, ferromagnetic materials on the micron scale often exhibit 

irreversible magnetisation processes known as M-H hysteresis loops (mag-

netic remnant  ≠  0), while magnetic nanoparticles display antihysteresis, a 

quality related to superparamagnetism – the thermally activated fl ipping of 

the net moment (Pankhurst  et al ., 2003). In the presence of a magnetic fi eld 

superparamagnetic (SPM) particles become magnetised and upon removal 

of the magnetic fi eld the magnetic remnant is zero, allowing particles to dis-

perse freely within suspending media. In medical applications, SPM beads 

typically consist of a magnetic iron oxide core (e.g., magnetite or maghae-

mite) surrounded by a biomaterial of interest for preferential functionalisa-

tion, with size variations up to the micron scale.      

 The magnetic force ( F  magnetic ) on a magnetic particle in a magnetic fi eld 

gradient is dependent on the particle volume ( V  p ) and the magnetic suscep-

tibility difference (Δ = −χ χΔ = χp mχ χ    ) between particle and surrounding medium 

(Zborowski  et al ., 1999; Gijs, 2004; Moore  et al ., 2004).  

    F
V

BpVV
maFF gnetic =

Δ ( )B • ∇
χΔ

μ0

       [8.49]   

 Non-zero initial magnetisation ( )0     of SPM beads, observed in magnetisa-

tion curves of commercial suppliers, prompted Shevkoplyas  et al . (2007) to 

modify the conventional expression for the magnetisation force. A compar-

ison of Equations [8.49] and [8.50] against experimental results of the man-

ufacturer showed better agreement with the modifi ed equation, enabling 

better prediction of bead manipulation in microfl uidic systems of weaker 

magnetic fi eld strengths (up to ~10 mT).  
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    F B V B
V

BpB VV p pVV
maFF gnetic ( )mp •m ∇ V ( )MM ∇ + p p ( )B •B ∇VVVVV

χ p

μ0

       [8.50]    

  Magnetophoretic devices 

 The most common approach to facilitate cell manipulation (excluding RBCs 

and magnetotactic bacteria (MTB)) in magnetic fi elds is through surface-

labelling with functionalised SPM particles, commercially termed magnet-

activated cell sorting (MACS) by Miltenyi Biotec. However other methods, 

such as endocytotic uptake of magnetic nanoparticles by infl ammatory cells 

and separation based on their uptake capacity, have been reported (Robert 

et al ., 2011). McCloskey  et al . (2003) identifi ed four parameters which 
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 8.22      (a) Principle of magnetic attraction: a magnetic particle (  χ   p  > 0) 

is suspended in a diamagnetic medium (  χ   m  < 0), giving a Dc value 

greater than zero and resulting in attraction of the particle towards the 

magnetic fi eld. (b) Principle of diamagnetic repulsion: a diamagnetic 

particle ( χ  p  <0) is suspended in a paramagnetic medium (  χ   m  > 0), giving 

a Dc value less than zero and resulting in repulsion of the particle from 

the magnetic fi eld. ( Source : Reproduced from Rodr í guez-Villarreal 

 et al ., 2011, with permission from The Royal Society of Chemistry.)  
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signifi cantly infl uenced the magnetophoretic mobility (mmagnetic   ) of immuno-

magnetically labelled cells as (1) antibody binding capacity, (2) secondary 

antibody amplifi cation, (3) interaction parameter of particle-magnetic fi eld, 

and (4) cell diameter. The magnetophoretic mobility arises when Stokes 

drag is set to equal the magnetic force on the particle and solved for the 

magnetic-induced migration velocity (VpVV    ) in a magnetic force fi eld strength 

(SmaSS gnetic    ), and can be used as a separation parameter between magnetically 

tagged and untagged cells.  

    m
V

S
magnetic

pVV

maSS gnetic

=        [8.51]   

 This parameter was further explored by Moore  et al . (2004), in which the 

medium was modifi ed with gadolinium making it paramagnetic, thus mini-

mising the crossover of non-specifi c (i.e., untagged) particles and RBCs 

(repulsive-mode magnetophoresis) into the adjacent outlet stream. These 

studies were predominantly based around large magnets driving the high 

gradient magnetic fi elds within millimetre-sized channels. The arrange-

ment of magnets, either permanent magnets (e.g., NdFeB) or electromag-

nets, varied according to channel geometry and operation; for instance, 

quadrupole magnet sorter (QMS) arrangements have been described for 

continuous separation and sorting of cells (Zborowski  et al ., 1999; Moore 

 et al ., 2004), and perpendicular dipole arrangements to the fl ow channel 

for fractionation, magnetophoretic mobility studies, diamagnetic repul-

sion fl ow focusing and on-chip free-fl ow magnetophoretic separation 

and sorting as shown in Fig. 8.23 (Pamme and Manz, 2004; Pamme and 

Wilhelm, 2006; Schneider  et al ., 2006; Jin  et al ., 2008; Rodriguez-Villarreal 

 et al ., 2010). More complex microfabricated magnet arrangements, inte-

grated with microsystems, have also been developed enabling localised 

fi eld gradient generation for more accurate particle control and manipu-

lation, with the aim of better integration of magnetophoretic devices into 

lab on a chip systems. A comprehensive overview of microelectromagnetic 

traps (MET), the geometries fabricated to produce magnetic fi eld gradi-

ents which is proportional to current density and electromagnet size and 

their various applications from cell manipulation and ferrofl uid actuation 

in microchannels to biosensors was recently discussed (Basore and Baker, 

2012). Using soft lithography, micromagnetic systems (Fig. 8.24a–8.24c) 

employing current carrying circuits were used to transport 4.5  μ m micro-

beads along the B-fi eld maxima (Deng  et al ., 2001). Two serpentine wires, 

shifted linearly in phase by ππ 3   , allowed the magnetic fi elds to become 

superimposed when current fl owed, trapping magnetic beads. Upon chang-

ing the input current through the wires, the fi eld maxima changed with the 
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microbead moving position in a zigzag path as in Fig. 8.24d–8.24h. Semi-

encapsulated planar spiral electromagnets on a glass wafer generated a 

magnetic fi eld in a microchannel from a 300 mA dc current applied to 

the inductor enabling magnetic microbead separation (Choi  et al ., 2001). 

Continuous immunomagnetic separation of leukocytes from whole blood 

in a microfl uidic system was achieved by inducing lateral forces from 

microfabricated magnetic diagonal parallel stripe arrays, which trapped 

and altered tagged particles’ fl ow directions (Inglis  et al ., 2004). Numerical 

models for the lateral magnetophoretic displacement of superparamag-

netic beads and immunomagnetically labelled cells defl ected in a micro-

fl uidic systems have recently been reported for a range of confi gurations 

(bead type, magnet type and orientation, binding capacity), fl ow rates and 

channel geometries to accurately predict magnetophoretic defl ection or 

capture (Forbes and Forry, 2012).              
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 8.23      (a) Principle of free-fl ow magnetophoresis: laminar fl ow is

 applied in x-direction over a separation chamber, a magnetic fi eld is 

applied in y-direction. Non-magnetic material follows the direction of 

laminar fl ow, whereas magnetic particles/cells are defl ected 

from the direction of laminar fl ow. (b) The microfl uidic design 

featuring the separation chamber, one cell inlet channel and 16 buffer 

inlet channels. On the opposite side there were 16 outlet channels. 

The structure was 30 mm deep. (c) Photograph of the microfl uidic 

chip with cell and buffer inlet reservoirs, connection to syringe 

pump and NdFeB magnet. ( Source : Reproduced from Pamme 

and Wilhelm, 2006, with permission from The Royal Society of 

Chemistry.)  
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 8.24      (a) Optical micrograph of micromagnetic system. The wires were 

~100  μ m wide and 10  μ m high. The turns of the serpentine wires had 

an inner dimension of 200  μ m × 200  μ m. The closest vertical spacing 

between the two serpentine wires is ~50  μ m. The closest horizontal 

distance between two turns of different wires was ~100  μ m. The 

contact pads were 1 mm × 1 mm. (b) Magnifi ed view of the fabricated 

system by SEM. (c) Set-up for the manipulation of superparamagnetic 

microbeads using the micromagnetic system. The distance between 

the circuits and the air–water interface was ~50–400  μ m, and the 

permanent magnet was 2–4 cm away from the circuits during the 

experiment. (d)–(h) Manipulation of magnetic microbeads in the 

micromagnetic system. ( Source : Reproduced from Deng  et al ., 2001, 

with permission from the American Institute of Physics.)  
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  8.5     Manipulation of cancer cells in microfluidic 
systems 

 Microfl uidics in cell biology has been applied in the manipulation and anal-

ysis of rare cells – e.g., stem, foetal and cancer cells. The reduction in system 

dimensions, coupled with precise manipulation technologies, represents a 

positive shift towards accurate, low cost cellular bioprocesses with low sam-

ple volumes and parallelisation capabilities. Of particular interest are the 

potential offerings these technologies can provide in advancing our knowl-

edge and understanding in cancer biology, from the molecular mechanisms 

of resistance to anti-cancer drugs and drug discovery, through to label-less 

on-chip fl ow cytometry and micro-sorting operations. Although challenges 

are still present, microfl uidic systems are fast becoming key components in 

many labs undertaking cancer research. 

  8.5.1     Deformability and migration studies 

 Cancerous cells are able to change their migration mechanisms more 

robustly than non-cancerous cells in response to changes in external stimuli. 

This has led to therapeutic approaches for immobilising cancer cells via inhi-

bition of signal transduction pathways to investigate migration mechanisms. 

Variations in speed and mode of migration have been identifi ed amongst dif-

ferent cancer cell lines, with extracellular matrix-fi lled PDMS-microchannels 

designed to have predefi ned cell migration paths for visual quantifi cation. 

Three modes of cancer migration identifi ed include (1) mesenchymal, (2) 

amoeboid, and (3) collective cell migration, distinguishable by their mor-

phology and migration characteristics in response to soluble chemokines, 

ECM, and surface cues (Huang  et al ., 2011). An underlying cause of a can-

cer cell’s ability to migrate through confi ned 3D spaces is due to its high 

deformability afforded by cytoskeleton compliance (Suresh, 2007). Hou 

 et al . (2009) described the use of microfl uidics to probe the deformation of 

benign and tumour breast cancer cells through microchannel constrictions, 

indicating channel entry time was faster for metastatic cells and could be 

used as a label-free biomarker to differentiate between healthy and non-

healthy cells. Employing inertial focusing and deformability-induced migra-

tion, Hur  et al . (2011) were able to demonstrate a passive high-throughput 

cell classifi cation system, based solely on size and deformation character-

istics, for targeting and enriching MCF-7 cells spiked in peripheral blood. 

Furthermore, cells immobilised via adhesion molecules (e.g., cadherins) 

coated on the surfaces of channel walls or micropillars within the chan-

nels and subjected to fl uid hydrodynamic fl ow, applied electric fi elds, and 

different chemoattractants in gradient or diffusion based fl ows have been 

used to investigate the infl uences of hydrodynamic loading, chemotaxis and 
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electrotaxis on mechanical interactions of the substrate and the migrating 

cell (Walker  et al ., 2005; Cheung  et al ., 2009; Li and Lin, 2011).  

  8.5.2     Microfl uidic separation and sorting 

 Tanaka  et al . (2012) investigated the relationship between haematocrit and 

circulating tumour cancer (CTC) cell-inertial migration for designing micro-

fl uidic separators, fi nding cancer cell equilibrium could only be achieved 

at up to 10% haematocrit volume with appropriate channel lengths. This 

enabled a separation strategy to be developed without the need of surface 

cell markers, such as epithelial cell adhesion molecules (EpCAM). Human 

liver cancer cells (HepG2) and fi broblasts (NIH/3T3) were separated based 

on their respective cell cycle phases indicating HDF’s potential as a powerful 

damage-free separation technology in cellular genetics (Migita  et al ., 2010). 

Also, hydrophoretic sorting of an asynchronous human leukemic monocyte 

lymphoma population into G o /G 1  and G 2 /M cell cycle phases with 95.5% and 

85.2% effi ciencies, respectively, was achieved by Choi  et al . (2009). Th é voz 

 et al . (2010) demonstrated acoustophoretic cell synchronisation (ACS) of 

mammalian cells as in Fig. 8.25. An asynchronous sample of MDA-MB-231 

human breast carcinoma cells was separated according to their size depen-

dent phase within the cell cycle, with larger G 2 /M and S-phases cells moving 

more rapidly to the central stream (outlet A) than the smaller G 1  phase cells 

(outlet B). G 1  phase synchrony at ~84% was achieved.      

 Magnetophoretic microfl uidic devices have gained momentum in testing 

clinical samples to isolate, separate and analyse CTCs, haemopoietic stem 

cells (HSC) or endothelial progenitor cells (EPC) (Zborowski and Chamers, 

2011; Plouffe  et al ., 2012). Iterative microsystem optimisation through either 

CD133+ or MCF-7 carcinoma cell separation from human blood was per-

formed in a disposable microfl uidic chip, with applied currents of up to 1 A, 

producing high purity and a >96% separation effi ciency. An automated cell 

sorting microdevice consisting of nickel pillars, magnetised externally, fab-

ricated on PDMS and microvalves, was used to separate A549 cancer cells 

(Liu  et al ., 2007). SPM beads were effi ciently trapped between magnetised 

pillars arrays while  in situ  biofunctionalisation with a glycoprotein and wash-

ing of the beads took place in the vicinity of the pillars. Introduced A549 cells 

captured in the array, then released to the outlet, were enriched by a factor 

of 133, based on an original mixture ratio of 1:10 cancer to RBCs. A varia-

tion to Liu  et al .’s (2007) technique was described by Saliba  et al . (2010) in 

which biofunctionalised SPM beads self-assembled into microarray columns 

when magnetic traps, prepared by microcontact printing, were magnetised 

(Fig. 8.26). Using fl ow activated cell and SPM bead interaction, Jurkat and 

Raji cells were captured with a >94% effi ciency, with successful  in situ  on-cell 
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culturing carried out immediately after sorting. These systems in which 

biofunctionalised SPM beads were used as an immobilised bed to capture 

untagged cells represented a new paradigm to the freely suspended multi-tar-

geted immunomagnetic activation approach traditionally and still employed 

prior to sample injection in to the microchannel (Adams  et al ., 2008).  

 Recently a tuneable magnetophoretic separation device was used to sep-

arate label-free cells in a fl ow focused paramagnetic ionic solution (Shen 
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 8.25      (a) Acoustophoretic cell synchronisation (ACS) device and 

experimental set-up. Asynchronous mixture of cells and buffer 

volumetrically pumped into the ACS device. Synchronisation is 

achieved by fractionating the cells according to size such that larger 

cells ( e .g., G 2 ) elute through outlet A whereas smaller cells (e.g., 

G 1 ) elute through outlet B. (b) Flow cytometry histograms showing 

cell cycle distributions before and after synchronisation, based on 

measurements of red fl uorescence centred at 576 nm, after staining 

the cellular DNA with propidium iodide. The populations in each phase 

of the cell cycle were determined by fi tting cell cycle models to the 

histograms. The synchronised cell population at outlet B shows 84% of 

all cells in the G 1  phase, with 14% in the S phase and 2% in G 2 /M phase. 

( Source : Reproduced in part from Th é voz  et al ., 2010, with permission 

from American Chemical Society.)  
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 8.26      Principle and practical implementation of the Ephesia system. 

(a) Principle of magnetic self-assembly. A hexagonal array of 

magnetic ink is patterned at the bottom of a microfl uidic channel. 

Beads coated with an antibody are injected in the channel. Beads 

are submitted to Brownian motion. The application of an external 

vertical magnetic fi eld induces the formation of a regular array of 

bead columns localised on top of the ink dots. (b) Two level PDMS 

integrated microchip. Delivery and separation channels for the cells 

appear in the lighter shade channels. Inlets ports appear as the four 

(Continued)

�� �� �� �� �� ��



Microfl uidic devices for cell manipulation   333

© Woodhead Publishing Limited, 2013

 et al ., 2012). Although at low throughput, human lymphoma monocytes 

(U937) and RBCs suspended in varying concentrations of paramagnetic 

solution gadolinium diethylenetriamine pentaacetic acid (Gd-DTPA), were 

separated through repulsion forces which drove the diamagnetic particles 

away from the magnet at varying magnetophoretic mobility rates based on 

size and magnetic susceptibility properties.  

  8.5.3     Current challenges in sorting and detection 

 High-throughput microfl uidic fl ow cytometry devices in some combina-

tion, focus, count, detect or sort cells on a single chip and rival the more 

complex, costly and bulkier FACS fl ow cytometers (e.g., BD Biosciences). 

Since Fu  et al . (1999) introduced  μ FACS, an assortment of activated cell 

sorting microdevices relying on DEP (DACS), synthetic tags for altering 

complex permittivities of multi-target cells (MT-DACS), Raman spectros-

copy (RACS), hydrodynamics and magnetic susceptibilities (MACS) have 

been described, with some achieving throughputs as high as 10   000 cells per 

second, or effi ciencies >85% for cancerous and non-cancerous separation 

(Hu  et al ., 2005; Inglis  et al ., 2008; Kim  et al ., 2008; Lau  et al ., 2008; An  et al ., 
2009; Kim and Soh, 2009; Cho  et al ., 2010a). These new microfl ow cytom-

eters have been demonstrated on cancerous cells and, except for FACS 

and MACS, they do not require pre-labelling, relying only on the intrinsic 

properties (size, dielectric, deformability, refractive index) of the cells for 

sorting. Importantly, if any of the new microsystems is to be a serious chal-

lenger to the sheath-based, high speed quantifi cation and sorting of FACS, 

issues regarding throughput, increased sensitivity and integration of actuat-

ing mechanisms need to be fully addressed and validated before uptake in a 

clinical setting can be endorsed.   

dark circular reservoirs. The separation channel is the longer vertical 

branch. The area bearing magnetic posts is marked by the dotted white 

box. Channels in the upper PDMS layer, controlling the opening and 

closing of the inlet channels, appear as the darker shade channels. A 

thermocouple for in situ control of the temperature in the system is 

located at the top of the dotted white boundary. (Scale bar: 0.5 cm.) 

(c) Magnetically assembled array of columns of 4.5  μ m beads coated 

with anti-CD19 mAb (specifi cally retaining Raji B-Lymphocytes). Typical 

column shapes are shown in the insets. (Scale bar: 80  μ m.) (d) Optical 

micrograph of the columns after the passage of 1000 Jurkat cells, no 

cells seen. (e) After the passage of 400 Raji cells, numerous cells are 

captured and rosetted on the columns. (Scale bar: 80  μ m.). ( Source : 

Reproduced from Saliba  et al ., 2010, Copyright 2010 National Academy 

of Sciences, USA.)   

8.26 Continued
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  8.6     Conclusion and future trends 

 To begin handling clinically relevant samples, a concerted effort in combin-

ing multiple manipulation technologies is needed. It could be argued that 

Giddings laid down this foundation, but nowadays the rapid advances in 

technology has had a profound impact on engineering design and optimi-

sation of microfl uidic devices for general purpose use. For example, when 

dealing with blood samples (~40% (v/v) haematocrit), if on-chip sample 

preparation units are to be incorporated for a fully automated LOC sys-

tem, electrokinetic technologies with simple channel geometries would 

simply not cope with the high medium conductivities. Coupling of hydro-

dynamic technologies (e.g., hydrodynamic fi ltration), through fl ow split-

ting and recombining with low ionic solutions could improve downstream 

electrokinetic processing operations. This approach to multi-technology 

coupling (MTC) integration has recently begun to become more promi-

nent, for instance the use of complex microfl uidic networks to generate 

conductivity gradients in DEP separation (Vahey and Voldman, 2008); 

the serial combination of multi-orifi ce fl ow fractionation (MOFF) and 

DEP at high fl ow rates (126  μ L/min) for continuous CTC separation from 

blood samples (Moon  et al ., 2011); combining acoustophoresis with DEP 

for focusing and preconcentration (Ravula  et al ., 2008); integrating acous-

tophoresis and magnetophoresis for multiparameter particle separation 

(Adams  et al ., 2009); or the apparent combination of PFF with DEP in an 

ApoStream TM  fl ow cell for the continuous separation of CTCs from blood 

(Gupta  et al ., 2012).  

  8.7     Sources of further information and advice 

 Sources of information are predominantly in journal publications in 

which innovative applications of the technologies presented are used 

in microfl uidic devices for a range of biomedical and biotechnological 

operations. These high impact journals include: Lab on a chip; Analytical 

Chemistry; Biomedical Microdevices; Biomicrofl uidics; Proceedings of 

the National Academy of Sciences; Science; Nature Biotechnology and 

Electrophoresis. 

 Some commercial enterprises offering fabrication services of microfl uidic 

devices for biological applications include: Fluidigm Corp (www.fl uidgim.

com); Dolomite Microfl uidics (www.dolomite-microfl uidics.com); Micralyne 

(www.micralyne.com) and Epigem Ltd (www.epigem.co.uk). Companies 

recently established to exploit different cell micromanipulation technologies 

for characterisation, separation, sorting, etc., include, Optofl uidics, DEPtech, 

Apocell, CytonomeST with many more being created and larger biotech 
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and pharmaceutical fi rms also becoming involved. Lastly, established inter-

national conferences highlighting developments in this area include  μ TAS, 

Lab on a Chip World Congress, Biodetection Technologies and Sample Prep 

by the Knowledge Foundation.  
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  Abstract : This chapter presents the design and microfabrication of a 
glass-based microfl uidic device for trapping and immobilization of single 
mouse embryos. The use of the device is demonstrated in automated 
robotic microinjection of mouse embryos for large-scale biomolecule 
testing. The working principle of the device is based on the hydrodynamic 
trapping effect generated when a vacuum (e.g., negative pressure) is 
applied to micrometer-sized through-holes on a glass substrate. A novel 
microfabrication process is developed for device construction, which 
includes two-sided glass wet etching and polydimethylsiloxane (PDMS)-
glass oxygen plasma bonding. Experimental results of single embryo 
trapping and microinjection demonstrate that the device is capable of 
trapping and immobilizing 25 mouse embryos within 31 s, and that the 
hydrodynamic immobilization does not produce negative effects on 
embryonic development after microinjection. 

  Key words : single-cell trapping, microfl uidics, microfabrication, robotic 
microinjection, cell manipulation, mouse embryos. 

    9.1     Introduction 

 Trapping/immobilization of single biological cells into a regular pattern is 

an important cell manipulation procedure and has applications in many 

single-cell-based studies, such as molecule/drug screening (Castel  et al ., 
2006), fate/function studies (Chen and Davis, 2006), cell pairing/fusion 

(Skelley  et al ., 2009), and DNA damage analysis (Wood  et al ., 2010). With 

the advances of microfl uidic technology, researchers have developed a vari-

ety of techniques for single-cell trapping, which are based on such differ-

ent mechanisms as surface chemistry (Chen  et al ., 1997), dielectrophoresis 

(Voldman  et al ., 2002), optical tweezers (Jordan  et al ., 2005), ultrasonic trap-

ping (Haake  et al ., 2005; Wiklund and Onfelt, 2012), magnetic trapping (Ino 

 et al ., 2008), and mechanical confi nements (Rettig and Folch, 2005; Carlo 

 et al ., 2006; Deutsch  et al ., 2006; Carlborg  et al ., 2007; Suzuki  et al ., 2007; Tan 

and Takeuchi, 2007). 
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 Besides the aforementioned applications, single-cell trapping and immo-

bilization also promise a more effi cient sample preparation approach for 

mechanical microinjection, which is a popular approach for introducing 

materials into cells for molecule screening, genetics, and reproductive studies. 

Microinjection utilizes a glass micropipette to deliver foreign materials into 

a target cell, during which the cell needs to be fi xed for micropipette pene-

tration. Conventionally, microinjection is performed by highly-skilled human 

operators, and is tedious and time-consuming. In manual microinjection, an 

operator controls a holding micropipette to randomly locate dispersed cells 

and fi x one cell at a time. Although robotics promises automated microinjec-

tion at a high speed with high reproducibility, the use of a holding micropi-

pette for cell immobilization is a serious bottleneck that makes the robotic 

control challenging, and limits the system throughput. The development of a 

microfl uidic device that is capable of rapidly immobilizing many cells into a 

regular pattern can facilitate both manual and robotic microinjection of cells. 

 Among existing techniques for single-call trapping, only mechanical con-

fi nements are capable of providing suffi cient immobilization forces required 

by microinjection. These mechanical confi nement structures include microw-

ells (Rettig and Folch, 2005), hydrodynamic traps (Carlo  et al ., 2006; Tan 

and Takeuchi, 2007), and vacuum-based confi nements (Carlborg  et al ., 2007; 

Suzuki  et al ., 2007). Cells trapped in microwells (Rettig and Folch, 2005) can 

slightly move inside the microwells, which does not provide secured immobili-

zation during cell penetration. The hydrodynamic traps (Carlo  et al ., 2006; Tan 

and Takeuchi, 2007) are built in closed microchannels, preventing an injection 

micropipette from accessing cells. The vacuum-based confi nements employ 

an array of micrometer-sized through-holes connected to a vacuum cham-

ber for immobilizing individual cells. In vacuum-based confi nements, the con-

struction of through-holes (e.g., 2–50  μ m) on the immobilization devices is a 

critical procedure in the microfabrication process. Such through-holes have 

been formed on different materials such as silicon, PDMS, and photoresist 

(Matthews and Judy, 2006; Carlborg  et al ., 2007; Tan and Takeuchi, 2007). 

 Since differential interference contrast (DIC) microscopy is most 

commonly used in microinjection for cell imaging, glass should be chosen as 

the material for the construction of cell immobilization devices for microin-

jection applications (Murphy, 2001). However, forming through-holes with 

a diameter  ≤ 50  μ m on glass substrates remains a challenge. Although laser 

micromachining can be used to drill high-aspect-ratio through-holes on glass 

substrates (Gattass and Mazur, 2008), laser micromachined through-holes 

have rough surfaces along vertical walls, and minute amounts of debris can 

cause shadows around through-holes in imaging. 

 This paper presents the design and microfabrication of a glass-based cell 

holding device with  ≤ 40  μ m through-holes, formed on a standard cover slip 

( ≤ 180  μ m thick) for rapid immobilization of mouse embryos in microinjec-

tion. Two-sided glass wet etching was used to form the devices. PDMS-glass 
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bonding was used to form a vacuum chamber. Many trials of rapid immobi-

lization and automated microinjection of mouse zygotes were conducted to 

determine possible negative effects of cell immobilization on post-injection 

embryonic development.  

  9.2     Device design and microfabrication  

 A vacuum-based device was designed to include an array of micrometer-

sized through-holes that are connected to a vacuum inlet. Upon the applica-

tion of a low vacuum (small negative pressure), each through-hole can trap 

a single cell, thus forming a cell array for micro-robotic injection. The device 

was fabricated using glass wet etching and PDMS-glass bonding, and the 

microfabrication process was experimentally characterized to determine 

the appropriate fabrication parameters. 

  9.2.1     Device design 

 As illustrated in Fig. 9.1, the cell holding device consists of a top glass layer 

with an array of through-holes, a bottom glass layer, and a PDMS spacer for 

forming a vacuum chamber. Considering the size of mouse oocytes/embryos 

Vacuum connection port

Through-holes

Mouse zygotes

Top glass layer

Cell holding cavity

PDMS spacer Bottom glass layer

 9.1      Schematic of the vacuum-based cell holding device. ( Source : 

Adapted with permission from Springer.)  
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( ~ 100  μ m), the size of the through-holes was designed to be 35–40  μ m. The 

use of glass in the microscopy light path meets the requirement of DIC 

imaging. Standard cover slips (size: 22 mm × 60 mm, thickness: ~100  μ m, 

Fisher Scientifi c) were used as the top glass layer because they are low cost 

and their thickness (~180  μ m) is suitable for minimizing the microfabrica-

tion time while maintaining suffi cient mechanical stiffness. Microscope 

slides (size: 76 mm × 26 mm, thickness: 1 mm, Fisher Scientifi c) are used as 

the bottom glass layer.       

  9.2.2     Microfabrication 

 The fabrication process is summarized in Plate II (see colour section between 

pages 328 and 329) . Hydrofl uoric acid (HF)-based wet etching was selected 

for fabricating 35–40  μ m through-holes on a cover slip since it remains the 

most common method and can produce through-holes with debris-free edges. 

Due to the isotropic nature of HF wet etching, it is necessary to fi rst etch 

the ~180  μ m cover slip and form a much thinner substrate for subsequent 

through-hole etching. Thus, a  ~ 155  μ m deep cell holding cavity was fi rst etched 

into one side of the cover slip, leaving a  ~ 25  μ m thin layer of glass (Plate IIc). 

In cell trapping process, the cavity is able to fi rst collect the cells close to the 

through-holes, making the trapping much easier. Evaporated metal layers of 

Cr/Au (30 nm/800 nm) plus hard-baked positive photoresist (S1818, Shipley) 

were used as etch masks (Iliescu  et al ., 2007). The S1818 layers are capable of 

preventing penetration of HF solution through defects of the Cr/Au layers. 

 Etching rates of cover slips as a function of HF concentration were experi-

mentally determined, as shown in Plate III (see colour section). No agitation 

was used during glass wet etching. High concentrations of HF cause rough 

bottom surfaces (inlet pictures in Plate IIIa) of the cell holding cavities. The 

resultant poor optical clarity is also not acceptable for cell imaging. It was 

found that concentrations below 15% produced surfaces visually smooth 

under a 400× microscope objective. The surface roughness was measured to 

be  ≤ 100 nm. A concentration of 14.3% was used in the fi nal device fabrica-

tion, and the corresponding etching rate is 0.9  μ m/min (Plate IIIa in colour 

section). Bottom fl atness of the cell holding cavity was measured to be  ≤ 0.8 

 μ m using a Wyko optical profi lometer (Veeco Instruments). Plate IIIb illus-

trates a 3D plot of the bottom surface (1200  μ m × 900  μ m) of the cell holding 

cavity from the profi lometer measurements. 

 After the formation of the cell holding cavity, S1818 on both sides is 

removed with acetone. The Cr/Au layers on the bottom side of the cover slip 

are then patterned using photolithography. A second time wet etching from 

both the top and bottom sides is conducted to form through-holes (Plate 

IIb). In the meanwhile, a 1.7 mm through-hole is also formed on the cover 

slip to construct a connection port for applying vacuum (Fig. 9.2). Diameters 

of the etched micrometer-sized through-holes on each device are highly 
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uniform with a standard deviation less than 0.5  μ m. The thickness of the thin 

portion of the cover slip after through-hole formation is 10–12  μ m. Finally, 

S1818 and Cr/Au layers were removed, and the cover slip was cleaned in 

piranha solution (98% H 2 SO 4  and 30% H 2 O 2  with a volume ratio of 3:1).      

 The last fabrication step is PDMS-glass bonding to form a vacuum cham-

ber. PDMS prepolymer (mixing weight ratio of 10:1, Dow Corning) is spin-

coated on a 1 mm thick glass slide at 500 rpm, and is then completely cured 

to form a spacer layer of  ~ 100  μ m in thickness. The PDMS spacer layer is 

carefully cut with a scalpel, oxygen plasma treated, and bonded with the pat-

tered cover slip. Figure 9.2 shows a ready-to-use cell holding device with the 

inlet showing the zoomed-in view of through-holes.   

  9.3     Experimental results and discussion  

 The glass devices were tested for immobilization of single-cell-stage mouse 

embryos (zygotes; 98 ± 2 μm) into a regular pattern, after which automated 

robotic microinjection was performed to validate the effectiveness of the 

devices. Postinjection embryo culture demonstrated that the cell holding devices 

do not pose obvious negative effect on development of the injected embryos. 

  9.3.1     Mouse zygote immobilization 

 Devices with arrays of 3 × 3 and 5 × 5 through-holes were used for immo-

bilizing single-cell-stage mouse embryos (zygotes; 98 ± 2  μ m). The average 

100 μm

Connection port

 9.2      A completed device.  Inlet picture  shows zoomed-in through-holes. 

( Source : Reproduced with permission from Springer.)  
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diameter of the through-holes on the employed devices was 37 ± 0.5  μ m. 

Low pressures of 1.6–2.2 kPa were experimentally determined to be effec-

tive for holding the cells in place with suffi cient forces during micropipette 

penetration. 

 For devices with 5 × 5 through-holes, a batch of mouse zygotes, greater 

than the number of through-holes (e.g., 30–35), were fi rst transferred to the 

cell holding cavity (Fig. 9.3a). With the application of a negative pressure, 

each through-hole trapped a single cell. The immobilization process took 

approximately 10 s. Extra untrapped cells were removed using a transfer 

pipette (Fig. 9.3c). The complete process including the removal of extra 

cells typically takes 31 s for devices with an array of 5 × 5 through-holes.      

 When a small number of zygotes need to be injected, devices with a lower 

number of through-holes (e.g., 3 × 3) were used. In this case, exactly the 

(a)

(d)(c)

t = 0 s

(b)

t = 5 s

t = 10 s t = 31 s 300 μm

 9.3      Immobilization on a 5 × 5 array of mouse zygotes. (a) Thirty 

mouse zygotes are transferred to the cell holding cavity. (b) With 

the application of a low sucking pressure (1.8 kPa), through-holes 

trap individual cells. Nineteen cells are immobilized within 5 s. (c) 

Twenty-fi ve cells are immobilized within 10 s. A transfer pipette is 

used to remove extra untrapped zygotes. (d) The immobilized 5 × 5 

array of mouse zygotes. The complete process including removal of 

extra untrapped cells typically takes 31 s. ( Source : Reproduced with 

permission from Springer.)  
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same number of cells was transferred to the cell holding cavity. In Fig. 9.4a, 

only four cells of the nine delivered cells are within the fi eld-of-view. Due to 

the small number of through-holes and the smaller cell holding cavity, the 

nine through-holes were capable of rapidly immobilizing nine cells without 

requiring the delivery of extra cells. Therefore, the step of removing extra 

untrapped zygote was not needed. The complete process for immobilizing 

nine cells into a 3 × 3 array took approximately 12 s.       

  9.3.2     Robotic mouse embryo microinjection 

 Immobilizing mouse zygotes into a regular pattern makes cell search and 

immobilization easier and is an important enabling factor for reliable auto-

mated microinjection. In order to quantify the possible negative effect of the 

cell holding device on post-injection embryonic development, the immo-

bilized zygotes were injected by a robotic injection system (Liu and Sun, 

2009). As shown in Fig. 9.5, the system consists of an inverted microscope 

(a) (b)

t = 0 s t = 4 s

(c) (d)

t = 8 s t = 12 s
120 μm

 9.4      Immobilization on a 3 × 3 array of mouse zygotes. (a) Nine zygotes 

are delivered into the cell holding cavity. Five of them are out of fi eld-

of-view. (b) A 2 kPa sucking pressure initiates cell immobilization. 

(c) The last untrapped zygote is moving toward the fi nal open 

through-hole. (d) The immobilized 3 × 3 array of mouse zygotes. The 

complete process typically takes 12 s. ( Source : Reproduced with 

permission from Springer.)  
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(Nikon TE-2000, DIC imaging), a CMOS camera (Basler A601f), the cell 

holding device, an in-house developed motorized rotational stage placed 

on a motorized X-Y translational stage (Prior ProScan II) for cell position-

ing and orientation control, an injection micropipette connected to a com-

puter-controlled pressure unit (Sutter XenoWorks) for material deposition, 

a three-degree-of-freedom microrobot (Sutter MP-285) for controlling the 

injection pipette to inject cells, an environmental chamber to maintain cells 

at 37°, and a host computer (Pentium 4, 3.0 GHz CPU, 1 GB RAM) with 

a motion control board (NI PCI-6259). The system also integrates motion 

control and image processing algorithms for automatic microinjection (Liu 

and Sun, 2009). An injection micropipette is controlled by the microrobot to 

diagonally penetrate the immobilized zygote and deliver materials into the 

cytoplasm center, as schematically shown in Fig. 9.6.           

 In experiments, PBS buffer was used as the injection material. Figure 9.7a 

shows a zygote penetrated with the micropipette tip at the cytoplasm center. 

An injection speed of 200  μ m/s and a retraction speed of 500  μ m/s were used 

in the experiments, which have proven to be optimal in terms of minimizing 

injection-induced cell lysis. The robotic system injected a total of 240 mouse 

zygotes (imprinting control region strain, ICR strain) at a speed of 12 cells/

min (as compared to two zygotes/min in manual injection by profi cient injec-

tion technicians with over 12 years of experience). Based on visual inspec-

tion right after injection, the robotic system achieved a low cell lysis rate of 

 9.5      A robotic system for automated mouse zygote microinjection. 

( Source : Reproduced with permission from Springer.)  
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1.1%. The injected zygotes were thereafter cultured in potassium simplex 

optimization medium (KSOM; Specialty Media) for 96 h (37°C, 5% CO 2 ) to 

allow the zygotes to develop into blastocysts. Figure 9.7b shows robotically 

injected zygotes that successfully developed to the blastocyst stage.      

 We defi ne the cell survival rate as the ratio of the number of injected 

zygotes developing into the blastocyst stage to the total number of injected 

zygotes, quantitating the combined impact of vacuum-based cell immobili-

zation and robotic microinjection. Control groups of non-injected zygotes 

Injection 
micropipette

Deposited
material

Zygote

Cell holding device

 9.6      Schematic of mouse zygote microinjection. ( Source : Reproduced 

with permission from Springer.)  

(a) (b)

90 μm30 μm

 9.7      Photographs of robotically injected mouse zygotes. (a) A mouse 

zygote penetrated by a micropipette before material deposition. 

The micropipette injects a cell in a diagonal direction. (b) Robotically 

injected mouse zygotes developing into blastocysts. ( Source : 

Reproduced with permission from Springer.)  
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were cultured under the same conditions (KSOM, 37°C with 5% CO 2 ) to 

eliminate zygote quality differences across cell batches. Based on the 240 

injected mouse zygotes, the cell holding device and the robotic injection 

system produced a survival rate of 89 ± 1.3%, higher than the best survival 

rate (  ~80%) achieved by profi cient injection technicians using a holding 

micropipette and an injection micropipette. The result demonstrates that, 

compared to conventional manual microinjection, the cell holding devices 

do not produce additional negative impact on embryonic development.  

  9.3.3     Discussion 

 In this study, rapid cell trapping and immobilization were demonstrated 

using microfabricated glass devices with an array (e.g., 3 × 3 and 5 × 5) of 

through-holes connected to a vacuum source. Vacuum-based cell trap-

ping was selected because of its capability of providing suffi cient immo-

bilization force during mechanical microinjection. The wet-etching-based 

microfabrication process only employs two masks, and allows one to 

fabricate a single through-hole or hundreds of through-holes (e.g., 25 × 

25   =   625) for large-scale trapping, immobilization, and injection of mouse 

embryos. By tuning the microfabrication parameters, one can possibly 

build through-holes with diameters down to 5  μ m on a standard cover 

slip, for example, for immobilizing smaller suspended cells (15–20  μ m) 

for other single-cell studies that require the use of DIC optics and thus, 

glass microdevices. 

 Using the cell holding devices developed in this research, we have per-

formed high-throughput microinjection of mouse embryos, in which >1000 

embryos were injected, for large-scale biomolecule testing (Liu  et al ., 2011). 

A variety of assays (e.g., blastocyst cell-number quantifi cation, reactive oxy-

gen species measurement, and mitochondrial activity analysis) were con-

ducted for monitoring the development of embryos injected by our robotic 

system and an injection technician. The experimental results revealed that 

robotically injected embryos have equivalent development competence 

to the manually injected ones, which proves that the cell holding devices 

impose negligible biological effect on the trapped embryos.   

  9.4     Conclusion 

 This chapter presented a glass-based, microfabricated cell holding device 

for single-cell immobilization via the application of a low vacuum. A cell 

holding cavity and an array of through-holes were formed on a cover slip 

using isotropic two-sided glass wet etching. To form a device assembly, a 

microscope slide and a patterned thin layer of PDMS were used to bond 

to the etched cover slip. The device assembly is compatible with DIC 
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imaging. Rapid immobilization of mouse zygotes was demonstrated using 

the cell holding devices. Automated injection of the immobilized mouse 

zygotes was conducted using a robotic injection system. The post-injection 

embryo culturing results demonstrated that the vacuum-based cell immo-

bilization devices do not produce additional negative effects on embryonic 

development.  
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  Abstract : This chapter begins by outlining the key hurdles that currently 
exist in terms of achieving directed tissue genesis,  in vitro  and  in vivo , 
from available mature, progenitor and stem cell sources. The chapter 
then proceeds to describe how microfl uidic device platforms can provide 
the required insights to overcome these hurdles to clinical translation, 
including the optimization of soluble factor provision to enhance cell 
expansion and differentiation outcomes, the impacts of pore architecture 
and surface engineering on scaffold colonization, and the biophysical 
needs of cells when creating three dimensional artifi cial vascular pedicles 
for improved scaffold vascularization post-implantation. 

  Key words : tissue engineering, scaffolds, microdevices, tissue genesis, 
stem cells. 

    10.1     Introduction 

  In vivo  tissue repair and regeneration are substantially facilitated by 

recruited stem cells from peripheral blood, or from those resident in most, if 

not all, tissues (Sakamoto  et al ., 2006). Their depletion within an organ sys-

tem may lead to full or partial loss of function (Palsson and Bhatia, 2004), 

indicating their critical role in tissue repair and replacement. Cells within 

tissues are surrounded by a three dimensional (3D) microenvironment of 

three (principle) ‘support’ systems: vasculature, other cells (including stem 

cells), and cell-secreted extracellular matrix (ECM). Constitutionally, tis-

sues vary from being cell-dense (1 × 10 9  cells/cm 3 ), vascularized and extra-

cellular matrix-poor structures, in the case of, for example muscle and fat 

tissue, through to cell-poor (1 × 10 6  cells/cm 3 ), avascular and extracellular 

matrix-rich structures, in the case of cartilage. 

 The fi eld of tissue engineering aims to bring together key design prin-

ciples of engineering and our understanding of cell biology and tissue gen-

esis to invoke local repair or regeneration of damaged or diseased tissue. 
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Researchers utilize a variety of cell sources, depending on their tissue end 

point or target, including mature (fully differentiated), progenitor and stem 

cells. Through their combination with biomaterials and  in vitro  culture envi-

ronments, cells are encouraged to generate functional tissues. However, the 

signifi cant regenerative potential and clinical translation of tissue engineer-

ing practices, especially those using stem cells or progenitor cells, remains 

largely untapped. This is due largely to defi ciencies in our knowledge of 

what microenvironments must be provided to the chosen cell types to facili-

tate the development of tissues that are not only composed of the appropri-

ate cell types and phenotypes but that also are functionally equivalent to the 

lost or damaged tissue. This chapter discusses the current status of microfl u-

idic device-based research attempting to address and overcome these defi -

ciencies, with the aim of ultimately enabling clinical translation of cell-based 

tissue engineering therapies.  

  10.2     Key issues and technical challenges for 
successful tissue engineering 

 While there are many alternative paths or approaches being taken by 

researchers to achieve what are intrinsically complex outcomes in order to 

produce a functional, engineered tissue, there remain a number of key chal-

lenges or hurdles to achieving such directed tissue genesis, both  in vitro  and 

 in vivo , from available cell sources. They are: (1) obtaining clinically relevant 

numbers, through  ex vivo  expansion and/or differentiation (e.g. from pluri-

potent or multipotent stem cells to fully differentiated end points) of the 

targeted cell types for implantation with the chosen scaffold; (2) encourag-

ing effective and effi cient cell seeding and scaffold colonization within both 

 in vitro  (for extended culture prior to implantation) and  in vivo  (involving 

active recruitment of endogenous cells) contexts; and (3) rapid vascular-

ization of the cell-laden scaffold post-implantation to avoid necrosis and 

encourage further tissue growth and maturation. We will now explore each 

of these challenges in more detail. 

  10.2.1      Clinically relevant cell numbers: from stem cells 
through to mature, fully differentiated cells 

 It is estimated that in a myocardial infarction, approximately 1 billion 

cardiomyocytes (the functional ‘beating’ cells in heart tissue) can be lost. 

Unfortunately, mature human cardiomyocytes are non-proliferative and 

hence, in order to invoke functional repair of damaged heart tissue through 

cardiomyocyte repopulation, the human body needs assistance. One of the 

current approaches which has signifi cant potential is the implantation of 
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human cardiomyocytes into this damaged site that have been generated 

 in vitro  from human pluripotent stem cell (hPSC) sources (human embryonic 

stem cells (hESC) and induced pluripotent stem cells (iPSC)). However, the 

progression of a stem cell from a pluripotent, multipotent or early progen-

itor stage into a range of terminally differentiated, mature cells that form 

adult tissues involves differentiation through quite a number of intermedi-

ate populations. For example, in specifying contractile cardiomyocytes from 

hPSCs, cells must pass from the pluripotent phenotype through a primitive 

streak-like population, to pre-cardiac mesoderm, to cardiac progenitors, 

to cardiomyocytes, then to functional, mature cardiomyocytes, as a mini-

mum set of developmental stages (there may be more undiscovered com-

plexity within those stages). Current protocols for deriving cardiomyocytes 

from hPSCs quote 1–1.5 cardiomyocytes per input hPSC; therefore, ~1 × 

10 9  hPSCs would be required as a starting point, requiring ~20 × 10 3  cm 2  of 

starting culture area (as an estimate based on some monolayer protocols). 

It is clear, then, that the problem of arriving at a clinical dose of functional 

cells is a signifi cant challenge. 

 This is particularly true for therapies involving adult stem cells, which 

are typically rare cell populations and have a more limited potential for 

expansion than their pluripotent counterparts. For example, mesenchy-

mal stem cells (MSC) make up between just 0.01–0.001% of mononu-

clear cells in the bone marrow and therefore require signifi cant expansion 

in order to generate clinically relevant numbers (Pittenger  et al ., 1999). 

However, comparisons of MSCs shortly after isolation to those that have 

undergone several passages, show a dramatic increase in population 

doubling time and a diminished ability to differentiate along the osteo-, 

adipo- and chondro-genic lineages (Banfi   et al ., 2000). As a result, there 

is a signifi cant drive to develop methods for expansion that retain the 

benefi cial properties of the cells in a manner that is reproducible, fully-

defi ned, and amenable to the scale-up that will be required for translation 

to the clinic. 

 An alternative strategy to using stem cells is to ‘transdifferentiate’ a resi-

dent cell in the damaged tissue site (or periphery) that is non-functional 

into a functional cell type, for example, in the case of cardiac tissue, trans-

differentiation of cardiac fi broblasts (non-functional in terms of beating) 

into functional cardiomyocytes, has been proven to be possible (both  in 
vitro  and  in vivo ) (Kou  et al ., 2011). However, for transdifferentiation (also 

known as direct reprogramming) approaches, the reprogramming method 

or process is itself a long and ineffi cient process (some can take place over 

a few weeks), with poor understanding of the molecular events and cellular 

changes that occur before arriving at the reprogrammed cell type, usually 

with a low effi ciency. Producing enough cells for functional tissue recovery 

is thus still a signifi cant challenge. 
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 Ensuring that signifi cant cell numbers of the target phenotype are present 

at the output of any bioprocess is thus essential for their successful use in 

the intended tissue engineering endpoint application. This can be achieved 

in several ways:

   Increasing the number of starting point cells (e.g. stem cells);  • 

  Increasing effi ciency of differentiation to intermediate and target • 

phenotypes;  

  Increasing the effi ciency of direct reprogramming/transdifferentiation; or  • 

  Selection processes (sorting, density gradient centrifugation, antibiotic • 

selection, subculturing).     

  10.2.2     Effective cell seeding and scaffold colonization 

 One of the major challenges still confronting the application of tissue-engi-

neered scaffolds in the clinic is inadequate cell colonization. Previous strate-

gies have generally suffered from high cell colonization at the periphery and 

little to none within the centre of the constructs. To achieve suffi cient cell 

colonization, an effective cell seeding methodology that allows homogenous 

cell seeding needs to be employed and the seeded cells need suffi cient nutri-

ents and oxygen in order to survive, proliferate and regenerate the required 

tissue. 

 Cell colonization of a biomaterial scaffold is infl uenced by its physi-

cal, spatial and biochemical properties (Fig. 10.1). Physical cues, including 

Physical Biochemical

Spatial
ECM molecules

Cytokines Growth 
factors

Topography Elasticity

Pore size Porosity

Interconnectivity

 10.1      Physical, spatial and biochemical properties that infl uence cell 

colonization.  
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stiffness and topography, can have a profound effect on cell adhesion and 

migration (Diehl  et al ., 2005; Doyle  et al ., 2009; Isenberg  et al ., 2009; Kaiser 

 et al ., 2006; Lo  et al ., 2000; Pelham and Wang, 1997), while pore size (Cao 

 et al ., 2006; Chu  et al ., 2002; Malda  et al ., 2005; O’Brien  et al ., 2005; Oh  et al ., 
2007; Tsuruga  et al ., 1997; van Tienen  et al ., 2002; Zmora  et al ., 2002), poros-

ity (Baker  et al ., 2008; Karageorgiou and Kaplan, 2005; Silva  et al ., 2006; 

Spiteri  et al ., 2006), and interconnectivity (Griffon  et al ., 2006; Melchels 

 et al ., 2010) are examples of important spatial parameters that can similarly 

have substantial impacts. The material that the scaffold is made from will 

also affect colonization by altering the specifi c cell-material interactions (for 

example those mediated by integrins) with subsequent effects on cell adhe-

sion and migration (Lawrence and Madihally, 2008). More recently there 

has been a wider appreciation of the variation in modes of cell migration 

and scaffold colonization observed in two dimensional (2D) and 3D envi-

ronments, where the degradation rate of the material is a relevant parame-

ter in determining the movement of cells into and within the scaffold. All of 

these factors must be taken into account during scaffold design in order to 

promote optimal cell colonization.      

 Traditionally, three seeding methodologies have been used:

   static,  • 

  dynamic, and  • 

  perfusion bioreactor cultures.    • 

 Of these, static seeding methods are the simplest, but perhaps the least 

effective. Using such methods, a high-density suspension of cells is added to 

the surface of the scaffold, where it is hoped they will adhere and migrate 

through to the centre. This may be aided by seeding several sides of the 

construct. Dynamic seeding methodologies can take many forms; however, 

one common example is the use of a spinner fl ask, which encourages move-

ment of culture medium laden with cells through the pores of the scaffold. 

Such methods have been used to seed MSCs into calcium phosphate scaf-

folds for bone tissue engineering, resulting in an enhanced proportion of 

the cells adhering to the material and improved penetration throughout the 

construct (Griffon  et al ., 2011). Under perfusion, culture medium is passed 

through scaffolds from one direction to the other. This may occur with con-

stant provision of fresh culture medium, or may exist in a closed loop with 

the medium passing across the construct multiple times. As with dynamic 

cell seeding strategies, the movement of the medium through the scaffold 

has been shown to aid both the effi ciency of seeding and has also been 

shown to promote uniform tissue development across the construct (Zhao 

and Ma, 2005). For both dynamic and perfusion cultures, the rate of media 

fl ow through the scaffold is crucial, as it is necessary to balance the rate 
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of provision of nutrients and removal of waste products while at the same 

time minimizing the shear forces applied to cells to maximize viability and 

allow their initial adhesion to the presented biomaterial surface. Additional 

strategies, such as those involving growth factor incorporation, may be used 

to promote migration into the centre of the scaffold. Growth factors, such as 

vascular endothelial growth factor (VEGF), may also be used to promote 

vascularization, which in turn will bring cells into the scaffold, as well as 

providing an environment in which nutrients such as oxygen and glucose are 

available and where waste products are readily removed. 

 Effective cell seeding and colonization of scaffolds remains a signifi cant 

challenge and limitations in our knowledge and understanding of the rel-

evant parameter space mean that seeding strategies must currently be opti-

mized for each individual situation. It is particularly diffi cult to separate out 

the effects of each individual factor on the fi nal result, and more informa-

tion is required in order enable the rational design guidelines for effective 

colonization of any given biomaterial construct.  

  10.2.3     Vascularization 

 Vascularization is the process of growing blood vessels into a tissue to 

improve oxygen and nutrient supply. It remains an overriding limiting fac-

tor in tissue engineering large 3D constructs, either during  in vitro  pre-

culture or  in vivo  post-implantation. In the absence of a vascular network, 

metabolite supply and cell viability in a scaffold is compromised when 

diffusion distances are greater than 150–200  μ m (Folkman and Hochberg, 

1973) (Fig. 10.2). As a result, tissue engineering has been largely limited 

to thin or avascular tissues such as skin (Kremer  et al ., 2000) or cartilage 

(Vacanti and Upton, 1994). Engineering a large complex tissue thus neces-

sitates growing a physiologically relevant vasculature that promotes cell 

survival, tissue organization and rapid vascularization following implanta-

tion. The incorporation of a functional microcirculatory network into the 

scaffold prior to implantation is therefore essential. In addition, in order 

for the large 3D construct to remain viable, the microcirculatory network is 

required to mimic natural vasculature and carry out angiogenesis, a process 

where new capillaries are formed from pre-existing blood vessels (Patan, 

2000).      

 Many methods have been developed to fabricate microvasculature for 

pre-vascularization of scaffolds. Early studies often involved fi bres, synthetic 

or natural, as ‘sacrifi cial’ or temporary microvessel templates (Chrobak 

 et al ., 2006; Ko and Iwata, 2001; Neumann  et al ., 2003; Migliore  et al ., 2008; 

Takei  et al ., 2006). However, these approaches either resulted in a multi-

channelled microvascular construct without a common inlet and outlet (Ko 

and Iwata, 2001), or multiple single micron-scale vessels (Chrobak  et al ., 
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2006; Migliore  et al ., 2008; Neumann  et al ., 2003; Takei  et al ., 2006), making 

them impractical and technically challenging for surgical implantation. 

 Researchers later fabricated larger complex 3D microvascular networks. 

These involved sacrifi cial ‘cotton candy’ sugar structures in polymeric (poly-

dimethylsiloxane (PDMS), epoxy, or polycarbonate) matrices (Bellan  et al ., 
2009), and random assemblies of discrete, micron-scale gelatin components 

to form a large modular tissue-engineered construct (McGuigan and Sefton, 

2007a, 2007b). However, while these methods are novel, there is limited con-

trol over the hydrodynamics of the random networks formed. Control over 

hydrodynamics in a microvascular network construct is important to ensure 

adequate delivery of nutrients to all cells, along with appropriate levels of 

shear stress for normal cell function. 

 Microfabrication is another method that has been commonly used in the 

development of artifi cial microvasculature. The main advantages of micro-

fabrication technology over other methods include being able to achieve 

(a) (b)

Diffusion distance Poor cell

viability∼200 μm
O2 O2

O2O2O2

O2 O2

Blood

Blood

Avascular tissue
(diffusion)

Tissue with a microvascular network
(diffusion and convention)

 10.2      Distribution of oxygen and nutrients in an avascular tissue and 

a tissue with a microvascular network. (a) In an avascular tissue, 

diffusion alone can only supply metabolite suffi ciently within the fi rst 

200  μ m. This is assuming that the surface of the tissue is exposed to 

fresh blood supply via the fl anking capillary network. As a result, cells 

which are at a distance of greater than 200  μ m from this supply will be 

compromised. (b) In a tissue with a microvascular network, metabolite 

supply is both by convection and diffusion. Therefore, cells can be 

nourished and sustained throughout the tissue construct.  
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resolutions of 10  μ m, which are on the same lengthscale as capillaries 

(Borenstein  et al ., 2002; Kaihara  et al ., 2000), and the ability to invoke struc-

tural uniformity in such microvascular networks. Several investigators have 

recently used microfabrication to establish and optimize microvascular net-

work designs and create microcirculatory networks with varying levels of 

success. 

 We will now highlight some of the past and present approaches utilizing 

microfl uidic technology to overcoming the above listed hurdles to transla-

tion and clinical uptake of tissue-engineered products.   

  10.3     Microfluidic device platforms 

 Recent advances in microfl uidic technology offer unprecedented control 

over fl uid (both single phase and multiphase) fl ow, interface dynamics, drop-

let and particle size and size distribution, heat transfer and reaction condi-

tions. This control results largely from the imposition of laminar fl ow and 

the domination of surface forces in the inherently small lengthscales within 

these devices. Microfl uidic technologies are also ideally suited for paral-

lelization or scale-up. It is for these reasons that researchers have turned 

to microfabrication and microfabricated  in vitro  environs to probe cellular 

behaviours that are otherwise diffi cult to investigate within standard cell 

culture methods. Further, such platforms permit the investigation, and real 

time read-out in some cases, of the impacts of varying microenvironmen-

tal conditions, including both biochemical factors (such as media exchange, 

oxygen concentration, pH, factor and ligand concentration) and biophysical 

factors (such as substrate mechanics, scaffold geometry, pore size and con-

nectivity), on cell fate choices, such as morphology, migration, proliferation, 

differentiation and apoptosis. Ultimately, these choices determine the suc-

cess or failure of our attempts at directed tissue genesis from any cell type, 

whether terminally differentiated or pluripotent. We now provide a review of 

some of the more recent examples of microdevices that have been designed 

to probe such complex parameter space in order to provide the necessary 

insight required to ensure successful tissue engineering outcomes. 

  10.3.1      Microdevices for optimization of 
microenvironments for cell/stem cell expansion 
and differentiation 

 Stem cells and their differentiated sub-lineages are important components 

in tissue-engineered constructs, either from the perspective of incorporation 

within the construct, or design of the construct in order to recruit and sup-

port native cells. Control of cell phenotype through isolation, expansion of 
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a stem cell population, and specifi cation and maintenance of differentiated 

lineages of interest is therefore essential in ensuring the quality and effi cacy 

of cells incorporated or targeted in tissue-engineered constructs. 

 Fortunately, microscale technologies are expanding the repertoire of assay 

platforms in investigating features of stem cell and stem cell-derived popu-

lations, including their expansion and differentiation (Salieb-Beugelaar 

 et al ., 2010). Because of several advantageous capabilities, including high 

parallelization, continuous fl uid fl ow, and reduced culture dimensions, 

microscale (and particularly microfl uidic) systems can provide opportuni-

ties for high-fi delity screening of stem cell culture processes under well-con-

trolled microenvironmental conditions. Stem cells can sense and respond 

to a variety of stimuli, such as soluble factors, extracellular matrix proteins, 

cell–cell contacts, mechanical forces and properties (shear, strain, elastic 

and viscous moduli) and electrical stimulation, and further can be manip-

ulated by introduction of genetic material and pharmacological agents, etc. 

Microtechnologies such as biomolecule spotting, surface micropatterning, 

and microfl uidic systems are ideal platforms for screening these stimuli, 

as has been recently reviewed (Titmarsh  et al ., 2012a). While biomolecule 

spotting platforms have been applied more thoroughly for investigating 

combinations of ECM proteins for stem cells, microfl uidic technologies in 

particular have made inroads into examining the physical, soluble factor, 

paracrine factor, and co-culture cues that drive stem cell expansion and dif-

ferentiation, which we will now summarize. 

 Medium fl ow rate in continuous fl ow microfl uidic systems affects bio-

chemical and biophysical parameters (medium turnover, shear stress, etc.). 

Microbioreactor arrays have been developed to supply a logarithmic range 

of fl ow rates and assess mESC growth, which improved with increasing 

fl ow rate (Kim  et al ., 2006). For hESCs, a device with a much narrower, lin-

ear range of fl ow rates showed they were more sensitive, as they expanded 

best in a small window of fl ow rates, and were limited outside this window 

(Titmarsh  et al ., 2011). Fluidic resistance allowed control of fl uid fl ow in 

these microfl uidic systems. Instead of continuous fl ow, other systems have 

used programmed medium exchange to investigate temporal stimulation of 

mESCs (Ellison  et al ., 2009) and HSCs  (Lecault  et al ., 2011) with various 

factors. 

 Microfl uidic systems are also ideal for controlled introduction of 

soluble factors and screening their effects on the expansion or differ-

entiation of stem cell populations. Moreover, this can be done in a semi-

high-throughput manner due to the parallelization that can be achieved 

with microfabrication. For example, a multiplexed microbioreactor array 

platform recently enabled full factorial screening of exogenous and para-

crine factors in hESC differentiation to a primitive streak-like population 

(Titmarsh  et al ., 2012b). 
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 A fully-automated microfl uidic system based on pneumatic valve control 

was developed to screen 96 discrete, individually-addressable microbio-

reactor chambers, which could be fed with arbitrary mixtures of up to 16 

medium components or soluble factors. This system has been utilized for 

automated screening of culture environments for MSC growth and differ-

entiation (G ó mez-Sj ö berg  et al ., 2007). Importantly, the application of con-

tinuous medium perfusion in closed microfl uidic stem cell culture systems 

has identifi ed autocrine/paracrine effects as critical regulators of stem cell 

populations (Blagovic  et al ., 2011; Moledina  et al ., 2012). A recent review 

highlighted the way microfl uidic technologies are providing new avenues to 

assess and manipulate paracrine effects (Przybyla and Voldman, 2012).  

  10.3.2      Microdevices for studying the effects of 
substrate and ligand type, pore geometry and 
scaffold architecture on cell migration, scaffold 
colonization and tissue development 

 Investigating the numerous parameters that infl uence scaffold colonization 

and tissue development within a 3D biomaterial is diffi cult. This is predomi-

nantly due to the inability to systematically investigate, and independently 

change, scaffold properties, and the ever-present immune response when 

performing  in vivo  studies. As such, microdevices have recently been used 

to introduce a high degree of control over the cellular microenvironment. 

The development of these devices has allowed the methodical evaluation 

of various scaffold parameters, including the substrate or ligand type, pore 

geometry and architecture on scaffold development. 

 Studying cell migration not only provides an insight into the fundamen-

tals of cell biology, but it is also useful in assessing the suitability of vari-

ous substrates and materials as a tissue engineering construct. Numerous 

microdevices have been developed to overcome the defi ciencies associated 

with traditional methodologies, and have allowed investigation into the cell 

motility in response to chemokines (Lin and Butcher, 2006; Saadi  et al ., 
2006), ligands (Doran  et al ., 2009), co-culture (Chung  et al ., 2009) mechan-

ical constraints (Irimia and Toner, 2009) and pore architecture (Mills  et al ., 
2011). These devices not only allow precise microenvironmental control, but 

can also elucidate results that are indiscernible using conventional assays or 

techniques. 

 A traditional assay to assess cell migration in response to a substrate is 

the wound healing or scrape assay. This involves creating a ‘wound’ within 

a confl uent cell monolayer (generally by scraping the cell with a pipette 

tip), and observing the closure of the ‘wound’ edges to quantify cell migra-

tion rates. While this method is relatively straightforward, the outcomes are 
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confounded by a number of factors, including the ambiguity of the substrate, 

as a result of the wound generation removing the desired surface or fouling 

due to cellular secretions, and the damage to cells at the wound edge, which 

impacts cell migration. 

 A number of different microdevices have been developed to overcome 

the problems associated with techniques such as the wound healing assay 

and allow a more systematic investigation into cell migration. One of the 

earliest of these microdevices, developed by (Nie  et al ., 2007) uses a laminar 

fl ow of trypsin to generate a well-defi ned ‘wound’ edge. While this method 

elicits only minor damage to cells on the wound edge, the surface onto which 

the cells will migrate remains ambiguous. Poujade  et al . also developed an 

eloquent PDMS-based stencil tool, in which a PDMS stencil is applied to 

a surface prior to cell seeding. The stencil is then peeled off, allowing cell 

migration to begin (Poujade  et al ., 2007). Although this approach over-

comes many of the problems associated with the classical wound healing 

assay, even this solution potentially compromises surface composition, as 

the PDMS stencil must be fi xed on top of the virgin surface until the cell 

monolayer is established. 

 More recently, a microdevice developed by Doran  et al . has allowed 

the maintenance of a defi ned surface with no cellular damage during 

the initiation of cell migration (Doran  et al ., 2009). This device consists 

of a main inoculation chamber with perpendicular protruding migration 

channels (Fig. 10.3). In operation, cells are seeded into the main cham-

ber, but the cell suspension does not enter the migration channels due to 

the presence of a fl uid meniscus at each channel entrance, a result of the 

channel dimensions (100s of microns) and high (relative) fl uid surface 

tension. This allows a confl uent monolayer to be established within the 

central chamber with a ‘cell edge’ at the interface between this cham-

ber and the migration channel. Cell migration is then initiated via back-

fi lling the migration channels, to effectively ‘break’ the fl uid meniscus 

and allow cells to access the channel. This microdevice thus allows the 

assessment of cell migration without the confounding issues of cellular 

damage or surface ambiguity, providing a rapid and robust tool to assess 

the infl uence of substrate biochemistry on cell migration, and thus cell 

colonization of space.      

 The fl exibility of this device also allows the presentation of 2D geo-

metrical challenges to mimic the architectural aspects and characteristics 

of 3D porous scaffolds. This adaption allows for the assessment of cell 

migration in response to geometrical challenges that mimic the architec-

tural aspects and characteristics of 3D porous scaffolds in a 2D arrange-

ment. This device has been utilized to investigate the infl uence of varying 

channel widths, degrees of channel tortuosity, the presence of contrac-

tions or expansions, and channel junctions on the migration of NIH 3T3 
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mouse fi broblasts and human bone marrow-derived mesenchymal stromal 

cell (hMSC) (Mills  et al ., 2011). Data gained from this device showed 

that these two cell types have vastly different migration characteristics; 

3T3 fi broblasts migrate as a collective cell front, whereas hMSCs migrate 

as single cells. This resulted in 3T3 fi broblasts displaying signifi cant dif-

ferences in migration depending on the type of geometrical constraint, 

while hMSCs were only infl uenced by channel width when it approached 

that of the length scale of a single cell, characteristics that would have 

a signifi cant infl uence on the scaffold colonization by these two differ-

ent cell populations. This clearly demonstrates the use of a microdevice 

to provide the necessary insight into how certain cell types, as a result 

of their migration characteristics, encounter and deal with different geo-

metric constraints that may exist within biomaterial constructs, thereby 

highlighting the utility of microdevices to provide biological insights, rel-

evant to tissue engineering, which could not be obtained using traditional 

techniques.  
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 10.3      Schematic of microdevice operation and geometric constraint 

variations. (a) Once a cell monolayer is established within the main 

chamber, migration is initiated via backfi lling of the migration channels. 

Migration can then be quantifi ed by measuring cell progression into 

the channel. (b) This format can be used to study the effect of various 

substrates, or by incorporating geometry variations (as shown) along 

the length of the migration channels, can be used to determine how 

different cell types interpret architectural aspects of a tissue engineered 

scaffold. These parameters include various pore sizes, contractions, 

expansions, junctions and tortuosity.  
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  10.3.3      Microdevices for studying cell mechanics and 
impacts of shear stress on endothelial and smooth 
muscle cell function 

 Shear stress is known to infl uence the morphology, and even the fate, of 

many cell types (Gosgnach  et al ., 2000; Lu  et al ., 2004; Gutierrez  et al ., 2008; 

Kou  et al ., 2011; Qazi  et al ., 2011; Shi and Tarbell, 2011), including endo-

thelial and smooth muscle cells (Song  et al ., 2005; Sakamoto  et al ., 2006; 

Plouffe  et al ., 2007; Chau  et al ., 2009; Tkachenko  et al ., 2009; Wang  et al ., 
2010). As blood fl ows through a vessel, shear stress is generated and directly 

sensed by endothelial cells lining the vascular wall. Endothelial cells may 

act as a mediator between fl ow conditions and smooth muscle cell functions. 

Physiologically, smooth muscle cells exist below the endothelial cell lining 

and are protected from the shear stress. However, in pathological condi-

tions involving endothelial injury, smooth muscle cells can become exposed 

to shear stress (Palumbo  et al ., 2000; Shi  et al ., 2010; Shi and Tarbell, 2011). 

Therefore, understanding cell mechanics and impacts of shear stress on 

endothelial and smooth muscle cell function is important in vascular studies 

and tissue engineering. 

 Many shear microdevices have been developed. In general, they were 

fabricated using conventional microfabrication techniques and their 

designs involved an inlet channel branching into multiple channels of 

varying dimensions, which allowed multiple shear forces to be studied 

simultaneously (Song  et al ., 2005; Gutierrez  et al ., 2008; Chau  et al ., 2009; 

Tkachenko  et al ., 2009; Kou  et al ., 2011; Li  et al ., 2012a). These microdevices 

have been used to study shear-dependent platelet aggregation (Li  et al ., 
2012a) and adhesion to various extracellular matrix proteins (Gutierrez 

 et al ., 2008), and effects of shear stress on osteoblasts (Kou  et al ., 2011), 

fi broblasts (Lu  et al ., 2004), and endothelial cells (Song  et al ., 2005; Chau 

 et al ., 2009; Tkachenko  et al ., 2009). 

 A number of microdevices have been used for studying cell mechanics 

and shear stress on endothelial cell function. These include a multishear 

microfl uidic device that allowed the simultaneous evaluation of ten shear 

stresses covering physiological shear range (0.7–130 dyn/cm 2 , 0.07–13 Pa) 

(Chau  et al ., 2009) (Fig. 10.4), a shear culture system composed of micro-

fl uidic channels interfaced with computer-controlled piezoelectric pins on 

a Braille display that can generate pulsatile fl ow and shear stresses up to 12 

dyn/cm 2  (1.2 Pa) (Song  et al ., 2005), and a microfl uidic perfusion device with 

a magnetic clamp to secure an unsealed PDMS microfl uidic chip against 

cover glasses with endothelial monolayers tested at a shear range of 0.07–9 

dyn/cm 2  (0.007–0.9 Pa) (Tkachenko  et al ., 2009). All three studies confi rmed 

cell elongation and alignment in the direction of shear over time.      
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 Impacts of direct shear stress on smooth muscle cells have not been stud-

ied as extensively as on endothelial cells. This is likely due to smooth muscle 

cells not normally (at least in healthy tissue) being exposed to shear stress  in 
vivo . However, after endothelial damage, shear stress can be sensed directly 
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 10.4      A multishear microdevice for the study of cell mechanics. The 

device delivers multiple physiologically relevant shear stresses, 

spanning over two orders of magnitude for any one fl ow rate. (a) 

Schematic of the device. (b) Measured and calculated superfi cial 

velocities and shear stresses for the multishear device at an inlet fl ow 

rate of 20 mL/h. ( Source : Reproduced from Chau  et al ., 2009 with 

permission from The Royal Society of Chemistry.)  
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by smooth muscle cells, triggering many complex mechanotransduction 

pathways and infl uencing cell properties and functions (Palumbo  et al ., 2000; 

Shi  et al ., 2010; Shi and Tarbell, 2011). Shear studies for smooth muscle cells 

have been conducted with endothelial cells in a parallel-plate fl ow chamber 

(Gosgnach  et al ., 2000; Chiu  et al ., 2003; Sakamoto  et al ., 2006; Ekstrand  et al ., 
2010; Wang  et al ., 2010), a cone-and-plate apparatus (Palumbo  et al ., 2000), a 

rotating shear rod (Shi  et al ., 2010), and a microfl uidic device (Plouffe  et al ., 
2007). Murthy and colleagues (Plouffe  et al ., 2007) used a tapered channel 

microfl uidic design to induce varying shear forces (1.9, 2.9 and 3.9 dyn/cm 2 , 

0.19, 0.29 and 0.39 Pa) and showed peptide-mediated selective adhesion of 

smooth muscle, endothelial cells and fi broblast cells under shear fl ow. All in 

all, the impacts of shear stress on smooth muscle and endothelial cells, and 

the interactions between these cells under fl uid fl ow are highly complex and 

further investigations are required.  

  10.3.4      Microdevices for the creation of microcirculatory 
networks 

 Microcirculatory network formation is a signifi cant and challenging 

goal in the engineering of large 3D artifi cial structures. As mentioned 

in Section 10.2.3, microfabrication has been commonly used to fabricate 

microdevices for creating microcirculatory networks. It provides both the 

required resolution and ability to control uniformity of microvascular 

network structures. In general, these microdevices can be used  in vitro  as 

platforms for vascular studies or  in vivo  as tissue-engineered microvascu-

lar constructs. 

 A well-designed vascular network is essential in microdevices for micro-

circulatory network formation. Over the past decade, several investigators 

have attempted to establish and optimize microvascular network designs 

(Borenstein  et al ., 2002; Shin  et al ., 2004; Weinberg  et al ., 2004; Fidkowski 

 et al ., 2005; Wang and Hsu, 2006; Chau  et al ., 2011). In general, they recog-

nized the need for the network design to mimic natural vasculature dimen-

sions and fl uid dynamics, with a single inlet and outlet (Borenstein  et al ., 
2002; Shin  et al ., 2004; Weinberg  et al ., 2004; Fidkowski  et al ., 2005; Wang 

and Hsu, 2006; Chau  et al ., 2011). Furthermore, each of the branches in the 

microvascular network design needs to have similar velocity profi les in 

order for oxygen and nutrients to be uniformly transported to all cells in the 

network, and allow uniform cell seeding, more rapid achievement of confl u-

ent coatings, and better control over cell behaviour for  in vitro  and  in vivo  

studies (Chau  et al ., 2011; Wang and Hsu, 2006). 

 It is important that a well-designed vascular network also needs to be cou-

pled with suitable fl ow and shear profi les required by the cells (Chau  et al ., 
2011). Cells from diverse tissues and different parts of the vascular tree are 
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heterogeneous with respect to their surface phenotype and protein expres-

sion, such that they can express different markers and generate different 

responses to the same stimulus (McCarthy  et al ., 1991; Augustin  et al ., 1994; 

Jackson and Nguyen, 1997). Mismatches between fl ows and cells will lead to 

problems with endothelization, which seemed to be the case for some early 

microdevices (Shin  et al ., 2004; Fidkowski  et al ., 2005). Recognizing this, 

Chau  et al . (2011) incorporated suitable fl ows for culturing human umbilical 

vein endothelial cells (HUVEC) in microchannels, previously elucidated in 

a ‘multishear’ device (Chau  et al ., 2009), into a ‘ladder-like’ microvascular 
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Channel 3
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Channel 5

 10.5      Endothelial cells fully lining the walls and corners of an artifi cial 

microvascular network after 24 h of culture. (a) The endothelial cells 

formed a monolayer with stable cell-cell adhesions, with the presence 

of VE-cadherin (the major adherens junction protein in endothelial 

cells) throughout the network after immunostaining. (b) A schematic 

of the microvascular network to show areas where 3D images were 

obtained. (c) Tilted 3D images of endothelial cells in microchannels with 

a height of 200  μ m and width of 100  μ m. The cells were immunostained 

for von Willebrand factor, actin stress fi bres, and nuclei and found to 

form a confl uent monolayer on all walls and corners of all channels of 

the network. Confocal Z-stacks: 40 slices, 5  μ m spacing. (d, e, f) Tilted 

3D images of endothelial cells at sections of the microvascular network. 

The cells were immunostained for von Willebrand factor, actin stress 

fi bres and nuclei. Scale bars are shown as white arrows in x, y, and 

z axes. Scale bars are only an estimation: (d) 100  μ m, (e) 50  μ m, and 

(f) 50  μ m. Confocal Z-stacks: (d) 40 slices, 5  μ m spacing, (e) 30 slices, 

2  μ m spacing, and (f) 30 slices, 3.5  μ m spacing. ( Source : Reprinted 

with permission from  Biomicrofl uidics ,  5 , 034115 (2011). Copyright 2011 

American Institute of Physics. )  
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network design and showed the development, in less than 28 h, of a fully 

patent, microcirculatory network, composed of a contiguous monolayer of 

HUVECs (Fig. 10.5).      

 Similar to a number of other studies (Borenstein  et al ., 2002; Shin  et al ., 
2004; Wang and Hsu, 2006), this microvascular network structure (Chau 

 et al ., 2011) was generated from a commonly used material in microfabri-

cation, PDMS. However, while PDMS is ubiquitous and inexpensive, it is 

not biodegradable and has limited biocompatibility. Furthermore, the high 

stiffness of PDMS (580 kPa) (Galan  et al ., 2007) compared to natural solid 

tissues (~0.1–100 kPa) (Engler  et al ., 2006) may impede vascular sprouting 

or angiogenesis, the formation of new capillaries from pre-existing blood 

vessels (Patan, 2000). Therefore, these microdevices are limited as tissue-

engineered constructs for implantation. 

 Problems of biocompatibility with synthetic materials eventually led 

researchers to explore the use of native extracellular matrix proteins and 

hydrogels in microfabrication. For examples, Golden and Tien (2007) fab-

ricated a microfl uidic system comprised of collagen Type I or fi brin, and 

Paguirigan and Beebe (2006, 2007) crosslinked gelatin with the naturally 

occurring enzyme transglutaminase to produce microfl uidic devices. The 

vascular network design of Chau  et al . (2011) has also been report to be 

moved from PDMS into a gelatin system and they observed HUVECs self-

assembling after 24 h of perfusion and sprouting after 5 days of perfusion 

(Chau, 2010). Stroock and his team also developed a hydrogel microfl uidic 

system using alginate (Cabodi  et al ., 2005; Choi  et al ., 2007) and recently 

moved onto collagen Type 1 (Zheng  et al ., 2012) to show the establishment 

of an artifi cial microcirculatory network.   

  10.4     Conclusion and future trends 

 As evidenced from the discussion above, there have been substantial devel-

opments in the past decade utilizing microbioreactors and microfl uidic 

devices to probe cell behaviours in synthetic culture environments. These 

device platforms have been designed to: optimize culture outcomes in read-

iness for scaffold seeding and colonization; study parameters relevant to 

common scaffold characteristics (including surface chemistry or composi-

tion, pore size, connectivity, mechanical property); create ‘tissue-like’ envi-

ronments that mimic diffusion and convective lengthscales in tissues, the 

magnitudes of shear stress and perfusion rates ‘seen’ by cells in tissues, the 

extracellular matrix composition of tissues, and the geometric challenges 

presented to cells when they ‘invade’ a synthetic microenvironment; and 

develop functional, microvascular tissue constructs that may one day be 

surgically integrated into the host environment to provide immediate sup-

port for a cell-laden scaffold. These device platforms and their associated 
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outcomes will continue to contribute to an ever-evolving set of design 

guidelines that will ultimately assist tissue engineers in achieving one of the 

major goals for the fi eld: directed tissue genesis. 

 To date, much of the work related to the investigation of (stem) cell 

behaviour and optimization of the cells’ microenvironment (for example, 

the stem cell niche) within microfl uidic devices has in essence been per-

formed with cells interacting with 2D substrates or surfaces, even though 

they may be enclosed within a 3D fl uidic environment. However, all cells 

(including stem cells) are known to behave vastly differently in their native 

3D environment, and in the future we are likely to see a signifi cant trend 

away from 2D substrates. Bulk hydrogel scaffold systems, often thought 

to be a closer mimic of the native ECM, are currently being used to inves-

tigate the impact of a 3D microenvironment on a host of cell behaviours, 

such as migration, growth and differentiation. Microfl uidic devices have 

only recently been utilized to move these bulk hydrogel systems into cell-

laden microgel particles, with the signifi cant advantages of uniform size, 

controlled physical and chemical properties, degradation rate, and encap-

sulated cell density. Some examples of materials used to generate hydrogel-

based microparticles in microfl uidic devices include alginate (Sugiura  et al ., 
2005; Hong  et al ., 2007; Tan and Takeuchi, 2007) and collagen (Bruzewicz 

 et al ., 2008; Hong  et al ., 2012), agarose (Kumachev  et al ., 2011) and 

poly(ethylene glycol) (Tumarkin  et al ., 2012), which were crosslinked via 

chemical, thermal and photo stimuli, respectively. The use of microfl uidic 

devices to encapsulate cells in hydrogel particles, or to otherwise provide 

3D microenvironments (for a recent review see Li  et al ., 2012b) has, how-

ever, only just begun, as this methodology provides to researchers a high 

throughput means to investigate a number of environmental variables on 

cell viability, proliferation and differentiation capabilities, such as mechani-

cal properties, porosity, chemistry, the presentation of specifi c proteins and 

biochemical cues, encapsulated cell density and rate of degradation of the 

encapsulating material. 

 Cells within tissues respond to changes in their local (3D) microenviron-

ment through actively remodelling extracellular matrix (ECM), the secre-

tion of soluble factors, and through cell-cell mediated interactions. With 

the continual, rapid advancement in our capabilities to fabricate microde-

vices from a multitude of material systems, with high resolution and fi delity, 

inclusive of advanced measurement, sensing and control, we will in the near 

future have the capacity to develop  in vitro  device platforms or systems that 

mimic  simultaneously  many aspects of the  in vivo  extracellular (and intra-

cellular) environment. In a highly controlled and tunable manner, with such 

device platforms, we will be able to decipher, manipulate and ultimately 

invoke control over critical contributors to tissue repair and remodelling 

that have previously been elusive to tissue engineers, bioengineers and 
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biologists, such as cell-cell communication, paracrine-autocrine signalling 

and tissue patterning.  
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(a) Cr/Au e-beam evaporation (d) Bottom-side Cr/Au patterning

(b) Top-side Cr/Au patterning
(e) Bottom-side HF etching

(f) PDMS-glass bonding(c) Top-side HF etching

Cr/Au glass PDMS S1818

 Plate II      (Chapter 9) Microfabrication process. (a) E-beam evaporation of Cr/Au layers 

(30 nm/800 nm) on both sides of a glass cover slip. (b) Patterning of Cr/Au layers on the top side 

of the glass slide using photolithography and wet etching. (c) HF etching of the cell holding cavity. 

(d) Patterning of Cr/Au layers on the bottom side of the glass side. (e) HF etching of through-holes 

from both sides of the glass slide. (f) Removal of the photoresist and Cr/Au layers and PDMS-glass 

oxygen plasma bonding.  
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 Plate III      (Chapter 9) (a) Cover slip etching rates as a function of HF 

concentrations. (b) 3D plot of the bottom surface (1200 μm × 900 μm) 

of the cell holding cavity, measured by an optical profi lometer. (Source: 

(a) Reproduced with permission from Springer.)  

�� �� �� �� �� ��



© Woodhead Publishing Limited, 2013

(b)
Through-holes

um
4.1

–5.0

–25.0

–30.0

–35.0

–41.2

–20.0

–10.0

–15.0

Plate III Continued

�� �� �� �� �� ��



© Woodhead Publishing Limited, 2013

363

     10 
 Microfluidic devices for developing 

tissue scaffolds    

    L. T.   CHAU    ,       J. E.   FRITH    ,       R. J.   MILLS    ,       D. J.   MENZIES    ,

       D. M.   TITMARSH       and     J. J.   COOPER-WHITE , 
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   DOI : 10.1533/9780857097040.3.363 

  Abstract : This chapter begins by outlining the key hurdles that currently 
exist in terms of achieving directed tissue genesis,  in vitro  and  in vivo , 
from available mature, progenitor and stem cell sources. The chapter 
then proceeds to describe how microfl uidic device platforms can provide 
the required insights to overcome these hurdles to clinical translation, 
including the optimization of soluble factor provision to enhance cell 
expansion and differentiation outcomes, the impacts of pore architecture 
and surface engineering on scaffold colonization, and the biophysical 
needs of cells when creating three dimensional artifi cial vascular pedicles 
for improved scaffold vascularization post-implantation. 

  Key words : tissue engineering, scaffolds, microdevices, tissue genesis, 
stem cells. 

    10.1     Introduction 

  In vivo  tissue repair and regeneration are substantially facilitated by 

recruited stem cells from peripheral blood, or from those resident in most, if 

not all, tissues (Sakamoto  et al ., 2006). Their depletion within an organ sys-

tem may lead to full or partial loss of function (Palsson and Bhatia, 2004), 

indicating their critical role in tissue repair and replacement. Cells within 

tissues are surrounded by a three dimensional (3D) microenvironment of 

three (principle) ‘support’ systems: vasculature, other cells (including stem 

cells), and cell-secreted extracellular matrix (ECM). Constitutionally, tis-

sues vary from being cell-dense (1 × 10 9  cells/cm 3 ), vascularized and extra-

cellular matrix-poor structures, in the case of, for example muscle and fat 

tissue, through to cell-poor (1 × 10 6  cells/cm 3 ), avascular and extracellular 

matrix-rich structures, in the case of cartilage. 

 The fi eld of tissue engineering aims to bring together key design prin-

ciples of engineering and our understanding of cell biology and tissue gen-

esis to invoke local repair or regeneration of damaged or diseased tissue. 
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Researchers utilize a variety of cell sources, depending on their tissue end 

point or target, including mature (fully differentiated), progenitor and stem 

cells. Through their combination with biomaterials and  in vitro  culture envi-

ronments, cells are encouraged to generate functional tissues. However, the 

signifi cant regenerative potential and clinical translation of tissue engineer-

ing practices, especially those using stem cells or progenitor cells, remains 

largely untapped. This is due largely to defi ciencies in our knowledge of 

what microenvironments must be provided to the chosen cell types to facili-

tate the development of tissues that are not only composed of the appropri-

ate cell types and phenotypes but that also are functionally equivalent to the 

lost or damaged tissue. This chapter discusses the current status of microfl u-

idic device-based research attempting to address and overcome these defi -

ciencies, with the aim of ultimately enabling clinical translation of cell-based 

tissue engineering therapies.  

  10.2     Key issues and technical challenges for 
successful tissue engineering 

 While there are many alternative paths or approaches being taken by 

researchers to achieve what are intrinsically complex outcomes in order to 

produce a functional, engineered tissue, there remain a number of key chal-

lenges or hurdles to achieving such directed tissue genesis, both  in vitro  and 

 in vivo , from available cell sources. They are: (1) obtaining clinically relevant 

numbers, through  ex vivo  expansion and/or differentiation (e.g. from pluri-

potent or multipotent stem cells to fully differentiated end points) of the 

targeted cell types for implantation with the chosen scaffold; (2) encourag-

ing effective and effi cient cell seeding and scaffold colonization within both 

 in vitro  (for extended culture prior to implantation) and  in vivo  (involving 

active recruitment of endogenous cells) contexts; and (3) rapid vascular-

ization of the cell-laden scaffold post-implantation to avoid necrosis and 

encourage further tissue growth and maturation. We will now explore each 

of these challenges in more detail. 

  10.2.1      Clinically relevant cell numbers: from stem cells 
through to mature, fully differentiated cells 

 It is estimated that in a myocardial infarction, approximately 1 billion 

cardiomyocytes (the functional ‘beating’ cells in heart tissue) can be lost. 

Unfortunately, mature human cardiomyocytes are non-proliferative and 

hence, in order to invoke functional repair of damaged heart tissue through 

cardiomyocyte repopulation, the human body needs assistance. One of the 

current approaches which has signifi cant potential is the implantation of 
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human cardiomyocytes into this damaged site that have been generated 

 in vitro  from human pluripotent stem cell (hPSC) sources (human embryonic 

stem cells (hESC) and induced pluripotent stem cells (iPSC)). However, the 

progression of a stem cell from a pluripotent, multipotent or early progen-

itor stage into a range of terminally differentiated, mature cells that form 

adult tissues involves differentiation through quite a number of intermedi-

ate populations. For example, in specifying contractile cardiomyocytes from 

hPSCs, cells must pass from the pluripotent phenotype through a primitive 

streak-like population, to pre-cardiac mesoderm, to cardiac progenitors, 

to cardiomyocytes, then to functional, mature cardiomyocytes, as a mini-

mum set of developmental stages (there may be more undiscovered com-

plexity within those stages). Current protocols for deriving cardiomyocytes 

from hPSCs quote 1–1.5 cardiomyocytes per input hPSC; therefore, ~1 × 

10 9  hPSCs would be required as a starting point, requiring ~20 × 10 3  cm 2  of 

starting culture area (as an estimate based on some monolayer protocols). 

It is clear, then, that the problem of arriving at a clinical dose of functional 

cells is a signifi cant challenge. 

 This is particularly true for therapies involving adult stem cells, which 

are typically rare cell populations and have a more limited potential for 

expansion than their pluripotent counterparts. For example, mesenchy-

mal stem cells (MSC) make up between just 0.01–0.001% of mononu-

clear cells in the bone marrow and therefore require signifi cant expansion 

in order to generate clinically relevant numbers (Pittenger  et al ., 1999). 

However, comparisons of MSCs shortly after isolation to those that have 

undergone several passages, show a dramatic increase in population 

doubling time and a diminished ability to differentiate along the osteo-, 

adipo- and chondro-genic lineages (Banfi   et al ., 2000). As a result, there 

is a signifi cant drive to develop methods for expansion that retain the 

benefi cial properties of the cells in a manner that is reproducible, fully-

defi ned, and amenable to the scale-up that will be required for translation 

to the clinic. 

 An alternative strategy to using stem cells is to ‘transdifferentiate’ a resi-

dent cell in the damaged tissue site (or periphery) that is non-functional 

into a functional cell type, for example, in the case of cardiac tissue, trans-

differentiation of cardiac fi broblasts (non-functional in terms of beating) 

into functional cardiomyocytes, has been proven to be possible (both  in 
vitro  and  in vivo ) (Kou  et al ., 2011). However, for transdifferentiation (also 

known as direct reprogramming) approaches, the reprogramming method 

or process is itself a long and ineffi cient process (some can take place over 

a few weeks), with poor understanding of the molecular events and cellular 

changes that occur before arriving at the reprogrammed cell type, usually 

with a low effi ciency. Producing enough cells for functional tissue recovery 

is thus still a signifi cant challenge. 
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 Ensuring that signifi cant cell numbers of the target phenotype are present 

at the output of any bioprocess is thus essential for their successful use in 

the intended tissue engineering endpoint application. This can be achieved 

in several ways:

   Increasing the number of starting point cells (e.g. stem cells);  • 

  Increasing effi ciency of differentiation to intermediate and target • 

phenotypes;  

  Increasing the effi ciency of direct reprogramming/transdifferentiation; or  • 

  Selection processes (sorting, density gradient centrifugation, antibiotic • 

selection, subculturing).     

  10.2.2     Effective cell seeding and scaffold colonization 

 One of the major challenges still confronting the application of tissue-engi-

neered scaffolds in the clinic is inadequate cell colonization. Previous strate-

gies have generally suffered from high cell colonization at the periphery and 

little to none within the centre of the constructs. To achieve suffi cient cell 

colonization, an effective cell seeding methodology that allows homogenous 

cell seeding needs to be employed and the seeded cells need suffi cient nutri-

ents and oxygen in order to survive, proliferate and regenerate the required 

tissue. 

 Cell colonization of a biomaterial scaffold is infl uenced by its physi-

cal, spatial and biochemical properties (Fig. 10.1). Physical cues, including 

Physical Biochemical

Spatial
ECM molecules

Cytokines Growth 
factors

Topography Elasticity

Pore size Porosity

Interconnectivity

 10.1      Physical, spatial and biochemical properties that infl uence cell 

colonization.  
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stiffness and topography, can have a profound effect on cell adhesion and 

migration (Diehl  et al ., 2005; Doyle  et al ., 2009; Isenberg  et al ., 2009; Kaiser 

 et al ., 2006; Lo  et al ., 2000; Pelham and Wang, 1997), while pore size (Cao 

 et al ., 2006; Chu  et al ., 2002; Malda  et al ., 2005; O’Brien  et al ., 2005; Oh  et al ., 
2007; Tsuruga  et al ., 1997; van Tienen  et al ., 2002; Zmora  et al ., 2002), poros-

ity (Baker  et al ., 2008; Karageorgiou and Kaplan, 2005; Silva  et al ., 2006; 

Spiteri  et al ., 2006), and interconnectivity (Griffon  et al ., 2006; Melchels 

 et al ., 2010) are examples of important spatial parameters that can similarly 

have substantial impacts. The material that the scaffold is made from will 

also affect colonization by altering the specifi c cell-material interactions (for 

example those mediated by integrins) with subsequent effects on cell adhe-

sion and migration (Lawrence and Madihally, 2008). More recently there 

has been a wider appreciation of the variation in modes of cell migration 

and scaffold colonization observed in two dimensional (2D) and 3D envi-

ronments, where the degradation rate of the material is a relevant parame-

ter in determining the movement of cells into and within the scaffold. All of 

these factors must be taken into account during scaffold design in order to 

promote optimal cell colonization.      

 Traditionally, three seeding methodologies have been used:

   static,  • 

  dynamic, and  • 

  perfusion bioreactor cultures.    • 

 Of these, static seeding methods are the simplest, but perhaps the least 

effective. Using such methods, a high-density suspension of cells is added to 

the surface of the scaffold, where it is hoped they will adhere and migrate 

through to the centre. This may be aided by seeding several sides of the 

construct. Dynamic seeding methodologies can take many forms; however, 

one common example is the use of a spinner fl ask, which encourages move-

ment of culture medium laden with cells through the pores of the scaffold. 

Such methods have been used to seed MSCs into calcium phosphate scaf-

folds for bone tissue engineering, resulting in an enhanced proportion of 

the cells adhering to the material and improved penetration throughout the 

construct (Griffon  et al ., 2011). Under perfusion, culture medium is passed 

through scaffolds from one direction to the other. This may occur with con-

stant provision of fresh culture medium, or may exist in a closed loop with 

the medium passing across the construct multiple times. As with dynamic 

cell seeding strategies, the movement of the medium through the scaffold 

has been shown to aid both the effi ciency of seeding and has also been 

shown to promote uniform tissue development across the construct (Zhao 

and Ma, 2005). For both dynamic and perfusion cultures, the rate of media 

fl ow through the scaffold is crucial, as it is necessary to balance the rate 
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of provision of nutrients and removal of waste products while at the same 

time minimizing the shear forces applied to cells to maximize viability and 

allow their initial adhesion to the presented biomaterial surface. Additional 

strategies, such as those involving growth factor incorporation, may be used 

to promote migration into the centre of the scaffold. Growth factors, such as 

vascular endothelial growth factor (VEGF), may also be used to promote 

vascularization, which in turn will bring cells into the scaffold, as well as 

providing an environment in which nutrients such as oxygen and glucose are 

available and where waste products are readily removed. 

 Effective cell seeding and colonization of scaffolds remains a signifi cant 

challenge and limitations in our knowledge and understanding of the rel-

evant parameter space mean that seeding strategies must currently be opti-

mized for each individual situation. It is particularly diffi cult to separate out 

the effects of each individual factor on the fi nal result, and more informa-

tion is required in order enable the rational design guidelines for effective 

colonization of any given biomaterial construct.  

  10.2.3     Vascularization 

 Vascularization is the process of growing blood vessels into a tissue to 

improve oxygen and nutrient supply. It remains an overriding limiting fac-

tor in tissue engineering large 3D constructs, either during  in vitro  pre-

culture or  in vivo  post-implantation. In the absence of a vascular network, 

metabolite supply and cell viability in a scaffold is compromised when 

diffusion distances are greater than 150–200  μ m (Folkman and Hochberg, 

1973) (Fig. 10.2). As a result, tissue engineering has been largely limited 

to thin or avascular tissues such as skin (Kremer  et al ., 2000) or cartilage 

(Vacanti and Upton, 1994). Engineering a large complex tissue thus neces-

sitates growing a physiologically relevant vasculature that promotes cell 

survival, tissue organization and rapid vascularization following implanta-

tion. The incorporation of a functional microcirculatory network into the 

scaffold prior to implantation is therefore essential. In addition, in order 

for the large 3D construct to remain viable, the microcirculatory network is 

required to mimic natural vasculature and carry out angiogenesis, a process 

where new capillaries are formed from pre-existing blood vessels (Patan, 

2000).      

 Many methods have been developed to fabricate microvasculature for 

pre-vascularization of scaffolds. Early studies often involved fi bres, synthetic 

or natural, as ‘sacrifi cial’ or temporary microvessel templates (Chrobak 

 et al ., 2006; Ko and Iwata, 2001; Neumann  et al ., 2003; Migliore  et al ., 2008; 

Takei  et al ., 2006). However, these approaches either resulted in a multi-

channelled microvascular construct without a common inlet and outlet (Ko 

and Iwata, 2001), or multiple single micron-scale vessels (Chrobak  et al ., 
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2006; Migliore  et al ., 2008; Neumann  et al ., 2003; Takei  et al ., 2006), making 

them impractical and technically challenging for surgical implantation. 

 Researchers later fabricated larger complex 3D microvascular networks. 

These involved sacrifi cial ‘cotton candy’ sugar structures in polymeric (poly-

dimethylsiloxane (PDMS), epoxy, or polycarbonate) matrices (Bellan  et al ., 
2009), and random assemblies of discrete, micron-scale gelatin components 

to form a large modular tissue-engineered construct (McGuigan and Sefton, 

2007a, 2007b). However, while these methods are novel, there is limited con-

trol over the hydrodynamics of the random networks formed. Control over 

hydrodynamics in a microvascular network construct is important to ensure 

adequate delivery of nutrients to all cells, along with appropriate levels of 

shear stress for normal cell function. 

 Microfabrication is another method that has been commonly used in the 

development of artifi cial microvasculature. The main advantages of micro-

fabrication technology over other methods include being able to achieve 

(a) (b)

Diffusion distance Poor cell

viability∼200 μm
O2 O2

O2O2O2

O2 O2

Blood

Blood

Avascular tissue
(diffusion)

Tissue with a microvascular network
(diffusion and convention)

 10.2      Distribution of oxygen and nutrients in an avascular tissue and 

a tissue with a microvascular network. (a) In an avascular tissue, 

diffusion alone can only supply metabolite suffi ciently within the fi rst 

200  μ m. This is assuming that the surface of the tissue is exposed to 

fresh blood supply via the fl anking capillary network. As a result, cells 

which are at a distance of greater than 200  μ m from this supply will be 

compromised. (b) In a tissue with a microvascular network, metabolite 

supply is both by convection and diffusion. Therefore, cells can be 

nourished and sustained throughout the tissue construct.  
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resolutions of 10  μ m, which are on the same lengthscale as capillaries 

(Borenstein  et al ., 2002; Kaihara  et al ., 2000), and the ability to invoke struc-

tural uniformity in such microvascular networks. Several investigators have 

recently used microfabrication to establish and optimize microvascular net-

work designs and create microcirculatory networks with varying levels of 

success. 

 We will now highlight some of the past and present approaches utilizing 

microfl uidic technology to overcoming the above listed hurdles to transla-

tion and clinical uptake of tissue-engineered products.   

  10.3     Microfluidic device platforms 

 Recent advances in microfl uidic technology offer unprecedented control 

over fl uid (both single phase and multiphase) fl ow, interface dynamics, drop-

let and particle size and size distribution, heat transfer and reaction condi-

tions. This control results largely from the imposition of laminar fl ow and 

the domination of surface forces in the inherently small lengthscales within 

these devices. Microfl uidic technologies are also ideally suited for paral-

lelization or scale-up. It is for these reasons that researchers have turned 

to microfabrication and microfabricated  in vitro  environs to probe cellular 

behaviours that are otherwise diffi cult to investigate within standard cell 

culture methods. Further, such platforms permit the investigation, and real 

time read-out in some cases, of the impacts of varying microenvironmen-

tal conditions, including both biochemical factors (such as media exchange, 

oxygen concentration, pH, factor and ligand concentration) and biophysical 

factors (such as substrate mechanics, scaffold geometry, pore size and con-

nectivity), on cell fate choices, such as morphology, migration, proliferation, 

differentiation and apoptosis. Ultimately, these choices determine the suc-

cess or failure of our attempts at directed tissue genesis from any cell type, 

whether terminally differentiated or pluripotent. We now provide a review of 

some of the more recent examples of microdevices that have been designed 

to probe such complex parameter space in order to provide the necessary 

insight required to ensure successful tissue engineering outcomes. 

  10.3.1      Microdevices for optimization of 
microenvironments for cell/stem cell expansion 
and differentiation 

 Stem cells and their differentiated sub-lineages are important components 

in tissue-engineered constructs, either from the perspective of incorporation 

within the construct, or design of the construct in order to recruit and sup-

port native cells. Control of cell phenotype through isolation, expansion of 
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a stem cell population, and specifi cation and maintenance of differentiated 

lineages of interest is therefore essential in ensuring the quality and effi cacy 

of cells incorporated or targeted in tissue-engineered constructs. 

 Fortunately, microscale technologies are expanding the repertoire of assay 

platforms in investigating features of stem cell and stem cell-derived popu-

lations, including their expansion and differentiation (Salieb-Beugelaar 

 et al ., 2010). Because of several advantageous capabilities, including high 

parallelization, continuous fl uid fl ow, and reduced culture dimensions, 

microscale (and particularly microfl uidic) systems can provide opportuni-

ties for high-fi delity screening of stem cell culture processes under well-con-

trolled microenvironmental conditions. Stem cells can sense and respond 

to a variety of stimuli, such as soluble factors, extracellular matrix proteins, 

cell–cell contacts, mechanical forces and properties (shear, strain, elastic 

and viscous moduli) and electrical stimulation, and further can be manip-

ulated by introduction of genetic material and pharmacological agents, etc. 

Microtechnologies such as biomolecule spotting, surface micropatterning, 

and microfl uidic systems are ideal platforms for screening these stimuli, 

as has been recently reviewed (Titmarsh  et al ., 2012a). While biomolecule 

spotting platforms have been applied more thoroughly for investigating 

combinations of ECM proteins for stem cells, microfl uidic technologies in 

particular have made inroads into examining the physical, soluble factor, 

paracrine factor, and co-culture cues that drive stem cell expansion and dif-

ferentiation, which we will now summarize. 

 Medium fl ow rate in continuous fl ow microfl uidic systems affects bio-

chemical and biophysical parameters (medium turnover, shear stress, etc.). 

Microbioreactor arrays have been developed to supply a logarithmic range 

of fl ow rates and assess mESC growth, which improved with increasing 

fl ow rate (Kim  et al ., 2006). For hESCs, a device with a much narrower, lin-

ear range of fl ow rates showed they were more sensitive, as they expanded 

best in a small window of fl ow rates, and were limited outside this window 

(Titmarsh  et al ., 2011). Fluidic resistance allowed control of fl uid fl ow in 

these microfl uidic systems. Instead of continuous fl ow, other systems have 

used programmed medium exchange to investigate temporal stimulation of 

mESCs (Ellison  et al ., 2009) and HSCs  (Lecault  et al ., 2011) with various 

factors. 

 Microfl uidic systems are also ideal for controlled introduction of 

soluble factors and screening their effects on the expansion or differ-

entiation of stem cell populations. Moreover, this can be done in a semi-

high-throughput manner due to the parallelization that can be achieved 

with microfabrication. For example, a multiplexed microbioreactor array 

platform recently enabled full factorial screening of exogenous and para-

crine factors in hESC differentiation to a primitive streak-like population 

(Titmarsh  et al ., 2012b). 
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 A fully-automated microfl uidic system based on pneumatic valve control 

was developed to screen 96 discrete, individually-addressable microbio-

reactor chambers, which could be fed with arbitrary mixtures of up to 16 

medium components or soluble factors. This system has been utilized for 

automated screening of culture environments for MSC growth and differ-

entiation (G ó mez-Sj ö berg  et al ., 2007). Importantly, the application of con-

tinuous medium perfusion in closed microfl uidic stem cell culture systems 

has identifi ed autocrine/paracrine effects as critical regulators of stem cell 

populations (Blagovic  et al ., 2011; Moledina  et al ., 2012). A recent review 

highlighted the way microfl uidic technologies are providing new avenues to 

assess and manipulate paracrine effects (Przybyla and Voldman, 2012).  

  10.3.2      Microdevices for studying the effects of 
substrate and ligand type, pore geometry and 
scaffold architecture on cell migration, scaffold 
colonization and tissue development 

 Investigating the numerous parameters that infl uence scaffold colonization 

and tissue development within a 3D biomaterial is diffi cult. This is predomi-

nantly due to the inability to systematically investigate, and independently 

change, scaffold properties, and the ever-present immune response when 

performing  in vivo  studies. As such, microdevices have recently been used 

to introduce a high degree of control over the cellular microenvironment. 

The development of these devices has allowed the methodical evaluation 

of various scaffold parameters, including the substrate or ligand type, pore 

geometry and architecture on scaffold development. 

 Studying cell migration not only provides an insight into the fundamen-

tals of cell biology, but it is also useful in assessing the suitability of vari-

ous substrates and materials as a tissue engineering construct. Numerous 

microdevices have been developed to overcome the defi ciencies associated 

with traditional methodologies, and have allowed investigation into the cell 

motility in response to chemokines (Lin and Butcher, 2006; Saadi  et al ., 
2006), ligands (Doran  et al ., 2009), co-culture (Chung  et al ., 2009) mechan-

ical constraints (Irimia and Toner, 2009) and pore architecture (Mills  et al ., 
2011). These devices not only allow precise microenvironmental control, but 

can also elucidate results that are indiscernible using conventional assays or 

techniques. 

 A traditional assay to assess cell migration in response to a substrate is 

the wound healing or scrape assay. This involves creating a ‘wound’ within 

a confl uent cell monolayer (generally by scraping the cell with a pipette 

tip), and observing the closure of the ‘wound’ edges to quantify cell migra-

tion rates. While this method is relatively straightforward, the outcomes are 
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confounded by a number of factors, including the ambiguity of the substrate, 

as a result of the wound generation removing the desired surface or fouling 

due to cellular secretions, and the damage to cells at the wound edge, which 

impacts cell migration. 

 A number of different microdevices have been developed to overcome 

the problems associated with techniques such as the wound healing assay 

and allow a more systematic investigation into cell migration. One of the 

earliest of these microdevices, developed by (Nie  et al ., 2007) uses a laminar 

fl ow of trypsin to generate a well-defi ned ‘wound’ edge. While this method 

elicits only minor damage to cells on the wound edge, the surface onto which 

the cells will migrate remains ambiguous. Poujade  et al . also developed an 

eloquent PDMS-based stencil tool, in which a PDMS stencil is applied to 

a surface prior to cell seeding. The stencil is then peeled off, allowing cell 

migration to begin (Poujade  et al ., 2007). Although this approach over-

comes many of the problems associated with the classical wound healing 

assay, even this solution potentially compromises surface composition, as 

the PDMS stencil must be fi xed on top of the virgin surface until the cell 

monolayer is established. 

 More recently, a microdevice developed by Doran  et al . has allowed 

the maintenance of a defi ned surface with no cellular damage during 

the initiation of cell migration (Doran  et al ., 2009). This device consists 

of a main inoculation chamber with perpendicular protruding migration 

channels (Fig. 10.3). In operation, cells are seeded into the main cham-

ber, but the cell suspension does not enter the migration channels due to 

the presence of a fl uid meniscus at each channel entrance, a result of the 

channel dimensions (100s of microns) and high (relative) fl uid surface 

tension. This allows a confl uent monolayer to be established within the 

central chamber with a ‘cell edge’ at the interface between this cham-

ber and the migration channel. Cell migration is then initiated via back-

fi lling the migration channels, to effectively ‘break’ the fl uid meniscus 

and allow cells to access the channel. This microdevice thus allows the 

assessment of cell migration without the confounding issues of cellular 

damage or surface ambiguity, providing a rapid and robust tool to assess 

the infl uence of substrate biochemistry on cell migration, and thus cell 

colonization of space.      

 The fl exibility of this device also allows the presentation of 2D geo-

metrical challenges to mimic the architectural aspects and characteristics 

of 3D porous scaffolds. This adaption allows for the assessment of cell 

migration in response to geometrical challenges that mimic the architec-

tural aspects and characteristics of 3D porous scaffolds in a 2D arrange-

ment. This device has been utilized to investigate the infl uence of varying 

channel widths, degrees of channel tortuosity, the presence of contrac-

tions or expansions, and channel junctions on the migration of NIH 3T3 
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mouse fi broblasts and human bone marrow-derived mesenchymal stromal 

cell (hMSC) (Mills  et al ., 2011). Data gained from this device showed 

that these two cell types have vastly different migration characteristics; 

3T3 fi broblasts migrate as a collective cell front, whereas hMSCs migrate 

as single cells. This resulted in 3T3 fi broblasts displaying signifi cant dif-

ferences in migration depending on the type of geometrical constraint, 

while hMSCs were only infl uenced by channel width when it approached 

that of the length scale of a single cell, characteristics that would have 

a signifi cant infl uence on the scaffold colonization by these two differ-

ent cell populations. This clearly demonstrates the use of a microdevice 

to provide the necessary insight into how certain cell types, as a result 

of their migration characteristics, encounter and deal with different geo-

metric constraints that may exist within biomaterial constructs, thereby 

highlighting the utility of microdevices to provide biological insights, rel-

evant to tissue engineering, which could not be obtained using traditional 

techniques.  
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 10.3      Schematic of microdevice operation and geometric constraint 

variations. (a) Once a cell monolayer is established within the main 

chamber, migration is initiated via backfi lling of the migration channels. 

Migration can then be quantifi ed by measuring cell progression into 

the channel. (b) This format can be used to study the effect of various 

substrates, or by incorporating geometry variations (as shown) along 

the length of the migration channels, can be used to determine how 

different cell types interpret architectural aspects of a tissue engineered 

scaffold. These parameters include various pore sizes, contractions, 

expansions, junctions and tortuosity.  
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  10.3.3      Microdevices for studying cell mechanics and 
impacts of shear stress on endothelial and smooth 
muscle cell function 

 Shear stress is known to infl uence the morphology, and even the fate, of 

many cell types (Gosgnach  et al ., 2000; Lu  et al ., 2004; Gutierrez  et al ., 2008; 

Kou  et al ., 2011; Qazi  et al ., 2011; Shi and Tarbell, 2011), including endo-

thelial and smooth muscle cells (Song  et al ., 2005; Sakamoto  et al ., 2006; 

Plouffe  et al ., 2007; Chau  et al ., 2009; Tkachenko  et al ., 2009; Wang  et al ., 
2010). As blood fl ows through a vessel, shear stress is generated and directly 

sensed by endothelial cells lining the vascular wall. Endothelial cells may 

act as a mediator between fl ow conditions and smooth muscle cell functions. 

Physiologically, smooth muscle cells exist below the endothelial cell lining 

and are protected from the shear stress. However, in pathological condi-

tions involving endothelial injury, smooth muscle cells can become exposed 

to shear stress (Palumbo  et al ., 2000; Shi  et al ., 2010; Shi and Tarbell, 2011). 

Therefore, understanding cell mechanics and impacts of shear stress on 

endothelial and smooth muscle cell function is important in vascular studies 

and tissue engineering. 

 Many shear microdevices have been developed. In general, they were 

fabricated using conventional microfabrication techniques and their 

designs involved an inlet channel branching into multiple channels of 

varying dimensions, which allowed multiple shear forces to be studied 

simultaneously (Song  et al ., 2005; Gutierrez  et al ., 2008; Chau  et al ., 2009; 

Tkachenko  et al ., 2009; Kou  et al ., 2011; Li  et al ., 2012a). These microdevices 

have been used to study shear-dependent platelet aggregation (Li  et al ., 
2012a) and adhesion to various extracellular matrix proteins (Gutierrez 

 et al ., 2008), and effects of shear stress on osteoblasts (Kou  et al ., 2011), 

fi broblasts (Lu  et al ., 2004), and endothelial cells (Song  et al ., 2005; Chau 

 et al ., 2009; Tkachenko  et al ., 2009). 

 A number of microdevices have been used for studying cell mechanics 

and shear stress on endothelial cell function. These include a multishear 

microfl uidic device that allowed the simultaneous evaluation of ten shear 

stresses covering physiological shear range (0.7–130 dyn/cm 2 , 0.07–13 Pa) 

(Chau  et al ., 2009) (Fig. 10.4), a shear culture system composed of micro-

fl uidic channels interfaced with computer-controlled piezoelectric pins on 

a Braille display that can generate pulsatile fl ow and shear stresses up to 12 

dyn/cm 2  (1.2 Pa) (Song  et al ., 2005), and a microfl uidic perfusion device with 

a magnetic clamp to secure an unsealed PDMS microfl uidic chip against 

cover glasses with endothelial monolayers tested at a shear range of 0.07–9 

dyn/cm 2  (0.007–0.9 Pa) (Tkachenko  et al ., 2009). All three studies confi rmed 

cell elongation and alignment in the direction of shear over time.      
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 Impacts of direct shear stress on smooth muscle cells have not been stud-

ied as extensively as on endothelial cells. This is likely due to smooth muscle 

cells not normally (at least in healthy tissue) being exposed to shear stress  in 
vivo . However, after endothelial damage, shear stress can be sensed directly 
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 10.4      A multishear microdevice for the study of cell mechanics. The 

device delivers multiple physiologically relevant shear stresses, 

spanning over two orders of magnitude for any one fl ow rate. (a) 

Schematic of the device. (b) Measured and calculated superfi cial 

velocities and shear stresses for the multishear device at an inlet fl ow 

rate of 20 mL/h. ( Source : Reproduced from Chau  et al ., 2009 with 

permission from The Royal Society of Chemistry.)  
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by smooth muscle cells, triggering many complex mechanotransduction 

pathways and infl uencing cell properties and functions (Palumbo  et al ., 2000; 

Shi  et al ., 2010; Shi and Tarbell, 2011). Shear studies for smooth muscle cells 

have been conducted with endothelial cells in a parallel-plate fl ow chamber 

(Gosgnach  et al ., 2000; Chiu  et al ., 2003; Sakamoto  et al ., 2006; Ekstrand  et al ., 
2010; Wang  et al ., 2010), a cone-and-plate apparatus (Palumbo  et al ., 2000), a 

rotating shear rod (Shi  et al ., 2010), and a microfl uidic device (Plouffe  et al ., 
2007). Murthy and colleagues (Plouffe  et al ., 2007) used a tapered channel 

microfl uidic design to induce varying shear forces (1.9, 2.9 and 3.9 dyn/cm 2 , 

0.19, 0.29 and 0.39 Pa) and showed peptide-mediated selective adhesion of 

smooth muscle, endothelial cells and fi broblast cells under shear fl ow. All in 

all, the impacts of shear stress on smooth muscle and endothelial cells, and 

the interactions between these cells under fl uid fl ow are highly complex and 

further investigations are required.  

  10.3.4      Microdevices for the creation of microcirculatory 
networks 

 Microcirculatory network formation is a signifi cant and challenging 

goal in the engineering of large 3D artifi cial structures. As mentioned 

in Section 10.2.3, microfabrication has been commonly used to fabricate 

microdevices for creating microcirculatory networks. It provides both the 

required resolution and ability to control uniformity of microvascular 

network structures. In general, these microdevices can be used  in vitro  as 

platforms for vascular studies or  in vivo  as tissue-engineered microvascu-

lar constructs. 

 A well-designed vascular network is essential in microdevices for micro-

circulatory network formation. Over the past decade, several investigators 

have attempted to establish and optimize microvascular network designs 

(Borenstein  et al ., 2002; Shin  et al ., 2004; Weinberg  et al ., 2004; Fidkowski 

 et al ., 2005; Wang and Hsu, 2006; Chau  et al ., 2011). In general, they recog-

nized the need for the network design to mimic natural vasculature dimen-

sions and fl uid dynamics, with a single inlet and outlet (Borenstein  et al ., 
2002; Shin  et al ., 2004; Weinberg  et al ., 2004; Fidkowski  et al ., 2005; Wang 

and Hsu, 2006; Chau  et al ., 2011). Furthermore, each of the branches in the 

microvascular network design needs to have similar velocity profi les in 

order for oxygen and nutrients to be uniformly transported to all cells in the 

network, and allow uniform cell seeding, more rapid achievement of confl u-

ent coatings, and better control over cell behaviour for  in vitro  and  in vivo  

studies (Chau  et al ., 2011; Wang and Hsu, 2006). 

 It is important that a well-designed vascular network also needs to be cou-

pled with suitable fl ow and shear profi les required by the cells (Chau  et al ., 
2011). Cells from diverse tissues and different parts of the vascular tree are 
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heterogeneous with respect to their surface phenotype and protein expres-

sion, such that they can express different markers and generate different 

responses to the same stimulus (McCarthy  et al ., 1991; Augustin  et al ., 1994; 

Jackson and Nguyen, 1997). Mismatches between fl ows and cells will lead to 

problems with endothelization, which seemed to be the case for some early 

microdevices (Shin  et al ., 2004; Fidkowski  et al ., 2005). Recognizing this, 

Chau  et al . (2011) incorporated suitable fl ows for culturing human umbilical 

vein endothelial cells (HUVEC) in microchannels, previously elucidated in 

a ‘multishear’ device (Chau  et al ., 2009), into a ‘ladder-like’ microvascular 

(a)

VE-cad

(d) (e) (f)

(b) (c)
Channel 1

Channel 2

Channel 3

Channel 4

Channel 5

 10.5      Endothelial cells fully lining the walls and corners of an artifi cial 

microvascular network after 24 h of culture. (a) The endothelial cells 

formed a monolayer with stable cell-cell adhesions, with the presence 

of VE-cadherin (the major adherens junction protein in endothelial 

cells) throughout the network after immunostaining. (b) A schematic 

of the microvascular network to show areas where 3D images were 

obtained. (c) Tilted 3D images of endothelial cells in microchannels with 

a height of 200  μ m and width of 100  μ m. The cells were immunostained 

for von Willebrand factor, actin stress fi bres, and nuclei and found to 

form a confl uent monolayer on all walls and corners of all channels of 

the network. Confocal Z-stacks: 40 slices, 5  μ m spacing. (d, e, f) Tilted 

3D images of endothelial cells at sections of the microvascular network. 

The cells were immunostained for von Willebrand factor, actin stress 

fi bres and nuclei. Scale bars are shown as white arrows in x, y, and 

z axes. Scale bars are only an estimation: (d) 100  μ m, (e) 50  μ m, and 

(f) 50  μ m. Confocal Z-stacks: (d) 40 slices, 5  μ m spacing, (e) 30 slices, 

2  μ m spacing, and (f) 30 slices, 3.5  μ m spacing. ( Source : Reprinted 

with permission from  Biomicrofl uidics ,  5 , 034115 (2011). Copyright 2011 

American Institute of Physics. )  
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network design and showed the development, in less than 28 h, of a fully 

patent, microcirculatory network, composed of a contiguous monolayer of 

HUVECs (Fig. 10.5).      

 Similar to a number of other studies (Borenstein  et al ., 2002; Shin  et al ., 
2004; Wang and Hsu, 2006), this microvascular network structure (Chau 

 et al ., 2011) was generated from a commonly used material in microfabri-

cation, PDMS. However, while PDMS is ubiquitous and inexpensive, it is 

not biodegradable and has limited biocompatibility. Furthermore, the high 

stiffness of PDMS (580 kPa) (Galan  et al ., 2007) compared to natural solid 

tissues (~0.1–100 kPa) (Engler  et al ., 2006) may impede vascular sprouting 

or angiogenesis, the formation of new capillaries from pre-existing blood 

vessels (Patan, 2000). Therefore, these microdevices are limited as tissue-

engineered constructs for implantation. 

 Problems of biocompatibility with synthetic materials eventually led 

researchers to explore the use of native extracellular matrix proteins and 

hydrogels in microfabrication. For examples, Golden and Tien (2007) fab-

ricated a microfl uidic system comprised of collagen Type I or fi brin, and 

Paguirigan and Beebe (2006, 2007) crosslinked gelatin with the naturally 

occurring enzyme transglutaminase to produce microfl uidic devices. The 

vascular network design of Chau  et al . (2011) has also been report to be 

moved from PDMS into a gelatin system and they observed HUVECs self-

assembling after 24 h of perfusion and sprouting after 5 days of perfusion 

(Chau, 2010). Stroock and his team also developed a hydrogel microfl uidic 

system using alginate (Cabodi  et al ., 2005; Choi  et al ., 2007) and recently 

moved onto collagen Type 1 (Zheng  et al ., 2012) to show the establishment 

of an artifi cial microcirculatory network.   

  10.4     Conclusion and future trends 

 As evidenced from the discussion above, there have been substantial devel-

opments in the past decade utilizing microbioreactors and microfl uidic 

devices to probe cell behaviours in synthetic culture environments. These 

device platforms have been designed to: optimize culture outcomes in read-

iness for scaffold seeding and colonization; study parameters relevant to 

common scaffold characteristics (including surface chemistry or composi-

tion, pore size, connectivity, mechanical property); create ‘tissue-like’ envi-

ronments that mimic diffusion and convective lengthscales in tissues, the 

magnitudes of shear stress and perfusion rates ‘seen’ by cells in tissues, the 

extracellular matrix composition of tissues, and the geometric challenges 

presented to cells when they ‘invade’ a synthetic microenvironment; and 

develop functional, microvascular tissue constructs that may one day be 

surgically integrated into the host environment to provide immediate sup-

port for a cell-laden scaffold. These device platforms and their associated 
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outcomes will continue to contribute to an ever-evolving set of design 

guidelines that will ultimately assist tissue engineers in achieving one of the 

major goals for the fi eld: directed tissue genesis. 

 To date, much of the work related to the investigation of (stem) cell 

behaviour and optimization of the cells’ microenvironment (for example, 

the stem cell niche) within microfl uidic devices has in essence been per-

formed with cells interacting with 2D substrates or surfaces, even though 

they may be enclosed within a 3D fl uidic environment. However, all cells 

(including stem cells) are known to behave vastly differently in their native 

3D environment, and in the future we are likely to see a signifi cant trend 

away from 2D substrates. Bulk hydrogel scaffold systems, often thought 

to be a closer mimic of the native ECM, are currently being used to inves-

tigate the impact of a 3D microenvironment on a host of cell behaviours, 

such as migration, growth and differentiation. Microfl uidic devices have 

only recently been utilized to move these bulk hydrogel systems into cell-

laden microgel particles, with the signifi cant advantages of uniform size, 

controlled physical and chemical properties, degradation rate, and encap-

sulated cell density. Some examples of materials used to generate hydrogel-

based microparticles in microfl uidic devices include alginate (Sugiura  et al ., 
2005; Hong  et al ., 2007; Tan and Takeuchi, 2007) and collagen (Bruzewicz 

 et al ., 2008; Hong  et al ., 2012), agarose (Kumachev  et al ., 2011) and 

poly(ethylene glycol) (Tumarkin  et al ., 2012), which were crosslinked via 

chemical, thermal and photo stimuli, respectively. The use of microfl uidic 

devices to encapsulate cells in hydrogel particles, or to otherwise provide 

3D microenvironments (for a recent review see Li  et al ., 2012b) has, how-

ever, only just begun, as this methodology provides to researchers a high 

throughput means to investigate a number of environmental variables on 

cell viability, proliferation and differentiation capabilities, such as mechani-

cal properties, porosity, chemistry, the presentation of specifi c proteins and 

biochemical cues, encapsulated cell density and rate of degradation of the 

encapsulating material. 

 Cells within tissues respond to changes in their local (3D) microenviron-

ment through actively remodelling extracellular matrix (ECM), the secre-

tion of soluble factors, and through cell-cell mediated interactions. With 

the continual, rapid advancement in our capabilities to fabricate microde-

vices from a multitude of material systems, with high resolution and fi delity, 

inclusive of advanced measurement, sensing and control, we will in the near 

future have the capacity to develop  in vitro  device platforms or systems that 

mimic  simultaneously  many aspects of the  in vivo  extracellular (and intra-

cellular) environment. In a highly controlled and tunable manner, with such 

device platforms, we will be able to decipher, manipulate and ultimately 

invoke control over critical contributors to tissue repair and remodelling 

that have previously been elusive to tissue engineers, bioengineers and 

�� �� �� �� �� ��



Microfl uidic devices for developing tissue scaffolds   381

© Woodhead Publishing Limited, 2013

biologists, such as cell-cell communication, paracrine-autocrine signalling 

and tissue patterning.  
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  Abstract : Stem cells are the basic building blocks of the human body; 
they can be differentiated into almost any type of cell found in our body. 
However, because of their unique properties, including heterogeneity and 
sensitivity to their niche environment, stem cells and their mechanisms 
are not completely understood. Traditional technologies have provided 
a limited understanding of stem cell biology and their differentiation 
mechanisms. To overcome the limitations of current approaches to stem 
cell research, microfl uidic technologies have emerged as powerful tools 
for stem cell analysis. In this chapter, we will briefl y introduce several 
microfl uidic technologies for stem cell analysis and its future trends. 
We believe that this chapter will stimulate new directions for future 
development and use of micro-fabricated devices for stem cell analysis 
and stem cell-based regenerative medicine. 

  Key words : microfl uidics, microfabrication, cell analysis, stem cell, stem 
cell analysis. 

    11.1     Introduction  

 Over the past decades, stem cells have demonstrated great potential to treat 

diseases ranging from paralysis to heart failure to liver disease. Recently, the 

relatively new fi eld of microfl uidics has provided tools to study stem biology 

in novel, previously impossible ways that promise to hasten the translation 

of stem cells from the bench to the bedside. 

  11.1.1     Stem cells: the current status 

 Stem cells are defi ned as cells that can unlimitedly regenerate while main-

taining the ability to become one or more specialized cell types through the 

process called differentiation. There are two kinds of stem cells that have been 

isolated from mammals: (1) embryonic stem cells (ESC) that are derived 

from the inner cell mass of blastocysts, an early stage embryo (Thomson 

 et al ., 1998) and (2) adult stem cells that are found in various tissues and 

  D.-K. Kang and J. Lu contributed equally.  
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bone marrow. The primary difference between ESCs and adult stem cells is 

their differentiation potencies  in vivo . ESCs are categorized as pluripotent 

stem cells that can differentiate into almost any cell lineage within the three 

germ layers (endoderm, mesoderm, and ectoderm). In contrast, adult stem 

cells include lineage-restricted stem cells such as hematopoietic stem cells 

(HSC) ( Muller-Sieburg  et al ., 2002), mesenchymal stem cells (MSC) (Jiang 

 et al ., 2002), endothelial stem cells (Gehling  et al ., 2000), neural stem cells 

(NSC) (Altman and Das, 1965; Alvarez-Buylla  et al ., 2002), mammary stem 

cells (Liu  et al ., 2005), intestinal stem cells (van der Flier and Clevers, 2009), 

olfactory adult stem cells (Roisen  et al ., 2001), and neural crest stem cells 

(Fig. 11.1) (Clewes  et al ., 2011; Dupin and Coelho-Aguiar, 2012). On the other 

hand, adult stem cells are classifi ed as multipotent stem cells that can only 

differentiate into their closely related progeny. For instance, NSCs can only 

differentiate into neurons, astrocytes, and oligodendrocytes while HSCs can 

only repopulate cells existing in blood, such as T-lymphocytes, B-lymphocytes, 

natural killer cells, monocytes, macrophages, granulocytes, platelets, and eryth-

rocytes. Despite the differences in their fate potencies as well as their ori-

gins, both ESCs and adult stem cells possess great potential to impact human 

health. Currently induced pluripotent stem cells (iPSC), derived from adult 

skin, liver, and stomach cells, have the capability to differentiate into all of the 

cells of the adult body (Takahashi and Yamanaka, 2006).      

 With their extraordinary abilities to repopulate specifi c cells of therapeutic 

interest, stem cells have attracted attention as potential therapeutic agents in 

regenerative medicine, a process of replacing or regenerating damaged cells, 

Pluripotent stem cells

ES cells

iPS cells

Fertilized ovum

Neural
blood

Multipotent adult stem cells

Blastocyst
Mesenchymal stem cells (MSCs)

Hematopoietic stem cells (HSCs)

Neural stem cells (NSCs)

Endothelial stem cells (ESCs)

Adipose tissue
bone marrow

Skin cell

 11.1      Derivation and differentiation of human stem cells for cell-based 

therapies. ESCs are usually derived from the inner cell mass of a 

blastocyst. iPS cells are produced by  in vitro  reprogramming of adult 

cells so that they enter an ESC–like state. Both ES and iPS cells are 

pluripotent – they can be differentiated into a wide range of specialized 

cell types via multipotent intermediate cells. Adult stem cells can be 

collected from a variety of sources, including bone marrow, peripheral 

blood, adipose tissue, and neural tissue. They are generally believed 

to be multipotent, with the ability to differentiate into specialized cell 

types belonging to the organ from which they were derived.  
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tissues, or organs to restore or establish normal function (Mason and Dunnill, 

2008). In the past decade, substantial progress has been made in the fi elds of 

adult stem cells and ESCs. For instance, HSCs have been used to improve 

the treatment of autoimmune diseases (Burt  et al ., 2008; Sykes and Nikolic, 

2005), and MSCs have been used in regeneration or treatment of damaged 

heart tissues, neurological disorders, vascular disease, kidney disease, diabe-

tes, lung injury, osteogenesis imperfecta, cartilage injury, bone injury, spinal 

cord injury, autoimmune diseases, and others (Phinney and Prockop, 2007). 

Recently in Canada, MSCs have been approved for the treatment of children 

who suffer from graft-versus-host disease, a potentially deadly complication 

of bone marrow transplantation. Additionally, a recent study led by Notta 

and colleagues demonstrated that isolated HSCs are capable of long-term 

multi-lineage engraftment (Notta  et al ., 2011), which indicates the potential of 

using HSCs as an  in vitro  source of red blood cells for transfusion (Migliaccio 

 et al ., 2012). NSC-based transplantation studies have been reported for brain 

injury (Nakatomi  et al ., 2002) and various untreatable central nervous sys-

tem (CNS) disorders such as stroke, Parkinson’s disease, Huntington’s dis-

ease, multiple sclerosis, and spinal cord injury (SCI) (Martino and Pluchino, 

2006). ESCs have been shown to benefi t patients who suffer from intractable 

epilepsy (Noebels  et al ., 2012), and aid the process of cardiac regeneration 

(Boheler, 2010; Shiba  et al ., 2012). With all the promising scientifi c progress 

in the stem cell fi eld, several adult and ESC-based treatments are in clinical 

trials to prove their safety and effi cacy.  

  11.1.2      Stem cells culture and analysis: conventional 
approaches 

 The most valuable trait of stem cells is their potency, the ability to turn into spe-

cifi c tissues in addition to those from which they were derived. Although this 

unique property could potentially transform current medicine and shape the 

future of regenerative medicine, it is also a problem that impedes the develop-

ment of stem cell therapeutics. While stem cell scientists continually work on 

the discovery and development of new approaches to analyze and derive cells 

for therapeutic applications, the major challenge in developing these thera-

peutics is controlling the fate of the cells when scaling up the stem cell culture 

techniques for clinical usage (Sharma  et al ., 2011; Serra  et al ., 2012). Insuffi cient 

understanding of stem cell biology is the major bottleneck. Thus, developing 

not only a new cell culture platform, but also new technologies for stem cell 

analysis is essential for furthering our understanding of stem cell biology. 

 To overcome this hurdle, it is important to recognize the problems associ-

ated with conventional approaches that are used for stem cell culture and 

analysis.  In vivo , stem cells reside in a three-dimensional (3D) dynamic 

microenvironment, where they interact with the surrounding cells and 

extracellular matrix and are exposed to low oxygen content and growth 
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factor gradients. The crosstalk between stem cells and their environmental 

cellular niche provides signals that modulate the cellular response, such as 

self-renewal, differentiation, and apoptosis. Each cellular response of stem 

cells  in vivo  pertains to a unique environmental signal. For example, the 

environmental signal to each stem cell is spatially and dynamically different. 

In addition, there are physiological factors in  in vivo  systems that a culture 

dish or an incubator cannot fully mimic. In conventional  in vitro  approaches, 

such as two-dimensional (2D) adhesion cultures, stem cells are grown on 

Petri dishes or fl asks in humidity, temperature, and CO 2  controlled incuba-

tors, which are not the exact mimic of the natural physiological environ-

ment. Furthermore, physiological fl uid fl ow (Csete, 2010) and shear stresses 

(Csete, 2010) are impossible to introduce to a culture dish. Without a pre-

cisely controlled microenvironment in the  in vitro  culture, it is impossible 

to decipher the biological mechanism that modulates stem cell plasticity 

 in vitro . Moreover, failure to maintain these key niche factors may trigger 

unexpected differentiation and cell death and may lead to inaccurate results. 

A detailed understanding of the variant micro-environmental interactions 

and signaling pathways of stem cells  in vivo  will allow many stem cell-based 

therapeutic approaches to become possible.  

  11.1.3      Emerging technologies for cell research: 
microfl uidics 

 Over the past decade, miniaturized devices known as ‘micro total analysis 

systems’ (μTAS) or ‘lab on a chip’ devices have been continuously devel-

oped for cell manipulation and analysis. Soft lithography introduced in the 

late 1990s has become the most common method for fabrication of minia-

turized devices, due to its advantages, which include low cost, fast fabrica-

tion time, and physical characteristics of the materials. Specifi c advantages 

in microdevice-based cell research include: (1) single-cell manipulation, (2) 

high throughput, (3) reduction of reagent consumption and the number of 

cells required, (4) tight control of signal gradients and fl ow in space and 

time, (5) tight control of physical and chemical factors, and (6) automation. 

Miniaturized devices present enormous opportunities to analyze, character-

ize, and manipulate cells. 

 In this chapter, we will fi rst describe several microfl uidic technologies that 

have advanced the molecular and cellular analysis of cells, including cell cul-

ture platforms, novel biosensor development, and microtechnologies that 

have potential to enable stem cell analysis. Then, we will discuss state-of-

the-art micro-fabricated devices that have revealed new insights in stem cell 

biology. Finally, we will discuss micro-fabricated devices that have potential 

to impact the stem cell fi eld and its future trends. We believe that this chap-

ter will stimulate new directions for future development and use of micro-

fabricated devices for stem cell analysis and regenerative medicine.   
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  11.2     Technologies used in stem cell analysis 

 ‘Lab on a chip’ is a miniaturized multi-function apparatus; various microde-

vices have been developed, such as microchannels, gradient generators, 

microdroplet generators, dilution chambers, cell capture devices, microw-

ells, microvalves, mixers, and microelectrodes. Recently, various applica-

tions have been developed that possess substantial potential to advance 

analytical assays on cells. Examples include ‘micro-fabricated cell culture 

platforms’ for deciphering the niche environment to cellular responses 

(Fig. 11.2), concentration generating microfl uidics devices to regulate bio-

chemical/biological components (Fig. 11.3), ‘single-cell and high-through-

put PCR’ to identify gene expression (Fig. 11.4), micro-fabricated cell 

sorters (Fig. 11.5), cell separator (Figs 11.6 and 11.7), and novel biosensor 

development.      

  11.2.1     Miniaturized devices for cell culture 

  In vitro  mammalian cell culture has played a fundamental role in facilitat-

ing the development of biotechnology and accelerating our understand-

ing of cell biology. However, the microenvironment, and the role it plays 

in homeostasis, is still poorly understood because it comprises a complex 

array of biochemical and physical cues localized both temporally and 

Cell 1

Cell 1

Cell 2

Cell 2

T-junction

(a) (b) (c)

Flow focusing

Oil (carrier fluid)

Oil (carrier fluid)

Oil (carrier fluid)

 11.2      Emerging microfl uidic platforms for advancing cell analysis. 

Microfl uidics cell culture platform. (a) Microwell chip for cell 

culture (Khademhosseini  et al ., 2006a). (b) Silicon comb structured 

microdevice for studying the dynamics of intercellular communication 

between hepatocytes and supportive stromal cells in co-culture (Hui 

and Bhatia, 2007). (c) Droplet microfl uidics device for cell analysis. The 

compartmentalizing of cells can be accomplished with microfl uidics 

using T-junctions (top) or Flow-focusing (bottom).  
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Concentrated sample

Cell culture chamber

Diluent

(a) (b) (c) (d)

 11.3      Microfl uidics concentration gradient generators. (a) ‘Christmas 

tree’ structured concentration gradient generator (Jeon  et al ., 2000). 

(b) Universal microfl uidic gradient generator (Irimia  et al ., 2006). 

(c) Microdroplet dilutor (Niu  et al ., 2011). (d) Sink/source chamber 

(Shamloo  et al ., 2008). Showing positions of source and sink (reagent) 

channels and cell culture chamber.  

(a)
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60°C
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Oil

95°C

Aqueous

(b)

 11.4      Microfl uidics-based PCR (Kopp  et al ., 1998). (a) Continuous 

microfl uidics PCR. (b) Droplet microfl uidics PCR. ( Source : Reprinted 

and reproduced by permission of Schaerli  et al ., 2009).  
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 11.5      Fluorescence-activated sorting. (a) Optical switching sorter (Wang 

 et al ., 2005). (b) Microelectrode-based sorter (Baret  et al ., 2009).  

(a)

(b)

(c)

Ab-magnetic bead

Mixed cells

buffer

 11.6      Cell surface marker targeting cell sorter. (a) Scalable parallel 

sorting device (Choi  et al ., 2012). Deterministic cell rolling based cell 

sorting (cell surface marker targeting). (b) Micro-magnetic microfl uidics 

cell sorter (Yung  et al ., 2009). Based on magnetic isolation, target 

cells or pathogens can be isolated from complex mixtures or whole 

blood. (c) Micropost cell sorter. ( Source : Reprinted and reproduced by 

permission of Nagrath  et al ., 2007.) Microposts coated with antibodies 

against target cells such as circulating cancer cells (CTC).  
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spatially that alters the behavior of cells (Davenport, 2005). To effectively 

improve cell analysis, decoupling the interaction between the microenvi-

ronment and cellular response is critical. Microfl uidic cell culture systems 

create new opportunities for the spatial and temporal control of cell growth 

and stimuli by combining surfaces that mimic the complex biochemistries 

and geometries of the extracellular matrix (ECM) within microfl uidic chan-

nels with the ability to transport of fl uids and soluble factors (El-Ali  et al ., 
2006; Meyvantsson and Beebe, 2008) in controlled manner. These systems 

not only provide more accurate control over environmental cues, including 

cell–cell interaction, precise soluble factor control, and cell–ECM interac-

tion (Csete, 2010); but they can also be used to manipulate physiological 

stresses (Csete, 2010) and  in vivo  micro-environmental factors in a precise 

way. Several recently developed miniaturized cell culture devices have the 

ability to mimic precise niche environments and serve as tools to further 

improve cell analysis, including control over cell–cell (Hui and Bhatia, 

2007), cell–soluble (Dahan  et al ., 2008; Chen  et al ., 2012; Kim  et al ., 2010), 

and cell–ECM(Roach  et al ., 2010) cues in both 2D and 3D microenviron-

ments and the manipulation of mechanical characteristics of the cell niche 

(Fig. 11.9) (Vanapalli  et al ., 2009). Stem cell fate and function is regulated 

by a combination of intrinsic programs and signals from the microenviron-

ment. Intrinsic determinants can consist of both genetic and epigenetic 

components. In addition, the importance of environmental signals in stem 

cell function has been highlighted by the identifi cation of distinct stem cell 

niches in a wide range of organ systems. Overall, high-throughput analy-

sis of stem cells, utilizing both controlled cellular microenvironments and 

perturbations of intrinsic elements, can provide substantial insight into the 

factors governing stem cell biology. 

(a)

(b)

1 2 3 4

1 2 3

 11.7      Dielectrophoresis (DEP) based cell sorter. At a particular frequency, 

cells move either away from the electrode (negative DEP) (Hu  et al ., 

2005) (a) or toward the electrode (positive DEP) (b) (Flanagan  et al ., 2008).  
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(a)

(b)

 11.8      Size-based cell sorting. (a) Hydrodynamic fi ltration based cell 

sorter (Yamada and Seki, 2005). (b) Microfi ltration based cell sorter (Wei 

 et al ., 2011). Porous membrane integrated microfl uidics device can be 

used to separate different sized particles or cells.  

Soluble factors

Environmental stimuli Stem cell behaviors

Self-renewal

Differentiation

Apoptosis

Migration/homing

Biosynthesis/metabolism

Physical forces/share stress

Cell–ECM interactions

Cell–cell interaction

 11.9      Microfl uidics-based stem cell culture platform to mimic the  in vivo  

culture condition  in vitro.  Combination of various factors involved in 

controlling stem cell fate and behavior in the stem cell niche. ( Source : 

Reproduced by permission from Underhill and Bhatia, 2007).  
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  Biophysical regulation 

 For capturing and growing cells within microfl uidic channels, Khademhosseini 

and his colleagues introduced microwell integrated microfl uidic devices 

(Fig. 11.2a) (Khademhosseini  et al ., 2004). Poly(ethylene glycol) (PEG)-

based microwells were fabricated by the PDMS stamping method, and 

NIH3T3 fi broblasts were adhered and cultured on the microwell in the 

microfl uidics device. After the introduction of microwell-based microfl uid-

ics, there have been developments to control the fabrication of cell aggre-

gates of uniform shape from differentiated cell lines (Fukuda  et al ., 2006) to 

control the interaction of ESCs with other cells (Khademhosseini  et al ., 
2006) and to control size, shape, and homogeneity of embryoid bodies (EB) 

(Karp  et al ., 2007). In addition, it is increasingly recognized that cells behave 

very differently when surrounded by a 3D extracellular matrix (ECM) com-

pared to anchored 2D substrate. Modeling the  in vivo  microenvironment 

typically involves placing cells in a 3D ECM in a physiologically relevant 

context with respect to other cells. Microfl uidic perfusion co-culture devices 

for 3D microenvironments act as systems for investigating cell–cell and cell–

ECM interactions (Huang  et al ., 2009). Huang and colleagues utilized this 

system to construct a multicellular 3D culture for investigating the behav-

iors of metastatic breast cancer cells and tumor-derived macrophages in 

spatially, well-defi ned geometries. They demonstrated the versatility and 

potential of this new microfl uidic platform to engineer 3D microscale archi-

tectures. Furthermore, tremendous progress has been made in the context of 

organ on a chip systems, including lung-on-a-chip (Huh  et al ., 2010), blood-

vessel-on-a-chip (Bellan  et al ., 2009; Song  et al ., 2009), and liver-on-a-chip 

(Van Midwoud  et al ., 2011). Nevertheless, microfl uidic cell culture systems 

provide a great opportunity to decipher cellular responses to the niche 

microenvironment.  

  Cell–cell interaction 

 To study cell–cell interactions in a microsystem and control cell–cell crosstalk 

in 2D, micro-fabricated devices with silicon comb structures were developed 

(Hui and Bhatia, 2007). Hui and Bhatia developed a microdevice consisting 

of two silicon combs that could be separated and brought into close contact 

with each other for precise cellular positioning to study the dynamics of 

intercellular communication between hepatocytes and supportive stromal 

cells in co-culture (Fig. 11.2b). Using this micro-fabricated device, they 

demonstrated, with micrometer-scale precision, the dynamic regulation of 

cell–cell interactions via direct manipulation of adherent cells. As a proof-

of-concept study, they utilized this tool in deconstructing the dynamics of 

intercellular communication between hepatocytes and supportive stromal 

cells in co-culture. They concluded that preservation of hepatocyte viability 
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and liver-specifi c functions in co-culture depends on an initial contact-medi-

ated signal followed by a sustained short-range soluble signal from fi bro-

blasts to hepatocytes. This platform enables the investigation of dynamic 

cell–cell interaction in a multitude of applications and shows the potential 

in deciphering part of the stem cell niche. 

 Hydrogel, a type of material widely used as synthetic extracellular matrix, 

has been integrated in microfl uidic devices to investigate cell–cell interac-

tions (Lanza  et al ., 1996). Various hydrogel materials are available for cell 

encapsulation such as collagen, gelatin, fi brin, alginate, and agarose (Wan, 

2012). With precise manipulation, droplet microfl uidics technologies are 

able to encapsulate the cells into the picoliter-sized droplets for growing 

and analyzing them (Fig. 11.2c and 11.2d). Due to their ability to control 

the size, shape, and morphology, microfl uidics have become one of the most 

promising approaches for cell encapsulation. For instance, Tumarkin and 

colleagues developed a microfl uidic platform for the high-throughput gen-

eration of hydrogel microbeads for cell co-culture (Tumarkin  et al ., 2011). 

The platform was used to co-encapsulate factor-dependent and responsive 

blood progenitor cell lines (MBA2 and M07e cells, respectively) at varying 

ratios and demonstrated that in-bead paracrine secretion can modulate the 

viability of the factor-dependent cells. Microgel encapsulation platforms are 

tools that help to determine how different cell types communicate with each 

other while minimizing the barriers of complex paracrine interactions that 

are seen in conventional cell culture techniques.  

  Biochemical regulation 

 To mimic the biochemical microenvironment  in vivo,  Jeon and colleagues 

introduced the fi rst microfl uidics gradient generator based on a ‘Christmas 

Tree structure’ to dilute chemical/biological samples for a concentration 

dependent experiment (Fig. 11.3a) (Jeon  et al ., 2000).  In vivo , a wide range of 

biological processes, including proliferation, migration, differentiation, wound 

healing, cancer metastasis, infl ammation, and stem cell development, are gov-

erned by a gradient of specifi c molecular cues. Thus, generating concentration 

differences in both growth factors and transcription factors  in vitro  plays a criti-

cal role in reconstituting the niche environments. The microfl uidics device was 

composed of a network of channels consisting of horizontal channels, vertical 

channels (serpentine), and a branching point. At the branching point, highly 

concentrated samples met with buffer and moved to the serpentine channel 

where they can be mixed. After mixing in the serpentine channel, the fl uid 

splits into two side horizontal channels and the split fl uid meets other fl uids 

of both higher concentration and lower concentration. After several genera-

tions of branched systems, each fl uid stream may achieve different concentra-

tion gradients. Because of the importance of concentration gradients for cell 

�� �� �� �� �� ��



Microfl uidic devices for stem cell analysis   399

© Woodhead Publishing Limited, 2013

biological analysis, various microfl uidic-based gradient generators have been 

developed after the introduction of the ‘Christmas Tree’ structured device for 

both 2D and 3D cell culture. In particular, microjet devices (Keenan  et al ., 
2006), universal gradient generators (Fig. 11.3b) (Irimia  et al ., 2006), source/

sink gradient generators (Abhyankar  et al ., 2006), osmotic pump gradient 

generators (Park  et al ., 2007), and microdroplet dilutors (Fig. 11.3c) (Niu  et al ., 
2011) have been developed and used in cell signaling assays (Abhyankar  et al ., 
2006), cell migration assays (Lin  et al ., 2005), differentiation studies (Chung 

 et al ., 2005, 2007; Park  et al ., 2007, 2009b), chemotaxis assays (Lin  et al ., 2005), 

and drug toxicity tests (Toh  et al ., 2009).        

  11.2.2      Miniaturized conventional technologies for cell 
analysis 

 The critical advantage of microfl uidic technology over traditional assays 

is its high sensitivity in the micrometer scale. Several miniaturized tech-

nologies have been developed to perform accurate analytical gene/protein 

assays, such as microfl uidic PCR. Additionally, microfl uidic technologies, 

such as the miniaturized cell sorters, have been developed to enhance the 

performance of existing technologies. 

 Microfl uidic PCR technologies are great examples of improved analyti-

cal assays using microtechnology. In the early 1990s, micro-fabricated PCR 

devices were fi rst introduced by Northrup and colleagues (Northrup  et al ., 
1993). Manz and colleagues then introduced a continuous-fl ow microfl uid-

ics-based PCR system in which a channel (40 m deep, and 90 m wide) was 

fabricated in glass with a total length of 2.2 m for 20 cycles (Kopp  et al ., 
1998) (Fig. 11.4a). The temperature was controlled with heated copper 

blocks (60°C, 77°C, 95°C) that were integrated under the microfl uidics chan-

nels for denaturation, annealing, and extension. This pioneering work has 

since inspired the development of a broad range of chip-based microfl uidic 

PCR devices (Bu  et al ., 2003; Crews  et al ., 2008; Schneegass  et al ., 2001; Sun 

 et al ., 2002). In 2009, Hollfelder and colleagues developed a droplet-based 

microfl uidics PCR (microdroplet PCR) device in which an oil inlet joined 

two aqueous inlet channels to form a droplet at a T-junction (Fig. 11.4b). 

Generated droplets passed through the inner circles of the hot zone to dena-

ture the template. Then, as the droplets travel through the device, annealing 

and template extension occurs until the droplets fi nally exit the device after 

34 cycles (Schaerli  et al ., 2009). This microdroplet PCR device allows effi -

cient amplifi cation from a single molecule of DNA per droplet. Since then, 

microdroplet-based PCR devices have been rapidly developing (Markey 

 et al ., 2010; Schaerli  et al ., 2009; Taly  et al ., 2007; Tewhey  et al ., 2009). (See 

Chapter 13 for more information about PCR techniques.)      
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 Miniaturized cell sorters are another great example of existing technolo-

gies that were redesigned to perform on the micrometer scale (Fu  et al ., 
1999). The fi rst miniaturized cell sorter was the fl uorescence-activated cell 

sorter (FACS), the gold standard in conventional cell isolation processes. 

Basing their technology on targeting cell surface markers, Fu and col-

leagues introduced micro-fabricated FACS (ìFACS), which was fabricated 

by soft lithography. Cells expressing green fl uorescent protein were sorted 

out using ìFACS (Fig. 11.5a and 11.5b). Moreover, miniaturized magnetic-

activated cell sorters (MACS) have also been developed (Fig. 11.6b). These 

cell sorters are advantageous because they have a short operating time, 

are user-friendly, can be fabricated a low cost, are less labor-intensive, 

and have reduced sample/reagent consumption. Ingber and colleagues 

introduced micro-fabricated high-gradient magnetic fi eld concentrator 

(HGMC; micro-needle) integrated microfl uidic devices to remove bacteria 

from blood. HGMCs generate a stronger magnetic fi eld gradient across the 

microchannel in which bacteria could be isolated by anti  E. coli  antibody 

coated paramagnetic micro-particles within the magnetic fi eld (Xia  et al ., 
2006) (Fig. 11.6b). Taking advantage of the higher surface to volume ratio 

present at micro-scales, micropost microfl uidics device was developed to 

isolate circulating tumor cells (CTC) from the blood stream based on spe-

cifi c surface protein (Nagrath  et al ., 2007). CTC-targeting antibodies (Anti-

EpCAM) were coated onto microposts in microfl uidic channels and CTCs 

were captured from the peripheral blood of cancer patients (Fig. 11.6c). 

Cell rolling properties were also utilized to isolate the cells using micro-

fl uidics. Karnik and his colleagues introduced a cell rolling microfl uidics 

device in which the microfl uidic channels were coated with P-selectin to 

guide the target cells into an isolating chamber (Fig. 11.6a) (Choi  et al ., 
2012; Lee  et al ., 2011). In addition to the surface protein targeting strat-

egy, Huang and colleagues introduced microfl uidic size-based particle sep-

aration (Huang  et al ., 2004). Size differences between the particles have 

become one of the most important parameters that are used to isolate the 

particles using microfl uidics (Fig. 11.28a). For instance, various devices 

have been developed to isolate CTCs from blood based on size differ-

ences between blood components and CTCs (RBC: ~8 ìm, WBC: 10~15 m 

and CTC:16~20 m) (Fig. 11.28b) (Hosokawa  et al ., 2010; Hur  et al ., 2011; 

Mach  et al ., 2011; Mohamed  et al ., 2009; Tan  et al ., 2009; Zheng  et al ., 2007). 

Additionally, there are reports of microfl uidic devices that continuously 

monitor a patient’s inflammatory response during cardiac surgery involv-

ing cardiopulmonary bypass (CPB) procedures (Aran  et al ., 2011) and 

remove bacteria from human blood (Aran  et al ., 2011; Mach and Di Carlo, 

2010; Wu  et al ., 2009b). The development of novel, microscale cell sorting 

strategies, such as microfl uidics-based cell sorters, have paved the way to a 

better understanding of cell biology.        
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  11.2.3     Emerging microfl uidics technologies 

 We have demonstrated that we can mimic  in vivo  environments of cellular 

niches and enhance the sensitivity of existing technologies through micro-

fl uidic devices. In the following section, we will discuss the development of 

emerging technologies that investigate transport phenomena in microscale 

cell analysis. 

 The concept of droplet microfl uidics was fi rst introduced by Song and col-

leagues (Song  et al ., 2003) to address issues in cross-contamination, Taylor 

dispersion, solute surface interactions, and the need for substantial volumes 

of reagents and relatively long channel lengths for continuous fl ow in micro-

fl uidics. Since then, various droplet-based microfl uidic devices have been 

developed. By combining two immiscible phases (typically water and oil) 

in microfl uidic channels (two main channel geometries are T-junction and 

fl ow focusing), picoliter-sized droplets can be generated and serve as com-

partments for reactions (Fig. 11.2c and 11.2d). The rate of droplet forma-

tion in microfl uidic channels can reach up to millions per second, and the 

concentration of encapsulated molecules can also be precisely controlled by 

manipulating the concentration of ingredients and speed of the fl uid injec-

tions. With high accuracy and high-throughput potential, droplet microfl u-

idics permits multiple reactions to be performed by varying the reaction 

conditions (Song  et al ., 2006). Various chemical and biological samples 

including DNA/RNA, protein, mammalian cells, bacteria, and worms have 

been manipulated and analyzed using droplet microfl uidics. Furthermore, 

gene/protein expression, enzyme kinetics, cell proliferation, cell differentia-

tion, cell signaling, protein crystallization, cytotoxicity assays, and organic 

synthesis have been achieved in droplet microfl uidics. It has been shown 

that droplet microfl uidics could satisfy demands that are not met by contin-

uous-microfl uidic devices (deMello, 2006; Solvas and deMello, 2011). 

 The integration of electrokinetics in microfl uidics has also created sys-

tems with the potential to reveal important cellular traits (Markx and Davey, 

1999; Pethig  et al ., 2004). Electrical analyses of biological cells that detect 

dielectric properties represent a powerful tool for label-free analysis, char-

acterization, and manipulation of biological cells (Fuhr  et al ., 1994;Gagnon, 

2011; Pethig, 1996). To measure the dielectric characteristic of cells, two dif-

ferent techniques have been used: impedance spectroscopy and dielectro-

phoresis (DEP) (Fig. 11.7a and 11.7b). So far, the electrokinetic analysis of 

cells using microfl uidics has revealed signifi cant cellular behaviors, includ-

ing cell cycle (Kim  et al ., 2007), proliferation (Lu  et al ., 2012), differentia-

tion (Bagnaninchi and Drummond, 2011; Park  et al ., 2011; Reitinger  et al ., 
2012), and apoptosis induced by both chemical and physical impact (Patela 

and Markxb, 2008). By realizing that cells have distinct behaviors under 

exposure to an electric fi eld, Becker and colleagues introduced DEP-based 
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cancer cell isolation from blood (Becker  et al ., 1995). Additionally, Fiedler 

and colleagues fi rst introduced a DEP-based cell sorter in microfl uidics 

(Fiedler  et al ., 1998). Moreover, isolation of pathogens (such as bacteria) 

(Hu  et al ., 2005) and CTCs (Moon  et al ., 2011) from human blood has been 

achieved using DEP-based microfl uidics. Based on the examples provided 

here, it is evident that electrokinetics-based microfl uidics will contribute to 

the advancement of stem cell analysis.           

  11.3     Examples of microfluidic platform for stem cell 
analysis: stem cell culture platform – mimicking
 in vivo  culture conditions  in vitro  

 In the above sections, we introduced various platform technologies in micro-

fl uidics, including miniaturized cell culture systems, miniaturized analytical 

tools, and cell separators/sorters. Furthermore, we introduced microfl uidic 

devices with specifi c functions, such as microelectrophoresis, single-cell 

analysis, and gene expression profi ling. Recently, microdevices have also 

been used as tools for understanding stem cell behavior and have shown 

great potential in analysis of stem cells (Blagovic  et al ., 2011), such as stem 

cell culture, stem cell purifi cation, labeling detection, cell separation, gene 

discrimination, and cell identifi cation. Additionally, integration of micro-

channels with nano-electrospray emitters allows for sample preparation for 

mass spectrometry in high-throughput and proteomics analysis. 

 Stem cell behavior is extremely sensitive to environmental stimuli, as 

depicted in Fig. 11.9; the stimuli are diffi cult to manipulate, demonstrate, 

and quantify with traditional methods. Schofi eld fi rst proposed the ‘niche’ 

hypothesis, to describe the physiologically limited microenvironment which 

supports stem cells (Schofi eld, 1978). The stem cell niche is a reservoir of 

multipotent stem cells that can maintain normal, injured, or aged organs 

and tissues, in response to signals that regulate whether they should remain 

quiescent, undergo self-renewal, or differentiate (Vazin and Schaffer, 2010). 

Recently, engineers have been able to create microfl uidic microenviron-

ments that can qualitatively and quantitatively emulate several key prop-

erties of the stem cell niche  in vitro , thus enabling reductionist studies of 

their infl uences on stem cell behavior, including both biochemical and bio-

physical regulation. Previously, Toh  et al . and Gupta  et al . have summarized 

the engineered miniaturized cell culture platforms and microfl uidics-based 

approaches that can be translated to address particular issues in stem cell 

research (Gupta  et al ., 2010; Toh  et al ., 2010). Wu and colleagues have pro-

vided a comprehensive review of papers published in recent years studying 

stem cells using microtechnologies (Wu  et al ., 2011). Here, we will emphasize 

the state-of-the-art miniaturized stem cell culture platforms that have con-

tributed to understanding the relationship between micro-environmental 
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cues and stem cell behavior  in vivo,  with an emphasis on biochemical regu-

lation, cell–cell interactions, and biophysical regulation.      

   11.3.1     Biochemical regulation 

  In vivo , cells frequently respond to spatially distinct profi les of a variety of 

morphogens, growth factors, and other biochemical cues. In order to study the 

biochemical regulation of environmental cues, mimicking those biochemical 

profi les  in vivo  is critical. Distinct approaches have been developed in micro-

fl uidics to help identify the biochemical regulators that affect stem cell behav-

ior, including external molecular gradients, paracrine and autocrine signaling, 

and spatially distinct microenvironments for stem cell manipulation. 

  Spatially distributed gradient generation 

 The molecular gradients generated by microfl uidic devices are precise and 

comparable to  in vivo  systems (Csete, 2010). Gradient characteristics such as 

slope and concentrations can be quantifi ed and correlated. With an increased 

 in vivo -like chemotactic gradient in the microchannels, migration of stem 

cells can be studied on a single-cell basis instead of in mass cultures using 

Boyden chambers. An interesting study led by Chung and his colleagues 

investigated neural stem/progenitor cells (NSPC) differentiation in response 

to a combinational gradient consisting of fi broblast growth factor 2 (FGF2), 

platelet derived growth factor (PDGF), and epidermal growth factor (EGF). 

They demonstrated that human NSPCs (hNSPC) can be grown in microfl u-

idic devices and can be induced to differentiate into other cells depending 

on the specifi c growth factor concentration gradients (Fig. 11.10a) (Chung 

 et al ., 2005). Similarly, Park and colleagues cultured an enriched population 

of neural progenitors derived from human ESCs in a microfl uidic chamber 

for 8 days with continuous cytokine gradients (sonic hedgehog, fi broblast 

growth factor 8, and bone morphogenetic protein 4) (Park  et al ., 2009a). They 

found that the average numbers of both neuronal cell body clusters and neu-

rite bundles were directly proportional to sonic hedgehog concentrations in 

the gradient chip. Both studies showed that gradient-generating microfl u-

idic devices are useful systems for both basic and translational research, with 

straightforward mechanisms and operational schemes.       

  Spatially distinct biochemical profi le exposure 

 As we discussed previously, microfl uidic technologies enable the possibility 

of precisely manipulating spatially distinct molecular profi les and dynamic 

fl uidic environments. Fung and colleagues developed a Y-channel device 

with two inlets for two different culture media (Fung  et al ., 2009). An EB, a 

transient state of ESC to multipotent stem cells, was immobilized between 
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the two streams. They demonstrated that by independently cultivating the 

two halves of an EB in two separate media, from laminar co-fl ow in a micro-

channel, cell differentiation could be induced in half of the EB while retain-

ing the other half of the EB in an un-induced stage.  

  Adhesive ligands (extracellular matrix) regulation 

 Signals that promote the anchoring or localization of stem cells to their 

proper niches are critical for maintaining their ability to self-renew and dif-

ferentiate (Guilak  et al ., 2009; Scadden, 2006). Contrary to the combinatorial 

(a) (b)(i) (i)

(ii) (iii)

(iii)

(iv) (v)

(ii)

Gradient chamber

–GF

–GF

–GF
+GF

+GF

Control
chamber

Proximal
Ectoplacental

cone
ExE

(i) TS Proximal TS cells
mESC
colonies

(ii) ESC

(iii) XEN

Epiblast

VEDistal
Distal

XEN cells

PDMS gasket PDMS
gasket

PDMS
gasket

PDMS gasketBinder clip

PDMS gasket

PDMS stencil

PDMS
stencil

PDMS
stencil

(i) Stencil pattern 1st cell type / ECM

(iii) Fill BFC wells with cells

(ii) Deposit 2nd cell type / ECM on 
un-stenciled region

(v) Incubate overnight and remove BFC

(iv) Align and flip BFC onto stencil-
patterned substrate

PDMS gasket

δESP embryonic modelMouse embryo E5.5

Bio Flip Chip (BFC)

Patterning with stencil

Patterning with BFC

Bio Flip Chip
(BFC)

Bio Flip Chip (BFC)

Bio Flip Chip (BFC)

Cell
inlets

Outlet

Low GF concentration gradient High

100 µm

50 µm

Cell culture area

Control
chamber

 11.10      Microfl uidics-based biochemical regulation (a) ‘Christmas tree’ 

structured concentration gradient generator. ( Source : Reprinted by 

permission from Chung  et al ., 2005.) (i) Schematic design of the 

microfl uidic device showing the gradient chamber and two control 

chambers. Cells are loaded into the chambers via inlet ports (top 

of panel). Human NSCs cultured in the gradient chamber (ii, iii) for 

7 days differentiated into astrocytes (stained with antibody against 

GFAP). Phase contrast images (ii) and fl uorescence micrographs 

(iii, iv, v) showing stained nuclei (Hoechst) to identify all cells in the 

fi eld. Astrocytic differentiation occurred more readily in the low GF 

compartment (iii). (b) Reconstituting proximal-distal (PD) epiblast 

patterning  in vitro  with Differential Environmental Spatial Patterning 

(δESP). ( Source : Reprinted by permission from Toh  et al ., 2011.) (i) 

Conceptual design. (ii) Operation of δESP. (iii) Components and 

assembly of δESP; middle and bottom panels show the assembly 

of components during the stenciling and fl ipping steps of δESP 

respectively. Scale bar = 1 cm.  
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nature of extracellular matrix  in vivo , it is diffi cult to investigate the infl u-

ence of adhesive ligands on stem cell phenotypes. Anderson and colleagues 

introduced a polymer array synthesis approach for rapid, nanoliter-scale syn-

thesis of biomaterials and characterization of their interactions with cells 

(Anderson  et al ., 2004). As a proof-of-principle experiment, over 1700 human 

ESC (hESC)–material interactions were investigated. They identifi ed various 

levels of hESC attachment and spreading, cell-type specifi c growth, growth 

factor-specifi c proliferation, and differentiation into cytokeratin-positive cells. 

This microarray approach offers new levels of control over hESC behavior. 

 The introduction of micro-printing technologies in microfl uidics repre-

sents another approach that has enabled our understanding of the role of 

ECM components on stem cell phenotypes in a high-throughput and com-

binatorial manner. Flaim and colleagues fi rst developed an ECM microar-

ray platform for the culture of patterned cells atop a combinatorial matrix 

mixture (Flaim  et al ., 2005). This platform is used to investigate stem cell dif-

ferentiation in response to a multitude of adhesive ligands in parallel. They 

observed mouse ESCs (mESC) on multiple unique combinations of mul-

tiple ECMs, which indicated that differentiation towards the hepatic fate is 

infl uenced in a combinatorial and complex dose-dependent manner. They 

further extended the platform to study human neural precursors in which 

they demonstrated how ECM components affect self-renewal and differen-

tiation into neurons and glia (Flaim  et al ., 2008). This platform facilitates the 

study of almost any insoluble ligand in a combinatorial fashion. Though we 

have only discussed a few examples, there are several microfl uidic devices 

that have been developed to cultivate stem cells and to investigate the rela-

tionship between adhesive ligands and stem cell regulation (Chin  et al ., 2004; 

Lanfer  et al ., 2009; Solanki  et al ., 2010). 

 In addition to the development of microfl uidics as a tool for understand-

ing the interactions between adhesive molecules and stem cells, Toh and 

colleagues introduced a spatially organized stem cell developmental model 

to interrogate the role of space in fate specifi cation (Toh  et al ., 2011) using 

micropatterning (Fig. 11.10b). They introduced ‘spatially organized stem cell 

developmental models’ to interrogate the role of space in fate specification. 

Specifically, they developed differential environmental spatial patterning 

(dESP) to organize different microenvironments around single ESC colo-

nies via sequential micropatterning. This study demonstrates the potential 

of using microfl uidic devices to mimic the developmental progression of 

stem cell  in vivo .    

  11.3.2     Cell–cell interaction 

 Cell–cell signaling via membrane protein contact or paracrine/autocrine sig-

naling is crucial for maintaining stem cell homeostasis. For example, ESCs 
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must be cultured in clumps in order for them to survive  in vitro . To understand 

the infl uence of cell–cell interactions on stem cell homeostasis, three different 

approaches have been adapted in microfl uidics, including controlling para-

crine/autocrine signals and the development of cell co-culture systems.  

  Paracrine and autocrine signaling control 

 Autocrine and paracrine signaling mechanisms are traditionally diffi cult 

to investigate due to limited technology and the sub-micromolar concen-

trations that are involved. Ellison and colleagues developed a computa-

tional model and a microfl uidic cell culture platform that could control the 

removal of molecular factors secreted by cells into the surrounding media. 

With this system, they investigated the infl uence of paracrine and autocrine 

signaling in mESCs (Ellison  et al ., 2009). They proved that the existence of 

soluble autocrine/paracrine factors, secreted by mESCs, contributes to their 

viability in  in vitro  culture conditions. Moreover, Blagovic and colleagues 

utilized the microfl uidic perfusion system to investigate the biological role 

of autocrine and paracrine signals (Blagovic  et al ., 2011) (Fig. 11.11a). They 

developed a multiplex microfl uidic platform to continuously remove cell-

secreted (autocrine\paracrine) factors to downregulate diffusible signaling. 

By comparing cell growth and differentiation in side-by-side chambers with 

or without added cell-secreted factors, they isolated the effects of diffus-

ible signaling from artifacts such as shear, nutrient depletion, and micro-

system effects, and found that cell-secreted growth factor(s) are required 

during neuroectodermal specifi cation. Then they induced FGF4 signaling in 

minimal chemically defi ned medium (N2B27) and inhibited FGF signaling 

in fully supplemented differentiation medium with cell-secreted factors to 

determine that the non-FGF cell-secreted factors are required to promote 

growth of differentiating mESCs. From this study, they found that auto-

crine/paracrine signaling drives neuroectodermal commitment of mESCs 

through both FGF4-dependent and -independent pathways, and demon-

strated that microfl uidic perfusion systems are able to alter diffusible sig-

naling of mESCs.       

  Controlling cell shape: EB formation and size control 

 Currently, there are two major approaches for culturing hESCs. The fi rst 

method, also the most traditional way, is to co-culture hESCs with a feeder 

layer consisting of mitotically inactivated murine embryonic fi broblasts 

(MEF). MEFs supply a microenvironment for hESCs by maintaining the 

growth and health conditions necessary to maintain the undifferentiated 

status of hESCs. The second approach is to culture hESCs under feeder-

free conditions such as Matrigel. Nevertheless, the common problem in 

both of these approaches is that they generate variable sized aggregates 
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of cells. Large cell clusters tend to differentiate at the borders and small 

clusters of cells hinder proliferation and recovery of hESCs in culture. In 

addition, different sizes of EBs might lead to different cell lineage differ-

entiation. For example, it has been reported that suffi cient blood formation 
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 11.11      Microfl uidics-based cell–cell interaction study. (a) Paracrine and 

autocrine signaling control. ( Source : Reprinted by permission from 

Blagovic  et al ., 2011.) (i) Schematic of the perfusion device. Gray and black 

outlines represent fl uidic and control layers, respectively. (ii) Microfl uidic 

perfusion systems use fl ow to fi ne-tune the relative signifi cance of 

convection, diffusion, and reaction. (iii) Monoculture neuroectodermal 

differentiation and comparison of differentiation makers in static and 

perfusion systems (upper, middle, bottom). (b) Microwell chip-based 

EB  formation and EB size controlling. ( Source : Reprinted by permission 

from Khademhosseini  et al ., 2006.) (i) Schematic representation of the 

co-culture system formed by hES and MEF cells. PDMS was cured on a 

silicon master to produce microwell-patterned surfaces. Surfaces were 

treated with fi bronectin and seeded with MEFs to create a monolayer for 

ES culture. (ii) 3D confocal reconstruction of hES–MEF co-cultures within 

a microwell on day 1 rotated at 45°C intervals. In all fi gures, scale bars 

correspond to 200 μm.  
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in EBs requires from 500 to 1000 cells. EBs with higher cell numbers were 

not able to form erythroid lineages (Ng, 2005). Therefore, controlling the 

size of cell aggregates is important for controlling the homogeneity of the 

cultures. 

 Recently, microfabrication based approaches have become powerful 

tools for controlling the cellular microenvironment as well as the size of cell 

aggregates. Immobilizing cells on micropatterned surfaces in a microfl uidic 

device allows cell shape and differentiation to be controlled. It has been 

reported that if hESCs/MEFs are co-cultured in a microwell system, and the 

hESC aggregates are removed afterwards, then 26% of the EBs had an area 

between 10 000 and 21 000 μm 2 . These results show that it is possible to gen-

erate EBs with controllable sizes (Khademhosseini  et al ., 2006). In compar-

ison, EBs that were prepared from hESC aggregates without the microwell 

system had variable sizes and less homogeneity than those prepared with 

the microwell system (Fig. 11.11b). 

  11.3.3     Biophysical regulation 

 In addition to biochemical factors, the stem cell niche environment also 

has unique mechanical properties that play an important role in regulat-

ing stem cell differentiation (Reilly and Engler, 2010). Microfl uidic devices 

have been engineered to study the mechanical interactions between stem 

cells and their microenvironment. These devices facilitate our understand-

ing of how mechanical signals (the mechanical interaction between the cell 

and its matrix) regulate stem cell behavior. Recently developed microfl uidic 

devices have the ability to control microscale biophysical factors such as 

stiffness of the ECM, the geometry and shape of the cells, and the external 

shear stress experienced by the cells. 

  Controlling environmental mechanical infl uence 

 The stiffness of the ECM has been recognized as an infl uential compo-

nent in stem cell differentiation. A landmark study led by Engler  et al.  
has shown that the elasticity of the ECM can direct MSC’s lineage speci-

fi cation (Engler  et al ., 2006). Alexander and his colleagues introduced 

stem cell encapsulation in hydrogel microbeads (agarose gel) to study 

the effects of variable cellular microenvironment elasticity on stem cell 

fate (Fig. 11.13) (Kumachev  et al ., 2011). The mESCs were encapsulated 

within the agarose microgels and different elastic moduli were obtained 

by injecting, into a microfl uidic droplet generator, two streams of agarose 

solutions, one with a high concentration of agarose and the other with a 

low concentration of agarose, at varying relative volumetric fl ow rates. 
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 Not only does the stiffness of the ECM affect stem cell differentiation, 

but also the geometry and the shape of the cells also exert a force on cells, 

which regulates stem cell behavior. To address the relationship between cell 

shape and stem cell behaviors, Yim and colleagues utilized a nanoimprint-

ing technique to create nanostructures to further our understanding of the 

role of topography on stem cell phenotypes (Fig. 11.12a) (Yim  et al ., 2007). 

They found that the combination of nanotopography and biochemical cues, 

such as retinoic acid, further enhances the up-regulation of neuronal marker 

expression. However, nanotopography showed a stronger effect, compared 

to retinoic acid alone, on an unpatterned surface. This study demonstrated 

the signifi cance of nanotopography in understanding the differentiation 

mechanisms of adult stem cells.       

(a) 500 nm

Grating axis

5 μm 50 μm(b) (c)

(e)(d)

(f) (g)

 11.12      Control of biophysical factors at the microscale. Changes in 

morphology and proliferation of human mesenchymal stem cells 

(hMSC) cultured on nano-gratings. ( Source : Reprinted by permission 

from Yim  et al ., 2007.) Scanning electron micrographs of (a) PDMS 

nano-patterned by replica molding; hMSCs cultured on (b) nano-

patterned PDMS and (c) unpatterned PDMS. Confocal micrographs of 

F-actin-stained hMSCs on (d) nano-patterned PDMS and (e) unpatterned 

PDMS in hMSC proliferation medium; (f) nano-patterned PDMS and (g) 

unpatterned PDMS cultured in presence of 1 μM of retinoic acid (RA). 

Bar = 500 nm for (i), 5 μm for B, 50 μm for C-G.  
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  Controlling external shear stress 

 Evidence of mechanically-induced stem cell differentiation has been reported 

using several types of mechanical forces including stretch, strain, compression, 

and shear stress (Stolberg and McCloskey, 2009). Even though the mecha-

nism on how cells sense and translate mechanical signals into a biological 

response remains poorly characterized, recently developed microfl uidic cell 

culture devices have been used as tools to study the infl uence of shear stress 

on stem cell behavior. Toh and colleagues designed a multiplex logarithmic 

microfl uidics array to directly screen perfusion effects across a wide range of 

fl ow rates, corresponding to 1000 times variation in applied shear stress in a 

single device (Toh and Voldman, 2011). They found fl ow-induced shear stress 

specifi cally up-regulates the epiblast marker Fgf5. Epiblast-state transition in 

mESCs involves heparin sulfate proteoglycans, which have also been shown 

to transduce shear stress in endothelial cells. This study demonstrates that 

self-renewing mESCs possess the molecular machinery to sense shear stress.     

  11.4     Examples of microfluidic platform for stem cell 
analysis: single stem cell analysis  

 The fundamental goal of cell biology is to understand how cells operate, com-

municate with each other, and regulate their behaviors. Traditionally, 10 3 ~10 6  

cells are used for cell biology experiments such as cell signaling, proliferation, 

migration, and invasion assays. However, cell behavior is dictated by their 

microenvironment, including soluble factors, ECM, and other cells. Specifi cally, 

stem cells and their fates are controlled by various niche factors, such as other 

cells within the niche, with stem cell behavior and differentiation dependent 

on the microenvironment (Moore and Lemischka, 2006). In addition, funda-

mental misunderstandings of the heterogeneity of stem cells have hindered 

development of clinically effective cell-based therapies; heterogeneity in cell 

populations poses a major obstacle in understanding complex biological 

processes (Lecault  et al ., 2011). As a result, high-throughput, single stem cell 

analysis is essential to expand our understanding of the heterogeneity within 

complex cell populations. Based on phenotype (protein expression) and geno-

type (gene expression), various microfl uidic-based single-cell analytical meth-

ods have been developed recently (Guo  et al ., 2012; Zare and Kim, 2010). 

  11.4.1     Single-cell culture platform 

 Single cells can be cultured or controlled in micro-fabricated devices such 

as microdroplet- (Fig. 11.13) or microwell-based devices. Lecault  et al.  intro-

duced microfl uidics-based platforms for analysis of single HSC proliferation 

(Fig. 11.14) (Lecault  et al ., 2011). They fabricated PDMS-based microfl uidic 
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devices featuring 1600 cell culture chambers, each with a volume of 4.1 nL, 

and integrated microvalves for automated control and exchange of cell cul-

ture media. The effect of steel factor (SF) concentrations on survival and 

proliferation of HSCs, at a single-cell level, was defi ned and the growth rates 

of all clones (single cells) could be monitored and compared in real-time.            

  11.4.2     Cell cycle analysis 

 Recently, Kobel and colleagues introduced a single-cell cytometric micro-

fl uidics device (Kobel  et al ., 2012). The microfl uidic device consisted of 2048 

arrayed single-cell traps and was utilized to quantify the spatial distribution 

of single cell for automatic tracking of dividing HSCs at single-cell level 

(Fig. 11.15). By using the ‘Fluorescence Ubiquitination Cell Cycle Indicator’ 

(FUCCI) system, HSCs were transfected to regenerate red fl uorescence (in 

Agarose solution 1 Agarose solution 2

Q2

Q1 + Q2 = const.

Q1

Q0Mineral oil

T = 2°C

T = 37°C(Cag, 1) (Cag, 2)

(a)

(b)

 11.13      Microfl uidics-based single stem cell analysis. Fluorescence 

optical microscopy images of agarose microgels encapsulating R1 mES 

cells in HBSS buffer. ( Source : Reprinted by permission from Kumachev 

 et al ., 2011.)  
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G1 or G0 phase) or green fl uorescence signal (in S/G2-M phase). Transfected 

cells were introduced and trapped in an image-based cytometry chip on 

a single-cell level. Then the microfl uidics chip was imaged using an auto-

mated microscope to analyze cell cycle phase. This approach should allow 

on-chip cytometry of diverse single-cell behaviors in long-term microfl uid-

ics culture.       

  11.4.3     Gene expression profi ling 

 To characterize the heterogeneity within stem cells, microfl uidics-based 

single-cell analysis has been employed on a variety of stem cell populations, 

including HSCs and ESCs. Glotzbach and colleagues developed a microfl u-

idic RT-PCR platform to investigate the heterogeneity of HSCs (Fig. 11.16) 

(Glotzbach  et al ., 2011). Murine HSCs were sorted by FACS into each well 

of a 96-well plate with RT-PCR reagents preloaded in each well. To create 

cDNA for each gene target within each individual cell, low-cycle RT-PCR 

was performed. Single-cell cDNA was then loaded into a microfl uidic 

(a)

(b)

Array inlet

Hydration
line

Isolation
valve

Peristaltic
pump

Array
outlet

Chamber

0 h 6 h 12 h 18 h 24 h 30 h

66 h60 h54 h48 h42 h36 h

 11.14      High-throughput analysis of single HSC proliferation in 

microfl uidic. ( Source : Reprinted by permission from Lecault  et al ., 2011.) 

(a) Schematic of the device with micrographs as insets. The cell culture 

layer contains 1600 chambers connected by fl ow channels (gray). 

Arrows indicate single cells. Scale bars, 1 mm (left) and 100 μm (right). 

(b) Time-lapse automated imaging of clonal ND13 cell expression in a 

chamber. Scale bar, 100 μm.  
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device, along with the primer-probe sets for each gene target, and qPCR 

was performed for each cell across all 48 gene targets in parallel by using 

the BioMark instrument (Glotzbach  et al ., 2011). This resulted in 2304 data 

points for each chip run. Using this microfl uidics-based approach, 43 gene 

expressions (known to be highly relevant to hematopoiesis) were success-

fully measured from 300 individual HSCs. In addition, Zhong and colleagues 

developed microfl uidic processors to profi le single hESC expression through 

extraction of single-cell mRNA; synthesis of the cDNA was accomplished 

using the same device (Zhong  et al ., 2007). The group concluded that whole 

population gene expression does not represent the gene expression present 

in individual cells. Using the unique advantages of microfl uidics, it is pos-

sible to profi le the gene expression of individual cells in the same niche that 

is otherwise considered heterogeneous using conventional gene expression 

methods.      

 Increasing numbers of miniaturized technologies have been developed to 

investigate the single-cell gene profi le. Yet, none of these technologies has 

been applied to the stem cell fi eld (Cai  et al ., 2006; Dhof  et al ., 2011; White 

 et al ., 2011). Especially, White and his colleagues developed RT-qPCR, which 

can measure gene expression from hundreds of single cells (Fig. 11.17). This 
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 11.15      Cell cycle analysis of single stem cells with microfl uidics. ( Source : 

Reprinted by permission from Kobel  et al ., 2012.) (a) Image-based 

cytometry on a microfl uidic chip. (b) Micrographs of trapped HSCs. S/

G2-M (marked in gray, left bottom panel) and G1 (marked in white, right 

top panel). (c) The populations of S/G2-M and G1 phase HSCs (marked in 

gray and white) on the microfl uidic chip. (d) Comparison of microfl uidic 

chip and fl ow cytometry for the analysis of the cell cycle phases.  
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technology was applied to 3300 single-cell measurements of (i) miRNA 

expression in K562 cells, (ii) coregulation of a miRNA and one of its target 

transcripts during differentiation in ESCs, and (iii) single nucleotide variant 

detection in primary lobular breast cancer cells. However, it is expected that 

these miniaturized technologies will pave the way to fully understanding 

stem cell heterogeneity in gene/protein expression levels and will help real-

ize the potential of stem cells in regenerative medicine in the near future.        

  11.5     Microdevices for label-free and non-invasive 
monitoring of stem cell differentiation 

 Because the interest in utilizing stem cells for therapeutic purposes is 

increasing, it becomes even more critical to develop technologies that 

track the cellular status of cells  in vitro  without the need for cell labeling. 

Intrinsic dielectric properties of cells have been proven as a new label-free 

Bone marrow harvest

Isolation of
single cell mRNA

Microfluidic-based high-
throughput single cell qPCR

Raw data acquisition

CD34-CD34+

Reverse
Transcription

(1 cell/well)

Single cell FACS

mRNA

Primers

Single cell cDNA

PCR

 11.16      Single-cell gene expression analysis demonstrates transcriptional 

variation in murine LT-HSCs. ( Source : Reprinted by permission from 

Glotzbach  et al ., 2011.) Schematic of high-throughput microfl uidic 

chip-based single-cell transcriptional analysis. A single-cell is sorted by 

FACS into each well of a 96-well plate preloaded with RT-PCR reagents. 

A low-cycle RT-PCR pre-amplifi cation step creates cDNA for each gene 

target within each individual cell. Single-cell cDNA and primer-probe 

sets for each target gene are then loaded onto the microfl uidics chip. 

The BioMark machine performs qPCR for each cell across all 48 gene 

targets in parallel, resulting in 2304 data points for each chip run.  
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 11.17      Design and operation of the microfl uidic device for single-cell 

gene expression analysis. ( Source : Reprinted by permission from White 

 et al ., 2011.) (a) Schematic of microfl uidic device. Scale bar: 4 mm. 

The device features six sample input channels, each divided into 50 

compound reaction chambers for a total of 300 RT-qPCR reactions 

using approximately 20 μL of reagents. The rectangular box indicates 

the region depicted in (b). (b) Optical micro-graph of array unit. For 

visualization, the fl uid paths and control channels are loaded with blue 

(marked in dark gray) and red (marked in gray) dyes, respectively. 

Each unit consists of (i) a reagent injection line, (ii) a 0.6 nL cell capture 

chamber with integrated cell traps, (iii) a 10 nL reverse transcription 

(RT) chamber, and (iv) a 50 nL PCR chamber. Scale bar: 400 μm. (c) 

Optical micro- graph of two cell capture chambers with trapped single 

cells indicated by black arrows. Each trap includes upstream defl ectors 

to direct cells into the capture region. Scale bar: 400 μm. (d–i) Device 

operation. (d) A single-cell suspension is injected into the device. (e) 

Cell traps isolate single cells from the fl uid stream and permit washing 

of cells to remove extracellular RNA. (f) Actuation of pneumatic valves 

results in single-cell isolation prior to heat lysis. (g) Injection of reagent 

(gray) for RT reaction (10 nL). (i) Reagent injection line is fl ushed (dark 

gray) for PCR. (ii) Reagent for qPCR (black) is combined with RT product 

in 50 nL qPCR chamber. Scale bar for (d–i): 400 μm.  
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approach in characterizing and monitoring stem cells (Pethig, 2010). The 

cell’s dielectric characteristics can be attributed to the plasma membrane 

and the cytoplasm. The dielectric characteristics are defi ned by two parame-

ters, capacitance and conductance. The majority of microfl uidic studies have 

focused on the dielectric properties of the plasma membrane because of 

technical limitations (Bagnaninchi and Drummond, 2011; Fatoyinbo  et al ., 
2008). Specifi c membrane capacitance (Cspec) is the measurement of a mem-

brane’s capacity to hold charges, which reveals the level of membrane folding 
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 11.18      Microdevices for label-free and non-invasive monitoring of stem 

cell differentiation. DEP microfl uidics device based stem cell isolation 

by using distinct dielectric properties of stem cells. ( Source : Reprinted 

by permission from Flanagan  et al ., 2008.) (a) Image of the DEP device. 

The top right panel is enlarged to show a higher-magnifi cation view 

of the electrodes in the channel and the bottom right panel shows a 

higher-magnifi cation view of the electrodes when the DEP force is 

applied and cells are trapped. (b) Dielectrophoresis trapping effi ciency 

curves distinguish embryonic day 12.5 mouse NSPCs, neurons, and 

astrocytes. NSPCs, neurons, and astrocytes showed distinct trapping 

effi ciency curves.  
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and composition. Specifi c membrane conductance (Gspec), in contrast, is 

the membrane’s ability to deliver charges, which refl ects the expressions of 

ion channels. Several groups have successfully integrated electrokinetics in 

microtechnologies and have developed platforms to either track stem cell 

differentiation without the need for cell surface markers using dielectropho-

resis (DEP) (Fatoyinbo  et al ., 2008; Hoettges  et al ., 2008; Patela and Markxb, 

2008), or to distinguish subpopulations of stem cell progeny using single-cell 

impedance cytometry (Figs 11.18–11.21). 

 Among the studies utilizing DEP to reveal the distinct dielectric signa-

tures existing among stem cell populations, Flanagan and Lu  et al.  fi rst iden-

tifi ed that the dielectric response of NSPC to a non-uniform electric fi eld is 

different from the response from differentiated mouse astrocytes and mouse 

neurons in a single DEP trapping device (Fig. 11.18) (Flanagan  et al ., 2008). 

They also observed distinct dielectric responses existing between NSPCs 

isolated from different embryonic stages (E12, E16 for day 12 and day 16, 

respectively) with similar cell surface protein expression patterns (Nestin 
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 11.19      DEP-well system used to measure cellular dielectric properties by 

correlating the cellular dielectric response to light transmission through 

a microwell system. ( Source : Reprinted by permission from Hoettges 

 et al ., 2008; Labeed  et al ., 2011.) (a) The electrodes are energized at 

a range of frequencies, eliciting the response of particles contained 

within the well of either positive or negative DEP. The intensity of light 

passing through the well indicates the magnitude and sign of the force. 

(b) The DEP-well formats devised are (i) the smaller spectra-chip (size 

37 × 23.5 mm 2 ), which can be energized by up to 19 parallel frequencies 

on four wells each, and (ii) the larger 1536-well plate (size 127 × 

86 mm 2  ) on a standard well-plate template. (c) Close inspection of the 

inside of a 1.2 mm diameter well reveals the gold-plated conducting 

electrode ‘stripes’ that surround the inside of each well. (d) The specifi c 

membrane capacitance (Cspec, mF = milliFarad) of SC27 and SC23 

human NSPCs (huNSPC). (e) The specifi c membrane capacitance of E12 

and E16 mouse NSPCs (mNSPC) (** p  < 0.01,  n  = 3 or more separate 

experiments with different sets of cells).  
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and GFAP protein expression). They further identifi ed that the intrinsic 

dielectric characterization could be used to reveal the heterogeneity of 

NSPCs within the culture. Labeed and Lu  et al . exploited another DEP-well 

system to further verify if the difference in NSPCs isolated from distinct 

embryonic stages is attributed to the dielectric properties of the membrane 

components or cytoplasmic components (Fig. 11.19) (Labeed  et al ., 2011). 

By measuring the dielectric properties of both the cell membrane and the 

cytoplasm, they identifi ed the specifi c membrane capacitance (Cspec) as a 

novel biophysical marker to refl ect the neuronal fate potential of NSPCs. 

They confi rmed these fi ndings by measuring Cspec of NSPCs with a distinct 

neuronal fate (human NSPCs isolated from distinct regions of brain with 

similar developmental stage and mouse NSPCs isolated from cortical brain 

regions from distinct developmental stage). Furthermore, the Cspec of cells 

dynamically changes as NSPCs lose their neuronal fate potential by passag-

ing the cells  in vitro  over 20 times. In addition, DEP has also been applied 

to other adult stem cell fi elds. Vykoukal and colleagues utilized a simple 

approach method, called the conductivity method, to extract the dielectric 

properties of subpopulations of HSCs (Fig. 11.20) (Vykoukal  et al ., 2009). 

They used cell size verse Cspec plots as a way to discriminate the complete 

mononuclear and polymorphonuclear blood cell subpopulations from each 

other. These studies provide evidence that the dielectric signature of the cell 

membrane can be used as a label-free marker in refl ecting the fate potential 

and differentiation progression of stem cells.                
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 11.20      Dielectric characterization of complete mononuclear and 

polymorphonuclear blood cell subpopulations by label-free 

discrimination. ( Source : Reprinted by permission from Vykoukal 

 et al ., 2009). (a) Photograph of cell characterization device with 

DEP microelectrode, fl uidic reservoirs, electrical interconnect, and 

signal input. (insert) Eosinophil preparation on castellated electrode; 

eosinophils are indicated by arrows while erythrocytes are circled. 

(b) Scattergram of leukocyte subpopulation properties as determined 

during DEP crossover frequency analysis.  
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 11.21      Microfl uidic impedance cytometry to measure the impedance of 

single cells at two frequencies. ( Source : Reprinted by permission from 

Holmes  et al ., 2009.) (a) Schematic diagram of the micro impedance 

cytometer system, including the confocal-optical detection setup. Dual 

laser excitation and three color detection are implemented along with 

dual frequency impedance measurement. The cell fl ows through the 

microchannel and passes between two pairs of electrodes and the 

optical detection region. The fl uorescence properties and impedance 

of the cell are measured simultaneously, allowing comparison of the 

electrical and optical properties of single cells. (b) MACS purifi ed 

populations of T-lymphocytes, monocytes, and neutrophils.  
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 In addition to monitoring Cspec of cells using DEP, impedance spectros-

copy has recently been developed to monitor the differentiation of stem 

cells in real-time (Bagnaninchi and Drummond, 2011; Park  et al ., 2011; 

Reitinger  et al ., 2012). For instance, Bagnaninchi  et al . identifi ed that the 

differentiation of adipose-derived stem cells along osteogenic and adi-

pogenic lineages can be monitored based on their Cspec measurements 

(Bagnaninchi and Drummond, 2011). Park  et al.  found that neural differenti-

ation of MSCs can be monitored using impedance sensing (Park  et al ., 2011). 

Although those studies were not using microfl uidics-based-approaches, it 

extended the applicability of using dielectric signatures of cells as markers 

for MSCs. Recently, single-cell impedance cytometry represents an alterna-

tive approach to measuring cell dielectric characteristics (Sun and Morgan, 

2010) on a micrometer scale. Holmes and colleagues developed a micro-

fl uidic impedance cytometry device to measure the impedance of a single 

cell at two frequencies (Fig. 11.21) (Holmes  et al ., 2009). They found that 

the low frequency (503 kHz) impedance magnitude, a measure of cell size, 

enables discrimination of the T-lymphocyte population from the larger cells 

that make up the monocyte and neutrophil populations. Dual frequency 

measurements enabled discrimination of the cells according to both mem-

brane capacitance and size and allowed them to distinguish monocytes, 

neutrophils, and lymphocytes from each other at the same time. These stud-

ies indicate that single-cell impedance cytometry devices have potential to 

track stem cell differentiation without the need for cell labeling or genetic 

manipulation, which is benefi cial for the development of stem cell-based 

regenerative medicine.      

 One of the concerns in integrating electrokinetics in microtechnologies 

for stem cell research is the potential adverse effect that electric fi eld expo-

sures can have on stem cell plasticity or differentiation potential. To address 

this issue, Lu and colleagues completed a comprehensive study investigating 

the impact of AC electric fi eld exposures on stem cells that are required for 

DEP and impedance measurements (Lu  et al ., 2012). No adverse impact on 

cell viability, proliferation, or fate potential of NSPCs was noticed for the 

time that was required for the dielectric property measurements. This study 

indicated that monitoring stem cell differentiation using DEP and imped-

ance spectroscopy  in vitro  is non-invasive and has the potential to advance 

stem cell research.  

  11.6     Microfluidics stem cell separation technology 

 The detection, isolation, and sorting of specifi c subpopulations of stem cells 

are important in both fundamental research and clinical applications of 

stem cell-based therapeutics. Advances in microfl uidic cell sorting devices 

have enabled scientists to attain improved separation with comparative 
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ease and considerable timesaving (Baret  et al ., 2009; Kiermer, 2005). Based 

on the detection method utilized, microfl uidic cell sorting devices can be 

classifi ed as either marker-dependent or label-free (Figs 11.22–11.26). The 

marker-dependent approach relies on the identifi cation of specifi c cell sur-

face protein expression levels. For example, thermo-responsive microfl uidics 

has been used to selectively release captured cells from blood (Fig. 11.22) 

(Gurkan  et al ., 2011). In this case, the authors used anti-CD4 and anti-CD34 

antibodies immobilized in a microfl uidic device to capture CD4+ and CD34+ 

(a) (b)

41°C

40°C

39°C

38°C

37°C

36°C

35°C

34°C

33°C

<32°C

37°C 37°C 37°C <32°C

(c)

Immobilization of
Biotinylated Antibody

Selective Capture of
Label-free Cells from Blood

Removal of
Non-captured Cells

Viable Release of
Captured Cells

Surface at <32°CSurface at 37°C

PNIPAAm at <32°CPNIPAAm at 37°CErythrocyte

Platelet
CD4 + cell

Biotinylated CD4 antibody

Biotin binding protein
(Neutravidin)

(d) (e) (f)

 11.22      Microfl uidic cell sorting devices based on marker-dependent or 

label-free approaches. Thermo-responsive microfluidic chip developed 

for releasing selectively captured cells from blood. ( Source : Reprinted 

by permission from Gurkan  et al ., 2011.) (a) The microfluidic chip is 

composed of three parallel channels (4 mm × 22 mm × 80 mm), one of 

which (middle channel) is used as the temperature indicator channel. 

Blood is introduced into the top and bottom release channels with 

manual pipetting. (b) The middle channel is coated with temperature 

sensitive liquid crystal dye, which is responsive to temperatures 

between 35°C and 40°C. The target temperature is maintained in the 

middle channel. (c–f) Schematic of the working principle of label-free 

selective capture from whole blood and controlled release of cells in 

thermo-responsive microfluidic channels.  
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cells from blood. Cooling the microchip below 32°C led to release of the 

collected cells. 195 CD4+ cells and 19 CD34+ cells per million blood cells 

were successfully quantifi ed without labeling using this affi nity microfl uid-

ics device. Optical switching based fl uorescence-activated microfl uidic cell 

sorters have been also developed to isolate green fl uorescent protein (GFP) 

expressing cells (Fig. 11.23) (Wang  et al ., 2004). When GFP expressing cells 

are detected and determined to be a target cell, the optical switch is activated 

Sample input

BufferBuffer

Analysis region

Optical switch

CollectionWaste

 11.23      Layout of a microfluidic based cell sorting system showing the 

sorting junction and optical switch. ( Source : Reprinted by permission 

from Wang  et al ., 2005.) Cells in the sample are aligned to the center 

of the channel by flow focusing. Fluorescently labeled target cells are 

analyzed and detected by turning on the optical switch. Target cells are 

directed by the laser to the collection output while all other cells flow to 

the waste output.  

�� �� �� �� �� ��



Microfl uidic devices for stem cell analysis   423

© Woodhead Publishing Limited, 2013

and a focused laser spot deflects the cell to the target output channel. The 

laser spot is translated at a speed matched to the flow velocity and at a small 

angle relative to the axis of the flow to maximize the interaction time between 

the laser and the cell. The resulting lateral displacement of the cell across the 

flow stream is sufficient to ensure that it will be directed toward the target 

output channel. In addition, MACS has been achieved in microfl uidics for 

stem cell extraction (Fig. 11.24) (Tan  et al ., 2005). Anti-CD31 (PECAM1) 

monoclonal antibody-conjugated magnetic beads were introduced into the 

microfl uidics device to remove human umbilical cord vein endothelial cells 

(HUVEC) from a mixture of HUVEC and hMSC cells introduced into the 

device at the same time through the other channel. The two streams are com-

pletely mixed in the micro-mixer and the cell–bead complexes separated into 

the buffer fl uid by an external magnetic fi eld. For the label-free approach, 

unique biophysical characterizations, such as size and electrophysiological 

properties of the membrane, are required to enable the label-free cell separa-

tion in microfl uidic devices. Various microfl uidics-based cell sorters that are 

used to isolate stem cells are summarized in Table 11.1.           

(a) (b)

(c)

Lamination
Micromixer

400 µm

Separation
Reservoir

5 mm

Outlet

Magnetic
beads

Cells

Sheath
fluid

Curved to remove

Stagnation regions

First 90°

Second 90°

rotation

rotation

Merge 2 streams
at the exit

Split into
2 streams

 11.24      Micro-magnetic separators for stem cell sorting. ( Source : 

Reprinted by permission from Tan  et al ., 2005.) (a) Lamination 

micro-mixer with 180° rotation. (b) Geometry of a single mixer unit. 

(c) Prototype  μ -IMCS.  
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  11.6.1     Marker-dependent approach 

   Fluorescence-activated stem cell sorting 

 FACS, the golden standard for conventional stem cell separation, has also 

been developed in microfl uidics to isolate rare cells. Although developing a 

practical technology for microfl uidic-based FACS has proved challenging, 

Wang  et al.  took a unique approach to developing this technology by fi rst 

integrating an optical switching system for the rapid (2–4 ms), active con-

trol of cell routing on a microfl uidics chips (Fig. 11.23) (Wang  et al ., 2004). 

Using all-optical switching, a fl uorescence-activated microfl uidic cell sorter 

has been implemented and evaluated. This study suggests the possibility of 

integrating FACS on a microfl uidic chip to allow more precise analysis of 

stem cells in real-time.       

  Magnetic-activated stem cell sorting 

 MACS, one of the most popular conventional cell isolation methods, has 

recently been developed in microfl uidics to isolate rare cells. Tan and col-

leagues fi rst introduced micro-magnetic separators for stem cell sorting 

(Fig. 11.24) (Tan  et al ., 2005). A 3D mixer was integrated in a microfl u-

idic channel to achieve lamination with 180-degree rotations and rapid 

mixing between cells and magnetic beads. To isolate the target cell from 

the mixture, magnetic beads conjugated with CD31 antibodies were used 

to remove CD31+ endothelial cells with an external magnetic fi eld. Up 

to 90.2% of hMSCs were isolated and recovered. In addition, Souse and 

colleagues introduced a two-inlet/two-outlet microfl uidics device to iso-

late mouse mESCs using super-paramagnetic particles. To isolate specifi c 

embryonic antigen 1 positive (SSEA-1+) mESCs from a heterogeneous 

population of mESCs, anti-SSEA-1 antibodies were conjugated onto 

super-paramagnetic beads and mixed with the cell mixture. Once the mix-

ture was injected into the microfl uidics channel and the magnetic fi eld 

was applied, SSEA-1+ mESCs were deviated from the direction of laminar 

fl ow according to their magnetic susceptibility and were thus separated 

from SSEA-1 -  mESCs.       

  Cell affi nity-based stem cell isolation 

 Affi nity chromatography is one of the most popular methods for separa-

tion, isolation, and purifi cation of target biomolecules from whole mixtures 

based on highly sensitive and specifi c interactions between antigen and 

antibody, or receptor and ligand. Brian and colleagues developed microfl u-

idics-based cell affi nity devices that have the capability of capturing circu-

lating endothelial progenitor cells (EPC) (Plouffe  et al ., 2009), suggesting its 
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potential application for MSC isolation. Gurkan and colleagues developed 

a thermo-responsive microfl uidics device for selectively releasing captured 

cells from blood (Fig. 11.22) (Gurkan  et al ., 2011). Anti-human CD34+ anti-

bodies were immobilized in a PNIPAAm microfl uidics channel at 37°C; 

when blood containing CD34+ stem cells was injected into the channel (e.g. 

to capture CD34+ EPCs) the CD34+ cells were successfully captured from 

the whole blood. To release the captured cells, the microfl uidics device was 

then cooled down below 32°C. The released cells displayed greater than 

90% viability by a live/dead assay.    

  11.6.2     Label-free approach 

   Electrophysiological properties 

 Isolating specifi c progenies and progenitor cells based on their distinct 

behavior under the exposure of an AC electric fi eld represents a new 

approach in the stem cell fi eld. Contrary to conventional techniques, which 

rely on the presence of specifi c cell surface markers, DEP separates cells 

based on cells’ intrinsic dielectric characteristics without the need of label-

ing. Talary and colleagues fi rst demonstrated the potential usage of DEP 

in a HSC sorter (Talary  et al ., 1995). By applying a sinusoidal AC electric 

fi eld (6 V peak–peak at 5 kHz), they found a 5.9-fold enrichment of CD34+ 

cells (0.84–4.97%) trapped in the integrated castellated electrode. Similarly, 

Stephens and colleagues utilized the same platform to isolate CD34+ cells 

directly from the diluted peripheral blood stem cell harvests. They demon-

strated a nearly fi ve fold increase in the frequency of the CD34+ cells popu-

lations in the fractions collected within the 50–10 kHz range. They further 

confi rmed that the isolated CD34+ cells were capable of forming colonies 

using a colony formation assay. These two studies demonstrate the possibil-

ity of exploiting DEP as a non-invasive and label-free sorting approach in 

the stem cell fi eld. 

 Recently, Prieto and colleagues developed a dielectrophoretic assisted 

cell sorting (DACS) array, which consists of a DEP electrode array with 

three multiplexed trapping regions that can be independently activated at 

different frequencies. This device was used to separate a mixture of NSPCs 

and differentiated neurons (Fig. 11.25) (Prieto  et al ., 2012). They reported 

the fi rst statistically signifi cant neural cell sorting using DACS to enrich neu-

rons from a heterogeneous population of mouse derived NSPCs and differ-

entiated neurons. A 1.4-fold neuronal enrichment was achieved. In addition, 

Vykoukal and co-workers developed a dielectrophoretic fi eld-fl ow fraction-

ation separator (DEP-FFF) using a novel microfl uidics–microelectronic 

hybrid fl ex-circuit fabrication approach. They applied DEP-FFF to separa-

tion putative stem cells (NG2+) from adipose tissue (Vykoukal  et al ., 2008). 
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In this study, a nucleated cell fraction from cell debris and the bulk of the 

erythrocyte population was fi rst isolated from adipose tissue. By introducing 

the cell fraction into the DEP-FFF, they found a 14-fold enrichment in the 

NG2+ cell population (2–28% purity). They further identifi ed that NG2+ 

cell enrichment is coincident with Nestin+ cell enrichment, indicating that 

the isolation of the cells occurred in the early developmental stage. These 

studies imply that the intrinsic dielectric characteristic of cells could be used 

as a label-free approach for stem cell isolation for transplantation.        

  Size differences 

 Size difference between distinct cell types and between subpopulations of 

HSCs has been well recognized and could be used as a parameter for stem 

cell sorting. For example, the presence of MSCs in amniotic fl uid (AF) is 

an attractive cell source, as MSCs do not have the same ethical issues that 

surround ESCs. A variety of cells are present in the AF, including stem cells, 

amniotic cells, and many dead epithelial cells with diameters of 4–6 μm, 

15–20 μm, and 40–60 μm, respectively. Taking this into consideration, Wu and 

colleagues developed a microfl uidic device to isolate MSCs from amniotic 

fl uid using a combination of a T-junction focusing structure and a louver-like 

structure to isolate amniotic fl uid MSCs (AFMSCs) (Fig. 11.26) (Wu  et al ., 
2009a). Another example of size-based stem cell isolation was introduced 

recently by Schirhagl and colleagues (Schirhagl  et al ., 2011). Their layered 

Collection buffer Suction

Collection
wells

Pneumatic
actuation

Flow of mixed cells

Flow of collected cells

(c)

(b)

(a)

300 μm

Wash
5 mm

Inlet for
mixed cells

 11.25      DEP-based microfl uidics cell sorter. ( Source : Reprinted by 

permission from Prieto  et al ., 2012.) (a) PDMS-glass microfl uidic 

device for DEP trapping. (b) The device has three trapping sites with 

castellated electrodes that can be independently addressed. The initial 

mixture of cells fl ows through all three trapping sites. (c) The collection 

is done with three perpendicular fl ows after isolating each trapping 

zone by closing adjacent pneumatic valves.  
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microfl uidics device was fabricated to generate a sorter that could simul-

taneously valve and fi lter. The top and bottom layers contained channels 

and pressure-valves, while the middle layer was a PDMS porous membrane 

(pore size: 10, 15, or 20 μm). The porous membrane was fabricated using soft 

lithography and it was integrated between the microfl uidics layers. Because 

HSCs are larger in size than other cells present in bone marrow, with the 

exception of monocytes, HSCs were successfully isolated from human bone 

marrow samples without any sample pre-treatment. At smaller pore sizes 

(≤15 μm), stem cell isolation effi ciency was signifi cantly increased.         

  11.7     Conclusion and future trends 

 For practical therapeutic purposes, ESCs hold greater therapeutic potential 

compared to adult stem cells due to their multipotency  in vivo , as they are an 

unlimited source of any kind of adult stem cells. However, the ethical implica-

tions surrounding the way in which ESCs are obtained prevent ESC-based 

therapeutics reaching their full potential as a viable option for clinical applica-

tions. To circumvent this issue, Takahashi and Yamanaka discovered a process 

in 2006, called de-differentiation, to reprogram differentiated adult fi broblasts 

back to an embryonic-like state by introducing four transcriptional factors, 

Oct3/4, Sox2, c-Myc, and Klf4, under ES cell culture conditions (Takahashi 

and Yamanaka, 2006). These derived stem cells were designated as induced 

pluripotent stem cells (iPS cells) – adult stem cells that not only exhibit the 
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 11.26      Microfl uidic device for separation of AF MSCs utilizing louver-

array structures. ( Source : Reprinted by permission from Wu  et al ., 

2009.) (a) Schematic illustration of the cell separation chip. (b) Detailed 

view showing that beads or cells can be focused to form a narrow 

stream. (c) and (d) Detailed dimensions of the chip and cell separation 

mechanism. (c) The larger beads or cells are separated by the louver-

like structures. (d) The smaller beads or cells fl ow through the gap 

between the louver-like structures.  
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morphology and growth properties of ESCs, but also express ES cell marker 

genes. Because of the similarities between ESCs and iPS cells in differentiation 

potential and the absence of ethical issues that surround human ES research, 

iPS cells have great clinical potential in regenerative medicine. Microfl uidics 

will certainly play a role in the development of the iPS fi eld in the future. 

In particular, microfl uidics offers unique opportunities to assess the viability, 

differentiation potential, and heterogeneity of these cells in a high-through-

put manner. In addition, the fi ne control of chemical and physical gradients 

allowed with microfl uidic techniques also offer great utility in regulating the 

differentiation and understanding the biology of iPS cells. 

 Ethical issues are not the only concerns surrounding stem cell research. 

Because stem cell biology is not completely understood, their use in clini-

cal applications remains uncertain. Stem cell migration and homing are 

mechanisms that are continually investigated, as the exact mechanisms 

of stem cell recruitment and migration is vastly unknown. Nevertheless, 

microfl uidic devices have enabled new discoveries in identifying some of 

the key mechanisms involved in stem cell recruitment and migration. In 

response to injury or infl ammation, stem cells may be mobilized into the 

circulatory system; to migrate to these areas, they must interact with the 

local endothelium and extravasate into the surrounding tissue. Recently, 

vascular microenvironments were mimicked in microfl uidic devices by 

cultivating endothelial cells in the microfl uidic channels. The microen-

vironment of a blood vessel, including shear stress, cellular interactions 

between multiple co-cultured cells, and microstructures, could be incor-

porated into the device. Based on microfl uidic artifi cial blood vessels 

(MABV), various cell migration and cell invasion assays were developed. 

Kamm and colleagues developed a co-cultivating microfl uidics device in 

which cancer and endothelial cells were co-cultured. After co-culturing 

both cells for four days, endothelial cells migrated toward MTLn3 cells, 

a highly invasive breast adenocarcinoma cell line (Chung  et al ., 2009). 

Similar co-culture microfl uidic devices were also constructed to investi-

gate hepatocyte-induced blood vessel formation (angiogenesis) in micro-

fl uidics (Chung  et al ., 2009). Unfortunately, we do not yet have an example 

of stem cell migration research using MABVs, although these devices hold 

great potential to yield tremendous opportunities in understanding stem 

cell migration and homing mechanisms. 

 Specifi cally, through microfl uidics-based vasculature research, critical 

roles of endothelial selectins (P and E) and vascular cell adhesion mole-

cule-1 (VCAM-1) have been identifi ed in hematopoietic progenitor cells 

(HPCs) homing to the BM (Frenette  et al ., 1998; Mazo  et al ., 1998). Recently 

microfl uidics-based cell rolling has been achieved with by coating the device 

with a molecule, P-selectin, which stimulates cell rolling (Choi  et al ., 2012). 

The P-selectin coated microfl uidic channels have repetitive slant ridges with 
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trenches in between. The target cells roll through the slant ridges via inter-

action between the P-selectin on slant ridges and the ligand on the cell sur-

face. The cells eventually roll through the trenches and fl ow into a collecting 

chamber. In the future, we anticipate that similar devices will be used to 

both understand the normal interactions of other stem cells with endothe-

lial adhesion ligands as well as engineer therapies that maximize these inter-

actions for therapeutic interventions. 

 During injury and infl ammation, adult stem cells are mobilized to the cir-

culatory system (Roufosse  et al ., 2004). Specifi cally, multiple groups have 

observed an increase in MSC populations in the vasculature following injury. 

Although the functional role of these circulating MSCs remains poorly 

understood, similar processes may underlie MSC recruitment to tumors and 

infl amed tissues (Karnoub  et al ., 2007). Unfortunately, current techniques 

make studying the individual steps underlying this phenomenon diffi cult. In 

particular, current intravital microscopy techniques are diffi cult to apply to 

the processes of intravasation into the bloodstream and extravasation into 

distant organs. Understanding the fundamental biology of stem cell recruit-

ment and homing has major implications for infl uencing therapeutic appli-

cations of these cells as they become more widely used in diverse clinical 

settings (Karp and Teol, 2009). 

 In recent years, the concept of the cancer stem cell (CSC) has become a 

new paradigm for understanding cancer initiation, progression, and response 

to therapies (Visvader and Lindeman, 2012). The fundamental hypothesis is 

that a cellular subpopulation of the tumor possesses both self-renewal abili-

ties and the capacity to give rise to other, differentiated cells in the tumor. 

Recent observations have suggested that CSCs themselves are responsible 

for the spread of cancer cells to other organs in the process of metasta-

sis (Baccelli and Trumpp, 2012). As metastasis involves intravasation into 

the blood stream, tropism to cancer-specifi c secondary organs, and eventual 

extravasation into those organs, microfl uidics offers numerous opportuni-

ties to reveal the biology underlying CSC-driven metastasis (Valastyan and 

Weinberg, 2011). The central role of CSCs in sustaining tumor growth and 

progression suggests that therapies specifi cally targeting the CSC or its asso-

ciated niche could more effectively treat cancer. Microfl uidics again offers 

opportunities to accelerate the identifi cation of novel pathways and targets 

through novel drug screening platforms. In addition, microfl uidics has a clear 

role to play in the isolation of CSCs from the heterogeneous cell population 

of primary tumors. As current markers for CSCs vary widely between can-

cers types, the label-free technologies described above, including DEP, will 

be interesting to apply to the detection and isolation of CSCs. 

 Additionally, future trends in microfl uidic-based stem cell research will be 

focused on developing technologies to effectively screen drug candidates, 

investigate stem cell differentiation, and test the effi cacy of engineered stem 
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cells in an  in vitro  model that closely mimics human biology. Microfl uidics 

could be used to assess potential drugs for pregnant women as drugs can 

be harmful to the fetus in the womb, microfl uidics can be a useful tool to 

safely screen side effects of the drug candidates on ESCs. Furthermore, 

drug companies could use this platform to further enhance their stringency 

tests during drug development. Alternatively, microfl uidics can be used to 

differentiate, analyze, and sort stem cells for the purposes of cell therapy. 

Ultimately, through investigating stem cells with microfl uidic devices, it may 

be possible to control stem cell differentiation to develop artifi cial organs/

tissues and to repair damaged internal body systems. In the future, inte-

gration of multiple ‘organs on a chip’ to generate microfl uidic systems that 

mimic the full range of physiology of humans may be useful for understand-

ing normal biology, disease processes, and the role of stem cells in these pro-

cesses. For these reasons, companies such as Aldagen ( http://www.aldagen.

com ) and Innovative Micro Technology (IMT,  http://www.imtmems.com/ ) 

focus on the development of microfl uidic devices dealing with stem cells. In 

the near future, microfl uidic-based systems will become a powerful platform 

not only for fundamental stem cell research, but also for stem cell-based 

clinical applications.  
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 Development of immunoassays for protein 

analysis on nanobioarray chips    

    J.   LEE       and     P. C. H.   LI ,    Simon Fraser University, Canada       

   DOI : 10.1533/9780857097040.4.445 

  Abstract : Immunoassays have been utilized as a method to detect 
secreted proteins such as antibodies or cytokines. These soluble 
proteins in blood or serum allow for clinical diagnostics of diseases 
ranging from hepatitis, autoimmune disorders, and Alzheimer’s to 
cancer. Immunoassays can be homogeneous or heterogeneous, with 
heterogeneous immunoassay (e.g. enzyme-linked immunosorbent assay 
(ELISA)) being much more common because the unbound proteins 
are easily washed away from the solid substrate. The need for sample 
volumes in excess of 10  μ L  in ELISA poses a restriction to the detection 
of antibodies and cytokines, usually found in low concentrations and 
low volumes in clinical samples. This necessitates the development of 
nanoliter-volume liquid handling, and high detection sensitivity of low-
volume and low-concentration samples. The recent development of the 
nanobioarray chip technology will address these needs. 

  Key words : heterogeneous immunoassay, enzyme-linked immunosorbent 
assay, antibody, cytokine, mosaic array, covalent immobilization, 
fl uorescence, chemiluminescence. 

    12.1     Introduction 

 Immunoassays have been utilized as a method of protein detection for 

biological samples. This method uses the immune reaction that takes 

place between an antibody and an antigen. Antibodies are proteins 

secreted in the body in order to identify and neutralize foreign objects in 

the body. Antigens are markers on these objects that antibodies bind to in 

order to recognize them. The introduction of immunoassays represented 

a signifi cant leap in the ability to detect proteins, such as antibodies and 

cytokines secreted by the body. Antibodies are utilized for the detection 

of diseases such as hepatitis and autoimmune disorders. Cytokines are 

involved in the studies of diseases such as Alzheimer’s and cancer, due 

to the gene regulation ability of the cytokines. As such, immunoassays 

have played an important role in protein detection and clinical diagnos-

tics (see Table 12.1). Immunoassays can be classifi ed as homogeneous or 
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 Table 12.1     Comparison of different commercial bioarray methods 

 Indication  Target  Vendor  Platform  FDA  

cleared 

 Allergies  Antibodies  VBC-Gcnomics (www.vbc-

gcnomics.at) 

 Planar array    −   

 Allergies, celiac 

disease 

 Antibodies  1NOVA Diagnostics (wwvv.

inovadx.com) 

 Luminex    −   

 Allergies, 

common 

 Antibodies  ImmuneTech (www.

immunetech.com) 

 Luminex  i 

 Allergies, indoor 

allergens 

 Antibodies  INDOOR Biotechnologies 

(www.inbio.coin) 

 Luminex    −   

 Autoimmune  Antibodies  BioArray Solutions (www.

bioarrays.com) 

 Bead array    −   

 Autoimmune  Antibodies  Biomedical Diagnostics 

(www.bmd-nel.com) 

 Luminex  + 

 Autoimmune  Antibodies  INOVA Diagnostics (www.

inovadx.com) 

 Luminex    −   

 Autoimmune  Antibodies  Zeus Scientifi c (www.

zcusscicntiiic.com) 

 Luminex    −   

 Autoimmune  Antibodies  Bio-Rad Laboratories 

(www.bio-rad.com) 

 Luminex  + 

 Autoimmune  Antibodies  Whatman (wwwAvhatman.

com) 

 Planar array    −   

 Cancer  Proteins  RBM (www.

rulesbasedmcdicmcxom) 

 Luminex    −   

 Cardiac, heart 

failure 

 Proteins  Biomcricux (www.

biomcricux-dlagnostics.

com) 

 VIDAS    −   

 Cardiac, 

myocardial 

infarction 

 Proteins  Biosite (www.biosite.com)  Triage 

system 

   −   

 Cardiac, 

shortness of 

breath 

 Proteins  Biositc (www.biositc.eom)  Triage 

system 

   −   

 Infectious disease  Antibodies  Bio-Rad Laboratories 

(www.bio-rad.com) 

 Luminex    −   

 Infectious 

disease, 

Epstein-Barr 

 Antibodies  Zeus Scientifi c (www.

zeusscientifi c.com) 

 Luminex    −   

 Infectious 

disease, FSME, 

Borrclia 

 Antibodies  Multimctrix (www.

multimctrix.eom) 

 Luminex    −   

 Infectious 

disease, Herpes 

virus 

 Antibodies  Focus Diagnostics (www.

focusdx.com) 

 Luminex    −   

 Multiple 

immunoassays 

 ProLeins  Randox (www.randox.com)  Evidence  + 

 Neurologic, 

Alzheimer’s 

disease 

 Proteins  Innogenetics (www.

innogenetics.com) 

 Luminex    −   

 Typing, IILA  Antibodies  Tepnei (www.lepnel.com)  Luminex  i 

   Source : From Hartmann  et al ., 2009. With permission from Springer Science.  
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heterogeneous assays. In homogeneous assays, the probes and the sam-

ples will be mixed in liquid phase; this method requires a separation step 

to detect the presence of the reaction products. In heterogeneous assays 

the samples in the liquid phase interact with the probes immobilized on a 

solid phase. While both of these assays are in practical use, heterogeneous 

assays are much more common due to the ease of washing away unbound 

particles from the solid substrate. Heterogeneous immunoassays usually 

take the form of the ELISA. The need for sample volumes in excess of 10 

 μ L in ELISA poses a restriction to the detection of antibodies and cytok-

ines. These proteins are found in low concentrations and low volumes in 

clinical samples. This makes the development of nanoliter-volume liquid 

handling, and high detection sensitivity of low-volume and low-concen-

tration samples particularly important (Chu et al., 1997). The miniatur-

ization of the immunoassay technology came to light during the 1990s 

when development of DNA and protein microarrays began (Ekins  et al ., 
1998; Silzel, 1998). Furthermore, the need for simultaneous detection of 

a large number of analytes led to the development of multianalyte bind-

ing assays. Nanofl uidics conducted in micron-sized channels provided a 

system in which minimal liquid could be utilized while maintaining or 

even improving the sensitivity of the protein detection in these materials. 

The development of such technologies as nanobioarray chips, which can 

perform multianalyte detection in nanoliter-volume of samples, will be 

described in detail in subsequent sections.     

  12.2     Technologies  

 Two major technologies are currently used in producing bioarrays, namely, 

the microspot array and mosaic array. 

  12.2.1     Microspot arrays 

 The most commonly developed immunoassay method is the spot array. It 

is a simple method whereby many probe spots are printed onto a chip sub-

strate. Since the minimum volume of materials required for ELISA kits is 

>10  μ L, microspots that utilize liquid handling of nanoliters in micro-sized 

channels help to remove this limitation. Typically, the probe spot density is 

several thousand spots, and they are printed as a rectangular array within 

a single 1 cm × 1 cm square chip. This bioarray is then tested against a sin-

gle sample, which is fl owed on top of the array. With this method, a large 

amount of data can be obtained from using a single sample. 

 There are three common methods utilized in microspotting the substrate: 

photolithography, mechanical microspotting, and ink-jet printing (see 

Fig. 12.1). These printing methods provide the ability to print multiple indi-

vidualized spots on a single chip substrate.      
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 Photolithography is used to pattern many spots accurately on the surface. 

This method is highly reproducible, with little variations in the microspot 

locations (Kim et al., 2010). This method does require a photomask for fab-

rication, which can be costly as compared to other methods. This fabrication 

(a)

(b)

(c)

M1
X X X X

Shine
light

M1
X X A A

M2
X X

M1
X X

Touch
surface

Deliver
drop

Move
pins

Couple Repeat

Microarray

Repeat

Repeat
Move
jets

Microarray

Microarray

 12.1      Microspot array fabrication. (a) Photolithography: A substrate 

modifi ed with photo labile protecting groups (X) can be selected for 

activation by using a photo mask (M1). The chip is then covered with 

a photo protected protein (A-X), which will be immobilized onto the 

surface, generating defi ned regions on the surface. A second mask (M2) 

is then applied to deprotect another set of defi ned regions for protein 

coupling. Repeated deprotection and coupling will allow for a high 

density protein microarray. (b) Mechanical Microspotting: This method 

requires the loading of the protein into a spotting pin via capillary 

action. The pin is then placed into direct contact with the surface of the 

substrate where a small volume of the protein is delivered. Once this 

is completed, the pins are washed and then loaded with the second 

sample, which is spotted on an adjacent location. This method can be 

automated using robotic control systems and multiplexed printheads. 

(c) Ink-jet printing utilizes piezoelectric fi ttings (rectangles) and an 

electrical current to dispense a precise quantity of a loaded sample in 

the nozzle. Once this step is completed, the nozzle is washed and loaded 

with the second sample, and then deposited on the adjacent spot. By 

utilizing multiple jets, microarrays can be printed rapidly. ( Source : From 

Schena  et al . 1998. With permission from Elsevier.)  
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process is also time-consuming, as each photomask must be designed and 

built before the chip fabrication can occur. 

 Mechanical microspotting utilizes a liquid droplet delivery mechanism with 

direct contact of spotting tips against the substrate to print the liquid from 

spot to spot. This method is simple and can be implemented in rapid prototyp-

ing. In addition, the microspotting procedure can be easily automated. Unlike 

the photolithography method, mechanical microspotting is not as precise, and 

so the high spot density achieved using photolithography cannot be obtained. 

Nevertheless, this method remains a simple method for use in research labs. 

 Ink-jet printing is a droplet delivery system using nozzles to transfer sub-

stances onto the substrate. This method allows for a spot density compara-

ble to mechanical microspotting, while reducing the chip fabrication time 

as the ink-jet liquid delivery method is contactless. The downside of this 

method is the robustness of the system. The delivery of the liquids is not 

always reliable and reproducible, due to clogging of the nozzle, which limits 

the use of this method.  

  12.2.2     Mosaic arrays 

 The mosaic array is an immunoassay method that allows for multiple probes 

to react with multiple samples. Rather than having a single sample react 

with multiple probes, this method has several samples tested against mul-

tiple probes simultaneously. 

 In the mosaic array, the liquid is fl owed through PDMS channels placed 

on top of the substrate (see Fig. 12.2). This method is simple to use and 

it utilizes micron-sized channels to defi ne precisely and accurately the 

regions of the probes utilizing nanoliters of reagents. This method requires 

the removal of the fi rst chip and the assembly of a second chip before 

detection can occur. In other words, the channels in the chips must be 

intersecting in order to conduct the multiple-probe, multiple-sample test.      

 In the methods of both microspot and micromosaic arrays, a high spot 

density can be obtained. In the mosaic bioarray, the multiple probes will 

not only detect proteins in one sample, but also detect multiple samples; 

whereas the microspot array will not (Murphy et al., 2008). However, the 

microspot array can be fabricated to generate isolated detection regions. 

In this case, only one probe will detect each sample in each region. The 

microspot method requires that each spot must have an individual probe 

and sample solution, whereas the micromosaic does not have this limita-

tion. Recent advances show that a microspot array can be modifi ed to alle-

viate this limitation by performing homogeneous-like immunoassays assays 

in which the probes are fi xed on beads and remain in solutions for binding 

with samples in the same solution. This type of assay is commonly utilized 

in assays where a microwell is used to isolate the detection of samples at 

individual spots.   
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 12.2      Steps to perform a micromosaic immunoassay: (a) Different 

antigens are patterned on the substrate in single lines using a 

microfl uidic chip network. (b) Any areas not patterned in Step (a) are 

blocked with BSA to prevent any non-specifi c binding. (c) The fi rst 

microfl uidic network is replaced with another chip and antibodies 

are fl owed through to bind to the patterned antigens. (d) The mosaic 

generated will allow for the detection and quantifi cation of antibodies 

on the surface. (e) In this method, a 200  μ g/mL rabbit IgG labeled with 

TRITC is immobilized on the surface using the microfl uidic network. The 

substrate was then blocked with BSA, and then the second chip was 

positioned across the printed antigen lines and a FITC-labeled anti-

rabbit-IgG solution was applied to allow for immunobinding. ( Source : 

From Bernard  et al ., 2001. With permission from American Chemical 

Society.)  
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  12.3     Immobilization chemistry 

 In heterogeneous immunoassays, there are various methods of immobilizing 

the probes onto the surface. Covalent attachment, adsorption, and bioaffi n-

ity attachment are the most common methods used (see Fig. 12.3).      

 Adsorption is a simple method in which physisorption is commonly 

used to immobilize proteins onto a surface. This method can be achieved 

by adding proteins with high affi nity to a particular substrate that is able 

to adsorb materials well. The drawback of this method is the occurrence 

of nonspecifi c binding. In addition, the weak binding force of physisorp-

tion means that desorption can easily occur through changes in reaction 

conditions, such as temperature, pH, and solvent composition (Kusnezow 

et al., 2003). These drawbacks make this method rather limited in appli-

cation. While adsorption is a viable method in microspot arrays, it is not 

ideal in micromosaic arrays. 

 In bioaffi nity attachment, the most common method is through the use of 

biotinylated groups coupled to probes, which will attach to immobilized avi-

din analogs bound on a solid substrate. The high binding affi nity of biotin 

to avidin groups and the ease of biotinylation of various probes make this a 

simple method for anchoring probes on solid substrates (Peluso et al., 2003; 

Ramachandran et al., 2004). In addition, the biotin – avidin link is very robust 

and is able to withstand many extreme conditions that may be encountered in 

a reaction (Moy  et al ., 1994). In order to avoid steric hindrance due to biotin 

on the active group of the probe, a carbon-chain linker is usually used between 

(c)

SHSHSHSH

(b)

BioaffinityCovalentPhysical

(a)

 12.3      Diagram of various immobilization techniques. (a) Physical 

immobilization occurs by the directly exposing the sample onto the 

surface through physisorption. (b) Covalent attachment requires for 

surface functionalization of the surface before exposing the sample 

for immobilization. (c) Bioaffi nity utilizes an immobilized biomolecule 

to create a bond of the sample through another biomolecule onto the 

substrate. ( Source : From Rusmini  et al ., 2007. With permission from 

American Chemical Society.)  
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the biotin moiety and the probe. The drawback is that the probes must be bioti-

nylated prior to being used, which requires an additional purifi cation step. 

 Covalent attachment requires surface functionalization in order to 

attach the probes. Depending on the amino acids present in the protein 

or peptide probes (see Table 12.2), there are several methods of surface 

functionalization. Rusmini  et al . (2007) lists two of these methods as (1) 

N-hydroxysuccinimide (NHS) with 1-ethyl-3-(3-dimethylaminopropyl) car-

bodiimide) (EDC) chemistry to couple with amino groups in proteins, and 

(2) aldehyde chemistry to couple with amino groups in proteins. The EDC 

is used with NHS in various applications to create an amine-reactive NHS 

ester, which is easily attached to proteins through forming a stable amide 

bond. In the aldehyde method, glutaraldehyde may be used for the modifi -

cation of the surface. Then, the aldehyde will interact with an amino group 

on the proteins. It is possible to modify the linker length to avoid steric 

hindrance and to improve the binding effi ciency. However, the drawback of 

both methods is the requirement for a free primary amino group to be pre-

sent in the protein molecules.     

  12.4     Detection methods 

 The common detection methods for immunoarrays are based on tags that 

produce chemiluminescence, fl uorescence, colorimetry, electrochemistry, 

and radioactivity (Pollard  et al ., 2007). 

 Chemiluminescent detection can be obtained with a horseradish peroxi-

dase (HRP) tag, which is an enzyme that catalyzes chemiluminescent reac-

tion of chemical substrates such as luminol. The HRP can be tagged onto the 

detection antibody which will be applied to the system. This method allows 

for a two orders of magnitude increase in detection ability as compared to 

the use of a fl uorescent tag. The drawback of this method is longevity of the 

chemiluminescent reaction. The detection must be completed rapidly upon 

 Table 12.2     Comparison of immobilization techniques 

 Side groups  Amino  Acids surfaces 

 -NH 2   Lys, hydroxyl-Lys  Carboxylic acid active 

ester (NHS) epoxy 

aldehyde 

 -SH  Cys  Maleimide pyridyil 

disulfi de vinyl 

sulfone 

 -COOH  Asp. Glu  Amine 

 -OH  Ser. Thr  Epoxy 

   Source : From Rusmini  et al ., 2007. With permission from American 

Chemical Society.  
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the introduction of the substrate. In other words, this method of detection 

will be inaccurate if the substrate is not introduced to all detection regions 

or wells simultaneously (Yakovleva et al., 2002). This method is excellent 

for high throughput detection, but light shielding from other wells (usually 

white) is required in order to prevent any residual light from bleeding into 

other wells, causing false positives (Lee et al., 2010). 

 Fluorescence offers a solution to the issues of the chemiluminescence by 

removing the need to introduce the HRP substrates as well as the need 

for reagent localization. In fl uorescent detection, the tag is localized on the 

detection antibody and no substrate is required for signal generation. In 

terms of fl uorescence, there is a variety of methods for the detection. The 

most direct method is attaching the fl uorescent tag to the detection anti-

body (Ghafari et al., 2009). This method is the simplest and requires the least 

amount of time to detect. However, this method does not generate light as 

bright as chemiluminescence, which has chemical amplifi cation and hence 

does not have as low a detection limit as chemiluminescence. Nevertheless, 

fl uorescent detection can be enhanced in many ways. One way is to multiply 

the number of fl uorescent tags by adding a chain reaction or using a mul-

tiple tag antibody. Another way is by utilizing fl uorescent beads for detec-

tion, and it is possible to increase the detection by two orders of magnitude. 

Fluorescence is a versatile method that can be utilized in a high throughput 

design, but light shielding from other wells (usually black) is required so 

that the light does not bleed from one spot to the next, thus causing false 

positives (Ressine et al., 2003). 

 The third approach is colorimetric detection, which can be achieved by a 

variety of methods. The simplest method is the introduction of a colorimetric 

substrate such as 3,3’,5,5’-tetramethylbenzidine that can be catalyzed by HRP 

to produce a colored compound. Another method for the colorimetric detec-

tion is immunogold silver staining (IGSS), which uses silver nanoparticles to 

aggregate against the gold-tagged detection antibody (Holgate  et al ., 1983; 

Hayat, 1995; Lackie, 1996). This method has a detection ability that is visible to 

the naked eye even at concentrations of 0.005 nM. While normal colorimet-

ric methods are not as sensitive as chemiluminescence or fl uorescence, silver 

staining enhances the detection ability to a comparable level. In addition, the 

ease of detection allows them to be viable for low cost detection equipment 

such as scanners, when large and bulky instruments are unavailable. 

 Electrochemical detection utilizes the reduction and oxidation abilities 

of the materials for detection. The method requires electrodes (usually the 

working electrode) to be fabricated directly onto the device. This method is 

more sensitive than colorimetric detection, and it does not require transpar-

ent material. However, it is dependent on fl ow conditions within the chan-

nels, and the electrodes must be treated to prevent inaccurate results due to 

biofouling. 
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 Radioactivity is another method that can be used for immunoassay detec-

tion. The requirement for a transparent material for the nanofl uidic system 

can be bypassed, as this method does not depend on optical detection meth-

ods. In addition, this method requires the radiolabelling of the protein, which 

allows tracing of the protein in the nanofl uidic system. However, it requires 

specialized equipment that reduces the compactness of this method. In addi-

tion, radioactive hazard is a concern that requires specialized safety training.  

  12.5     Applications  

 There are many applications that benefi t from using the bioarray chip. These 

include detection of antibodies and cytokines, both of which have clinical 

importance. 

  12.5.1     Antibody detections 

 Antibody detection has been utilized in a wide variety of applications. For 

instance, immunoassays have been applied in water analysis to detect path-

ogenic bacteria, such as  Escherichia coli  ( E. coli ) (Noguera et al., 2011). 

Conventional methods for detection of this bacterial material require 18–24 h 

to complete due to the required bacterial cultivation time. However, with the 

introduction of a stopped fl ow immunoassay system reported by Langer  et al . 
(2011), the time required was reduced to 67 min (see Fig. 12.4). This method 

utilized the immobilization of polyclonal goat antibodies against  E. coli  cells 

utilizing 2000-Da diaminopolyethyleneglycol (DAPEG) to trap the cells. The 

detection was completed by the introduction of polyclonal antibodies conju-

gated with biotin, which would be coupled to streptavidin labeled with HRP. 

This will then react with chemiluminescent substrates to produce a signal. The 

detection limit obtained from this method, i.e. 4 × 10 5  cells/mL, is two orders 

of magnitude lower than a comparable conventional ELISA. In the stopped 

fl ow method, the standard microspot array has been modifi ed for a solution to 

be introduced into system and allowed to react. The signal is enhanced when 

the fl ow rate of sample introduction is reduced (see Fig. 12.5). The benefi t of 

this stop fl ow method is the ability to signifi cantly enhance the signal, com-

pared to other methods which run a sample continuously.           

 By using the immunoassay for detection of antibodies, we can specifi -

cally look for pathogenic cells, such as  E. coli  or  Staphylococcus aureus  

( S. aureus ) without killing them, as this will interfere with the ability to study 

these cells. In serum diagnostics, a multitude of proteins such as albumins, 

immunoglobulins (IgG) and regulatory proteins may be evaluated. In spe-

cifi c cases, the detection of a protein may just require a positive or nega-

tive result. IGSS is an excellent way to produce a rapid detection method 

that does not require expensive and bulky instruments and does generate 
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fast results. This method was shown by Yeh  et al . (2009) to detect protein 

A obtained from  S. aureus , and IgGs obtained from humans or goats (see 

Fig. 12.6). Over time, the signals gradually increase, resulting in the detec-

tion of positive or negative result (see Fig. 12.7). In countries where expen-

sive equipment is not readily available, these colorimetric immunoassays 

are economically viable.           

 In the paper by Yang  et al . (2007), they demonstrated a microar-

ray based on multiple wells to detect antiepileptic drugs (AED), namely 

carbamazepine(CBZ), phenytoin(PHT), and valproic acid(VPA), simulta-

neously and quantitatively (see Fig. 12.8). The results of this competitive 

homogeneous immunoassay have a variation in results of less than 10%, as 

compared to values obtained from intra- and inter-assays, allowing for the 

method to be clinically viable (see Fig. 12.9). In this method, the bioarray was 

constructed on wells (2.50 mm in diameter) cut out of a vinyl fi lm that was 

then supported by a glass cover slip. After the enzyme and bioluminogenic 
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 12.4      Application 1 Detection of  E. coli  using chemiluminescence. A 

standard sandwich immunoassay is performed using the stop fl ow 

method. First, biotin-conjugated polyclonal antibodies. These will be 

coupled to the HRP labeled streptavidin. HRP will then react with the 

chemiluminescent substrates. The various colored sections indicate the 

reagent volumes used in the various incubation steps. The results are 

shown in Fig. 12.5. ( Source : From Langer  et al ., 2011. With permission 

from Springer-Verlag.)  
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substrate (6-O- β -galactopyranosyl-luciferin) were dispensed into the wells 

on the bioarray surface, these reagents were frozen or lyophilized using dry 

ice placed below the chip. When used, the reagents were reconstituted when 

the serum-containing AED solutions were added. The detection method 

(a) (b) (c)

 12.5      Chemiluminescent signals obtained from (a) 20  μ L/s, (b) 0.5  μ L/s, 

and (c) stopped fl ow system for measurement of  E. coli  cells. In each 

image, the top row represent six spot replicates of pAb anti- E. coli, 

the middle of  negative control and the bottom of positive control. The 

signals obtained from continuous fl ow are weaker than that using the 

stopped fl ow system The positive control was polyclonal antibody anti-

peroxidase and the negative control was spotting buffer. In each row, 

the interspot distance was 1100  μ m. ( Source : From Langer  et al ., 2011. 

With permission from Springer-Verlag.)  
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 12.6      Schematic of the sandwich immunoassay using immunogold silver 

stain detection on a microspot bioarray. (a) The test used to evaluate the 

precipitation effects of the silver. (b) The actual method used to perform 

the ELISA-type immunoassay. The results are shown in Fig. 12.7. ( Source : 

From Yeh  et al ., 2009. With permission from Springer Berlin/Heidelberg.)  
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 12.8      ImmunoChip design and dispensing of the assay reagents. (a) The 

setup and dimensions of a 3 × 3 multiwell ImmunoChip. The reagents 

specifi c to the three antiepileptic drugs (AEDs) were dispensed in 

individual rows (VPA, PHT, and CBZ) in triplicate. (b) Dry ice was placed 

under the platform (XYZ stage), supporting a number of ImmunoChips, 

to achieve freezing or lyophilization of the assay reagents as soon as 

they were dispensed. In each well, the assay’s reagents were dispensed 

in the following order (from bottom to top): (i) Beta-Glo solution with 

excipients (Ex) (500 nL); (ii) R2, an AED–ED conjugate and Ex (188 nL); 

and (iii) R1, an anti-AED antibody and Enzyme Acceptor (EA) and Ex 

(250 nL). Enzyme Donor (ED) and EA are two genetically engineered 

fragments of  β -galactosidase. ( Source : From Yang  et al ., 2007. With 

permission from Elsevier.)  
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 12.7      Images obtained from immunogold silver staining (IGSS) results 

on a microspot array. Colorimetric changes were obtained from the 

IgG-AuNPs conjugates once immersed in the silver enhancer solution 

from 0 s to 9 min. This demonstrated the IgG-AuNPs catalyzing the 

reduction of the silver ion solution to silver metal. ( Source : From Yeh 

 et al ., 2009. With permission from Springer Berlin/Heidelberg.)  
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utilizes a  β -galactosidase to produce bioluminescent luciferin, which allows 

for detection of AEDs in a single-step process.           

 Another system developed by Lee  et al . (2012) for the detection of anti-

bodies involves the NBA chip method. This system is similar to the micromo-

saic approach, but utilizes a spiral/radial chip confi guration (see Fig. 12.10) 

rather than the horizontal/vertical chip confi guration. This system utilizes 

the spiral channels to increase the residence time of the antibody – antigen 

reaction, thereby increasing the sensitivity of detection. This system utilizes 

a secondary antibody for fl uorescent detection. The linear channel bioarray 

proposed by Bernard  et al . (2001) was able to detect the antibodies down 

to levels of 0.5 nM. Utilizing the spiral NBA chip to detect monoclonal 17/9 

antibodies, which bind to hemagglutinin A of the infl uenza virus A, 0.1 nM 

of the 17/9 Abs were detectable.       
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 12.9      Homogeneous assay results on microfl uidic array ImmunoChip. 

Simultaneous detection of three antiepileptic drugs (AEDs). (a) CCD 

images for the serum samples. Various concentrations of the AEDs 

were added in each well displaying the luminescent signals. (b) 

Calibration curves are from the CCD counts from 5 min exposures. 

CBZ and PHT utilize the lower concentration axis, whereas VPA uses 

the higher concentration axis. ( Source : From Yang  et al ., 2007. With 

permission from Elsevier.)  
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  12.5.2     Cytokine detection 

 Cytokines, e.g. interleukins, have been an area of interest as they are impor-

tant proteins secreted by cells in diseases such as cancer and Alzheimer’s, 

as well as during transplant rejections. An immunoassay proposed by Zhou 

 et al . (2010) utilizes a system that is designed for materials that are diffi cult 

to detect or that do not have a sandwich test kit for ELISA (see Fig. 12.11). 
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 12.10      (a) The NBA chip (radial/spiral) as compared to the micromosaic 

chip (vertical/horizontal). (b) Results displaying the detection of 

monoclonal 17/9 antibodies dispensed into adjacent spiral channels 

intersecting with bioHA antigens immobilized along radial lines. 

Results were detected using a fl at bed confocal fl uorescence scanner. 

( Source : With permission from the International Society for Optics and 

Photonics or SPIE.)  
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The method proposed is called the specifi c analyte labeling and recapture 

assay. First, the antigen is bound to the capture antibody. Second, the bound 

antigen is labeled. Third, the labeled antigen is eluted. Fourth, the antigen 

is then recaptured utilizing the same capture antibody. This method allows 

for the use of a single detection antibody, rather than two antibodies-one 

for capture and one for detection. Moreover, the high specifi city allows the 

same antigen to be recaptured. In this method, they trapped and detected the 

Antibody A Antigen A

Capture plate

Detection plate

1. Antigen A is captured

3. Labeled antigen A is
    eluted

4. Labeled antigen A is
    recaptured

5. Signal is developed

2. Antigen A is labeled

 12.11      Cytokine Assay using Single Antibody. 1. Antigen A is captured 

on the surface utilizing an immobilized antibody A. 2. The captured 

antigen is then biotin labeled. 3. The labeled antigen is then eluted. 

4. The eluted antigen is reintroduced into the system for recapture. 

5. Streptavidin-HRP is introduced to bind to the biotinylated antigen 

to develop a signal. ( Source : From Zhou  et al ., 2010. With permission 

from Elsevier.)  
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various cytokines that are detected, the majority of which are interleukins 

(IL) such as IL-1 β , IL-4, IL-8, and IL-10, using their corresponding capture 

antibodies. Once the cytokines are trapped, they are then labeled with bio-

tin. Finally, the antigens are released from the antibodies, and they are then 

recaptured using the same antibody. Poly-HRP streptavidin is then added 

for the detection of the antigens using the colorimetric substrate 2,2’-azino-

bis [3-ethylbenzothiazoline-6-sulfonic acid]-diammonium salt (ABTS). This 

system allows for multiple antigens to be detected from one sample. The 

sensitivity of this method allowed for a detection of samples containing 0.01 

ng/mL of cytokines.      

 In the study of Blicharz  et al . (2009), IL-6, IL-8 as well as other cytok-

ines found in saliva of patients with pulmonary infl ammatory diseases are 

detected. The cytokines in saliva have been detected through the use of 

microspheres in a homogeneous assay (see Fig. 12.12). The microspheres 

are surface-modifi ed using aldehyde chemistry for immobilization of the 

corresponding monoclonal capture antibodies, such as anti-IL-8, on the sur-

face. This method uses the sandwich detection method, in which once the 

antigen has been captured; a biotinylated detection antibody is incubated. 

Then, fl uorescently labeled streptavidin is applied for detection. By utilizing 

fi ber optics, each of these beads can be identifi ed by their colors and inten-

sities, allowing for a quantitative method for cytokine detection. This proof-

(a)

Cytokine-capture
microsphere

Microsphere pool

hυ

hυ

Streptavidin-AF488
conjugate

Detection
antibody

Biotin
Antigen

Capture
antibodyMicrosphere

(b)

 12.12      Microspheres for Cytokine Capture: (a) Capture antibodies 

are attached to the fl uorescently encoded, amine functionalized 

microspheres. A mixture of various microspheres is loaded onto the 

fi ber optic array. (b) The loaded microspheres are then incubated with the 

cytokines and then incubated with biotinylated antibodies. ( Source : From 

Blicharz  et al ., 2009. With permission from American Chemical Society.)  
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of-concept experiment utilizes the saliva samples obtained from patients 

to study the relationship between cytokines and pulmonary infl ammatory 

diseases.        

  12.6     Conclusion and future trends 

 In terms of technology advances, there will be a need to improve the 

immunoassay systems for ease of automation. This will lead to much 

higher throughput and more reproducible results. While most of the 

instruments have automated operations, dispensing of the materials does 

not, which can lead to variations in detected signals. Another area that 

needs to be improved is the sensitivity of the instruments. It has been 

shown that the use of fl uorescent detection results in lower detection lim-

its in micro- or nano-fl uidic devices than in conventional methods such 

as ELISA. To compete with chemiluminescence, which offers better sig-

nal enhancement, in order to obtain better fl uorescent signal a variety of 

methods such as fl uorescent beads may be utilized. However, the ultimate 

goal is to improve upon this so that single molecule detection is possible. 

To achieve this goal it will require system optimization as well as the 

development of novel detection methods involving the use of nanostruc-

tured materials. 

 Current applications are focused on samples that have ELISA kits 

developed. However, there are a wide variety of antibodies and cytokines 

that are not so easily captured. In addition to proteins that are diffi cult to 

analyze, many samples need to be purifi ed before they can be analyzed. 

Furthermore, there will be a need for a high throughput system that will 

be able to analyze a large number of samples in a short amount of time. 

In addition, only a single aspect of these samples is currently analyzed. 

If instruments are able to completely characterize a sample, it will pro-

vide signifi cantly more information. This will vastly improve our ability to 

understand the role of the antibodies and cytokines in a variety of physi-

ological environments.  
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  Abstract : Driven by the ambitious goals proposed in various genome-
related studies, microfl uidic systems fully integrated by microfabrication 
technology have been developed rapidly and are poised to advance the 
fi eld of genetic analysis substantially. To produce a high-performing 
microsystem, several key microchip elements must be strategically 
considered, including the selection of device materials, accurate 
temperature control, precise microfl uidic control, and effi cient sample/
product transport during the process. We review several signifi cant 
examples achieved recently in DNA sequencing: gene expression analysis, 
pathogen / infectious disease detection, and forensic short tandem repeat 
(STR) typing. With the advantages of high speed, increased sensitivity, 
and enhanced reliability, these fully integrated microsystems provide 
researchers with leverage to explore a variety of challenging research 
topics, such as automated DNA sequencing, single-cell gene expression 
characterisation, decentralised pathogen detection and forensic human 
identifi cation. 

  Key words : microfabrication, DNA sequencing, genetic analysis, pathogen 
detection, short tandem repeat analysis. 

    13.1     Introduction 

 The completion of the human genome project (HGP) announced the 

start of the post-genome era (Lander  et al ., 2001; Venter  et al ., 2001). 

With the reference human genome sequence and ever-growing individ-

ual sequences established (Levy  et al ., 2007; Wang  et al ., 2008; Wheeler 

 et al ., 2008), researchers’ attentions have been directed towards investi-

gating the effects of DNA variations among individuals and their implica-

tions for diseases (Calvo  et al ., 2006; Beckmann  et al ., 2007; Fanciulli  et al ., 
2007; Buchanan and Scherer, 2008), to discover genetic clues and evidence 

for understanding cellular behaviours (Blais and Dynlacht, 2005), and to 

develop more powerful genetic tools for application in forensics (Jobling 

and Gill, 2004; Butler, 2006), health care (Guttmacher  et al ., 2007), food 
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safety (Abee  et al ., 2004), and so on. These research interests have posed 

further challenges to current genetic analytical techniques. For example, 

to fully understand gene functions and the importance of genome struc-

tural variations (block substitutions, insertions, deletions, inversions, and 

duplications) to speciation, evolution, and diseases (Zhao  et al ., 2004; 

Check, 2005; Ellegren, 2008), numerous large-scale genomes need to be 

sequenced to obtain comparative information. A high-throughput and 

low-cost sequencing technology, which can generate accurate long-range 

read lengths, is therefore of particular importance for many studies, such 

as the Cancer Genome Project. It is also known that subtle changes in 

gene expression are central for an organism to survive and these changes 

can vary substantially among some type of cells under identical conditions 

(Acar  et al ., 2008; Choi  et al. , 2008). In addition, many biological processes, 

such as embryo development, and diseases such as cancer (Quintana  et al ., 
2008), originate from a single cell. Therefore, a genetic and gene expression 

analysis platform, which can manipulate single cells effi ciently and pro-

vide single-molecule sensitivity, will be greatly appreciated by researchers. 

Genetic analysis is poised to emerge from research laboratories and play 

an important role in our daily lives, such as in forensics and clinical diag-

nosis. Ideally, these applications require compact instruments that are fast, 

low cost, easy to operate, and even portable for decentralised or point-of-

care analysis. Undoubtedly, all these challenges suggest that future genetic 

analytical techniques must require less cost and time, have high sensitivity 

and high throughput, and provide fl exible platforms to meet various appli-

cable situations. 

 Although genetic analytical methods have advanced signifi cantly through 

the application of robotics, there are several intrinsic limiting drawbacks.  

   (i) Sample loading. As the analytical targets are changing to single cells, 

the conventional serial dilution method for cell loading becomes 

ineffectual. Because the number of cells in each reaction follows the 

Poisson distribution, the variation of starting materials inevitably leads 

to irreproducible results.  

  (ii) Sample dilution. The liquid handling limitations of conventional 

analytical techniques are usually 5–10 μL, which not only consumes 

more expensive reagents, but also causes inevitable sample dilution. 

For example, to analyse a single gene (one DNA strand) in a cell, we 

conventionally put it into a working volume of 10 μL, which causes 

extreme dilution of this single template down to <10−18 M. The most 

sensitive systems for DNA detection require concentrations in the 

femtomolar-picomolar range, which is already close to the maximum 

concentration of polymerase chain reaction (PCR) products practi-

cally generated from a single template in a 10 μL reaction.  
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  (iii) Ineffi cient sample/product transport. During conventional genetic 

analysis, samples are transferred from one instrument to another sev-

eral times, which can cause signifi cant sample dilution and loss. For 

instance, in DNA capillary electrophoresis (CE) analysis, a sample 

of 1–2 μL is usually taken from 10 μL PCR products and later only 

~2 nL of that sample is injected into the capillary for separation and 

detection (Butler et al., 2004). This ineffi cient sample transfer compro-

mises the sensitivity and quantitative capability of current analytical 

methods.  

  (iv) Contamination. Contamination issues become prominent when 

dealing with low-copy-number samples, since the contaminants can 

overwhelm real target signals. Current analytical processes that have 

multiple open sample transfer steps make contamination inevitable 

(Gill et al., 2000). Nevertheless, the precipitous gap between the vast 

requirements of genetic analyses and the limited capabilities provided 

by current techniques will spur the improvement of existing tools and 

the innovation of new technologies.     

  13.2     Integrated microfluidic systems 

 Micro-total analysis systems (μTAS), or the so-called ‘lab-on-a-chip’, have 

attracted increasing attention because of their ability to integrate multiple 

biochemical processes at pL/nL-scale in a single device using microfabri-

cation technology. The advantages of miniaturising and integrating genetic 

analysis include high speed, less reagent consumption, and a reduction in 

size of instruments (Manz  et al ., 1990, 1992; Harrison  et al ., 1993). Moreover, 

microfabrication technology has the potential to overcome the hurdles 

associated with conventional techniques. Since the intrinsic length (μm) and 

volume scales (pL-nL) of microstructures in a device are close to those of 

single cells, effi cient manipulation and loading of individual cells in a high-

throughput manner becomes possible (Sims and Allbritton, 2007). The lim-

ited diffusion distances and concentrated reagents realised by performing 

assays in nanolitre-scale reactors could also substantially increase the sen-

sitivity and speed of biochemical reactions (Jensen, 1998). By integrating 

the analytical process on a single device, effi cient connections between each 

functional unit can be achieved, so that the loss and dilution of samples 

is minimised. Additionally, microfl uidic automations can also eliminate the 

risks of sample mix-up and contamination, which are critical for high-sensi-

tivity genetic analyses. Given all these inherent advantages, fully integrated 

microfl uidic systems are a promising technology. 

 The development of integrated microdevices for genetic analyses has 

advanced rapidly. The early development of microfabricated genetic analysis 

�� �� �� �� �� ��



468   Microfl uidic devices for biomedical applications

© Woodhead Publishing Limited, 2013

devices focused on translating individual analytical steps into chip formats, 

such as DNA extraction, PCR, and microchannel CE, to replace their coun-

terparts in conventional genetic analyses. Current research work has centred 

on the development of fully integrated microsystems to provide complete 

solutions with enhanced performances to specifi c applications. Many review 

articles have been published in recent years, covering various aspects of 

microfl uidic devices, including microfabrication, materials, device interface, 

fl uidic control, and a wide range of applications (Fredrickson and Fan, 2004; 

Lagally and Mathies, 2004; Roman and Kennedy, 2007; West  et al. , 2008). 

Therefore, this chapter focuses on the development of integrated genetic 

analyses that have signifi cant impacts on DNA sequencing, gene expression 

analysis, pathogen/infectious disease detection, and forensic STR typing.  

  13.3     Development of integrated microdevices 

 To develop fully integrated microsystems for gene expression and genetic 

analysis, several necessary chip elements must be strategically chosen, includ-

ing device material, heaters and temperature sensors for thermal cycling 

of reactions, microvalves for fl uidic control, and sample/product transport 

between analytical steps. We will briefl y discuss these aspects as they closely 

relate to genetic analysis, but it is advisable to refer to other dedicated chap-

ters on these aspects for more detailed information. 

  13.3.1     Device material 

 The choice of device material is important for the development of integrated 

microsystems, because the design, fabrication and operation of the device 

are heavily dependent on the properties of the substrates used to manu-

facture them. Glass remains by far the most extensively used substrate for 

implementing integrated microfl uidic devices for genetic analysis due to its 

extraordinary advantages, including optical transparency for detection, and 

mature surface chemistry manipulation (Waters  et al ., 1998; Lagally  et al ., 
2001; Ferrance  et al ., 2003; Blazej  et al ., 2006). The disadvantage of glass is 

its high cost in terms of material and fabrication. Plastic and elastomers, such 

as poly(methylmethacrylate) (PMMA) and poly(dimethylsiloxane) (PDMS), 

have also been successfully utilised in microsystems and thus have become 

increasingly popular (Quake and Scherer, 2000; Wang  et al ., 2002; Fiorini and 

Chiu, 2005). In contrast to glass, their simple fabrication and low cost make 

plastic and elastomers the best choice for disposable devices. However, these 

materials are limited due to their incompatibility with metal microfabrication, 

uneasy surface modifi cation techniques, and native fl uorescence background. 

However, as material science continues to develop, new materials with excel-

lent properties for microfl uidics will be introduced in the near future.  
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  13.3.2     Temperature control 

 Gene expression and genetic analyses usually include DNA or RNA ampli-

fi cation steps, which require rapid and accurate temperature control for 

thermally cycling reagents loaded in microreactors. To prevent the heat 

from affecting other chip elements and to reduce the thermal mass for 

rapid heating and cooling, the heating space should be precisely localised 

and minimised. Many temperature control methods, including contact and 

non-contact heating, have been successfully demonstrated on microdevices. 

Contact heating methods include external heaters attached to the chip sur-

face, such as Peltier heaters (Kopp  et al ., 1998), and microfabricated thin fi lm 

heaters made of Ti/Pt (Lagally  et al ., 2001), aluminium, (Burns  et al ., 1996), 

or indium tin oxide (ITO) (Fukuba  et al ., 2004). Non-contact heating can be 

realised by the infrared (IR) method (Huhmer and Landers, 2000). While 

these heating systems demonstrate similar performances in the laboratory 

setting, contact heating is most suitable for point-of-care applications due to 

its inherently smaller size.  

  13.3.3     Microfl uidic control 

 Microvalves are essential parts for moving samples and products and pre-

venting interference between each analytical step in a fully integrated 

microsystem (Oh and Ahn, 2006). Microvalves can be categorised into four 

different groups: actively mechanical, actively non-mechanical, passively 

mechanical, and passively non-mechanical. Table 13.1 lists several examples 

in each category that have been integrated into microdevices (Unger  et al ., 
2000; Yobas  et al ., 2001; Oh  et al ., 2002; Feng  et al ., 2003; Grover  et al ., 2003; 

Koh  et al ., 2003; Feng and Kim, 2004; Li  et al ., 2004, Richter  et al. , 2004). The 

following requirements should be taken into consideration when selecting 

microvalves: whether they are normally close or open mode, dead volume, 

power consumption, pressure resistance, and insensitivity to particle con-

tamination. Generally speaking, actively mechanical microvalves have the 

best performance and are the most commonly used in microsystems consid-

ering their fl ow stability and automation. In addition, a micropump can be 

easily formed by connecting three valves in serial on a microchip (Quake 

and Scherer, 2000; Grover  et al. , 2003). However, in a given application 

other simple passive valves may be more suitable. For example, in an inte-

grated PCR-CE microdevice, the interface between the viscous separation 

matrix and the PCR solution can act as a passive valve to restrain the PCR 

solution in the reactor during thermal cycling (Lagally  et al. , 2001). This pas-

sively mechanical valve is incontrollable, non-resistant to high pressure, but 

reliable for this situation.       
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  13.3.4     Sample/product transport 

 The integration of the whole analytical process on a single device is more 

complex than simply combining several microfabricated units. Effi cient and 

reproducible transport of the sample/product between function units is the 

key to a seamlessly integrated system and to fully demonstrate the advan-

tages of sensitivity, reproducibility and reliability. Methods available to trans-

port samples within a device include: (1) sample moved by timing-controlled 

pumps (Easley  et al ., 2006), (2) sample driven by timing-controlled electric 

fi eld (Liu  et al ., 2006a), (3) sample carried by transport vehicles, such as 

DNA captured and transported using magnetic beads (Ueberfeld  et al. , 2006; 

Beyor  et al ., 2008), and (4) sample captured at the destination, such as fi lters 

(Khandurina  et al ., 1999), capture gel (Blazej  et al. , 2007), and solid phase 

extraction column (Long  et al ., 2007). The pump and electric fi eld methods 

are simple but require delicate timing. In particular, when there is a large 

volume mismatch between two structures, precious samples will be wasted or 

diluted. In contrast, the carrying and capture methods are more effi cient and 

reliable, especially when volume mismatch exists in microdevices.   

  13.4     Applications of fully integrated systems in 
genetic analysis  

  13.4.1     DNA sequencing 

 As the demand for large-scale DNA sequencing grows, the National 

Institute of Health (NIH) in the USA continues to fund the development of 

new technologies to reduce the total cost of DNA sequencing from approxi-

mately $10m to $1000 per genome (Blow, 2008), which will eventually make 

 Table 13.1     Microvalves for fl uidic control on integrated devices 

Categories Mechanism References

Actively mechanical Electromagnetic Oh  et al ., 2002

Electrostatic Yobas  et al ., 2001

Piezoelectric Li  et al ., 2004

Pneumatic Unger  et al ., 2000; 

Grover  et al.,  2003

Actively non-mechanical Phase change 

materials (Sol-gel, 

paraffi n, etc.)

Richter  et al ., 2004

Passively mechanical Check valves (fl ap, 

membrane, etc.)

Feng and Kim, 2004

Passively non-mechanical Hydrophobic valves Feng  et al ., 2003

Gel valves Koh  et al ., 2003
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DNA sequencing a reliable and routine analytical procedure for biologi-

cal researchers to explore complex biological processes, or even for physi-

cians to tailor a personal treatment according to patients’ genetic variations. 

To meet future expanding demands of DNA sequencing, extensive studies 

have been conducted to develop new technologies and to improve the cur-

rent Sanger sequencing method. Next-generation DNA sequencing (NGS) 

technologies are evolving rapidly, and have been commercialised into many 

successful products providing massively high throughput with low cost 

(Mardis, 2008; Shendure and Ji, 2008). Recently published reviews provide 

a comprehensive introduction and analysis of their potential applications in 

the future, which will not be covered here (Shendure and Ji, 2008; Metzker, 

2010). Although the NGS is replacing the conventional Sanger sequencing 

method in most whole-genome areas, Sanger sequencing remains by far the 

best choice for low-scale applications because of its long read lengths, fl ex-

ibility in scale, and ease of operation. 

 Signifi cant advances have been achieved towards developing microfab-

ricated devices on which the conventional Sanger sequencing process can 

be carried out. The fi rst four-colour electrophoretic separation of Sanger 

sequencing products on a microfabricated glass CE chip was demonstrated 

by Woolley and Mathies in 1995 (Woolley and Mathies, 1995). Since then, 

numerous studies have been conducted to improve the data quality and 

read-length of chip-based DNA sequencing separations. By optimising 

channel length and injector geometry (Liu  et al ., 1999), employing energy-

transfer (ET) fl uorescent reagents for fragment labelling (Ju  et al ., 1996; 

Kheterpal  et al. , 1998; Berti  et al ., 2001), and utilising novel separation 

matrixes and coating polymers (Doherty  et al ., 2004; Chiesl  et al ., 2006), 

DNA sequencings with >500 bp read-length and ~99% accuracy have been 

repeatedly demonstrated by many research groups (Schmalzing  et al. , 1998; 

Liu  et al. , 1999; Backhouse  et al ., 2000). More recently, Barron  et al.   devel-

oped a pDMA (Poly( N,N -dimethylacrylamide)) separation matrix and 

pHEA (poly( N- hydroxyethylacrylamide)) dynamic coating to achieve an 

ultrafast separation of 600 bases in just 6.5 min by microchip electrophore-

sis (Fredlake  et al ., 2008). To improve the sequencing throughput, a 768-lane 

DNA sequencing system, which alternatively runs two 394-lane plates, was 

also demonstrated by Aborn  et al.  (2005). Although these chip-based CE 

systems demonstrate impressive performances, considering the rapid devel-

opment of NGS technologies and the extensive use of the conventional 

Sanger sequencing method, the future of these Sanger sequencing microde-

vices is still yet to be seen. 

 The future of the Sanger sequencing microdevice relies on the true power 

of the microfabricated platform: the capability of integrating sample prepa-

rations with electrophoresis to achieve rapid and low-cost DNA sequenc-

ings. In 2006, Mathies  et al.   demonstrated a nanolitre-scale microfabricated 
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bioprocessor, which integrates all three Sanger sequencing steps – thermal 

cycling, sample purifi cation, and CE – into a four-inch hybrid glass-poly-

dimethylsiloxane (PDMS) wafer (Blazej  et al ., 2006). This fully integrated 

system, as shown in Plate IV (see colour section between pages 328 and 

329). (Panel a), contains a 250-nL reactor with microfabricated four-point 

resistance temperature sensors and an external thin fi lm heater for rapid 

thermal cycling (Panel b), PDMS micropumps and valves for effi cient sam-

ple transport (Panel c) from the reactor to the capture chamber, via a hole 

for transporting the samples from the top-layer to the bottom-layer chan-

nels (Panel d). It has an affi nity-capture chamber (Panel e) where Sanger 

sequencing fragments are captured by complementary oligos for purifi ca-

tion and concentration, and a 30-cm folded channel with taper turns for CE 

separation with a long-range single-base resolution (Panel f). As shown in 

Plate IV (Panel g,) a complete DNA sequencing from 1 fmole of DNA tem-

plate can be fi nished in under 30 min with a 556-base read-length and 99% 

accuracy, equivalent to those used in the initial human genome sequencing 

(Lander  et al ., 2001). To further improve the sensitivity, enhanced sample/

product transport between thermal cycling and electrophoresis is of great 

importance. The concept of on-line sample preconcentration and injec-

tion for electrophoresis has been explored extensively (Breadmore, 2007; 

Sueyoshi  et al. , 2008). For chip-based sequencing separation, Ueberfeld 

 et al.  developed a method for low-quantity DNA sample loading (Ueberfeld 

 et al. , 2006). DNA was reversibly captured onto paramagnetic microspheres, 

injected into a channel using a magnetised wire, and then released for sep-

aration. Although ten-fold signal improvement was achieved, this method 

is not readily incorporated into an integrated microchip system. Recently, a 

gel-based affi nity DNA capture, concentration, and inline-injection method 

integrated with on-chip CE was developed by Blazej  et al . (2007). By replac-

ing the conventional cross-injector with the new effi cient, time-independent 

inline injector, 30 nL of sequencing sample produced from only 100 amol 

of human mitochondrial HVII template was near 100% immobilised in a 

capture gel and inline injected into a separation channel for electrophoresis. 

The successful development of these microfl uidic systems provides excellent 

platforms on which automated DNA sequencing in a low scale can be per-

formed quickly. This may suggest that the Sanger sequencing microsystem 

could be extensively used in clinical diagnosis, where a patient’s short gene 

fragment can be quickly sequenced to aid diagnosis or personal treatments.  

  13.4.2     Gene expression analysis 

 A cell can be treated as a well-organised tiny machine, or as an electric 

circuit, which is full of certainty, so that cell behaviours can be precisely pre-

dicted based on environmental conditions and cell histories. However, more 
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and more studies indicate that even genetically identical cells with seem-

ingly identical cell histories and conditions can have signifi cant differences 

(Cai  et al ., 2006; Raj  et al ., 2006; Choi  et al ., 2008). Although gene expression 

is highly regulated for precise coordination within living organisms and is 

predicable on a general varying trend, the very low copy numbers of genes 

can cause random fl uctuations of mRNA production in individual cells 

due to the thermal dynamic nature of biochemical reactions of only a few 

molecules, which cannot be averaged out by statistics of large numbers of 

reactants and lead to detectable differences in mRNA, protein, and eventu-

ally phenotype levels. The traditional analytical methods usually target cell 

contents extracted from 10 3  to 10 6  cells, the variations of which cannot be 

completely eliminated by careful experimental design and control of cell 

conditions (Di Carlo and Lee, 2006). Therefore, the information obtained is 

the average response from a population of cells, which disguises the behav-

iours of individual cells and even gives misleading information. Due to the 

diffi culties of manipulating large numbers of tiny cells and detecting minute 

changes of low concentrations, conventional single-cell probing approaches 

usually suffer from intense manual operation, susceptibility to contamina-

tion, and extremely high cost. By combining microfabrication technology 

with these methods or translating the analyses into chip formats, signifi cant 

improvements can be achieved due to the intrinsic small size and volume of 

microdevices, which are valuable for cell manipulation, sensitivity improve-

ment, and system scale-up for high-throughput operation. Here we will 

illustrate several different microfabricated platforms for gene expression 

analysis by highlighting some impressive research results. 

 Fluorescence  in situ  hybridisation (FISH) is a powerful and widely-used 

technique that allows researchers to quantitatively probe single-copy mRNA 

in individual living cells (Levsky  et al ., 2002; Raj  et al. , 2006). The analyti-

cal process includes the incubation of fl uorescence-labelled oligonucleotide 

probes with target cells followed by the excess washing and visualisation 

of cells using confocal fl uorescence microscopy. The major hurdle of this 

method is the cell manipulation step, which can be dramatically improved by 

microfabrication technology. Matsunaga  et al.  developed a highly-effi cient 

single-cell entrapment system consisting of a microfabricated poly(ethylene 

terephthalate) micromesh and PDMS microfl uidic channels (Matsunaga 

 et al ., 2008). By applying negative pressure on the micromesh, 70–80% of 

the introduced Raji Burkitt’s lymphoma cells can be trapped and uniformly 

arranged in the microdevice. On-chip FISH assays including membrane 

permeabilisation, hybridisation, washing, and imaging were successfully 

performed to analyse  β -actin mRNA expression in individual cells in a high-

throughput manner. The development of such large-scale cell manipulation 

structures compatible with the following analytical operations would dra-

matically improve the data productivity of single-cell analysis. 
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 Reverse-transcription PCR (RT-PCR) plays a central role in gene expres-

sion analysis. Many efforts have been made to improve RT-PCR in terms of 

sensitivity, automation, and throughput by miniaturising and integrating the 

whole process on a microdevice. Additionally, since enclosed microsystems 

can effectively prevent mRNA from exposure to RNases, this reliability 

can be signifi cantly improved. Quake  et al.   constructed a multilayer PDMS 

microsystem using the soft photolithography method, which is capable of 

performing single-cell lysis, affi nity mRNA purifi cation, and cDNA synthesis 

(Marcus  et al ., 2006a). Two key components implemented in this microsys-

tem assured the success of on-chip quantitative mRNA analysis: enhanced 

reaction effi ciency provided by nL-scale reactors, and 100% sample trans-

fer within the microdevice achieved using oligo(dT)-modifi ed paramagnetic 

beads for mRNA capture. Meanwhile, the same authors also developed a 

microfl uidic reactor-array chip consisting of 8 × 9 (total 72) 450-pL reactors 

for RT-PCR. TaqMan hydrolysis probe chemistry was employed to detect 

RNA templates with a limit of 34 copies, which is close to mRNA amounts 

usually obtained from single cells (Marcus  et al. , 2006b). Therefore, it is pos-

sible to develop a fully integrated system for gene expression analysis by 

combining the techniques described above. By using a similar device, Zhong 

 et al.  constructed an improved system for extracting total mRNAs from sin-

gle human embryonic stem cells and synthesising cDNA directly (Zhong 

 et al ., 2008). Bontoux  et al.  successfully integrated the single-cell trapping, 

total mRNA extraction, and RT-PCR into a microdevice using similar rotary 

reactors and PDMS microvalves developed by Quake  et al.   (Bontoux  et al. , 
2008). Both studies showed increased effi ciency in extractions and reactions 

due to smaller volumes and integrated analytical processes. However, their 

dependence on off-chip amplifi cation and detection limits their throughput 

and sensitivity. 

 Integrated PCR-CE microdevices developed for DNA amplifi cation and 

separation should be an excellent platform for gene expression analysis from 

single cells, due to their excellent sensitivity, integrated operation, and the 

potential for high throughput. However, until recently no such microsystem 

was reported due to the lack of effi cient sample/product transfer between 

each step for sensitive and quantitative analysis. Toriello  et al.  recently made 

a giant step forward and reported a fully integrated microsystem (Fig. 13.1a) 

with a single-cell sensitivity (Toriello  et al. , 2008). In this microdevice, single 

cells surface-modifi ed with oligos can be captured via DNA hybridisation by 

a size-limited gold pad modifi ed with complementary oligos and located in a 

RT-PCR reactor. Following cell lysis using dry ice, on-step RT-PCR was per-

formed in this 200-nL reactor with a microfabricated RTD and a heater for 

25 min. After amplifi cation, a three-valve PDMS micropump was employed 

to move amplicons from the reactor to an oligo-modifi ed capture gel matrix, 

where amplicons were captured, purifi ed and concentrated. By heating the 
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chip over the DNA melting temperature, amplicons were released into a CE 

separation channel for a size-based separation. Single Jurkat cell analyses 

targeting GAPDH and 18S rRNA genes were successfully performed on the 

microdevice with a total analytical time of <75 min, and clearly revealed gene 

expression variations of GAPDH between eight individual cells compared 
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 13.1      An integrated microdevice for gene expression analysis of single 

cells. (a) Schematic of the chip layout. This four-layer PDMS-glass 

hybrid device has four independent systems, each of which contains 

a three-valve pump, a size-limited gold pad, a 200-nL reactor with 

RTDs and a heater, a hold chamber and an affi nity-capture chamber 

and inline injection, and a CE separation channel. (b) Gene expression 

and silencing experiments at the single-cell level. An untreated Jurkat 

cell shows a 200-bp (GAPDH) and a 247-bp (18S rRNA) peak in the 

electropherogram, while a cell treated with siRNA shows only a single 

peak for 18S rRNA. (c) Gene expression of GAPDH from eight individual 

Jurkat cells show GAPDH mRNA levels at 0%, 5%, 50%, 1%, 48%, 0%, 

5%, and 0%. However, GAPDH expression measured from 50 cells 

shows an average of 21% ± 4%. (d) Histogram of the number of events 

for siRNA treated cells shows that there are two distinct populations 

of cells whose expression levels are very distinct from the population 

average. ( Source : Adapted with permission from Toriello  et al. , 2008.)   
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with bulk measurement from 50 cells (Fig. 13.1b–13.1d). This microsystem 

establishes the feasibility of performing single-cell gene expression analy-

sis on an integrated device, and provides a powerful tool for scientists to 

explore the stochastic nature of gene expression.      

 Another promising method to facilitate massively high-throughput sin-

gle-cell mRNA analysis on a microsystem is the use of microemulsions. 

Single cells can be effi ciently encapsulated into droplets that contain the 

necessary reagents for enzymatic amplifi cations (He  et al ., 2005; Edd  et al ., 
2008; Kumaresan  et al ., 2008). He  et al.  demonstrated that single cells can 

be selectively isolated into pL- or fL-volume aqueous droplets in an immis-

cible phase (He  et al. , 2005). Cells in these stable compartments were 

laser-induced lysed, and their contents were detected through enzymatic 

reactions. As described previously, the research by Mathies  et al.   showed 

that single-cell PCR can be performed within droplets (Kumaresan  et al. , 
2008). Recently, single-copy real-time reverse-transcription PCR was suc-

cessfully demonstrated in isolated picolitre droplets (Beer  et al ., 2007, 2008). 

Based on these results, it is predicted that single-cell real-time RT-PCR in 

droplets will be achieved in the near future for extremely high-throughput 

gene expression analysis.  

  13.4.3     Pathogen/infectious disease detection 

 Another application where microchip technology can play an important role 

is in pathogen or infectious disease detection, where point-of-care analysis 

is highly desirable (Ivnitski  et al ., 2003; Yeung  et al ., 2006b). In particular, 

the threat of biological warfare agents, including bacterial spores, vegeta-

tive bacteria, viruses, as well as protein and non-protein based toxins, is no 

longer a hypothetical concern for military and civilian populations (Haffer 

 et al ., 2002). Routine standards for pathogen detection rely on culture plat-

ing and microscopy technologies, which are slow and sometimes even not 

applicable since culture methods may be unknown. To replace the bacte-

rial culture process, PCR-based detection technology has found the greatest 

use for pathogen detection due to its speed (less than an hour), sensitivity 

(down to a single copy), as well as its capability of detecting minute amounts 

of targets from a huge non-pathogenic background. Many integrated micro-

fl uidic systems that utilise the PCR-based method have been constructed, 

demonstrating the capability of rapid, decentralised detection of various 

pathogens. 

 Real-time PCR is a prevalent method for rapidly detecting pathogens on 

a chip format because its combination of DNA amplifi cation and detection 

on a single structure simplifi es the system design and operation. The fi rst 

handheld real-time thermal cycler for bacterial detection was demonstrated 
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by Higgins  et al.  in 2003 (Higgins  et al.,  2003). This 1 kg handheld advanced 

nucleic acid analyser (HANAA) can perform up to four real-time PCRs in 

about 30 min using a 12V battery pack. Later, the integration of real-time 

PCR with sample preparation on a single device was also explored (Cady 

 et al. , 2005). A silicon microdevice, consisting of a serpentine microchannel 

fi lled with silica pillars for DNA purifi cation and a chamber for real-time 

PCR amplifi cation and detection, was packed with all the necessary elec-

tronics and optics into a suitcase-sized instrument for purposes of on-site 

analysis. As low as 10 4   L. monocytogenes  cells could be detected in about 45 

min using this system. The disadvantages of real-time PCR-based pathogen 

detection are susceptibility to nonspecifi c PCR amplifi cation and limited 

multiplexing due to the spectral overlap of fl uorescent dyes. 

 A microarray-based system can provide much higher multiplexing than 

real-time PCR. Liu  et al.  demonstrated a fully integrated system capable of 

rapidly identifying infl uenza A hemagglutinin and neuraminidase subtypes 

and sequence portions of both genes (Liu  et al ., 2006b). This 12 000-spot 

DNA microarray chip, integrated with microfl uidic control structures, dem-

onstrated a great potential to detect numerous types of bacteria simulta-

neously. However, the need for fl uorescent image scanning of the microarray 

limits the portability of this system. To simplify detection systems, electro-

chemical sequence-specifi c detection using oligo probes and silver-enhanced 

gold nanoparticles was developed for detecting  E. coli  and  Bacillus subtilis  

cells (Yeung  et al ., 2006b). Although effective and simple, the detection limit 

of this system is about 100 cells, which may not be enough to detect some 

pathogens, such as  E. coli  O157, as few as ten cells of which can result in 

infections. 

 Chip-based CE following DNA amplifi cation can provide not only high 

sensitivity, but also superb capability of detecting multiple targets since addi-

tional information regarding amplicon sizes can be obtained through DNA 

separation. A portable system consisting of an integrated PCR-CE microde-

vice and a compact instrument for electrical control and laser-induced fl uo-

rescence detection has been developed by Lagally  et al.  (2004). The limit 

of detection of this system was determined as two to three bacterial cells 

using  E. coli  K12, and a complete run can be completed in 20 min. Analysis 

of both methicillin-sensitive and methicillin-resistant  S. aureus  directly from 

intact cells was also successfully performed on the microsystem. This inte-

grated genetic analyser established the feasibility of on-site pathogen detec-

tion using electrophoresis as the fi nal detection method. Using a similar chip 

design, Kaigala  et al.  constructed a microfl uidic PCR-CE system capable of 

detecting BK viruses directly from human urine samples with a detection 

limit of one to two viral copies (Kaigala  et al ., 2006). Prakash  et al . inte-

grated nine independent PCR chambers with one CE separation channel 

on a single chip for simultaneous amplifi cation and sequential detection 
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of respiratory pathogen  Bordetella pertussis  (Prakash  et al. , 2008). Pal  et al.  
have developed a more complicated microfl uidic device, integrating two nL-

scale reactors for sequential PCR and restriction fragment length polymor-

phism (RFLP) reactions, valves and mixers for microfl uidic control, and a 

separation channel for miniaturised gel electrophoresis (Pal  et al ., 2005). 

Infl uenza viral strain subtyping by distinguishing the polymorphism in the 

hemagglutinin coding region was successfully performed on the microde-

vice with a total analysis time of around 40 minutes. Due to the compact size 

and the use of mass production technologies, the low fabrication cost of this 

device (~$7) makes a single use feasible. Nevertheless, one critical drawback 

of the integrated PCR-CE systems discussed above is that they may suffer 

from low or even no PCR amplifi cations when processing crude samples 

with PCR inhibitors due to the lack of integrated cell isolation and DNA 

purifi cation steps prior to PCR. 

 To achieve the sample-in-answer-out capability of identifying bacteria 

from various samples with complex chemical or biological backgrounds, 

Landers  et al.   developed an integrated microfl uidic genetic analysis system 

(Plates Va–Vc (see colour section between pages 328 and 329)), which can 

perform three major DNA processing steps: DNA extraction, PCR amplifi -

cation, and electrophoretic separation (Easley  et al ., 2006). The entire analy-

sis timeline, as shown in Plate Vd, is <24 min, which is about ten times less 

than conventional methods. Briefl y, DNA extraction from whole blood or 

nasal aspirate was performed in a microchannel packed with silica beads 

in under 10 min. The purifi ed DNA samples together with a PCR mix were 

moved into a 550-nL PCR chamber, where rapid thermal cycling was con-

ducted using a non-contact infrared (IR) heating system in under 11 min. 

After that, PCR products and a sizing standard were pressure-injected into 

a separation channel for electrophoresis using an on-chip diaphragm pump. 

Although the detection limits of this system were not thoroughly investi-

gated, the successful analyses of  Bacillus anthracis  (anthrax) in 750 nL of 

whole blood and of  Bordetella pertussis  in 1 μL of nasal aspirate from a 

patient clearly indicate the wide application of this integrated system for 

rapid and large-scale screening of disease outbreaks. With further simpli-

fi cation and optimisation of the off-chip components for chip operations, 

this integrated genetic analyser could provide the capability required for 

point-of-care analysis. 

 Magnetic beads are an excellent sample transfer medium in an integrated 

microsystem because they can be precisely manipulated using an external 

magnet. Beyor  et al.  developed a cell concentration and isolation microde-

vice using immunomagnetic beads (Beyor  et al ., 2008).  E. coli  cells are driven 

through a fl uidised bead bed immobilised in microchannels using an inte-

grated on-chip pump. 70% capture effi ciency and 2 cfu/μL detection limit 

were obtained. More recently, they integrated this cell capture structure into 
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a PCR-CE microdevice to achieve cell preconcentration, purifi cation, PCR, 

and capillary electrophoretic analysis on a single device (Beyor  et al. , 2009). 

Since the magnetic beads can effi ciently capture and concentrate target cells 

in the microchannels, and the cell-bead conjugates were precisely trans-

ported and located into the PCR chamber using on-chip pumps and external 

magnets without delicate timing issues, an impressive sensitivity of 0.2 cfu/

μL  E. coli  O157 cells in a 50 μL input volume was obtained on this integrated 

system. O157 cells can also be selectively detected in a high commensal back-

ground of  E. coli K12  at a ratio of 1:1000. This cell capture PCR-CE micro-

system represents a signifi cant advancement in the development of rapid, 

sensitive and specifi c lab-on-a-chip devices for pathogen detection.  

  13.4.4     Short tandem repeat analysis 

 STR assays have become an indispensable and routine technique in foren-

sic investigations due to their ability to produce highly distinctive profi les 

from minute amounts of DNA (Andersen  et al. , 1996; Chakraborty  et al ., 
1999; Jobling and Gill, 2004; Butler, 2006). The current STR typing process 

includes DNA extraction from collected evidences, DNA quantitation for 

sample characterisation, multiplex PCR amplifi cation using a STR typing kit, 

and amplicon separation and detection using a slab gel or CE. Although the 

automation of the STR analytical process is underway using robotics (Butler 

 et al ., 2004; Montpetit  et al ., 2005; Greenspoon  et al ., 2006), a mere displace-

ment of manual operations with automated instruments can only provide a 

limited degree of improvement, as this process is still performed in μL-scale 

volume on several bulky instruments. The limited genotyping technologies 

and the rising number of DNA samples submitted for DNA testing have 

resulted in an escalating backlog of crime scene evidence pending exami-

nation in forensic laboratories around the world. In addition to the huge 

demands for STR typing, forensic investigators are facing a unique challenge, 

in that forensic casework samples usually have lower amplifi cation effi ciency 

due to DNA degradation by exposure to environmental elements or natural 

contaminants, or low-copy-number DNA extracted from ‘touch evidence’ 

(Gill  et al ., 2000; Whitaker  et al. , 2001; Wickenheiser, 2002; Butler  et al ., 2003). 

Mixture samples from several contributors are also often encountered in 

forensic investigations (Clayton  et al ., 1998; Gill  et al ., 1998). 

 Microfabrication technology could also substantially improve STR typ-

ing in the near future. Some impressive progress has been achieved and 

the translation of casework sample typing to microchip-based instruments 

is underway. Ehrlich  et al.   demonstrated baseline resolved separations of 

single-locus STR samples in 30 s using a microfabricated CE microchip 

with a 2.6-cm-long separation channel (Schmalzing  et al ., 1997). Analyses 

of PCR samples containing four loci (CSF1PO, TPOX, THO1, and vWA) 
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were completed in less than two minutes. More impressive work demon-

strated by Mathies  et al.   consisted of a 96-channel microfabricated capillary 

array electrophoresis (μCAE) device coupled with a four-colour confocal 

fl uorescence scanner for high-throughput STR typing (Yeung  et al ., 2006a). 

A prototype of the Berkeley μCAE device was successfully installed at the 

Virginia Department of Forensic Science for testing of routine forensic STR 

analyses (Greenspoon  et al ., 2008). The successful transfer of this technol-

ogy from an academic environment to a forensic laboratory indicates that 

chip-based CE technology is poised for application in forensic laboratories. 

 As mentioned in the previous section on DNA sequencing, sample prep-

aration steps, such as PCR and post-PCR clean-up, are also being integrated 

into CE microdevices to achieve further improvements in STR typing. Not 

only does such an integrated analytical process expedite the analysis and 

lower the cost, but also prevent contaminations and sample mix-up, an out-

come extremely valuable in forensic investigations. Liu  et al.  constructed 

an integrated PCR-CE microdevice for forensic STR analysis, as well as a 

portable analysis instrument containing all the electronics and optics for 

chip operation and four-colour fl uorescence detection (Liu  et al. , 2007). 

Multiplex amplifi cation of amelogenin and three Y STR loci (DYS390, 

DYS393, DYS439) with 35 PCR cycles and CE separation were completed 

in 1.5 h with a detection limit of 20 copies of genomic DNA. To further 

explore the concept of performing rapid STR analyses in a setting outside 

a forensic laboratory, they conducted real-time DNA analyses at a mock 

crime scene (Liu  et al ., 2008). The crime scene was investigated following 

standard procedures, and three blood stain samples were extracted, ampli-

fi ed and correctly typed at the scene. A DNA profi le search against a mock 

CODIS database with a ‘convicted offender’ sample was successfully con-

ducted within six hours of arrival at the crime scene. The successful demon-

stration of on-site STR typing at a crime scene validates the feasibility of 

real-time human identifi cation for crime scene investigation, as well as mass 

disaster and security checkpoint applications. 

 To improve the sensitivity of the conventional STR analysis, post-PCR 

sample purifi cation prior to CE has been employed (Smith and Ballantyne, 

2007). Yeung  et al . have developed an integrated STR sample clean-up and 

separation microdevice and method that employ a streptavidin capture gel 

chemistry coupled to a simple direct-injection geometry (Yeung  et al ., 2009). 

Compared to microchip CE experiments performed using a cross-injector 

under similar conditions, the fl uorescence intensity can be improved by 10–50 

times for monoplex samples, and 14–19-fold for nine-plex STR products. 

The analyses of two artifi cial degraded DNA samples on the inline-injection 

CE microchip provided ~33% and ~71% more allelic markers respectively 

than those on the cross-injection chip. This enhanced sensitivity is highly 

valuable for low-copy-number and degraded DNA typing. Furthermore, 
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the capture structure incorporated into the high-throughput μCAE has also 

been reported (Liu  et al. , 2011b). The near 100% amplicon product trans-

fer between processing steps provided by the capture, concentration and 

inline-injection method should signifi cantly advance the STR typing on the 

sensitivity, robustness and data quality for a variety of applications. 

 The miniaturisation of other ‘upstream’ STR steps is also under investi-

gation towards fully integrated microfl uidic systems for automated STR 

analysis. For example, Bienvenue  et al . developed a single-channel extraction 

device and method for on-chip sperm cell lysis and DNA purifi cation, which 

has direct implications on forensic STR analysis (Bienvenue  et al ., 2006). 

The purity and concentration of the DNA samples obtained from on-chip 

extraction were verifi ed using conventional STR amplifi cation and separa-

tion. Later, they reported another glass microdevice that integrated a silica 

(a)

(d)

Glass
μCE
chip

PC cartridge

Adapter lid in position
with Au electrodes

Teflon tubing
attached to
PEEK inlet

PEEK Tubing Sample
waste
Well #2

Adapters

Sample
Well #1

Buffer
Well #3

Buffer
waste
Well 
#4

Injection to read length 110 mm

Capillary Detection

(b) (c)

 13.2      Assembly of the polycarbonate sample preparation cartridge 

and the glass CE microchip. (a) The PC cartridge is positioned in a 

vertical plane, the glass CE chip in the horizontal plane. (b) Image of 

the adapter with wells for the electrodes. A PEEK tubing was employed 

to load the sample processed in the PC cartridge to the CE chip. (c) The 

adapter lid in position. (d) Schematic of the layout of the CE microchip. 

( Source : Adapted with permission from Hopwood  et al ., 2010.)  
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bead column and a PCR chamber together for fast DNA extraction and STR 

amplifi cation from whole blood samples (Bienvenue  et al ., 2010). Recently, 

several true sample-in-answer-out microsystems were fi nally published. As 

shown in Fig. 13.2, Hopwood  et al.  successfully developed an integrated 

microfl uidic system that consists of a DNA extraction and amplifi cation car-

tridge coupled with a CE microchip for rapid STR analysis from reference 

buccal samples (Hopwood  et al. , 2010). An aliquot of 150 μL of the sample 

lysate was introduced into the extraction and amplifi cation cartridge. Using 

several electrochemical pumps and wax valves, the lysate was fi rst mixed with 

ChargeSwitch magnetic beads for DNA extraction. Then the purifi ed DNA 

was loaded into a 10-μL PCR chamber where PowerPlex ESI 16 PCR mix 

was pre-packaged. After amplifi cation, amplicons along with preloaded sizing 

standards were injected into a separated CE chip via tubing for separation. 

During the overall analytical process, no manual operation was needed. Liu 

 et al.  developed a fully integrated micro-total analysis system that includes 

sequence-specifi c DNA template purifi cation, PCR, post-PCR clean-up and 

capture inline injection, and CE (Liu  et al ., 2011a). While these systems dem-

onstrated impressive performances, complicated operations need to be over-

come before they can be practically applied in real forensic cases.        

  13.5     Conclusion and future trends  

 Over the past two decades, microfl uidic devices for genetic analysis have 

advanced rapidly. Most of the analytical steps have been successfully 

translated into chip formats, demonstrating at least ten times better per-

formances in speed and sample consumption over their conventional coun-

terparts. Although quite a few companies have invested in developing and 

commercialising this new technology, the majority of the research society is 

not fully embracing microfl uidic solutions. This is because most microfl uidic 

products can only function as one single conventional step in the overall 

multi-step process and they still heavily rely on support from other off-chip 

instruments. Therefore, the additional capital investments caused by adopt-

ing microfl uidic techniques, as well as the time and cost to train laboratory 

personnel, still outweigh the advantages. 

 We believe fully integrated microfl uidic systems, which contain all the 

necessary analytical steps and provide a complete solution to users, are the 

inevitable direction in which to look to fi nd a ‘killer app’ for microfl uidics, 

because these integrated systems provide many extraordinary advantages 

that are not seen in discrete microdevices with single functions. Reduced 

reaction volume expedites the assay and enhances the sensitivity; precise 

fl uidic control coupled with effi cient sample transport prevents sample loss 

or dilution and increases assay effi ciency; and automated operation saves 

labour and eliminates the risks of contamination. Therefore, unlike the 
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application of robotics, the introduction of microfl uidic devices to society 

will skip the phase of replacing single steps in the conventional analytical 

process. Rather, fully integrated microsystems with high performances and 

the desired sample-in-answer-out capability will be introduced as complete 

solutions in the near future.  
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 Plate IV      (Chapter 13) Sanger sequencing bioprocessor. (a) Photograph of the microdevice (one of two complete 

nucleic acid processing systems). Colours indicate the location of sequencing reagent (green), capture gel (yellow), 

separation gel (red), and pneumatic channels (blue). (b) A 250-nL thermal cycling reactor with microfabricated RTDs. 

(c) A 5-nL displacement volume microvalve for reagent movement. (d) A 500-μm-diameter via hole. (e) Capture 

chamber for sample purifi cation and cross injector. (f) A 65-μm-wide tapered turn. All the structures are etched to a 

depth of 30 μm on a glass wafer. ( Source : Adapted with permission from Blazej  et al ., 2006.)  
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 Plate V      (Chapter 13) A fully integrated microfl uidic genetic analysis 

system for pathogen detection. (a) Schematic of the microdevice. 

This device contains three domains for DNA extraction (yellow), 

PCR amplifi cation (red), and CE separation (blue). All the reservoirs 

and structures are labelled as: sample inlet (SI), sidearm (SA), and 

extraction waste (EW) for DNA extraction; PCR reservoir (PR), marker 

reservoir (MR), sample waste (SW), and temperature reference 

(TR) chamber for PCR; buffer reservoir (BR), buffer waste (BW), and 

fl uorescence alignment (FA) channel for electrophoresis. (b) Expanded 

view of the PDMS microvalves integrated on the chip for microfl uidic 

control. V1 for the separation of PCR and DNA extraction domains. 

V2-V3-V4 forming a pump for sample pressure injection. V5-V3-V4 

forming a pump for sizing ladder pressure injection. (c) A photograph 

of the chip assembly. (d) The timeline of the entire analysis performed 

on the microdevice. The green line is the DNA concentrations released 

from the solid-phase DNA extraction column as a function of time. The 

blue line is the temperature cycling profi le for PCR. The black line is the 

three sequential separation traces. ( Source : Adapted with permission 

from Easley  et al ., 2006.).  
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  Abstract : Low-cost easy-to-use paper testing devices such as strips for pH, 
pregnancy, or diabetes testing have been commercially available for years. 
Recently, using advances from microfl uidics, researchers have enhanced 
these tools and developed microfl uidic paper-based analytical devices 
(μPAD). These ‘lab-on-paper’ devices are capable of achieving complex 
and precise qualitative and quantitative measurements of a wider array of 
biochemicals inexpensively. This chapter explores the current methods for 
low-cost assays in paper-based microfl uidic devices. It summarizes device 
fabrication, performance, and reliability, as well as the techniques and 
progress achieved in detection with examples of applications to explain 
how they represent a promising platform for biochemical sensing. Finally, 
it presents the current limitations and a few perspectival trends. 

  Key words : paper-based microfl uidics, lab-on-paper, point-of-care testing, 
environmental testing. 

    14.1     Introduction 

 Silicon/glass-based devices can provide the sensitivity, specifi city, robustness, 

and rapidity needed for biomedical diagnostics. However, their cost and the 

skilled labor necessary to operate them make them diffi cult to access in 

resource-poor settings. To provide a low-cost, easy-to-use analytical tool, the 

Whitesides group introduced microfl uidic paper-based analytical devices 

(μPADs) (Martinez  et al. , 2007). Paper is a cellulose fi ber web with a high 

surface area, abundant, inexpensive, and compatible with biological sam-

ples, which has been extensively used since the early twentieth century as 

a substrate for analytical and clinical chemistry (Feigle, 1939; Clegg, 1950; 

Helfferich  et al. , 1965). Nowadays, paper and paper like materials are some 

of the most prevalent substrates for point-of-care diagnostics (Von Lode, 

2005). Immunochromatographic strips (ICS), are widely used as quantita-

tive or semi-quantitative tests in non-laboratory settings (Abe  et al. , 2010). 

Additionally, paper is an ideal substrate for a disposable equipment-free 
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testing solution, because cellulose is biodegradable and can transport fl u-

ids by capillary effect. The objective of μPADs is to be a simple, portable 

and mass-producible solution that combines all the benefi ts of microfl uidics 

and paper. μPADs are an appealing diagnostic tool in home settings, for 

less-industrialized countries, in remote or resource-poor locations, or during 

bioemergencies and fi rst response accidents. They also can be of great use 

for environmental and food safety monitoring. 

 To circulate the fl uids, μPADs rely on capillary action. It naturally occurs 

in the micro-scale channels, which are well-defi ned hydrophilic areas pat-

terned on the hydrophobized sheet of paper (Li  et al. , 2010b). When pat-

terned with microstructures, paper becomes a platform where sample 

preparations and purifi cations, as well as multiple bioreactions, can occur 

simultaneously without cross-contamination. 

 This chapter fi rst discusses the technologies for fabricating μPADs, 

presents the detection methods currently used on that platform, and then 

provides examples of applications. Finally, this chapter will discuss the limi-

tations and the research perspective for this new analytical tool.  

  14.2     Fabrication techniques for paper-based 
microfluidic devices 

 There are two principal patterning strategies: a one-step selective hydropho-

bization of certain areas of the device that leaves untouched, thus hydrophilic, 

the fl uidic paths, and a two-step entire hydrophobization of the device, then 

selective dehydrophobization of certain areas for fl uidic fl ow. The dehydro-

phobization is achieved by etching away or dissolving the previously deposited 

hydrophobic agent to expose the underlying original hydrophilic paper. The 

straight forward, one-step method preserves the fl uidic channels and detec-

tion zones, leaving their physicochemical proprieties unaltered (e.g. original 

paper color, no residues). μPADs are fabricated with hydrophobizing reagents 

that can be classifi ed in three categories depending on their function: physical 

fi lling of pores in papers, deposition of hydrophobizing agent, and chemical 

modifi cation of the paper-fi ber to make it hydrophobic. This study will explore 

the different fabrication strategies in functioning of the category of hydropho-

bization reagent and patterning strategy. Before, let us start by reviewing the 

types of paper that are suitable as building material for microfl uidic devices. 

  14.2.1     The different paper substrates 

 A large variety of paper materials can be used as substrate for μPADs. The 

selection of the appropriate one depends on the fi eld of application and 

the method of fabrication. Most researchers use cellulose paper, which is 

affordable, naturally hydrophilic, and allows fast liquid penetration. Among 
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the different kinds of cellulosic paper, Whatman® fi lters are the most pop-

ular (Fenton  et al. , 2008; Martinez  et al. , 2009; Apilux  et al. , 2010; Li  et al. , 
2010a). They are categorized by function in terms of their porosity, particle 

retention, and fl ow rate. Whatman® fi lter No. 1 is their standard grade fi lter, 

which allows medium retention and fl ow rate. Although widely adopted, due 

to its compatibility with many of the patterning techniques (Fenton  et al. , 
2008; Martinez  et al. , 2008a, 2009, 2010; Ellerbee  et al. , 2009; Hossain  et al. , 
2009b; Apilux  et al. , 2010; Carvalhal  et al. , 2010; Songjaroen  et al. , 2011, Yu 

 et al. , 2011a), Whatman® No. 1 is not ideal for all fabrication techniques. For 

instance, because their fabrication technique, etch printing, requires a sol-

vent that swells the cellulose fi bers and restricts the pore size, Li  et al . needed 

a fi lter paper with larger pores and used a Whatman® No 4 (Li  et al. , 2010a). 

Another example includes the electrochemical detection-based device by 

Nie  et al ., which required a chromatography paper. They have a more uni-

form structure that avoids the deformation of the screen-printed electrodes 

when wetted by fl uids (Nie  et al. , 2010b). Chromatography paper has also 

the advantage of lacking additives that would otherwise interfere with the 

electrochemical reaction (Wang  et al. , 2012a). Other groups reported using 

chemically modifi ed cellulosic substrate usually blended with an inorganic 

fi ller, such as polyester. They are available commercially as ion-exchange 

paper. They are non-degradable and present a smoother surface better 

suited for surface chemical modifi cation or deposition (Arena  et al. , 2010; 

Nie  et al. , 2010b). Another important type of paper substrate is the hydro-

phobic nitrocellulose membranes, which are smooth and with reasonably 

uniform pore size (0.45 μm) that allows for a more stable and reproducible 

liquid fl ow. They have been used for a long time for antigen immobilization 

(Hawkes  et al. , 1982) in, for instance, dot-immunobinding assays (Cheng 

 et al. , 2010), because they manifest a high degree of nonspecifi c binding 

towards biomolecules, making them suitable for immobilization of enzymes 

(Martinez  et al. , 2008a; Lu  et al. , 2009a, 2009b), proteins (Fenton  et al. , 2008), 

DNA (Cretich  et al. , 2010), and cells (Li  et al. , 2013). Besides, pores in nitro-

cellulose can perform purifi cation based on size by fi ltering impurities of 

larger diameter than the analyte, which can mitigate interferences during 

the assay (Abe  et al. , 2010).  

  14.2.2      Techniques based on physical fi lling of pores with 
a hydrophobic polymer 

  Photolithography 

 The original method to pattern fl uidics on paper was a two-step method 

derived from silicon lithographic techniques and applied to chromatogra-

phy paper substrate. This fabrication technique, named fast lithographic 
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activation of sheets (FLASH) and developed by Martinez  et al.  (2007, 

2008b, 2008c), is capable of creating features as small as 100 μm wide, and 

hydrophobic barriers to direct the fl ow as small as 200 μm wide. It requires 

an inkjet printer or copier machine, a UV light, and a hot plate. The pat-

terning technique of the device, which takes less than 30 min, is described 

in Fig. 14.1. First, the sheet is impregnated with a hydrophobic polymer, 

photoresist (e.g. SU8); second, its front side is covered with a transparent 

fi lm and its back side with a black construction paper. Third, the microfl u-

idic pattern is printed on the transparent fi lm and the three-component 

structure is exposed to UV. Finally, the backing and transparent fi lms are 

removed, the sheet is baked, and the excess photoresist is removed during 

the development step with a mixture of isopropyl alcohol and acetone. The 

fi rst device fabricated combined glucose and protein tests (Martinez  et al. , 
2007), with the reagents spotted in each detection region and allowed to 

air-dry. The major cost driver of these devices is the photoresist used, SU8, 

Paper

(a) Oblique view Cross section (b)

2. Pre-bake

7. Cut out pattern

1. Impregnate with 
    photoresist

3. Align under a mask

Mask

4. Exposed to UV light

5. Post-bake

6. Develop

8. Spot reagents

Glucose
assay
reagents

Protein
assay
reagents

 14.1      Schematic of the FLASH method for fabricating paper-based 

microfl uidic devices. (a) Procedure for patterning paper with 

hydrophobic photoresist. (b) Derivatization of the device for assays. 

( Source : Adapted with permission from Martinez  et al. , 2008a. 

Copyright © 2008 American Chemical Society.)  
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estimated at $0.93/m 2  of paper. Additionally, SU8 requires over 20 min to 

cure, and a plasma oxidation treatment to ensure full recovery of hydrophi-

licity. One can use less expensive alternative photoactive polymers but most 

of them are very opaque, rendering UV exposure through the full paper 

depth diffi cult (Klasner  et al. , 2010). Then, it becomes necessary to align 

and expose the back side of the device as well, adding more complexity to 

the process (Carrilho  et al. , 2009b). Some novel polymer, such as Klasner’s 

blend of polymers, can be used to make devices in less than 3 min, without 

plasma oxidation and give similar minimum feature size. He reported fea-

tures at 90 μm and barriers at 250 μm (Klasner  et al. , 2010). This method 

requires organic solvents, which can damage the fl exibility of the paper and 

uses expensive brittle hydrophobic polymers (SU8 and PMMA cost 1$/g 

and $0.15/g respectively, (Bruzewicz  et al. , 2008)) that make the devices sus-

ceptible to folding and bending (Li  et al. , 2010b), (Dungchai  et al. , 2011), 

and (Songjaroen  et al. , 2011). The fabrication process requires cleanrooms, 

sophisticated equipment (masks, UV lamps, and proprietary software), and 

skilled labor, which are not available in every part of the world. It involves 

many complicated, laborious and time consuming steps. However, this 

method creates small barriers and yields sharp resolution between hydro-

phobic and hydrophilic areas.       

  Plotting with analog plotter 

 A more direct way to defi ne hydrophobic patterns on paper, compared to 

the multistep lithographic process, is printing the hydrophobic polymer. 

Printing uses lower volumes of readily available and less expensive polymers. 

It was fi rst investigated by Bruzewicz  et al. , when they modifi ed a plotter 

to print onto fi lter paper hydrophobic barriers made of a hexane solution 

of PDMS (polydimethylsiloxane), an inexpensive, non-toxic, and readily 

available polymer (Bruzewicz  et al. , 2008). They created their own PDMS 

dispensing pens for the x,y-plotter using PDMS and polyurethane, and opti-

mized their ink to ensure its rapid fl ow and its entire penetration through 

the sheet’s thickness. It takes 1 h at 70°C for the elastomer to cure, during 

which time PDMS spreads laterally, reducing the printing resolution. Even 

though the smallest feature and barrier were reported to be 1 mm, in prac-

tice 2–4 mm-wide channels were needed because patterned lines are hardly 

straight. Indeed, paper, a non-uniform porous substrate, does not permit a 

controllable penetration of PDMS (Li  et al. , 2008). As opposed to FLASH 

devices, PDMS devices are fl exible and bendable, making foldable devices 

(3D) devices (that can be folded without destruction of the channel) possi-

ble. The cost of material was calculated to be 50 times less than with FAST, 

$0.02/m 2 . Other elastomers, such as Tefl on, polystyrene, polypropylene, and 

polyisobutylene, can be used as ‘ink’ with a plotter, but PDMS is cheaper and 
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more common in microfl uidics. Although this method does not damage the 

fl exibility of the paper, it is time consuming and requires modifi cation of a 

hard-to-fi nd plotter, and the special preparation of the elastomer diluted in 

hexane (Songjaroen  et al. , 2011).   

  14.2.3      Techniques based on soaking the paper with a 
hydrophobic chemical 

  Inkjet etching 

 Inspired by the FAST method, Abe  et al.   used a two-step approach: impreg-

nation of the paper with a polymer to fi ll the paper matrix with a hydro-

phobic layer, then patterning the microfl uidic channels by fi nely disolving 

the polymer with a solvant using a microdrop dispenser (such as an inkjet 

printer). Inkjet has been used in the plastic electronic and the manufacture 

of polymer light emitting diodes. It is simpler and less expensive than the 

multistep photolithography. First, the fi lter paper is soaked in a 1.0 wt% solu-

tion of polystyrene in toluene for 2 h for complete hydrophobicity. Then, 

after letting it dry for 15 min at room temperature, the modifi ed-paper is pat-

terned by inkjet printing of toluene to locally dissolve the polymer and pre-

cisely reexpose hydrophilic areas that will constitute fl uidic paths (Abe  et al. , 
2008). A 550 μm wide fl ow channel with a sensing area of 1.5 mm × 1.5 mm 

was printed on fi lter paper by inkjet etching for simultaneous determination 

of pH, total protein, and glucose (Abe  et al. , 2008). A single apparatus (the 

inkjet printer) was used to dissolve the hydrophobic coating (patterning) 

and print the biochemical indicator inks (reagent deposition). Compared to 

a plotting system with an inkjet printer, the position and the amount of liq-

uid dispensed is reproducible and can be precisely controlled, which allows 

this technology to not only create hydrophilic/hydrophobic contrasts but also 

to deposit the exact quantity of sensing reagents required, which makes this 

technique more cost effective and less time consuming (Abe  et al. , 2010). 

Even antibody immobilization on cellulosic surfaces by printing them as an 

ink was demonstrated (Abe  et al. , 2010). In addition, as opposed to lithog-

raphy, ink jet printing is fl exible (easy to change the design of the fl uidic 

pattern), lower cost, and adapted to mass manufacturing. However, with 

polystyrene, only hydrophobic fl uids can be transported (surface tension has 

to be higher than 35 mN/m) (Olkkonen et al., 2010). Whereas fl uidic channel 

made of photoresist can guide extremely low surface tension fl uids without 

any leaks. Another disadvantage of poly(styrene) is that it is time consuming 

to coat the paper with it, about 2 h. Also, multiple printing runs are neces-

sary to remove the coat; Abe  et al.  used 10–30 printing cycles for best results. 

This method also requires a customized, potentially expensive, inkjet printer 

(Dungchai  et al. , 2011).  
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  Flexographic printing 

 Olkkonen used fl exographic printing to pattern polystyrene boundaries onto 

chromatographic paper (Olkkonen  et al. , 2010). Although this technology 

can be used with many different hydrophobizing agents (such as Alkyl ketene 

dimer (AKD), polymethylmethacrylate, or cross-linked polyvinyl alcohol), 

polystyrene was favored because it does not require heat treatment and it is 

biocompatible. With a 5% polystyrene ink and a single impression cycle, pat-

terns of polystyrene are formed on the front side of the device and partially 

penetrate the paper thickness. To complete the waterproofi ng though all the 

paper thickness, a uniformed polystyrene layer is printed on the back side. 

This approach leads to devices that have shallow channels (about 50 μm), 

and thus requiring less sample volume. The minimum barrier and channel 

size made in that way is 400 μm. This fl exographic method is compatible with 

roll-to-roll mass production of fl uidic devices using existing tools already 

present in printing houses. Figure 14.2 shows a schematic of the process. The 

ink is fi rst pipetted into an ink reservoir, and then transferred to the anilox 

Paper substrate

(a)

Printing
plate

Ink

Impression roll

Plate roll
Anilox roll

Doctor
blade

(b)

 14.2      (a) Schematic illustration of the fl exography unit used in the study. 

(b) Relief patterns in the printing plate defi ne the hydrophobic regions 

to be formed into paper. ( Source : Adapted with permission from 

Olkkonen  et al. , 2010. Copyright © 2010 American Chemical Society.)  
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roll, which is covered with thousands of small volume cells. Each anilox cell 

transfers its ink content onto the printing plate, which contains the pattern. 

When printing, the anilox rotates four times to transfer the ink to the printing 

plate, which in turn transfers it into the paper by pressing the paper against 

the impression roll as it rotates at 60 m/min. The ink penetration is promoted 

by pressure between the printing plate and the paper substrate. He reports 

500 μm wide channels with 30 μm boundary roughness, in reproducible man-

ner, and with negligible lateral ink spreading.       

  Wax printing 

 Wax is another hydrophobic reagent that inspired two groups, Whitesides and 

Lin, to use it as material for fl uidic barrier on paper (Carrilho  et al. , 2009a; Lu 

 et al. , 2009a). It is malleable at ambient temperature, insoluble in water, easy 

to obtain anywhere in the world, inexpensive, sustainable, non-toxic, biode-

gradable, and with a relatively low viscosity when melted. In wax printing, 

fi rst, a pattern of wax is deposited on a sheet of paper using a commercially 

available solid-ink printer, in the case of large volume productions, or a wax 

pen when doing only manual prototyping. The paper is then heated to melt the 

wax so that it diffuses through the entire thickness of the paper. The method is 

simple to learn, rapid (~5 min) and only requires two pieces of equipment – a 

solid-ink printer and a hot plate or oven. Compared to the previous fabrica-

tion methods, it relies on cheaper consumables and is more environmentally 

friendly. However, melted wax in paper spreads by capillarity in all directions, 

with the lateral component of that fl ow allowing the wax feature to change 

shape and size. This undesirable effect is amplifi ed by the anisotropic charac-

ter of paper fi bers, being more horizontally than vertically aligned, and ren-

ders the patterns ill-defi ned and wider. Despite this lack of resolution, and 

because molten wax in paper behaves as a fl uid in porous media, a simple 

relationship can predict the fi nal width of the hydrophobic barrier and is used 

to take into account this phenomenon in the design. In fact, the spreading 

distance is constant for a given heating time and temperature. The features 

fabricated with this method are not as sharp as those generated by photo-

lithography. By heating at 150°C for 120 s, Carrilho measured a spreading 

distance of 300 μm with a root-mean-square roughness of 57 μm. They pro-

duced a minimum barrier and channel widths of 850 and 560 μm, respectively 

(Carrilho  et al. , 2009a). Nevertheless, with this procedure, they showed they 

could fabricate a 96-zone paper plate with sample distribution channels and 

a 384-zone microliter paper plate. To improve resolution, vacuum could be 

applied to drive the fl ow of molten wax into the paper thickness and minimize 

lateral spreading. Also, the wax pattern could be printed on both sides, reduc-

ing by a factor of two the required spreading distance. Additionally, the use of 

nitrocellulose membranes as substrate led to more controlled and precise wax 
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patterns since their pores were more uniform and smaller (Lu  et al. , 2009b). 

On nitrocellulose as thin as 300 μm channels and 60 μm barriers have been 

reported (Lu  et al. , 2009b). On the one hand, wax has the advantage of not 

needing to use solvents in the fabrication process. On the other hand, wax-

printed channels are not compatible with organic solvents, since they react 

with it. That can be an advantage: one can remove interferences in a sample 

by washing them away with organic solvents (Leung  et al. , 2010).  

  Screen printing 

 Wax printing is a method that combines high-speed, simplicity, versatility, 

adaptability, and low-cost and can accommodate large batch productions 

(Wang  et al. , 2012b). However, for most developing countries, wax-printers 

are not a standard, readily available tool and are expensive (Dungchai  et al. , 
2011). To overcome this limitation, Dungchai  et al.  modifi ed this method and 

introduced screen printing for wax (Dungchai  et al. , 2011). The technique con-

sists in rubbing solid wax onto a paper fi lter through an ink-blocking stencil 

supported by a mesh. This mesh, made of porous fabric fi nely woven stretched 

over a frame, can transfer through material pressed against it, such as ink or 

wax. The loading of the wax is controlled by the size of the mesh, and is fully 

blocked in the areas where the mesh has an impermeable coating. Then, simi-

larly to wax printing, the device is put on a hot plate and the wax is melted to 

form a hydrophobic barrier throughout the entire paper thickness. The wax 

penetration can be controlled by adjusting the temperature and the time of 

heating (the ideal conditions were found to be 100°C for 60 s). A direct linear 

relationship exists between the width of the hydrophobic barrier deposited 

and the width of its design on the mask. The minimum designable channel 

and barrier widths are, on a Whatman #1, 0.65 mm and 1.3 mm, respectively 

(Dungchai  et al. , 2011). Compared to using a wax printer, this technique is 

simpler and adequate for remote places where such complex equipment is 

unavailable. As opposed to manually depositing wax with a pen, this tech-

nique is scalable and reproducible, as long as the force applied to the solid 

wax can be controlled.  

  Wax dipping 

 Because it is diffi cult to control the pressure on the wax with precision, 

screen printing suffers from poor reproducibility between batches which 

lead Songjaroen  et al.  to develop another wax-based fabrication method: 

wax dipping. This technique uses a mold that is pressed against the sheet 

of paper before the two are dipped for 1 s into melted wax at 120°C. After 

cooling, the sheet is peeled off and only has the areas protected by the mold 

remain without wax, as shown in Fig. 14.3 (Songjaroen  et al. , 2011). This one-

minute method creates good resolution channels in a single dipping step. The 

�� �� �� �� �� ��



Low-cost assays in paper-based microfl uidic biomedical devices   501

© Woodhead Publishing Limited, 2013

 

(a)

   

 14.3      Fabrication process of the PAD using the wax-dipping method: 

(a) simple wax-dipping set-up system and (b) procedure for patterning 

paper by wax dipping in top view (b) and lateral view (c). ( Source : 

Adapted with permission from Songjaroen  et al. , 2011. Copyright © 2011 

Elsevier B.V.)   
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relationship between the mask dimensions and the fi nal hydrophilic dimen-

sions is simple to derive. The smallest channel size rendered is 639 μm, similar 

to that obtained with wax printing or wax screen printing, but the reproduc-

ibility is better than the latter (%CV between 2% and 7%) when the temper-

ature and the length of the dip in the bath of wax is perfectly controlled. The 

estimated total cost of a μPAD made by wax dipping is less than 5 cents.        

  14.2.4      Techniques based on chemical modifi cation of the 
paper surface 

 Certain reagents can change the wetting properties of the cellulose pulp and 

can be used to create hydrophilic‒hydrophobic contrasts, which is a simpler 

and more affordable approach than pore fi lling or deposition. AKD, and 

alkenyl succinic acid anhydrate (ASA), are commonly used for that purpose 

in paper sizing. They are very low-cost patterning agents that impart hydro-

phobicity by esterifi cation of the hydroxy group of the cellulose (Li  et al. , 
2010b). Flexography, ink jet and gravure are expected to be the most suitable 

techniques to print sizing agents. AKD and ASA require curing, typically in 

an oven at 100°C for 5 min, so heating stations are added between processes. 

An important advantage of this method is that the paper treated retains its 

original fl exibility and bendability (as opposed to, for instance, photoresist-

coated devices), which makes packaging and handling easier. Moreover, the 

hydrophobic areas of the device show no visible mark or change of color, 

which is a critical characteristic for colorimetric-based assays. 

  Plasma oxidation etching 

 Li  et al.  are the fi rst to have developed a two-step process using a paper siz-

ing reagent (Li  et al. , 2008, 2010a, 2010b). First, the paper is sized in AKD 

heptane solution and cured for 45 min at 100°C, making the treated paper 

strongly hydrophobic with contact angles greater than 110°. Then, sand-

wiched between two metal masks, the paper undergoes a plasma treatment 

that patterns the hydrophilic area following the mask design. However, 

with plasma processes over-etching is common: the long mean free path of 

the energized electron causes bigger hydrophilic patterns than the mask. 

However, once the treatment duration and intensity are optimized, this 

process leads to very reproducible hydrophilic areas. This patterning tech-

nique has the drawbacks of requiring long curing times and a plasma oxida-

tion tool, which is not everywhere readily available (Klasner  et al. , 2010). 

Similarly to inkjet etching, this process creates a hydrophilic area that is 

exposed to solvents and polymers, which can be undesirable for certain 

assays (Songjaroen  et al. , 2011).  
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  Inkjet printing 

 Inkjet printing relies on a digital inkjet printer to accurately deposit an 

AKD–heptane solution where the paper needs to be hydrophobic (Li  et al. , 
2010a). After printing, the device is heated to allow curing and, in a sec-

ond step, the same printer can be used to deposit bio-indicators in the sens-

ing zones. This hydrophobic deposition requires only a single side print to 

deposit the agent, which then freely penetrates through the thickness of 

the sheet (and laterally). The use of heptane, a very volatile solvent, allows 

for the few picoliters of printed solution to evaporate quickly and mini-

mize lateral spread of the agent. This printing method is adapted to low-

cost high-volume manufacturing. This process combines the advantage of 

PDMS printing (affordable devices that can withstand folding and bending) 

with the advanced patterning defi nition of photolithography. Finer wettable 

channels than 300 μm on Whatman paper (No. 4) have been reported. The 

estimated cost of a device with this method is a thousand times lower than 

barrier-based PDMS devices. Digital inkjet printing is an easy and rapid fab-

rication process, with the pattern design solely requiring software changes 

to be modifi ed. It is suitable for high-speed production of a large number 

of devices, with multiple devices printable on a single piece of paper in 10 

min with a single print-heat cycle (Li  et al. , 2010c). In addition, among all 

deposition processes, inkjet has the benefi t of being a non-contact liquid 

deposition, which is highly desirable for printing of biomolecules because 

that minimizes cross-sample contamination and risk of substrate damage 

(Gauvreau and Laroche, 2005; Nagler, 2008; Li  et al. , 2010b). 

 An important limitation to the use of AKD and ASA is their non-resis-

tance to the penetration of oil or low surface tension aqueous solution 

(typically solution with surface tension < 35 mN/m). If that is the case, a 

fl uorocarbon-based sizing agent should be used instead. Other alternatives, 

such as the thread-based device, that do not rely on hydrophobic barriers 

have been successfully used to transport oil (Li  et al. , 2010b).   

  14.2.5     Other techniques 

  Laser printing and treatment 

 Laser printing is a one-step patterning method that starts with a hydro-

phobic paper substrate such as parchment, wax, or palette paper, and uses 

CO 2  laser to pattern hydrophilic areas (Chitnis  et al. , 2011). The surfaces 

treated become more fi brous and oxidized hydrophilic groups are formed. 

They can then trap chemicals but do not allow lateral diffusion of liquid. To 

achieve fl uidic circulation, an additional coating of silica microparticles is 

needed. Therefore, after laser printing, a water suspension of these particles 

is poured on top of the patterned paper and, after water evaporation and 
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heavy shaking, they only remain in the hydrophilic areas. The high resolu-

tion and speed of this technique are its main advantages. By controlling the 

laser power and the scanning speed it is possible to design features with 

little roughness and as small as 62 ± 1 μm.  

  Paper cutting and paper taping 

 The simplest method to fabricate paper-based devices is by cutting and 

taping. Fluidic fl ow in these kinds of devices is not bound in channels by 

hydrophobic barrier, but by air instead. Cutting is rapid and only requires a 

cutting instrument, such as a pair of scissors or, for more complex patterns, 

a laser cutter or die cutter (Wang  et al. , 2012a). With this method, tape is 

necessary to support any free-standing structures, which leads to an extra 

step in the fabrication. 

 Fenton  et al.  fabricated a nitrocellulose lateral fl ow device that was shaped 

in two dimensions by a computer-controlled knife on an xy-plotter (Fenton 

 et al. , 2008). Afterwards, the resulting cut device was sandwiched between a 

vinyl and a polyester fi lm to minimize evaporation, dehydration, and protect 

against external contamination. This technique is simple, direct, rapid, and 

suitable for mass manufacturing as well as for prototyping, and can work 

with any type of cellulosic substrate. The smallest feasible dimensions are 

1 mm for an arm and 0.7 mm diameter for a hole. With this technique, inter-

pretational errors can be minimized by carving labels describing analytes 

directly next to the test strip. The cost of the cutting tool is about US $5000. 

 Fabrication of 3D paper-based devices has been demonstrated using dou-

ble-sided adhesive, as depicted on Plate VI (see in color section between 

pages 328 and 329) (Martinez  et al. , 2008b). Regular μPADs rely on 1D lat-

eral fl ow wicking. 3D devices combine lateral and vertical wicking for an 

increased microfl uidic capability, which opens the door to array-based ana-

lytical strategies commonly used in the pharmaceutical and drug discovery 

industries. Martinez et al. used water-impermeable double-sided carpet tape, 

and SU-8 photolithography patterning. Each individual layer of paper and 

tape was fabricated then stacked, alternating patterned paper and tape with 

via holes (60 μm thick and 800 μm in diameter).Via holes were punched 

through the tape and fi lled with a cellulose paste to create a vertical fl u-

idic path. Finally, the reagents were spotted before device assembly. As an 

example of the application they demonstrated a glucose test with control; 

four samples were tested for four analytes. The 3D device showed reliable 

and reproducible distribution of the sample in 1 min to multiple detection 

zones, making it easy to produce calibration curves. The estimated cost for a 

3D device is US $30 for 1 m 2 . Figure 14.4 shows another technique to bond 

multiple layers to form a 3D chip utilizing wax as an adhesive (Gong  et al. , 
2010). Patterns that will form fl uidic channels were cut out from the substrate, 
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then the substrate was soaked in melted wax and sandwiched between glass 

or polymer sheets. Then, using vacuum, the wax was pumped out from the 

channel. This bonding process was durable, biocompatible with cell culture, 

reversible, and provided a good seal. Additionally, as shown on Plate VII 

(see in color section between pages 328 and 329), origami methods have also 

been used for 3D building of paper-based devices (Liu and Crooks, 2011).         
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 14.4      (a) After laser or scalpel cutting, the paper or fi lm absorbed 

wax at the wax’s melting point. After cooling, the fi lm or paper was 

sandwiched between two glass slides and immersed in a hot-water 

bath. The gas was introduced from the inlet to the outlet through which 

the wax in the channel was pushed. (b) Five layers were overlapped 

and aligned. All of the layers were wetted by melt wax before being 

overlapped. (c) Layers were pressed together by four clamps at four 

corners. (d) Structure of bacterial screening system comprised of an 

upper screening chamber and a lower reagent cell. The liquid passage 

was a glass capillary which allowed the movement of liquid by capillary 

action. ( Source : Adapted with permission from Gong  et al. , 2010. 

Copyright © 2010 Royal Society of Chemistry.)  
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  14.3     Detection and read-out technologies 

 In order to obtain a complete analytical instrument using the fabrication 

methods described above, an adequate transduction strategy needs to be 

adopted. These sensing and read-out technologies are chosen in accordance 

with the type and the concentration of the analyte to be detected, as well as 

on the desired accuracy. These strategies also need to comply with the overall 

goal of paper-based devices ‒ to be simple, mass-manufacturable and low-

cost. Optical and electrochemical based-methods are the most simple, com-

pact, low power, and low-cost analytical techniques. They are, therefore, the 

best suited for paper-based assays. To this date, the major analytical assays 

reported are based on colorimetry (Martinez  et al. , 2007, 2008a, 2009; Abe 

 et al. , 2008; Bruzewicz  et al. , 2008; Fenton  et al. , 2008; Klasner  et al. , 2010; 

Wang  et al. , 2010; Ratnarathorn  et al. , 2012), electrochemistry (Dungchai 

 et al. , 2009, 2011; Nie  et al. , 2010a, 2010b; Liu and Crooks, 2011, Lankelma 

 et al. , 2012; Shiroma  et al. , 2012), conductivity (Steffens  et al. , 2009; Arena 

 et al. , 2010), chemiluminescence, and electrochemiluminescence (Delaney 

 et al. , 2011; Yu  et al. , 2011a; Ge  et al. , 2012). 

  14.3.1     Colorimetric detection 

 Colorimetric assays are reactions that lead to a change of color due to an 

enzymatic or chemical interaction between spotted reagents and the ana-

lyte. μPADs are well-suited for colorimetric biochemical assays; already most 

commercially available paper strip tests use color change to qualitatively 

detect analytes (Dungchai  et al. , 2010). Colorimetric assays are ideal for sim-

ple, semi-quantitative answers, or when a yes/no answer is needed. When 

μPADs were fi rst introduced they were successfully applied to the colori-

metric detection of glucose and protein, at levels that are clinically relevant 

(Martinez  et al. , 2007). The testing of glucose was done by reacting the sam-

ple with potassium iodine mixed with horseradish peroxidase and glucose 

oxidase, which led to the detection zone changing color from clear to brown 

proportionally to the glucose concentration. The testing of protein concen-

tration was done using citrate buffer with tetrabromophenol blue and the 

change of color observed was from yellow to blue. These are well known col-

orimetric assays commonly used in urine analysis. The different chemicals and 

enzymes were spotted at the last step of the device fabrication and left to dry 

in the detection zones. Similar glucose and protein tests were tried on devices 

patterned with different methods: PDMS plotting (Bruzewicz  et al. , 2008), 

wax printing (Lu  et al. , 2009a), wax dipping (Songjaroen  et al. , 2011), and ink-

jet printing of the device as well as the reagents (Abe  et al. , 2008). Other col-

orimetric tests published include: glucose using glucose oxidase with phenol 

red (Olkkonen  et al. , 2010) or bromocresol green (Songjaroen  et al. , 2011) as 
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colored indicators; pH with bromothymol blue (Abe  et al. , 2008; Bruzewicz 

 et al. , 2008); nitrite test based on the Griess reaction principle (Klasner 

 et al. , 2010; Li  et al. , 2010a); uric acid test based on a bicinchoninate chelate 

method (Dungchai  et al. , 2010); protein test (Wang  et al. , 2010); lactate test 

(Dungchai  et al. , 2010); ketones test using the fi rst spatially-separated online 

double chemical derivatization (Klasner  et al. , 2010); total iron test ion using 

1,10-phenanthroline (Dungchai  et al. , 2011); and IgG immunosensing, which 

opens the doors to pathogen detection (Abe  et al. , 2010). For these assays, a 

linear response over the range of interest is generally observed. The dynamic 

range is limited by the amount of reagents and samples present, with most 

reactions stopping when the sample has completely evaporated and the 

channels dried out. Therefore, colorimetric reactions need to be faster than 

the rate of evaporation. Keeping the device incubated in a humidity chamber 

reduces evaporation and improves the dynamic range (Klasner  et al. , 2010). 

 Visually comparing the color intensity of a reaction spot by naked eye 

is challenging. It represents a major hindrance to making this technology 

quantitative. Many factors including visual perception of color, lighting, and 

difference of color between a dry printed color on a label and the color on 

the reacted wetted paper can infl uence the reading (Dungchai  et al. , 2009). 

In an attempt to quantify results more accurately, multiple researchers have 

digitalized the resulting color. They used a hand-held optical colorimeter 

that measured the transmission of light through paper (Ellerbee  et al. , 2009), 

cellphone cameras (Martinez  et al. , 2008a), and scanners (Apilux  et al. , 2010; 

Klasner  et al. , 2010). With a scanner the device picture was converted to 

CMYK format and using image processing software the change in inten-

sity of the color was quantifi ed and related to the concentration in analyte 

more accurately then by eye (Klasner  et al. , 2010). In addition, Whitesides 

and co-worker have envisioned the use of a camera phone to send the dig-

italized result to be interpreted at an off-site location by an expert imme-

diately after the on-site testing has been achieved (Martinez  et al. , 2008a). 

The widespread existing cell phone communication infrastructures and the 

omnipresence of phone equipped with camera makes this digital exchange 

affordable. It allows for the monitoring to be collected more effectively 

by less valuable personnel for a better deployment of resources. However, 

experimental conditions such as lighting, sensitivity of the color measure-

ment device, and background color of the paper substrate, which can change 

with time and in between batches, remain sources of interpretation errors. 

These reading mistakes can be minimized if, as Li  et al.  proposed, an internal 

calibration standard is run in parallel to the sample using the same device 

under the same conditions (Li  et al. , 2010c). They used inkjet printing of 

AKD to pattern a six-branch device to analyze for nitrite ion and uric acid, 

and a low-cost desktop scanner for the image digitalization. They spotted 

the unknown solution in one of the detection zones, and fi ve dilutions from 
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a standard in the rest, then introduced the indicator reagents in the central 

inlet zone, as described in Fig. 14.5. They obtained an increase in reliability 

and an accuracy approaching that of conventional UV-Vis spectrophotom-

etry. Similarly, Wang  et al.  developed a tree-shape design, represented in 

Fig. 14.6, that is convenient for multiplexed assays and can self-calibrate 

to eliminate systematic errors (Wang  et al. , 2010). The paper-based device 

allows uniform fl ow of water from its stem to the multiple branches, where 

each single analysis takes place. After the assay is completed, the operator 

can easily compare the color of the unknown with the benchmark. Another 

strategy to improve accuracy and help visual reading can be using multi-

ple indicators for the same analyte, which will generate different colors 

and react at different concentrations of the analyte. (Dungchai  et al. , 2010). 

This approach, developed by Dungchai  et al. , can be accomplished by spot-

ting an oxidase enzyme that produces hydrogen peroxide proportionally to 

the concentration in analyte, and spotting indicators that react at different 

levels of concentration of hydrogen peroxidase. This method was used to 

develop a nine-branch device for simultaneous analytical measurement of 
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 14.5      Quantitative biological/chemical assay using paper-based 

microfl uidic devices. (a) The assay design: NO 2  – standard solutions (0.5 

lL) with different concentration from 0 to 1250 lmol/L were deposited 

into detection zone 0 to zone 5 in sequence; (b) NO 2  – indicator solution 

was added into the device from central inlet zone and caused different 

color changes in different detection zones; (c) calibration curve created 

by color density measurement using Adobe Photoshop of the scanned 

images of the tests. Error bars were obtained from six repeated 

measurements. ( Source : Adapted with permission from Li  et al. , 2010. 

Copyright © Springer Science+Business Media B.V. 2010.)  
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glucose, lactate, and uric acid in clinically relevant ranges and demonstrated 

a signifi cant improvement in reading accuracy (Dungchai  et al. , 2010).           

 With their high extinction coeffi cient, gold nanoparticles (AuNP) and sil-

ver nanoparticles (AgNP) represent very strong indicators. Because their col-

ors strongly depend upon their size, their aggregation or dissociation leads a 

change of color. Zhao  et al.  demonstrated that DNA cross-linked gold nano-

particles (AuNPs) can be used on paper for biosensing and stored for weeks 

without loss of performance (Zhao  et al. , 2008). Upon addition of a target 

solution, the aggregated AuNPs dissociated resulting in change of color. The 

paper substrate served as a protection from nonspecifi c stimuli making aggre-

gated AuNPs stable. Sensitive detection of adenosine and endonuclease was 

performed, and with the use of DNA aptamers the assay can be generalized 

to many targets. Additionally, colorimetric assay based on the aggregation of 

NPs was also demonstrated. To produce a copper detector, AgNPs function-

alized with homocysteine (Hcy) and dithiothreitol (DTT) were spotted on a 

paper-based device. AgNPs showed a change of color upon addition of cop-

per, which induced their aggregation through carboxyl and amino binding 

Tree-shaped paper

Dip the device
into water

30 min later

1) Spot BSA with
unknown concentration

1) Immerse in
citric buffer

2) Dry at 25°C
for 20 min

1) Spot BSA solution
2) Spot BPB solution

3) Dry at 25°C
for 10 min

Tree-shaped paper device for
analysis with self-calibration

2) Dry at 25°C for 10 min

BPB residue

The colour change after
a reaction between BPB
and BSA

 14.6      Diagram of the procedure for tree-shaped device with self-

calibration for detection. ( Source : Adapted with permission from Wang 

 et al. , 2010. Copyright © 2010 Elsevier B.V.)  
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with Hcy and DTT (Ratnarathorn  et al. , 2012). This sensitive assay exhibited 

a limit of detection as low as 7.8 nM.  

  14.3.2     Electrochemical detection (ECD) 

 Electrochemical detection, as opposed to colorimetric assays, is capable of 

precise quantifi cation of the analyte’s concentration. ECD is a redox based 

method that relies on a three electrode system: the working, the counter and 

the reference electrodes. On paper-based devices, these electrodes can be 

screen printed with a conductive ink at a low cost. Commonly, a carbon ink is 

used for the working and counter electrodes and a silver/silver chloride ink for 

the reference electrode and the pads (Dungchai  et al. , 2009; Apilux  et al. , 2010). 

Figure 14.7 shows screen-printed electrodes; they have the advantage of being 

disposable and easy to functionalize by chemical derivatization. Although 

ECD on paper requires external equipment, the latter remains minimal, con-

sumes little power, and can be miniaturized (Dungchai  et al. , 2009). The fi rst 

microfl uidic paper-based electrochemical device (μPED) was introduced by 

Dungchai  et al.  with the simultaneous quantifi cation of glucose, lactate, and 

uric acid in biological samples (Dungchai  et al. , 2009). After being printed, 

the electrodes were chemically modifi ed with Prussian blue to improve their 

Glucose

Lactate

Uric acid

CE

WE

RE

5 mm

5 mm

5 mm

6 mm

Hydrophilic

Hydrophobic

(a) (b)

 14.7      (a) Basic design of the electrochemical detection cell for paper-

based microfl uidic devices. WE, working electrode; RE, reference 

electrode; CE, counter electrode. (b) Picture of three electrode paper-

based microfl uidic devices. The hydrophilic area at the center of 

the device wicks sample into the three separate test zones where 

independent enzyme reactions occur. The silver electrodes and contact 

pads are made from Ag/AgCl paste with the black electrode portions 

being the Prussian blue modifi ed carbon electrodes. The device size is 

4 cm × 4 cm. ( Source : Adapted with permission from Dungchai  et al. , 

2009. Copyright © 2009 American Chemical Society.)  
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selectivity toward hydrogen peroxide, then they were spotted with the appro-

priate oxidase enzymes, which catalyzed the oxidation of their substrate (the 

analyte) while reducing oxygen to hydrogen peroxide. When a sample drop is 

deposited at the center of the paper, it fl ows to the reaction sites where chro-

noamperometry is performed using the optimal potential for hydrogen per-

oxide production. Low detection limits within the range of clinical relevance 

were obtained with performances comparable to that of traditional diagnostic 

tools (Dungchai  et al. , 2011). Nie  et al.  also demonstrated glucose testing using 

chronoamperometry and showed a limit detection fi ve times lower than tra-

ditional glucometers and two times lower than colorimetric assays (Nie  et al. , 
2010b). They also fabricated a paper-based device with four electrodes to be 

used with commercial hand-held glucometer (Nie  et al. , 2010a). Additionally, 

they demonstrated ECD’s good selectivity by specifi cally quantifying Pb(II) 

at ppb-level concentrations in solutions containing Zn(II) and Pb(II) using 

anodic stripping voltammetry. ECD can be readily combined with a separa-

tion step for improved sensing. Carvalhal  et al.  separated via chromatography, 

then analyzed by chronoamperometry, a mixture of uric and ascorbic acid on 

a paper-based device (Carvalhal  et al. , 2010). The separation, whose effi ciency 

depends on the thickness, length, and quality of the paper, occurred during 

travel of the sample through the paper column.      

 A hurdle for the common methods used in ECD, amperometric or cou-

lometric, is their need for external bulky electrochemical detectors. An 

alternative method, requiring only a simple reader, is the monitoring of 

streaming potentials, as described by Leung  et al.  Their group showed that 

these potentials are sensitive to the presence of charged polymers adsorbed 

on the surface of the paper. They proposed derivatizing the cellulosic chan-

nel to bind the target, and detecting the binding events by measuring the 

changes in streaming potential (Apilux  et al. , 2010; Leung  et al. , 2010). 

Electrical conductivity measurement is another technique that uses a sim-

pler external instrument. But most of the research in that fi eld has been lim-

ited to gas-phase applications, such as an ethanol (Arena  et al. , 2010), or a 

nitrogen sensor (Steffens  et al. , 2009). To overcome another hindrance from 

ECD, the inability to detect certain analytes and/or to prevent the over-

lapping response of contaminants with the analyte of interest, a strategy 

of dual electrochemical and colorimetric assays on a single device can be 

adopted. Apilux  et al.  used that option to simultaneously screen for Au(III) 

and Fe(III), which have reduction currents that overlap (Apilux  et al. , 2010). 

They detected Au(III) using square wave voltammetry in aqua regia buffer, 

and Fe(III) using a phenanthroline-based colorimetric assay. 

 Microfl uidic paper-based electrochemical devices (μPED) combine sim-

plicity, moderate cost, portability, speed, accuracy, high sensitivity, and high 

selectivity by adequate pick of electrode material and/or detection potential 

(Dungchai  et al. , 2009; Nie  et al. , 2010b).  
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  14.3.3      Chemiluminescent (CL) and 
electrochemiluminescent (ECL) detections 

 Chemiluminescence is simple, highly sensitive, and can be performed in 

the dark, therefore, independently of the ambient light. Yu  et al.  designed a 

μPAD for the simultaneous analysis of glucose and uric acid relying on the 

chemiluminescence reaction between rhodamine derivatives and hydrogen 

peroxide (Yu  et al. , 2011a). The hydrogen was generated by the two oxidase 

enzymes immobilized on separate channels. 

 Electrochemiluminescent (ECL) detection corresponds to a CL reaction 

in which luminescence is established and controlled by the application of an 

electrical potential. This method inherits the advantages of CL, such as emis-

sion of light independently of the ambient light, with an improved selectivity 

and an increased dynamic range due to better control of the reaction through 

electrochemistry (Delaney  et al. , 2011; Ge  et al. , 2012; Yan  et al. , 2012). ECL 

also possesses the advantages of EC detection, namely high sensitivity, and 

good control over timing and spatial location of the reaction (Delaney  et al. , 
2011). Figure 14.8 shows the fi rst paper-based device with ECL detection 

by Delaney  et al.  (2011). They used screen-printed electrodes and chrono-

amperometry to induce ECL between a biological compound, nicotinamide 

adenine dinucleotide, and an ECL reagent, tris(bipyridine)ruthenium(II), 

which yields an orange luminescence. Using a camera phone as a photo sen-

sor, they successfully obtained calibration curves with detection limits lower 

than colorimetric assays. Additionally, they showed that mass transport was 

unaffected by the fi brous substrate.        

Paper
μ-fluidic
element

SPE
Sample in

 14.8      ECL detection of a sample solution (2-(dibutylamino)-ethanol 

(DBAE)). The device was fi lled with a 10 mM Ru(bpy) 3  
2 + solution before 

drying, and was then aligned and fi xed onto the face of the screen-

printed electrode (SPE) by laminating with transparent plastic. A drop 

of sample was introduced through a small aperture in the plastic at 

the base of the channel. After the detection zone being fully wetted, a 

potential of 1.25 V was applied and the resulting emission was captured 

and analyzed. ( Source : Adapted with permission from Delaney  et al. , 

2011. Copyright © 2011 American Chemical Society.)  
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  14.4     Application of paper-based microfluidic devices 

 Made of readily available materials, small, lightweight, easy to stack, store 

and transport, paper-based microfl uidics has the potential to be a privileged 

analytical platform for a wide range of applications in health diagnostics 

(Martinez  et al. , 2007, 2008b, 2010; Abe  et al. , 2008; Li  et al. , 2008, 2010a, 

2010b, 2010c, 2011; Dungchai  et al. , 2009, 2010, 2011; Lu  et al. , 2009a; Cheng 

 et al. , 2010; Klasner  et al. , 2010, Nie  et al. , 2010a; Delaney  et al. , 2011; Yu 

 et al. , 2011a, 2011b), as well as in environmental monitoring (Wang  et al. , 
2009; Apilux  et al. , 2010; Nie  et al. , 2010b; Lankelma  et al. , 2012), or food 

quality testing (Hossain  et al. , 2009b; Nie  et al. , 2010a; Lankelma  et al. , 2012). 

Relying on the different detection techniques described earlier, it can pro-

vide qualitative and/or quantitative (sometimes semi-quantitative) results 

for the detection of a single or multiple analytes. μPADs exist in two major 

formats: the on-demand devices, which are empty generic platforms that 

require the user to introduce detection reagents into the device prior to test-

ing; and the ready-to-use devices, which are complete devices with reactive 

sensing reagents already integrated in the detection zones. 

  14.4.1     On-demand μPADs 

 On-demand devices are general-purpose tools with only the desired micro-

fl uidic features for handling fl uids. They are generic platforms that can be uti-

lized for common biological or chemical assays, such as quantifying an analyte 

concentration, or creating a calibration curve. Li  et al.  presented an example 

of such devices, a star-shaped platform that allows a single drop of indicator 

react with six different concentrations of nitrate (Li  et al. , 2010b). Another 

example is Bruzewicz’s design, which has an inlet channel splitting into fi ve 

equally sized channels leading to different test zones where the user can 

pipette different reagents for parallel testing. They used an open inlet channel 

with no border, which allowed a simple dipping of the inlet edge of the device 

to draw some sample in and start the assays (Bruzewicz  et al. , 2008). 

 To perform more complex and reliable measurements with ease of use 

comparable to conventional lateral fl ow tests, on-demand devices need 

inexpensive paper-based processing capabilities. Two-dimensional fl uidic 

networks on paper can enable these sophisticated capabilities and render 

multiple step assays possible. The Yager group, after doing quantitative 

studies on fl ow in fl uidic networks, has demonstrated methods for control-

ling fl uid transport (Fu  et al. , 2010b, 2011; Kauffman  et al. , 2010). By play-

ing with the geometry of the fl uidic network and introducing dissovable 

barriers, they enable automated sequential delivery of fl uid, and sample 

pretreatment before analysis (Fu  et al. , 2010a; Lutz  et al. , 2011). The intro-

duction of functional elements to actively control the movement of the fl uid 
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as on standard lab-on-a-chip instruments is critical to the development of 

improved assay execution on paper. Li  et al . developed a simple element, 

shown on Fig. 14.9, that functions as a switch (Li  et al. , 2010b). A reactor 

can be made using two switches that control the access of two liquid reac-

tants from their dosing sites (A1, A2) to the reactor site B (Li  et al. , 2010a). 

Other circuit elements have been fabricated such as a fl uidic timer based on 

paraffi n wax (Noh and Phillips, 2010a, 2010b), an ‘on’ button for connect-

ing and disconnecting the fl uidic fl ow (Martinez  et al. , 2010), or a fi lter that 

separates plasma from whole blood (Yang  et al. , 2012). Additional work on 

adapting common microfl uidic techniques to paper-based devices includes 

hydrodynamic focusing, sized-based extraction of molecules, micromixing, 

and dilution (Osborn  et al. , 2010; Rezk  et al. , 2012).       

  14.4.2     The ready-to-use μPADs 

 Devices that already incorporate the reagents needed in a particular detec-

tion chemistry meant for specifi c analytes are ready-to-use devices. They 

correspond to most of the published work, and are designed to respond to 

the needs of a given fi eld. Table 14.1 presents a compilation of most of the 

reported analytes and the methods used for their detection, with respect to 

the fi eld of application: health diagnostics, biochemical analysis, environ-

mental monitoring, food quality control, and forensic. 

 In health diagnostics, μPADs fi nd application as low-cost, disposable, and 

easy to fabricate testing devices that, if quantitative enough, can be used to 

directly establish a diagnostic. When only semi-quantitative or qualitative, 

they represent a fast and inexpensive initial screening tool that can indicate 

if a more expensive and labor-intensive examination is required. To be of 

clinical use, μPADs (such as those reported in Table 14.1) have to be capable 

of analyzing samples from body fl uid such as urine, saliva, sputum, or blood. 

Additionally, to be the most representative of the patient’s health condition, 

they are usually designed for simultaneous detection of multiple analytes 

using a single sample drop. Examples include the simultaneous detection 

in urine of glucose and protein (Martinez  et al. , 2007, 2008a), or in saliva of 

nitrite and uric acid, which are potential biomarkers for monitoring hemo-

dialysis (Li  et al. , 2010b).      

 Besides, nowadays a large range of commercially available health testing 

tools are based on immunorecognition assays. Some examples include the 

urine test for pregnancy, and the blood test for hepatitis C. Usually, with these 

immuno-test strips the analyte fl ows by capillary effect to spotted antibodies 

and is subsequently bound to them, leading to a color appearance at the test line 

(Dungchai  et al. , 2010). They are extremely sensitive, reliable and fast. By using 

these existing immune-based assays and the powerful platform that is microfl u-

idics, paper-based devices open up new possibilities for clinical testing (Fenton 
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(a)
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Reagent B

Valve B Valve A

Reagent A

(b)

Reactor
Reagent B

Valve B Valve A

Reagent A

(c)

Reactor
Reagent B

Valve B Valve A

Reagent A

   14.9      (a)–(c) A design of a simple paper-based microfl uidic reactor 

consisting of two sample dosing sites, two valves, and one central 

reaction site; (d)–(f) a paper-based microfl uidic reactor based on 

this design was tested using acid–base neutralization reaction ((d) 

Phenolphthalein indicator solution was deposited onto the central 

reaction zone. NaOH and HCl solutions were added into reagent zones 

A and B, respectively; (e) NaOH solution was introduced into the 

reaction zone to trigger color change; (f) HCl solution was introduced 

later into the reaction zone via valve B to neutralize NaOH in the 

reaction zone). ( Source : Adapted with permission from Li  et al. , 2010. 

Copyright © Springer Science+Business Media B.V. 2010.)  
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 et al. , 2008). For instance, Khan demonstrated a paper-based device for blood 

typing using a three-armed prototype, where each arm was treated with a differ-

ent solution of antibody (A, B, and O) (Khan  et al. , 2010). After a drop of whole 

blood was spotted at the center of the device, it fl owed to the different arms, and 

when the red cells carried with the blood encountered their specifi c antibodies 

they agglutinated, causing a visible chromatographic mark on that arm. This 

paper-based diagnostics, at a cost of only a few cents, can promote health in the 

developing world by rapidly providing the blood test result necessary to many 

chirurgical procedures. Other work relying on antigenic binding include the 

electroluminescent detection based method for diagnostic of carcinoembryonic 

antigen from real serum sample (Yan  et al. , 2012), and the chemiluminescence 

detection of four cancer biomarkers (Ge  et al. , 2012). Another major immu-

nological test adapted to paper-fl uidics is the enzyme-linked immunosorbent 

(d)

(e)

(f)

1 cm
14.9 Continued
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assay (ELISA), which combines antibodies and enzymes to provide specifi city 

and sensitivity (Wang  et al. , 2009; Abe  et al. , 2010; Cheng  et al. , 2010; Martinez, 

2011; Wang  et al. , 2012b). Figure 14.10 from Abe  et al.   shows the fabrication 

process of a paper-based device using immunosensing inks and gold-labeled 

antibodies. They demonstrate that the antibodies are successfully adsorbed on 

the cellulose and are released from their immobilization site only upon sample 

application. Likewise, Wang  et al.  wax printed a device combining the specifi c 

ELISA method with the sensitive chemiluminescence detection and showed 

quantitative clinical testing of three tumor markers (Wang  et al. , 2012b). In 

parallel, to satisfy the need for high throughput, low-cost, and low-volume 

Filter paper(a)

(b)

1) Soak in 1.8 wt% poly(styrene)
in toluene

2) Test and control lines are
    patterned with toluene

Control line

Test line

4) Fabricate the complete
    channel with toluene

Sample
area

Conjugate
area

Test
area

Control
area

Absorbent
area : Labeled anti-IgG

: Anti-IgG

: IgG

5) Spot the gold-labeled
    antibody after the blocking
    treatment

3) Print the
    immunosensing inks

 14.10      (a) Fabrication process of the inkjet-printed microfl uidic 

immunosensing strip. Patterning of the test/control lines (step 2), 

dispensing of the immunosensing inks onto the test/control lines 

(step 3), and patterning of the entire channel and remaining areas 

(step 4) are performed on the same inkjet printing apparatus (the 

pen symbol indicates the use of the inkjet printer). A gold-labeled 

antibody is spotted onto the conjugate area by a micropipette. (b): 

Schematic representation of the fi nalized strip featuring a microfl uidic 

channel consisting of a sample inlet area, a conjugate area, a sensing 

area containing a test line and a control line, and an absorbent area. 

( Source : Adapted with permission from Abe  et al. , 2010. Copyright © 

Springer Science+Business Media B.V. 2010.)  
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ELISA assays, Cheng  et al . printed paper-based microarray plates (Cheng  et al. , 
2010). They represented an affordable device equivalent to the conventional 

96-microzone plate onto which researchers demonstrated quantitative detec-

tion of HIV-1. All these testing devices, used in conjunction with the modern 

communication tools such as camera phones, are powerful telemedicine and 

general health monitoring tools.      

 μPADs have the potential to be useful in food quality control, where 

inspections from production to packaging are required, and where monitor-

ing the lifetime of products once on the shelves is critical. As an example, Nie 

 et al.  developed electrochemical μPADs that used a commercial glucometer 

to measure on-site the concentration of ethanol in food products (Nie  et al. , 
2010a). Another example is the work done by Hossain  et al.  on the detec-

tion of acetylcholinesterase (AChE) inhibitors, including organophosphate 

pesticides in food and beverages (Hossain  et al. , 2009a). Their colorimetric 

assay relied on a printed sol-gel silica ink that entrapped acetylcholinester-

ase and a chromogenic substrate on the paper-based device. They reported 

excellent detection limits and successful detections in milk and apple juice, 

demonstrating its applicability for in-fi eld rapid trace testing. 

 Lastly, a major fi eld of testing is environmental and water monitoring, 

where extremely low-cost, real-time and on-site detection is one of the 

most pressing demands from many communities. The major categories of 

contaminants are heavy metals, chemical and agricultural pollutants, as 

well as toxins and pathogens. For ionic metals, a good example of μPAD 

is one from Apilux  et al.  on the monitoring of gold refi ning waste. They 

designed a dual electrochemical/colorimetric μPAD for detecting both 

Au(III) and Fe(III) on the same device (Apilux  et al. , 2010). Iron needed 

to be measured colorimetrically since it interferes with the electrochemi-

cal detection of gold. Additional harmful ions comprise lead and zinc, for 

which Nie  et al.  designed a rapid and cost-effective μPAD based on anodic 

stripping voltammetry (Nie  et al. , 2010b). Agricultural runoffs carrying 

pesticides and insecticide constitute, as well, a threat to human health and 

the environment. Hossain  et al.  tested bioactive paper sensors sensitive 

to organophosphates, which are a class of chemicals widely used in agri-

culture (Hossain  et al. , 2009b). Regarding the probing of biohazards, and 

toxins in particular, Wang  et al.  developed a simple but high-performance 

fi brous-based biosensor faster than traditional ELISA. They impregnated 

a paper-based device with antibody-coated single walled carbon-nano-

tubes, which electrical conductivity depended on the concentration in tox-

ins the antibodies are sensitive to (Wang  et al. , 2009). They demonstrated 

the effectiveness of their platform by detecting, at levels lower than the 

World Health Organization standard, microcystin, a lethal toxin that trav-

els to the liver, binds covalently to protein phosphatases and disrupts cel-

lular control processes.   
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  14.5     Conclusion and future trends  

 Microfl uidic paper devices have the potential to be widely adopted analyt-

ical tools with attractive features such as low cost, portability, disposability, 

limited waste, simplicity, speed, lower consumption of reagents and sample, 

and ease of fabrication and use (Auroux  et al. , 2002; Reyes  et al. , 2002; Coltro 

 et al. , 2010; Li  et al. , 2013; Liana  et al. , 2012). Their downsized reaction zones 

compared to dipstick tests make them attractive when working with scarce 

or hard-to-get samples (Abe  et al. , 2008). However, they will have to over-

come multiple limitations to match the performance of conventional ana-

lytical techniques. Some are impediments related to the substrate’s nature, 

others originate from fabrication and detection hurdles. These limitations 

have to be overcome for μPADs to be as compelling as traditional analytical 

instruments. 

 A large volume of the sample gets lost during transport across a μPAD. 

In fact, at least half of it is retained within the paper matrix or evaporates 

in the air before reaching the detection zones, resulting in less concen-

trated, thus harder to detect, analytes (Li  et al. , 2013). Losses are partic-

ularly undesirable when quantities of samples are limited. To improve 

sample delivery, a group proposed a technique to fully enclose devices, 

avoiding evaporation (Schilling  et al. , 2012). In addition, fully enclosing a 

device protects the channels from outside contamination, improves stor-

age of the reagents, and eases its handling and transport. Prior to Schilling 

 et al . , others reported using double-sided tape to enclose 3D devices, but 

the adhesion of the protective tape becomes poor when the device gets 

wet and diffusion of adhesive in paper over time has been noticed. Back 

side protection was proposed as well, using polyester-backed nitrocel-

lulose (Fenton  et al. , 2008) or fl exographic printing of a polyester-layer 

(Olkkonen  et al. , 2010). Moreover, performing the separation in a closed 

system, to control the vapor pressure of the eluent, would decrease sepa-

ration time and improve its effi ciency (Carvalhal  et al. , 2010). To mitigate 

sample retention, other groups have suggested using non-porous V-groove 

channels on polymer instead of cellulose (Tian  et al. , 2010), or a thread-

based microfl uidic system, where sewed threads through a supporting sub-

strate such as a polymer fi lm are used to channel fl uids (Li  et al. , 2010d; 

Reches  et al. , 2010). These threaded devices have higher wet strength than 

the paper-based ones. 

 To make lab-on-paper a low-cost diagnostic tool its fabrication needs 

to be compatible with high-speed, high-volume manufacturing without 

compromising quality. It is critical to ensure that the channel extends through 

the full thickness of the paper and holds the fl uid properly. Because paper 

fi bers are intertwined in a planar fashion and layered on top of each other, 

which makes hydrophobic wicking anisotropic, it is challenging for single-

�� �� �� �� �� ��



522   Microfl uidic devices for biomedical applications

© Woodhead Publishing Limited, 2013

step fabrication processes to pattern thin and well-defi ned channels (Li  et al. , 
2010a). As for the two-steps methods, a common issue is the interference of 

the sample with some residues of hydrophobic reagent that have not been 

completely removed from the channel (Dungchai  et al. , 2011). Furthermore, 

not all patterning strategies relying on hydrophobic agents can build hydro-

phobic barriers strong enough to withstand samples of low surface tension, 

such as biological samples with surfactant. To have an effective transport of 

all kinds of liquids, it is better to pattern by blocking cellulosic pores which, 

unfortunately, uses extensive amounts of material. Other challenges that 

can be solved with novel fabrication designs concern the diffi culty in mul-

tiplex analysis, and high integration of multiple analytical procedures on a 

single device (Wang  et al. , 2012b). 3D structures described previously are a 

tentative to achieve this goal necessary for quantitative analysis. The future 

will see more of these intricate devices and novel techniques to route fl uids, 

separate analytes, and wash, all the while avoiding fl uidic cross-talks. 

 μPADs need to detect very low concentrations of biomarkers and contam-

inants to be relevant. Commonly, food and drinking water levels of contami-

nation are in the ppb to ppt range, and currently typical colorimetric-based 

devices are limited to ppm. Research to enhance sensitivity and selectivity 

has already started with the development of gold nanoparticle-based detec-

tion and biorecognition on paper (Zhao  et al. , 2008a, 2008b). In addition, 

any detection strategy needs to be compatible with transport and room 

temperature long-term storage. Understanding biomolecule immobilization 

and their stability is complex, and comprehensive optimizations still need to 

be conducted. Finally, to stay appealing, any detection strategy on μPADs 

needs to preserve their portability and their low power consumption. An 

innovation by Thom  et al. , consisting in galvanic cells patterned within the 

paper device, represent an attractive approach toward self-powered analyt-

ical assays (Thom  et al. , 2012). 

 Although paper is starting to be recognized as a substrate material for 

sensing devices, paper-based microfl uidics is still at an early stage. Any 

success in the diagnostic market will depend on μPADs being mass pro-

ducible at a low-cost, capable of reliable and easy to interpret results, and 

compatible with telemedicine. The lower the need for complicated exter-

nal equipment, the easier will be the adoption. Solutions requiring compli-

cated tools to interpret results may only be valuable for laboratory use.  
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 Plate VI       (Chapter 14)  Preparation and demonstration of a 3D PAD. (a) 

Fabrication. (b) Photograph of a basketweave system 10 s after adding 

red, yellow, green, and blue aqueous solutions of dyes to the sample 

reservoirs. The dotted lines indicate the edge of the device. (c and 

d) Photographs taken 2 min (c) and 4 min (d) after adding the dyes. 

The streams of fl uids crossed each other multiple times in different 

planes without mixing. The dotted lines in (d) show the positions of the 

cross sections shown in (e), (f), and (g). (e) Cross section of the device 

showing a channel connecting the top and bottom layers of paper. 

(f) Cross section of the device showing the three layers of the device 

with orthogonal channels in the top and bottom layers of paper. (g) 

Cross section of the device showing the layers and the distribution of 

fl uid (and colors) in each layer of the device shown in (d). The dotted 

lines indicate the edges of the cross section. ( Source : Adapted with 

permission from Martinez  et al. , 2008b. Copyright © 2008 National 

Academy of Sciences, USA.)  
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 Plate VII      (Chapter 14) (a) Chromatography paper (100 μm thick) having 

photolithographically patterned channels, reservoirs, and a folding 

frame. All channels were 900 μm wide, and the reservoirs were 2.5 mm 

in diameter. (b) Top layer of the folded paper revealing four inlet 

reservoirs in the center of the device. The four fl anking circular features 

are present within the 3-D structure of the device but are visible due to 

the transparency of the paper. Four corners of the folded paper were 

cut so it could be clamped in the aluminum housing shown in (d). 

(c) Bottom layer of the folded paper. (d) The aluminum housing used 

to support the 3-D paper microfl uidic system. The four holes drilled 

in the top of the housing are used for injecting solutions. (e) An 

unfolded, nine-layer paper microfl uidic device after injecting four 1.0 

mM, aqueous, colored solutions (rhodamine 6G, red; erioglaucine, 

blue; tatrazine, yellow; and a mixture of erioglaucine and tatrazine, 

1:10, green) through the four injection ports in the aluminum clamp. 

The colored solutions passed through their designated channels and 

reservoirs without mixing. ( Source : Adapted with permission from Liu 

and Crooks, 2011. Copyright © 2011 American Chemical Society.)  
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  Abstract : Microfl uidic techniques are emerging as cost-effi cient and 
disposable tools for rapid diagnosis of viral infection. This chapter 
reviews the conventional and microfl uidic methods for viral detection 
and highlights the critical need for point-of-care (POC) and inexpensive 
diagnostics. This chapter includes several examples of microfl uidic devices 
used for selective and sensitive viral detection based on immunoassays 
of virus-related antigens or antibodies, nucleic acid amplifi cation, and 
fl ow cytometry. The chapter concludes with a discussion of future trends 
in detection, diagnosis, and assessment of viral infection by microfl uidic 
tools. 

  Key words : microfl uidics, viral infection, diagnostics, point-of-care. 

    15.1     Introduction 

 Infectious diseases result from pathogenic microorganisms, such as bacteria, 

viruses, parasites, and fungi (Ryan  et al ., 2004; Fauci and Morens, 2012). The 

outbreak of infectious diseases severely threatens public health and greatly 

increases the risk of morbidity and mortality, especially in developing coun-

tries (Yager  et al ., 2006; Pang and Peeling, 2007; Strauss and Strauss, 2008; 

Leke, 2010). Viral infectious diseases, including human immunodefi ciency 

virus (HIV), hepatitis B, hepatitis C, malaria, and tuberculosis are the major 

causes of death in developing countries (Fig. 15.1) (Hauck  et al ., 2010). The 

World Health Organization (WHO) recently reported that HIV is the sixth 

leading cause of death worldwide (WHO, 2011). Rapid and effective diag-

nostic technologies are crucial for identifying viruses and pathogens, provid-

ing appropriate treatment, and preventing the outbreak of infection (Free, 

2004; Malkin, 2007; Singer  et al ., 2007).      

 Gold-standard techniques for detection of viral infectious disease include 

tissue culture, enzyme-linked immunosorbent assay (ELISA), and polymer-

ase chain reaction (PCR) (Mackay, 2004; Foudeh  et al ., 2012). Although these 

diagnostic approaches are commonly adopted in the developed world, they 

are still labor intensive, time consuming, and they typically are associated 
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 15.1      (a) A global view of HIV infection. There were around 39.5 million 

people with HIV infection in 2006. (b) Estimated number of tuberculosis 

sufferers worldwide in 2007. (c) Estimated incidence of malaria per 

1000 population in 2006. ( Source : Reprinted with permission from 

Hauck  et al . (2010), copyright 2010 Elsevier.)  
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with high equipment and reagent expenses (Yang and Rothman, 2004). For 

example, diagnosis of HIV involves an enzyme immunoassay combined with 

a western blot (Schupbach, 2002; Branson, 2007). These tests are not suitable 

to perform outside the laboratory, or without trained personnel (Sturenburg 

and Junker, 2009). Malarial identifi cation requires high-resolution micro-

scopes as well as experienced staff for reading slides (McMorrow  et al ., 2008). 

For detection of very low density infections, PCR remains the most effective 

tool, but is limited in low-resource settings because of their high cost, long 

analysis time, and the infl uence of contamination (Drakeley and Reyburn, 

2009). Despite the fact that diagnostic methods are well established in the 

developed world, these approaches are generally not affordable or feasi-

ble in resource-poor settings where modern healthcare infrastructure is not 

available (Yager  et al ., 2008). According to WHO guidelines, cost-effective, 

portable, disposable, and POC diagnostic approaches are needed in order to 

enhance the health-related quality of life in worldwide populations (Urdea 

 et al ., 2006). 

 Microfl uidic technologies, with increased sensitivity and decreased cost, 

offer great promise to develop effective diagnostic tools to overcome the 

hurdles imposed by conventional methods (Gervais  et al ., 2011; Chin  et al ., 
2012; Govindarajan  et al ., 2012; Sun  et al ., 2012a). These technologies pro-

vide many benefi ts, including compactness, portability, disposability, and 

integration of multiple functions. The small dimension of microfl uidic chan-

nels inherently reduces reagent consumption, decreases reaction time, and 

provides the ability to analyze low volume samples (Beebe  et al ., 2002; Sia 

and Whitesides, 2003; Bange  et al ., 2005). Microfl uidic technologies can auto-

mate various steps of assays, including sample preparation, reaction, trans-

portation, and analysis, inside a single chip (Melin and Quake, 2007; Sun 

 et al ., 2010). This enclosed, integrated, and automated format of microfl uid-

ics signifi cantly avoids cross-contamination and enables multiplexed detec-

tion of pathogens. In addition, mass production of disposable microfl uidic 

devices for viral detection can be implemented by using low-cost plastic fab-

rication and screen-printing techniques (Dong  et al ., 2007; Liu  et al ., 2007). 

Currently, microfl uidic systems are becoming essential and revolutionary 

tools for POC viral diagnostics (Kelly and Woolley, 2005; Zhang  et al ., 2012; 

Sun  et al ., 2012b).  

  15.2     Microfluidic technologies used for viral detection  

 This section introduces a variety of promising microfl uidic technologies used 

for viral detection. These technologies hold great potential for addressing 

issues raised by conventional methods including immunological detection, 

nucleic acid amplifi cation, and fl ow cytometry. 
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  15.2.1     Microfl uidic immunoassay 

 Immunological detection is one of the most powerful clinical tools for viral 

diagnostics because of its relative simplicity (Wang  et al ., 2002; Jiang  et al ., 
2003; Ansaldi  et al ., 2006). Immunoassays rely on the sensitive and specifi c 

affi nities of the antibody–antigen interaction to test either the antigen or 

the antibody (Wu, 2006). Among a diverse set of immunoassays, ELISA is 

the most widely used one, involving enzyme-conjugated antibodies and the 

enzyme’s substrate to detect antigens of interest indicated by a color change 

(Fig. 15.2) (Borkowsky  et al ., 1987; Liu  et al ., 2007). Because of the high 

sensitivity and selectivity of antigen–antibody binding, ELISA has been 

commonly adopted for diagnosis of such infectious diseases as HIV, hepati-

tis B, hepatitis C, and Chagas disease (Cordes and Ryan, 1995; Misiani  et al ., 
1992; Ferreira  et al ., 1997). However, ELISA often requires labor-intensive 

procedures, long assay times, and expensive reagents, making this technol-

ogy poorly suited for low-resource settings (Yang  et al ., 2008a; Qu  et al ., 
2011). Another commonly used immunological method for viral detection 

is the western blot (protein immunoblot) that uses gel electrophoresis to 

separate proteins, followed by subsequent blotting to identify proteins. The 

western blot is a widely accepted HIV diagnostic assay, but also requires 

cumbersome manual protocols during assays (He and Herr, 2009; Liu  et al ., 
2010; Pan  et al ., 2010; Song  et al ., 2012).      

Virus sample on surface

Add substrate Add the enzyme-conjugated antibody

Add the primary antibody

 15.2      Schematic of ELISA. Briefl y, the virus sample (pathogenic antigen) 

is immobilized on a solid substrate. The substrate is then incubated 

with the serum, which contains the corresponding antibody (the 

primary antibody). A second, enzyme-conjugated antibody is added 

to bind the primary antibody, followed by adding a substrate for this 

enzyme. The substrate changes color upon reaction with the enzyme.  
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 Microfl uidic immunoassay can address many of these issues raised by 

conventional immunological detection. To perform a microfl uidic immuno-

assay, a microfl uidic network (μFN) is designed to pattern different antigens 

on the substrate, followed by blocking the unpatterned area with bovine 

serum albumin (BSA) to prevent nonspecifi c binding of proteins. The next 

step is to induce a sample solution containing specifi c antibodies to bind with 

antigens using a second μFN. As the immunobinding occurs along microme-

ter-wide intersecting lines, a mosaic of signals from cross-reacted zones can 

be read using a fl uorescence microscope (Fig. 15.3) (Bernard  et al ., 2001). 

Substrate

(a) Immobilization

(b) Blocking

(c) Recognition

(d) Reading mosaic

Sample 1

Sample 2

Sample 3

BSA

Flow

Channels

Antigen 1

Antigen 2
μFN

 15.3      Schematic of microfl uidic immunoassay. (a) A microfl uidic 

network (μFN) to pattern different antigens on the substrate. (b) Block 

unpatterned area with BSA to prevent nonspecifi c binding of proteins. 

(c) Induce antibodies to bind with antigens using a second μFN. (d) 

Read the binding mosaic pattern. ( Source : Reprinted with permission 

from Bernard  et al . (2001), copyright 2001 American Chemical Society.)  

�� �� �� �� �� ��



532   Microfl uidic devices for biomedical applications

© Woodhead Publishing Limited, 2013

This miniaturized format of microfl uidic assays only uses a small amount of 

reagents such as antibodies and enzymes that are often hundreds of dollars 

per milligram, thus dramatically reducing the cost of each test. Moreover, 

microfl uidic techniques allow the integration and automation of immuno-

assay procedures such as sample preparation, reagent delivery, and multiple 

incubation and washing steps. Because of the rapid transportation inside the 

microchannels, the time required for each incubation step can be dramat-

ically reduced from 1 h to 5 min (Rossier and Girault, 2001). In addition, 

microfl uidic devices can be designed to perform parallel, quantitative assays 

of multiple viral samples in one test.      

 Yakovleva  et al . reported a silicon microchip with immobilized antibodies 

for microfl uidic enzyme immunoassays using chemiluminescence detection. 

They evaluated different immobilization protocols and buffer selection to 

reach the best assay stability and sensitivity (Yakovleva  et al ., 2002). Wang 

 et al . designed a microfl uidic diagnostic system consisting of several reaction 

wells, micro-pneumatic valves, peristaltic micro-pumps, and an automatic 

platform (Wang and Lee, 2005). The micro-pneumatic valves were used 

to separate analytes and reagents, while the spider-web peristaltic micro-

pumps were employed to drive the fl uids into the microchannels. After the 

analytes and reagents gradually entered the reaction/detection area, fl uo-

rescence signals caused by antibody–antigen interaction were detected by a 

fl uorescent reader so as to detect the diseases. This integrated microfl uidic 

system allowed fast diagnosis of hepatitis C virus and syphilis in an auto-

mated and effi cient format (Fig. 15.4). Yang  et al . applied electrospun nano-

fi brous membranes as the solid substrates to detect HIV-specifi c antibodies 

from human serum samples (Yang  et al ., 2008a). These nanofi bers with 

large specifi c surface areas could increase the adsorption of proteins, thus 

improving the sensitivity and signal-to-noise ratio of microfl uidic immuno-

assays (Fig. 15.5). Moreover, fabrication of these nanofi brous membranes 

was simple and cost effective, which could be easily incorporated with exist-

ing microchannel designs. This membrane-based microfl uidic assay was well 

suited for resource-poor settings. Song  et al . recently described a fl uorescent 

microfl uidic immunoassay for rapid, multiple HIV sample screening and 

confi rmation through removing the blocking step (Song  et al ., 2012). This 

method could signifi cantly improve the assay speed while keeping the limit 

of detection comparable to conventional ELISA, which made it an excellent 

candidate for a quick HIV test for both screening and confi rmation.           

 Pan  et al . developed a microfl uidic Western blot by combining a microfl u-

idic immunoassay with conventional protein blotting, which was termed as 

μWB (Pan  et al ., 2010). This μWB consisted of fi ve steps: (1) using sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) to separate 

proteins in cell lysates according to their molecular weights; (2) transferring 

proteins from the polyacrylamide gel to a polyvinylidene fl uoride (PVDF) 
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membrane by an electrotransfer system; (3) placing a microfl uidic network 

on the blotted membrane with the channels perpendicular to the protein 

bands; (4) detecting multiple proteins simultaneously on the PVDF mem-

brane by incubating different primary antibodies in parallel microfl uidic 

channels; and (5) peeling off the microfl uidic network and incubating the 

whole PVDF membrane in fl uorescent dye-labeled secondary antibody solu-

tion. This microfl uidic system could analyze multiple proteins simultaneously 

consuming only microliters of antibodies, and indicated a new avenue for 

POC diagnosis of viral infection. Following the concept of μWB, Hughes 
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 15.4      (a) An automated microfl uidic system consisting of micro-

pneumatic valves and peristaltic micro-pumps for fast immunoassays. 

(b) Schematic diagram of the working principle of peristaltic micro-

pumps. Results of detecting hepatitis C virus (c) and syphilis (d) by 

using the microfl uidic chip. ( Source : Reprinted with permission from 

Wang and Lee (2005) , copyright 2005 Elsevier.)  
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 et al . applied an automated microfl uidic Western blot to detect purifi ed HIV 

proteins gp120 and p24 from human sera with the increased protein blotting 

effi ciency and reduced reagent consumption (Hughes and Herr, 2012; Kim 

 et al ., 2012). This microfl uidic system also decreased the overall assay dura-

tion to 10–60 min, enabled multiplexed analyte detection, lowered the detec-

tion limit to 50 pM, and realized quantitation over a wide dynamic range. 

These improvements were attributed to unique microscale conditions.  
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15.4 Continued
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 15.5      (a) A microfl uidic device for HIV immunoassays with the 

electrospun polycarbonate fi brous membrane (ESPC) as the solid 

substrate. ESPC substrate with the large specifi c surface areas can 

increase antigen adsorption. (b) Results of the assays using different 

samples of patient serum to detect anti-gp41 at lower concentrations. 

( Source : Reprinted with permission from Yang  et al . (2008a), copyright 

2008 WILEY-VCH.)  
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  15.2.2     Microfl uidic nucleic acid amplifi cation 

 Over the past decades, nucleic acid amplifi cation methods have evolved as 

the cornerstone of clinical assessment and prevention of infectious diseases 

(Yager  et al ., 2008; Fang  et al ., 2010). Advantages of nucleic acid amplifi ca-

tion-based diagnostic assays include the increased detection sensitivity that 

can theoretically amplify a single copy (at least 10 6  higher than lateral fl ow 

immunoassays), the improved specifi city to differentiate pathogen strains, 

and the faster diagnostic time than tissue culture (Mackay, 2004). Strategies 

for nucleic acid amplifi cation can be simply classifi ed as non-isothermal 

amplifi cation (PCR) and isothermal amplifi cation (such as loop-mediated 

isothermal amplifi cation (LAMP), nucleic acid sequence-based amplifi -

cation (NASBA), and nicking enzyme amplifi cation reaction (NEAR)) 

(McCalla and Tripathi, 2011). PCR relies on thermal cycling consisting of 

repeated temperature changes to realize deoxyribonucleic acid (DNA) 

denaturation, annealing, and extension. PCR testing can rapidly and accu-

rately screen hepatitis C virus, hepatitis B virus, HIV-1, and HIV-2 in blood 

samples (Peeters  et al ., 1992; Roth  et al ., 1999). Isothermal amplifi cation 

technologies use a constant temperature rather than thermal cycling, thus 

performing assays in a simple and effective manner (Notomi  et al ., 2000). 

Isothermal amplifi cation assays have been developed for detecting circu-

lating HIV-1 virus in blood, malaria, and tuberculosis (Kievits  et al ., 1991; 

Iwamoto  et al ., 2003; Poon  et al ., 2006). As microfl uidic technology carries 

many advantages, such as disposable, low cost, reduced cross-contamination, 

and biohazard risks, on-chip nucleic acid amplifi cation is expected to have 

great impact on viral diagnostics. 

 Gascoyne  et al . proposed an integrated microfl uidic system for detection 

of malarial parasites in blood samples (Gascoyne  et al ., 2004). This small, 

self-contained microfl uidic device contained a dielectrophoretic fi eld-fl ow-

fractionation (DEP–FFF) front end for malarial specimen preparation, a 

cell lysis stage, and an on-chip real-time PCR system for gene amplifi cation 

and detection (Fig. 15.6). The serpentine microfl uidic channel in Fig. 15.6b 

traversed through different temperature zones and accomplished the con-

tinuous thermal cycling with the reduced sample volumes and reaction 

times. They believed this microfl uidic diagnostic tool could address not only 

malaria but also a variety of other infectious diseases. Cho  et al . developed 

a real-time microfl uidic-based PCR system consisting of six individual ther-

mal cycling modules (Cho  et al ., 2006). In comparison with conventional 

PCR machines, which require 25 μL of reaction mixtures and 2–3 h reaction 

time, the on-chip PCR systems consumes only 1 μL of reaction mixtures and 

amplifi es DNA within 20 min (Fig. 15.7). They used this on-chip PCR system 

to conduct the large-scale clinical screening of the hepatitis B virus infec-

tion, the results of which showed a sensitivity of 94% and specifi city of 93%. 
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Another popular format of microfl uidic-based PCR for viral diagnostics is 

the droplet emulsion PCR system, which relies on the integration of micro-

fl uidic PCR and discrete water-in-oil droplets as the reaction chambers gen-

erated by fl ow focusing or electric fi eld (Park  et al ., 2011). Each of millions 

of aqueous droplet containing PCR mixtures is protected by immiscible oil, 

enabling the large-scale and high-throughput amplifi cation and screening of 

the nucleic acid of viruses with decreased risk of cross containment. Zeng 

 et al . reported the use of a droplet emulsion PCR system for pathogenic cell 

detection in a high background of normal cells with the detection limit of 

1/10 5  (Fig. 15.8) (Zeng  et al ., 2010).            

 Compared with PCR systems, isothermal amplifi cation strategies can 

eliminate the thermal cycling steps, thus simplifying both the chip design and 

the instrument confi guration. Gulliksen  et al . demonstrated a microfl uidic 

real-time NASBA system for diagnosis of human papilloma virus (HPV) 

(Gulliksen  et al ., 2004). NASBA is an isothermal, transcription-based ampli-

fi cation technique specifi cally designed for amplifi cation of ribonucleic acid 

(RNA) that requires two primers and three enzymes to proceed (McCalla 

   

(a)
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DEP-FFF cell
separator stage

Cell isolator and
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Flow-through PCR
and detector stage

Bottom view

Bottom view
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 15.6      (a) Schematic of an integrated microfl uidic system for detection of 

malaria. This microfl uidic chip comprises an DEP–FFF front end, a cell 

lysis stage, and a real-time PCR system. (b) Design of a microfl uidic 

PCR system consisting of a serpentine microfl uidic channel in the fi rst 

two temperature cycling stages. As the sample slowly fl ows through 

the channel with thermal cycling, nucleic acid amplifi cation occurs. 

( Source : Reprinted with permission from Gascoyne  et al . (2004), 

copyright 2004 Elsevier.)   
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and Tripathi, 2011). The microfl uidic NASBA chip was made by bonding 

the etched silicon wafer with glass to form a 10- or 50-nL reaction chamber 

and fl uid delivery channels. The reaction mixture was preheated at 65°C 

before loading into the chamber, which was placed above a heater at a tem-

perature around 41°C. Real-time NASBA process inside the microfl uidic 

chip was monitored by using fl uorescent molecular beacon probes and an 

external optical detection system. This proof-of-concept system successfully 

amplifi ed and detected HPV positive control (1 μM) and single stranded 

deoxyribonucleic acid (ssDNA) (0.1 μM) in nanoliter volumes. Dimov 

 et al . developed a microfl uidic device that integrated the functions of RNA 

purifi cation and NASBA (Dimov  et al ., 2008). This integrated microfl uidic 

device had two functional domains: a silica bead-bed chamber for RNA 
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(b)

     

 15.7      (a) Photography of the rapid real-time microscale chip-based 

PCR system for screening of the hepatitis B virus infection. (b) The 

microfl uidic PCR chip. (Source: Reprinted with permission from Cho 

 et al . (2006), copyright 2006 Elsevier.)  �� �� �� �� �� ��
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purifi cation, and a NASBA chamber for real-time amplifi cation and detec-

tion (Fig. 15.9). Cell lysate samples fi rst passed over the silicon beads that 

were used to capture and purify RNA. The genetic material was washed off 

the beads and delivered into the NASBA channel, followed by heating at 

65°C before adding enzymes. An adjacent no-template negative control was 

included on the same chip for direct comparison. On-chip amplifi cation was 

monitored in real-time using molecular beacon fl uorescent probe technol-

ogy. This microfl uidic NASBA system enabled ten times faster (< 3 min) and 

ten times less volume (2 μL) than conventional reactions.      

 Another intensively developed isothermal amplifi cation technology is 

LAMP, which bypasses thermal cycling by using a set of specially designed 

primers and a DNA polymerase for strand displacement (Notomi  et al ., 
2000). The microfl uidic system (μLAMP) developed by Fang  et al . had an 

octopus-like confi guration containing ten microchambers, each of which 

was connected to the corresponding thin microchannel via a dimension 

gradient bridge (Fig. 15.10) (Fang  et al ., 2011). The microchambers were 

precoated with specifi c LAMP probe sets, and the separate microchannels 

were used to forbid the cross-talk of probes among different microchambers. 

This microfl uidic system was applied to simultaneously differentiate three 

types of human infl uenza in a single chip, with the detection limit of less 

Aqueous phase
channel

(a) (b)

Droplet nozzle

Displacement
trench

Valve seats

PDMS

Oil inlet

Oil Buffer

Bead
recovery

Hot start &
Cell lysis

Thermal
cycling

Forward primer
attached bead

Dye labeled
Reverse primers

Wild type cells
Mutant cells

1 cm

 15.8      Schematic of the droplet emulsion PCR system. (a) Statistically 

dilute beads and templates are encapsulated into uniform nanoliter 

volume droplets for PCR amplifi cation. (b) Layout of the integrated 

microfl uidic chip composed of a single ring pump and 96 droplet 

generators for droplet-based PCR system. ( Source : Reprinted with 

permission from Zeng  et al . (2010), copyright 2010 American Chemical 

Society.)  
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 15.9      Schematic of microfl uidic device for RNA purifi cation and 

real-time NASBA of  E. coli  bacteria. (a) Photograph of microfl uidic 

architecture that is mirrored to allow a NASBA reaction and a negative 

control in the same chip. (b) Layout of the single device incorporating 

RNA purifi cation chamber and real-time NASBA chamber. ( Source : 

Reprinted with permission from Dimov  et al . (2008) , copyright 2008 The 

Royal Society of Chemistry.)  
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 15.10      (a) Schematic of the octopus-like mμLAMP system in a PDMS-

glass format. Microchambers were connected to the corresponding 

thin microchannel via dimension gradient bridges. Microchambers 1/1’, 

2/2’, and 3/3’ were coated with seasonal H1N1-probes, fl u A-probes, 

and pandemic H1N1-probes, respectively; the fourth microchamber set 

(4 and 4’) loaded with human β actin-probes was applied as a positive 

control while the chamber 5/5’ with no probes patterned worked as the 

negative control. (b) Determination of the assay result by naked eye, 

fl uorescence and agarose gel electrophoresis. ( Source : Reprinted with 

permission from Fang  et al . (2011), copyright 2011 American Chemical 

Society.)  
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than ten copies/μL in 2 μL quantities of sample within 0.5 h. Identifi cation 

of eight important swine viruses was also performed using the octopus-

like mμLAMP system. Liu  et al . designed a microfl uidic LAMP cassette 

equipped with an integrated Flinders Technology Associates (FTA) mem-

brane for on-chip HIV-1 detection (Liu  et al ., 2011). As the saliva sample 

fl owed through the cassette, the nucleic acids were captured and concen-

trated by the FTA membrane, which were directly used as templates for 

real-time LAMP monitored by a fl uorescent reader. The FTA-based LAMP 

device had a simple chip design with a detection limit of less than ten HIV 

particles. Ahmad  et al . developed microfl uidic-based real-time fl uorescence 

LAMP assays using cyclic olefi n polymer microchips and a monochromatic 

charge-coupled device (CCD) camera. This microfl uidic LAMP assay was 

used to rapidly and sensitively detect waterborne pathogens within 20 

min (Ahmad  et al ., 2011). These microfl uidic nucleic acid amplifi cation 

and detection systems hold great signifi cance for rapid diagnosis of viral 

infections.       

  15.2.3     Microfl uidic fl ow cytometry 

 Flow cytometry has been routinely used for rapidly counting and differ-

entiating cells based on their biophysical properties, and plays signifi cant 

roles in clinical estimation of viral infections such as HIV and hepatitis B 

virus (Stoop  et al ., 2005; Cheng  et al ., 2007). Over the last two decades, sub-

stantial improvements and refi nements to this established technique have 

been made using microfl uidic approaches. Microfl uidic fl ow cytometry has 

competitive advantages including downscaling sizes, automated process, 

high-throughput, and accurate measurements, making the technology ideal 

for POC viral diagnostics such as infl uenza, baculovirus, and dengue virus 

(Ferris  et al ., 2002; Stoffel  et al ., 2005; Yang  et al ., 2008b). 

 There are several components for design and construction of the micro-

fl uidic fl ow cytometer: (1) a miniaturized fl uidics system combined with 

hydrodynamic focusing, acoustophoresis, or dielectrophoresis to rapidly 

align biological samples inside the microfl uidic channel; (2) an integrated 

optical, or/and electrical detection system to interrogate particles/cells 

based on their physicochemical characteristics when they fl ow through the 

detection zone of the microfl uidic chip; and (3) an on-chip post-processing 

system to sort, differentiate, and recover samples. Ferris  et al . constructed 

a microfl uidic fl ow cytometer for rapid detection of single viruses (Ferris 

 et al ., 2002). They used an argon ion laser operating at 488-nm emission 

combined with a photomultiplier tube (PMT)-based optical system to 

produce a diffraction-limited spot size of ~ 0.5 μm and a probe volume 

of ~ 8 fL, and successfully detected and enumerated fl uorescently stained 

viruses including adenovirus-5, respiratory syncytial virus, and infl uenza. 
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Stoffel  et al . constructed a dual-channel microfl uidic fl ow cytometer to 

detect unpurifi ed baculovirus (BV) samples. They used a two-dye staining 

method, targeting both the protein capsid and genome of BV, and devel-

oped an algorithm to identify simultaneous events on the DNA and protein 

channels (Stoffel  et al ., 2005). 

 Yang  et al . reported a magnetic-bead-based microfl uidic fl ow cytometer for 

fast viral detection (Yang  et al ., 2008b). The antibody-conjugated magnetic 

beads were fi rst used to capture target viruses, followed by using another 

dye-labeled anti-virus antibody to mark the bead-bound virus for the subse-

quent optical detection. This system integrated multiple modules into a sin-

gle chip such as sample incubation, delivery, focusing, sorting, and collecting, 
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 15.11      (a) Schematic of the magnetic-bead-based microfl uidic fl ow 

cytometer for fast viral detection. This system integrated multiple mod-

ules into a single chip such as sample incubation, delivery, focusing, 

sorting and collecting. (b) Schematic of the optical detection system. 

( Source : Reprinted with permission from Yang  et al . (2008b), copyright 

2008 Elsevier.)   
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allowing automatic detection of the dengue virus with the detection limit 

of 10 3  PFU/mL (Fig. 15.11). Plaque forming units (PFU) are a measure of 

the quantity of viruses that are capable of lysing host cells and forming a 

plaque. Emaminejad  et al . developed a microfl uidic contactless impedance 

cytometer containing a disposable biochip. This chip can be inserted onto a 

printed circuit board (PCB) with reusable electrodes that can dramatically 

reduce the manufacturing costs of microfl uidic cytometers. This microfl uidic 

approach has potential for counting clusters of differentiation 4 (CD4) cells 

in blood samples from HIV patients in resource-poor settings (Emaminejad 
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 15.12      (a) Schematic of the microfl uidic immunoassay device for 

detecting HIV infection. (b) A μDN that serially dilutes the serum sample 

through nine branched channels. ( Source : Reprinted with permission 

from Jiang  et al . (2003), copyright 2003 American Chemical Society.)  
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 et al ., 2012). These stated microfl uidic fl ow cytometers can overcome the 

size and cost constraints of conventional fl ow cytometry, providing a new 

way for rapid, automated, and cost-effective viral diagnosis.    

  15.3     Examples of applications  

 This section provides three examples of microfl uidic technologies for viral 

detection. These tools may advance conventional diagnostic techniques in 

terms of high throughput, integration, and automation. 

  15.3.1      A microfl uidic immunoassay device for HIV 
diagnosis 

 Immunoassay is an established and relatively simple technique for virus 

detection, particularly suited for fl ow-through microfl uidics. The micro-

fl uidic immunoassay device developed by Jiang  et al . consists of: (1) a 

microdilutor network (μDN) with herringbone patterns to dilute human 

serum serially and (2) an antigen-coated polycarbonate (PC) membrane 

located at the bottom of the device to interact with antibodies in human 

serum (Fig. 15.12) (Jiang  et al ., 2003). The μDN dilutes the serum sam-

ple by one half each time the sample fl ows through a branch. To induce 

local mixing inside each branch in which laminar fl ow is dominated at small 

Reynolds number, chaotic advective mixers are designed on the channel 

surface, each of which includes four cycles of herringbone patterns (Jiang 

 et al ., 2005; Sun  et al ., 2009). The performance of the μDN is fi rst charac-

terized using BSA conjugated to fl uorescein (BSA-FITC) and phosphate 

buffer saline (PBS). The result shows that the μDN can generate an expo-

nentially decreased concentration gradient, with a dynamic range of almost 

10 3  (Fig. 15.12).      

 For diagnosis of HIV infection, an antigen-coated polycarbonate mem-

brane is fi rst made by sandwiching the membrane between two freshly oxi-

dized polydimethylsiloxane (PDMS) layers. One layer has the embedded 

microfl uidic channels for fl owing through solutions of antigens, and the 

other layer is fl at to seal the membrane. After incubating the antigen solu-

tions inside the channels for 30 min, the sealed PDMS/membrane/PDMS 

slab is cut with a razor blade to release the antigen-coated membrane. This 

membrane is treated by washing and incubating in 5% BSA in PBS, fol-

lowed by quick drying in vacuum. Finally, the antigen-coated membrane is 

placed between the μDN and a fl at PDMS (Fig. 15.12). 

 In the experiments, the sample of serum containing anti-gp120 and anti-

gp41 is introduced from the left inlet, and the buffer containing 5% BSA 

is injected from the right inlet. As the sample fl ows orthogonally across the 
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antigen-coated membrane, the antibodies in the serum bind to the immo-

bilized antigens, observed as a fl uorescent micromosaic pattern (Fig. 15.13). 

To generate a calibration curve for quantifi cation of analytes, the solu-

tion of human immunoglobulin Gs (IgGs) with known concentrations is 
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 15.13      (a) Immunofl uorescence image of anti-gp120 and anti-gp41 

interaction with the membrane-bound antigens. (b) Plots of the 

normalized fl uorescence intensity versus the channel number. ( Source : 

Reprinted with permission from Jiang  et al . (2003), copyright 2003 

American Chemical Society.)  
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fl owed through the μDN, followed by plotting the fl uorescent intensities of 

micromosaic versus the channel number. Based on this calibration curve, 

the absolute concentrations of anti-gp120 and anti-gp41 in serum can be 

determined. A unique advantage of this microfl uidic immunoassay device 

is to build the positive and negative controls inside the channels to increase 

the test reliability. In all experiments, Channel 1 is the positive control that 

the sample of serum fl ows through a distinct channel without dilution, 

while Channel 12 is the negative control where there is no serum. A similar 

design is adopted for quantitative analysis of multiple HIV samples simul-

taneously inside a single chip (Song  et al ., 2012). These microfl uidic immu-

noassay devices are promising in the direction of sensitive and effective 

POC viral diagnostics.       

  15.3.2      Microfl uidic loop-mediated isothermal 
amplifi cation (μLAMP) for parallel detection of 
pathogens 

 LAMP is an isothermal nucleic acid amplifi cation technique that is used 

extensively for routine pathogen screening. Combination of LAMP and 

microfl uidic technology will miniaturize the LAMP detection system and 

realize rapid and parallel viral diagnostics in a simple and cost-effective way. 

Fang  et al . demonstrated that LAMP can be integrated in a multichannel 

microfl uidic system (μLAMP) for parallel detection of the pseudorabies virus 

(PRV) with high sensitivity and specifi city (Fang  et al ., 2010). The μLAMP 

allows the direct analysis of a sample of 0.4 μL of interested DNA in less 

than 1 h with the detection limit of 10 fg/μL. The readout of μLAMP could 

be either by the naked eye or via absorbance measured by an optic sensor. 

 The PDMS-glass hybrid chip for μLAMP system contains eight 5 μL micro-

channels connected with conically shaped inlets/outlets without the compli-

cated valve/pump confi guration (Fang  et al ., 2010) (Fig. 15.14a). A sample 

containing 0.4 μL of nucleic acid fi rst fi lls the channel through the inlet, fol-

lowed by slowly introducing a reaction mixture for LAMP of 4.6 μL by cap-

illary force. The same procedures are repeated eight times to load all the 

channels with analytes and reagents. The inlets and outlets are tightly sealed 

by uncured PDMS to form the closed microchambers. The LAMP reaction 

and readout are simultaneously performed inside the chambers by incubating 

the μLAMP chip at 63°C for 1 h using a water bath. LAMP produces a large 

amount of magnesium pyrophosphate precipitate as the byproduct of reac-

tion, which can be analyzed directly by the naked eye or turbidity measure-

ment. These results are further confi rmed by agarose gel electrophoresis.      

 In the experiments for detecting PRV by μLAMP, the sensitivity of the 

system is fi rst evaluated by using a series of PRV DNA dilutions (10 −2  to 

10 −8 ) as templates (original concentration of DNA sample is 10 ng/μL). Both 
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 15.14      (a) Photograph and schematic of the eight-channel μLAMP chip 

for amplifi cation and detection of PRV. (b) Photograph and schematic of 

the quantitative analysis unit. (c) Dynamic curves (upper) and standard 

curve (lower) of the real-time absorbance detection of μLAMP method. 

( Source : Reprinted with permission from Fang  et al . (2010), copyright 

2010 American Chemical Society.)  
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the naked eye visual analysis and standard agarose gel electrophoresis show 

that the detection limit of the assay is 10 fg of DNA, 100-fold lower than the 

standard PCR for PRV detection. To validate the specifi city of μLAMP for 

PRV, nontargeted viruses including foot-and-mouth disease virus (FMDV), 

transmissible gastroenteritis of swine virus (TGEV), and porcine parvovirus 

(PPV) are tested as control experiments. The result shows that μLAMP is 

highly specifi c and does not lead to cross-reaction from nontargeted viruses. 

These notable merits of the μLAMP are compared with other methods, 

including PCR, ELISA, and direct virus isolation assay, which are listed in 

Table 15.1.      

 Moreover, a single channel optical detection module is developed for the 

quantitative μLAMP via measuring the absorbance of the reaction mix-

ture (Fig. 15.14b). A serial dilutions (10-fold) of DNA templates from 10 5  

to 10 fg/μL are used to generate standard dynamic curves by the optical 

μLAMP chip. The log linear regression plot between template concentra-

tion and threshold time (Tt) indicates a correlation coeffi cient of 0.9894, 

making the fi ber optical μLAMP chip useful for quantitative DNA analysis 

(Fig. 15.14c). The μLAMP system with a parallel, multiple, high-throughput, 

and integrated format has a huge potential to facilitate the realization of 

POC viral diagnostics.  

  15.3.3      Microfl uidic fl ow cytometer for monitoring HIV 
infection 

 The important clinical parameters in managing HIV-infected subjects are 

the absolute number and percentage of CD4+ T lymphocytes (Hulgan 

 et al ., 2007). The microfl uidic fl ow cytometer developed by Wang  et al . 
enables simultaneously counting the number and the percentage of 

CD4+ T lymphocytes based on resistive pulse sensing and fl uorescence 

detection (Wang  et al ., 2008). The microfl uidic chip used for cell analy-

sis consists of a three-terminal PDMS microfl uidic circuit bonded to a 

glass substrate. The horizontal fl uidic circuit is composed of two large 

 Table 15.1     Merits of μLAMP compared with other techniques 

Methods Sensitivity 

(fg/μL)

Specifi city Sample 

(μL)

Time (h) Equipment

μLAMP 10 High 0.4 0.5–1 Water bath

PCR 10 3 High 2 1.5–2 Thermocycler

ELISA ~10 3 Low 2 2–3 ELISA reader

Neutralization low High ~50 72 Biosafety lab

   Source : Reprinted with permission from Fang  et al . (2010), copyright 2010 Ameri-

can Chemical Society.  
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microchannels sandwiching a small sensing channel of 16 μm × 30 μm in 

cross-section and 150 μm in length. A vertical microchannel connects the 

sensing channel to the gate of a metal-oxide-semiconductor fi eld-effect 

transistor (MOSFET), which amplifi es the voltage pulses caused by the 

translocation of cells through the small sensing channel. Meanwhile, an 

optical fi ber is arranged close to the sensing channel for detecting fl uo-

rescently labeled cells (Fig. 15.15).      
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 15.15      (a) Schematic of measurement setup of the microfl uidic fl ow 

cytometer. This system consists of a microchip, a MOFET-based 

resistive pulse sensor, and a fl uorescence detector. (b) Detection of 

a 50% stained cell suspension. The upper plot and left axis indicate 

the MOSFET signals indicating the total number of the cells passing 

through the sensing aperture; the lower plot and right axis indicate the 

fl uorescent signals showing the translocation events of fl uorescently 

labeled CD4+ T lymphocytes cells. ( Source : Reprinted with permission 

from Wang  et al . (2008), copyright 2008 The Royal Society of Chemistry.)  
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 In the experiment, lymphocytes are obtained from healthy donors, in 

which CD4+ T cells are fl uorescently labeled by immunostaining. The mix-

ture of stained CD4+ T and other unstained lymphocytes is introduced into 

the microchannel by electroosmosis. When a cell passes through the sens-

ing channel, it will displace a volume of electrolyte equivalent to its own 

volume, resulting in a transient resistance change. This resistance change 

is proportional to the cell size, which is amplifi ed tens-fold by a MOSFET 

(Sun  et al ., 2010). The so-called MOSFET-based resistive pulse sensing can 

count and size the cells passing through the aperture, whether the cells are 

fl uorescently labeled or not. The characterization run shows that the diam-

eter of lymphocytes ranges from 5.33 to 7.53 μm, consistent with the results 

from the commercial fl ow cytometer. 

 To determine the percentage of fl uorescently labeled CD4+ T lymphocytes, 

an optical fl uorescence system is integrated with the MOSFET-based resis-

tive pulse sensing. When the stained cells pass through the sensing channel, 

the fl uorescence signals are detected by the optical fi ber, and converted to 

electrical signals. As a 50% stained cell suspension fl ows through the sensing 

channel, both MOSFET drain current and fl uorescence signal are recorded 

(Fig. 15.15). MOSFET signals indicate the total number of the cells pass-

ing through the sensing aperture, whereas the fl uorescence signals show the 

translocation events of fl uorescently labeled cells. The measured percentage 

of the stained cells is 48.7%, indicating a comparable accuracy with the result 

of 46.1% from commercial fl ow cytometer. This microfl uidic fl ow cytometer 

is small, cost effective, easy to operate, and comparably accurate and may 

eventually be used to monitor HIV progression in infected patients.   

  15.4     Conclusion and future trends 

 Low-cost, high-effi cient, POC, and automated assays for viral diagnosis are 

the pressing need for global health improvement. Microfl uidic technologies 

have shown great potential to advance conventional diagnostic techniques in 

terms of high throughput, integration, and automation. This chapter reviews 

microfl uidic methods for viral detection including microfl uidic immunoas-

say, microfl uidic nucleic acid amplifi cation, and microfl uidic fl ow cytometry. 

Several samples of microfl uidic devices used for selective and sensitive viral 

detection are presented. 

 Despite the promising success of microfl uidics for the detection of viral 

infection, most devices are proof-of-concept prototypes. One challenge 

of commercializing microfl uidic-based viral detection tools is batch fab-

rication of multifunctional microchips. The multi-layer chips containing 

on-chip pumps, valves, mixers or heaters for biological assays are usually 

assembled one by one by trained personnel. Another challenge is the 

design and construction of miniaturized and an automated fl uid-control 
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system equipped with microfl uidic devices. The control system, which can 

precisely manipulate micro- to nano-liter volumes of fl uid, is necessary to 

ensure the stability and performance of microfl uidic assays. Integration of 

an optical detection system for signal readout and measurement is also a 

challenge, because the detection area of a microchip is relatively small. 

Further efforts in developing microfl uidic viral diagnostic tools also include 

user-friendly software for data acquisition and analysis, and remote data 

collection with the ultimate goal of publically available assays.  
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  Abstract : This chapter discusses various microfl uidic technologies 
that have been developed to study islets and β-cells. The chapter fi rst 
introduces key issues in the fi eld of pancreatic islet transplantation 
as a clinical therapy for Type I diabetes. It then reviews microfl uidic 
technologies that have been developed for the study of pancreatic islet 
and β-cell physiology and disease pathophysiology. The chapter then 
describes the design, fabrication, and application of UIC’s microfl uidic-
based multimodal islet perifusion and live-cell imaging system. Protocols 
are available at the end of the chapter. 

  Key words : microfl uidics, pancreatic islet of langerhans, islet perifusion, 
islet physiology, human islet transplantation. 

    16.1     Introduction 

 Since the introduction of the Edmonton Protocol in 2000, islet transplan-

tation has been emerging as promising therapy for Type I diabetes mellitus 

(T1DM) and currently is the only therapy that can achieve glycemic control 

without the need for exogenous insulin (Alejandro  et al ., 2008; Gangemi 

 et al ., 2008; Ryan  et al ., 2005; Shapiro  et al ., 2000). Transplanting islet cells has 

several advantages over transplanting a whole pancreas, in that it involves 

only a minor surgical procedure with low morbidity and mortality, and a 

signifi cantly lower cost. Although insulin replacement therapy via injection 

or pump has been proven as an effective therapy for controlling blood glu-

cose levels and minimizing hypoglycemic episodes, the risk of hypoglycemia 

 Y. Wang and J.E. Mendoza-Elias contributed equally. 
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remains, as well as diabetes-related complications such as metabolic syn-

drome, cardiovascular renal disease, and retinopathy. The potential advan-

tage of islet transplantation over insulin therapy is that the transplanted 

islets can maintain normal blood glucose levels under a wide range of phys-

iological conditions without producing excess insulin that might result in 

hypoglycemic episodes. 

 To date, islet transplantation has shown variable success in demonstrat-

ing both short- and long-term insulin independence (Alejandro  et al ., 2008; 

Bellin  et al ., 2008; Gangemi  et al ., 2008; Ryan  et al ., 2005), and much of this 

variability is associated with factors relating to both organ donor and recip-

ient. As a cell therapy, islet transplantation is a multistep process involving 

pancreas organ procurement and preservation, tissue digestion and disso-

ciation, islet purifi cation, cell culture, islet transplantation via the hepatic 

portal vein, and graft maintenance by non-steroidal immunosuppressant 

regimens. Successful islet transplantation is dictated by the cumulative suc-

cess of each aforementioned step. 

  16.1.1      Obstacles toward Food Drug Administration (FDA) 
approval of the islet product for clinical use 

 The U.S. Food and Drug Administration (FDA) defi nes the islet product 

as a biological drug; therefore, isolated human islets for transplant need to 

be prepared under FDA-approved guidance before islet transplant can be 

approved as a clinical therapy. Despite application and standardization of 

current good manufacturing practices (cGMP) in the islet isolation process, 

lot-to-lot variability still cannot be avoided. To reduce the risk of transplant-

ing low-quality islets, appropriate product release tests are needed. While 

tests for identity, sterility, and purity are well established, so far no reliable 

assessment of islet potency is available prior to transplant. This continues to 

be one of the key hurdles associated with variable clinical outcomes.  

  16.1.2      Standard assays currently used to determine islet 
potency 

 The existing standard assays for islet function and viability include static glu-

cose-stimulated insulin secretion (GSIS) for potency, and inclusive and exclu-

sive dyes to stain membrane integrity for viability. Both of these assays have no 

predictive values and do not correlate well with clinical transplant outcomes 

(Armann  et al ., 2007; Papas  et al ., 2007, 2009; Street  et al ., 2004; Sweet  et al ., 
2008). Therefore, clinicians are more dependent on morphology and islet cell 

mass, IEq (Islet Equivalent, a volumetric quantifi cation of islet mass), to deter-

mine the suitability of a given islet preparation. The static GSIS only measures 
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‘bulk’ insulin release from an islet product under extreme conditions (expo-

sure to 16.7 mM glucose for 60 min) and fails to observe and quantify the 

dynamic nature of β-cell insulin secretory kinetics. In addition, insulin secre-

tion data alone does not provide any useful information on the key stimulus-

coupling factors that control and regulate insulin secretion, and therefore may 

be a source of false positives and false negatives in islet function and viability 

tests. For example, mild stress during islet isolation process can lead to tem-

porary insulin degranulation and leakage caused by cell membrane damage, 

even though the islets are still viable. Therefore, a low GSIS may not indicate 

irreversible loss of function, as temporarily impaired islet cells may recover 

once transplanted into a recipient. Likewise, a high GSIS result may be caused 

by insulin degranulation stemming from membrane damage. 

 In addition, islet size may also play a role in the variable GSIS outcomes. In 

contrast to  in vivo  perfusion-limited diffusion, the isolated islet’s sensing of 

ambient glucose changes, as well as nutrient/waste exchange, is totally depen-

dent on the passive diffusion (Dionne  et al ., 1993; Papas  et al ., 2007). In clinical 

practice, IEq is often used as a determining factor in deciding the suitability 

of a given islet preparation when human islet potency is less defi ned or diffi -

cult to quantify. In the transplant fi eld, it is a general consensus that in order 

to reverse diabetes in T1DM islet recipients, at least 5000 IEqs per kilogram 

of recipient body weight are needed per transplant. Since smaller islets have 

a larger surface area to volume ratio, they are expected to have better GSIS 

(Lehmann  et al ., 2007; Nam  et al ., 2010). Paradoxically, larger islets contrib-

ute to a higher IEq, yet have been demonstrated to release less insulin in 

response to stimulus, which provides another likely explanation of why islet 

graft success does not correlate strongly with transplanted islet mass. 

 In contrast to both GSIS and IEq assessments, an  in vivo  potency assay 

conducted by transplanting human islets into the kidney capsule of immu-

nodefi cient nude mice correlates extremely well with clinical transplant 

outcomes and is currently the ‘gold standard’ for evaluating islet potency. 

However, this  in vivo  analysis takes several weeks to complete and, therefore, 

only provides a retrospective indication of islet function, which renders this 

assay impractical as a pre-transplant assessment in the time critical clinical 

setting (Bertuzzi  et al ., 2007; London  et al ., 1991; Ricordi  et al ., 1988, 2001).  

  16.1.3      Benefi ts and obstacles: emerging techniques for 
islet potency 

 To address this problem, a variety of  in vitro  tests have been investigated in 

order to assess islet potency and viability prior to islet release for transplant, 

including: the measurement of the oxygen consumption rate (OCR) (Papas 

 et al ., 2007; Sweet  et al ., 2006, 2008; Wang  et al ., 2005); the quantifi cation of 
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reactive oxygen species (ROS) (Armann  et al ., 2007); and ADP/ATP ratios 

(Goto  et al ., 2006; Kim  et al ., 2009). Apart from providing less predictive data 

and being of a more retrospective usefulness, these assays have also multi-

ple limitations. Most OCR and ROS assays are conducted in a static man-

ner under a single static parameter. Additionally, OCR and ROS assays lack 

β-cell specifi city, as an islet is composed of at least fi ve different cell types, 

with β-cells contributing only 65–80% of a human islet cell mass. Even with a 

weighted analysis of OCR and ROS for each individual cell group, this infor-

mation may be confounded and artifactua l. Recently, new research evidences 

chemical and ion communication among β-cells, or between β-cells and 

α-cells, being important for regulation of insulin secretion (Spigelman  et al ., 
2010). In addition, gap junctional complexes between adjacent islet cells are 

also needed to facilitate intra-islet cell–cell communications and in coordinat-

ing hormonal output (Carvalho  et al ., 2012). Therefore, the ADP/ATP assay is 

often challenged for its accuracy since islet dissociation is involved.   

  16.2     Insulin secretory pathway: how glucose sensing 
and metabolic coupling translates to insulin 
kinetics 

 As seen in Plate VIII (see in color section between pages 328 and 329), 

β-cell insulin secretion is governed by cellular electrical activity, metabolic 

events, and ion signaling, which display complex biphasic and pulsatile 

kinetic profi les (Luciani  et al ., 2006; Porksen  et al ., 2002). The fi rst phase of 

the biphasic profi le corresponds to a prompt, marked increase in the insulin 

secretory rate that is transient (4–8 min). In the absence of glucose, this 

profi le decreases back to baseline. With continuous glucose stimulation, a 

secondary phase consisting of a gradual increase is observed (Henquin  et al ., 
2006; Komjati  et al ., 1986). Glucose-induced insulin secretion is a dynamic 

process that is tightly regulated. In short, glucose enters β-cells via GLUT2 

facilitated transport; subsequent glycolysis generates pyruvate, entering the 

tricarboxylic acid cycle (TCA cycle) in the mitochondria. Newly produced 

NADH then enters the electron transport chain (ETC) to undergo oxida-

tive phosphorylation, generating an electrical potential gradient across the 

mitochondrial membrane. Mitochondrial hyperpolarization subsequently 

leads to ATP generation and closure of ATP-sensitive K+ (K ATP ) channels. 

This initiates plasma membrane depolarization and an increase in intrac-

ellular calcium concentration ([Ca 2 +] i ), through a rapid infl ux of calcium 

ions via voltage-dependent calcium channels (VDCC). In this way, glucose 

induces an increase in [Ca 2 +] i   , which triggers the fusion of insulin granules to 

the cell plasma membrane resulting in the exocytosis of insulin, C-peptide, 

and proinsulin (Babenko  et al ., 1998; Henquin  et al ., 1985; Roe  et al ., 1996; 

Warnotte  et al ., 1994). Alternate pathways of GSIS, independent of either 
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K ATP  channels or [Ca 2 +] i , have been described (Gembal  et al ., 1992; Straub 

 et al ., 2002), but play a smaller role in insulin secretion. Some evidence dem-

onstrates that glucose-induced [Ca 2 +] i  is associated with calcium concentra-

tion inside the mitochondria (Kennedy  et al ., 1996; Maechler  et al ., 1998). 

The rise in intra-mitochondrial calcium, together with the aforementioned 

coupling messengers/factors, evokes insulin secretion independent from 

K ATP  channels, or amplifi es the K ATP –dependent pathway (Kennedy  et al ., 
1998; Maechler  et al ., 1998). However, it has been confi rmed that the K ATP  

and [Ca 2 +] i -mediated pathway remains the primary mechanism of GSIS. 

 In addition to the mitochondria’s well-established role in the insulin 

secretory pathway, mitochondrial energetics and calcium signaling are also 

essential for β-cell viability. Mitochondria actively mediate and regulate a 

variety of effector mechanisms involving cell life and death. Intracellular 

calcium acts as a secondary messenger in a variety of cells, and tightly regu-

lates many cellular functions within sub-cellular microdomains. In addition, 

the level and pattern of [Ca 2 +] i  modulates cell viability and infl uences both 

apoptotic and necrotic pathways (Duchen  et al ., 2000). In the search for a 

more reliable and β-cell-specifi c potency assay, several approaches to mea-

suring mitochondrial integrity and calcium infl ux have been tested as an 

alternative assay, in the form of a single parameter or combined with other 

parameters for islet viability and potency. 

 For example, the static measurement of mitochondrial membrane poten-

tials for islet viability using tetramethylrhodamine ethyl ester (TMRE) has 

been investigated in conjunction with either Newport Green (NP) (Ichii  et al ., 
2005) or FluoZin-3 (Jayaraman  et al ., 2008), suggesting that β-cell mitochon-

drial integrity is critically important and has predictive value for transplant 

outcomes when compared against the gold standard immunodefi cient nude 

mouse model; this has been confi rmed by others (Iglesias  et al ., 2008). While 

these results are promising, the aforementioned assessments of mitochondrial 

integrity measure a static value of β-cell energetic status with only retrospec-

tive values, since these assays may take days to conduct and cannot predict islet 

graft function at the time of transplant. In addition, as the enzymatic dissoci-

ation of the islets is involved, the assays’ methodology is often questioned for 

introduction of artifacts, such as selective damage and loss of the β-cell popula-

tion. Furthermore, most of these assays require more sophisticated laboratory 

setups, such as FACS, confocal microscope, and laser scanning cytometry. 

 Although individual assays that quantify either mitochondrial energetics 

or [Ca 2 +] i  have been used extensively to study β-cell stimulus-secretion cou-

pling, they have never been combined with islet perifusion for human islet 

potency and viability studies. In this chapter, we will discuss a microfl uidic-

based islet perifusion apparatus with the integration of multichannel fl uores-

cence imaging for changes in mitochondrial electrical potentials (ΔΨ M ) and 

[Ca 2 +] i  and off-chip insulin analysis for human islet function assessment.  
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  16.3     Technologies: the emergence of microfluidics 
applied to islet and β-cell study 

 Under normal  in vivo  conditions, islets experience a dynamically changing 

microenvironment where insulin is secreted in a biphasic oscillatory pattern 

in response to blood glucose levels which is oscillatory. Therefore, an imper-

ative emerges to have a perfusion setup that can better mimic the native 

microenvironment islets are exposed to through the precise control of phys-

iologically relevant parameters. In order to better understand β-cell physi-

ology and pathophysiology, in the past four decades a series of perifusion 

devices have been developed with the capability to regulate perifusate tem-

perature, pH, and with the ability to switch between various streams of stim-

uli (Hoshi  et al ., 1973; Lacy  et al ., 1972, 1976; Weaver  et al ., 1978). However, 

these devices have several limitations including: diffi cult operation, limited 

fl ow control, inadequate mimicking of the  in vivo  microenvironment, and a 

lack of integration with conventional analysis techniques. 

 In recent years, microfl uidic technology has emerged as a valuable tool 

for studying pancreatic islets mainly due to its higher effi ciency and confi gu-

rable versatility. Microfl uidic devices allow for the minimal consumption of 

reagents and analytes, as well as the leveraging of microscale phenomena, 

such as laminar fl ow, capillary fl ow, electro-osmotically driven fl ow, electro-

kinetically driven fl ow, microdroplet formation, (Liu  et al ., 2008; Mosadegh 

 et al ., 2007; Taylor  et al ., 2006), and rapid diffusion (Oppegard  et al ., 2009). 

Microfl uidics allows the development and application of new experimental 

modalities and techniques currently not possible with conventional macro-

scale tools. Additionally, multiple tasks and/or analytical tools can be inte-

grated to improve experimental throughput (Craighead  et al ., 2006; El-Ali 

 et al ., 2006). In regard to microfl uidic devices for islet and β-cell study, several 

advantages of the microscale are utilized such as: (i) islet immobilization; (ii) 

creation, maintenance, and optimization of culture microenvironments; (iii) 

continuous live-cell imaging of β-cell physiological function with the ability 

to resolve the rapid secretory and metabolic waveforms intrinsic to β-cells; 

and (iv) integration with single or multiple analytical tools. 

  16.3.1      Islet immobilization: design considerations and 
strategies 

 One of the greatest technical challenges in applying microfl uidics to islets is 

the immobilization of islets, owing to their unique cellular composition and 

3-D cytoarchitecture, which must be preserved. An islet is a cluster of 1000–

2000 cells, which can range in size between 50 and 500 μm in diameter; and 

although only composing 1–2% of pancreas mass, islets receive 2–10% of 

pancreatic blood perfusion (Svensson  et al ., 1994). Islets are composed of at 
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least fi ve different cell types: α-cells, secreting glucagon; β-cells, producing 

insulin and amylin; δ-cells secreting somatostatin; PP cells secreting pan-

creatic polypeptide; and ε-cells secreting ghrelin. In diabetes research, we 

are primarily concerned with β-cells as they secrete insulin and compose 

65–80% of human islet mass. 

 One approach to immobilizing islets uses a PDMS plug or wall in order to 

position an islet into a microchannel (Dishinger  et al ., 2009; Rocheleau  et al ., 
2004, 2008). In this method, the advantage lies in being able to predictably 

place and locate islets; however, a potential disadvantage is introduction 

of mechanical stresses, which can cause islet damage and insulin leakage. 

As an alternative islet trapping method, others have designed an array of 

circular microwells (pockets) (Adewola  et al ., 2010; Mohammed  et al ., 2009). 

The bottom layer of the device achieves this immobilization with an array 

of circular wells (500 μm in diameter and 150 μm in depth), which allows 

the islets to fall, and then passively sit and react to medium, without undue 

mechanical stress and shear forces. More than one islet can be analyzed 

simultaneously, which increases analytical throughput. However, this device 

pools the secreted products together, which can be either an advantage or a 

disadvantage, depending on the intended application. Another approach is 

an open-channel device, in which islets are fi rst cultured on a glass-bottom 

dish or coverslip, and then the microfl uidic apparatus is placed over the 

islets.  

  16.3.2      Fluid control: creation, maintenance, and 
optimization of culture microenvironments 

 A stable and fl exible fl uid control system is necessary for β-cell applications 

in microfl uidics. Flow driven by pressure, in either a continuous or stepwise 

manner is the standard method that has been proven adequate for many islet 

applications (Adewola  et al ., 2010; Chen  et al ., 2008; Dishinger  et al ., 2009). 

However, one potential obstacle is pressure oscillations at low fl ow rates, 

and when starting or stopping as observed in syringe pumps. In response 

to this problem, reciprocating and continuous fl ow micropumps have been 

pursued (Zhang  et al ., 2009). Electroosmotic fl ow also plays an important 

role in the manipulation of liquid fl ow in microfl uidic applications since 

electroosmotic velocities can be independent of channel size, which is bene-

fi cial when applied to small microchannels. Additionally, droplets have also 

been used in β-cell study using syringe or vacuum (Chen  et al ., 2008; Zhang 

 et al ., 2009). As demonstrated by the Piston group using vacuum driven fl ow, 

they were able to generate a passive method for microfl uidic droplet sam-

pling method that was used to quantify β-cell zinc secretion (zinc and insu-

lin are co-secreted) with signifi cantly improved spatiotemporal resolution 
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(average droplet volume was 470 ± 9 pL under a fl ow rate of 0.100 μL/min) 

(Easley  et al ., 2009). 

 Another microfl uidic device employing droplet-based fl uid fl ow was the 

chemistrode developed by the Ismagilov group (Chen  et al ., 2008). In con-

trast to traditional path clamp electrode setups, which can be used to directly 

measure β-cell electrical activity, this method’s strength lies in its ability to 

manipulate and record molecular signals with high spatial and temporal 

resolution requiring 50 ms for stimuli pulse and 1.5 s for secreted insulin 

sampling. This system has a maximum temporal resolution of 50 ns, with 

the ability to measure insulin secretion from a single islet at a frequency of 

0.67 Hz. This high level of resolution is achieved by droplets that are contin-

uously encapsulated and separated from an islet. 

 The generation of chemical gradients into microfl uidic setups is needed to 

generate dynamically changing microenvironments that will help elucidate 

the mechanisms underlying β-cell secretory kinetics. In order to generate 

these gradients, the Roper group has integrated two diaphragm pumps with 

off-chip valves that generate chemical gradient in sine and triangle wave-

forms (Zhang  et al ., 2009). In another solution to this problem, our group 

currently employs an integrated on-chip inlet staggered herringbone chaotic 

mixer with computer controlled syringes to generate preprogrammed glu-

cose stimulation profi les (Adewola  et al ., 2010; Lee  et al ., 2011; Mohammed 

 et al ., 2009).  

  16.3.3     Detection: live-cell imaging of islets and β-cells 

 Highly coordinated spatiotemporal changes in [Ca 2 +] i  regulate many β-cell 

cellular processes including GSIS and therefore require real-time detection 

of electrical, biochemical, and ion signaling activities. Therefore, [Ca 2 +] i  may 

be a direct indicator of insulin secretory kinetics. One of the most critical 

limiting factors for studying calcium signaling using microfl uidics is spatio-

temporal resolution. In terms of spatial resolution, the use of fl uorescent 

calcium indicator dyes such as Fura-2 AM or Fluo-4 AM (family of EGTA 

analogs) have been well-characterized to have high selectivity and sensi-

tivity in conventional and microfl uidic imaging applications. In contrast, 

temporal resolution of calcium signaling remains a function of each micro-

fl uidic device’s fl ow dynamics and can also be controlled by medium deliv-

ery methods, valves, and device geometry. 

 Another method that may be used as an assay for insulin secretion is 

the detection of zinc ions. In β-cells, zinc is complexed with insulin to form 

a 2-Zn-hexameric crystal. When insulin is secreted, along with c-peptide, 

zinc is also co-secreted into plasma. The Piston group has exploited this fea-

ture of β-cells and has developed a droplet-based device with a sampling 
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drop volume of approximately 0.47 nL (Easley  et al ., 2009). Their single islet 

studies demonstrated a high temporal resolution that allowed the detec-

tion of two zinc oscillatory frequencies: fast (~20–40 s) and slow (~5–10 m). 

Concurrently, zinc oscillatory waveforms were shown to closely coincide 

with intra-islet calcium oscillations and secreted insulin patterns. Insulin 

quantifi cation was determined off-chip using either enzyme-linked immu-

nosorbent assay (ELISA) or radioimmunoassay (RIA). In a similar concept, 

the Kennedy group developed a 15-channel microfl uidic device capable of 

perifusing individual islets and then mixing perifusate with FITC-insulin and 

anti-insulin-antibody to perform a competitive immunoassay (Dishinger 

 et al ., 2009). Performed in real-time, this system is capable of detecting insu-

lin secretion at a resolution of 10 s. The ability to rapidly quantify tempo-

rally-resolved insulin secretion at the single islet level will have signifi cant 

applications in islet research. 

 In the pursuit of developing a reliable islet potency test to address a clini-

cal need and overcome the limitations of current tests, we have been devel-

oping and characterizing a three-layer microfl uidic network (Adewola  et al ., 
2010; Mohammed  et al ., 2009) that combines the measurement of mitochon-

drial potential changes (ΔΨ Mito ), calcium infl ux ([Ca 2 +] i ), and dynamic insu-

lin kinetics into a single and real-time assay.   

  16.4     Design and fabrication of the University of Illinois 
at Chicago (UIC) microfluidic device 

 Microfl uidic-based tissue culture techniques begin with the design, fabrica-

tion, and application of a specifi c device for the manipulation of fl uids at the 

microscale level. Typically,  micro  means one of the following features: small 

volume (often in the scale of nl, pl, and fl ), small size (sub-millimeter), low 

energy consumption, or the use of some physical phenomenon within the 

 micro  domain, such as surface area to volume ratio, laminar fl ow, or diffusion 

dominant transport. Several materials can be used for fabrication, including 

silicon, metal, glass, and polymers. Since all studies discussed in this chapter 

use microfl uidic devices composed of either polydimethylsiloxane (PDMS) 

(sometimes combined with glass components), only the fabrication of these 

devices will be briefl y described. 

  16.4.1     Polydimethylsiloxane (PDMS) devices 

 Due to the ease of prototyping, stiffness, and high aspect ratio, SU8 pho-

toresist has become the standard method for PDMS micromolding in 

microfl uidic fabrication (Weibel  et al ., 2007). The basic steps of soft photoli-

thography have been described previously. Currently, soft photolithography 
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manufacture is carried out in a clean room facility to prevent contamination 

with dust; however, given the application, they may be carried out in a con-

ventional chemical hood. For this device, the PDMS fabrication workfl ow 

begins with the design of a photomask using transparency printing, SU-8 

master-mold fabrication, followed by PDMS curing, and ends with PDMS-

glass bonding. 

  Mask design 

 Masks are designed using CAD programs that can generate vector-based 

graphic fi les and convert them into raster formats such as encapsulated 

PostScript (EPS) fi les. Photomasks then are printed at a resolution higher 

than that of the minimum feature size. In designing a photomask, at least 

three alignment markers should be included to facilitate photomask align-

ment during SU-8 master-mold fabrication (Fig. 16.1).  

  SU-8 master-mold fabrication 

 Master-mold fabrication begins by sequential cleaning of a 3-inch silicon 

wafer with acetone, methanol, and isopropanol, followed by DI water. The 

wafer is then dried by spraying with a stream of compressed nitrogen gas 

and dehydration baked on a hotplate at 120°C. Further organic residues 

can be oxidized by subsequent treatment with oxygen plasma at 100 W for 

30 s (Plasma Preen). The silicon wafer is spin-coated with SU-8 photoresist 

to achieve a thickness of 500 μm. Protocols vary depending on SU-8 thick-

nesses and are available from the SU-8 manufacturer (Microchem,  www.

microchem.com ). Once coated, the wafers undergo pre-exposure baking at: 

65°C for 5 min, 95°C for 2 h, and 65°C for 1 min. 

 Finally, the high-resolution photomask (Fig. 16.2a–16.2e) is placed in 

contact with the resist covered wafer and a fl at glass plate placed on the 

top of the photomask. Weights are placed over the edges to ensure con-

tact between the photomask and resist. The wafer is irradiated with 365 nm 

fi ltered UV light at an energy of 600 mJ cm −2  to initiate crosslinking. The 

irradiated wafer is further crosslinked on a hotplate at 95°C for 1 h and then 

allowed to cool to room temperature. The wafer is then placed in 200 mL 

of developer solution where unpolymerized SU-8 is dissolved. The com-

pleted master is then cleaned by isopropyl alcohol and water, dried with 

compressed N 2  gas and dehydration baked.  

  PDMS micromolding 

 After completing the master, PDMS is prepared for the molding, or soft-

lithography. PDMS precursor (usually Sylgard 184) and a crosslinking agent 

is added to a weighting boat at a 10:1 ratio by mass and thoroughly mixed. 
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A vacuum chamber is then used to extract bubbles and the PDMS mixture 

is then poured over the SU8 master. After overnight curing at room temper-

ature, or 2 h on an 85°C hotplate, the PDMS is completely cured, retaining 

the channel structures from the master. After cutting the bulk PDMS into 

separate devices, circular access ports are punched and the device is cleaned 

by a piece of scotch tape to remove any dust or debris from the surface. 

Then the device and a cleaned piece of glass are plasma treated to create 

hydroxyl radicals, which, when in contact, allow permanent chemical bond-

ing between the PDMS and the glass.   

  16.4.2     Design features associated with this chip 

 The device described here is composed of three layers: the top layer, 500 μm 

in height, comprising inlet and outlet channels 2 mm wide (5 mm at fanned-

ends); the middle layer composing a spacer layer; the bottom layer, 150 μm 

in height, containing microwells for islet immobilization. The microwells are 

500 μm in diameter and 100 μm apart. Once the photomask drafts are com-

plete they are printed onto a photomask at a resolution of 16 000 dpi. 

  Immobilization of multiple islets 

 Immobilizing large islet populations is one of the biggest challenges associ-

ated with developing a successful islet potency assay. We have designed an 

array of small circular wells (pockets), located at the bottom of a perifusion 

chamber that allow the islets to passively sit and react to medium mimick-

ing perfusion-limited exchange. The prevention of bubbles and dead space 

formation is accomplished through a pre-treatment process explained in 

Section 16.6.5 (Protocol Step 37–39). Using a P200 micropipette, islets are 

introduced into the perifusion chamber via an islet loading port by dialing 

down pipette. Given islets are denser than the perifusing media ( ρ  islet  >  ρ  Kreb ’ s 

Ringer Buffer ), islets fall into microwells by gravity. Islets are then maintained in 

position by gravity and selection of a fl ow rate that does not dislodge islets 

from microwells. In addition to avoiding unnecessary mechanical stress and 

shear force, this method is simple to use, and multiple islets can be analyzed 

simultaneously, which signifi cantly increases analytical throughput.  

  Simple design geometry 

 The design of the device allows for effi cient mixing and uniform distribu-

tion of rapidly alternating solutions, providing the capability of measuring 

moment-to-moment secretory and metabolic waveforms intrinsic to β-cells. 

The simplicity of the device is benefi cial for future standardization and inte-

gration of the device in a routine clinical islet isolation protocol.  
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  Easy fl ow control and manipulation 

 This microfl uidic device is capable of generating and maintaining vari-

ous chemical gradients with a high level of complexity and consistency. 

As shown in Plate IXa (see in color section between pages 328 and 329), 

a CFD-GEOM computer simulation demonstrates uniform fl ow distri-

bution in the perifusion system with most of the fl ow reaching bottom 

of the device where islets are trapped in microwells without signifi cant 

fl uid shunting. Additionally,  in vitro  FITC microscope intensity measuring 

experiments verify fl uid dynamics at three different regions in the peri-

fusion chamber and at three different fl ow rates: 250, 500, and 1000 μL 

(Plate IXb).  

  Resolved spatiotemporal resolution 

 High spatiotemporal resolution is critical for real-time sensing and monitor-

ing of whole islet endocrine function and metabolic parameters. The fl ow 

characteristics of this device allow for the accurate characterization of insu-

lin secretion kinetics with high spatiotemporal resolution. In addition, high 

signal-to-noise ratios of released insulin and fl uorescence have been dem-

onstrated, even with a relatively large chamber volume.  

  Easy integration and multiplexing 

 We have demonstrated the successful integration of a fl uorescence-based 

analytical approach (either single or multiple probes) in accordance with 

islet perifusion concepts. This has signifi cantly increased its analytical power 

for characterizing islet potency and viability. Additionally, a multiple-peri-

fusion system has been integrated to simultaneously monitor a larger islet 

population.  

  User-friendly operation 

 Fluorescent microscopy-based measurement of biological activities using 

fl uorescence probes is a common laboratory practice. When designing the 

UIC-MS (UIC Microfl uidic System), thought was given to establishing a 

balance between complexity and practicality. The microscale nature and 

easy fl ow control greatly enhances the applicability of UIC-MS for studying 

β-cell kinetics. The simple design geometry, on a microscale level, and porta-

bility allow the UIC-MS to be easily adopted by others without the need for 

extensive training.  

  True real-time analysis 

 Since the system does not require islet fi xation or dissociation, islet 

perifusion and concurrent fl uorescence imaging can be performed 3–5 h 
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post-isolation, allowing the UIC-MS to be considered as a real-time pre-

transplant assay. 

 In order to develop a clinically useful islet functional assay, a path from 

identifi cation and optimization of a testing protocol must inform prototype 

development. Proof-of-principle studies need to be performed to evaluate 

feasibility, followed by further evaluation and trials to obtain data for regu-

latory submission and approval. In the proof-of-principle test, the following 

criteria must be explored: (i) the device performance, including test sensitiv-

ity and specifi city, as well as the positive and negative predictive values; (ii) 

the ease of use, including explicitly determining the number of process steps, 

extent of training, and supervision required; (iii) the conditions of use, such 

as physical and environmental requirements; (iv) the conditions of storage; 

and (v) the shelf life. These criteria for proof-of-principle will be discussed 

in later sections.    

  16.5     Protocol: materials  

 The following section outlines all the materials and equipment used in 

experiments with the UIC-MS. Section 16.5.1 covers microfl uidic device 

fabrication. Section 16.5.2 covers islet isolation and culture. Section 16.5.3 

covers simultaneous islet perifusion and fl ourescence imaging. 

  16.5.1     Microfl uidic device fabrication 

  Reagents and tools  

   Photomask (CAD/Art service)  • 

  Polydimethyl siloxane (PDMS) (Dow Corning, cat. no. Sylgard 184)  • 

  Photoresist SU-8–2150 (Microchem, cat no. Y111077)  • 

  SU-8 photoresist developer (Microchem, Y020100)  • 

  Silicon Wafer (Silicon Sense, 3” dummy wafers)  • 

  Acetone (Sigma-Aldrich, cat. no. 650501)  • 

  Methanol (Sigma-Aldrich, cat. no. 34860)  • 

  Isopropanol (Sigma-Aldrich, cat. no. I9030)  • 

  N • 2  compressed gas (AirGas, UN1066)  

  Mixing Spatula (Sigma-Aldrich, cat. no. Z283274)  • 

  Tweezers (TDI Switzerland, 4WFG-SA)  • 

  Weighing boats (Sigma-Aldrich, cat. no. W2876)  • 

  3M scotch tape (Offi ce Deport, cat no. 489461)  • 

  Razor blade/Scalpel (Offi ce Depot, cat. no. 550476)  • 

  Gauge no. 11 stainless Luer needles as hole-punch (Grainger, cat. • 

no. 5FTW5)  

  Gauge no. 0 Hole puncher (Cole-Parmer, cat. no. EW-06298–93)  • 

  Circular 3” 2.0 kg weights (custom machined).     • 
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  Equipment  

   Digital Balance (Mettler Toledo Inc., PL602–5)  • 

  Spinner (Laurell Technologies, WS-400B 6NPP/LITE)  • 

  3 Hot plates (PMC Dataplate, 730) (for curing PDMS, replaceable with • 

oven)  

  UV-Lamp (EXFO-Omnicure, S1000)  • 

  Digital profi ler (Starrett, F2730–0) (for confi rming photoresist thickness)  • 

  Vacuum desiccator for degassing PDMS (Cole-Parmer, cat. no. • 

EW-06514–30)  

  Plasma Torch (Electro-Technic Products, Inc. BD-20)  • 

  HEPA fi ltered custom cleanroom or standard biosafety hood.      • 

  16.5.2     Islet isolation and culture 

  Reagents  

   Collagenase P (Roche, cat. no. 1 249 000)  • 

  RPMI 1640 (Mediatech, cat. no. 10–041-CV) (see REAGENT SETUP)  • 

  Fetal bovine serum (FBS) (Clontech, cat. no. 631106)  • 

  Streptomycin/Penicillin (Gibco, cat. no. 15140)  • 

  1.018     kg m • −3  Ficoll (Mediatech, cat. no. 99–692-CIS)  

  1.096     kg m • −3  Ficoll (Mediatech, cat. no. 99–691-CIS)  

  1.069     kg m • −3  Ficoll (Mediatech, cat. no. 99–815-CIS)  

  1.037     kg m • −3  Ficoll (Mediatech, cat. no. 99–690-CIS)  

  1× HBSS (Mediatech, cat. no. 99–597-CM)  • 

  Isofl urane (Baxter, cat. no. 10019–773–40).     • 

  Equipment and materials  

   C57/B6 mice (Jackson Laboratory)  • 

  Biosafety hood (NUAIR, model NU-425–600)  • 

  Water-bath with temperature control (Precision, 180 series)  • 

  Centrifuge (Beckman, J6-MI, maximum RPM 6000)  • 

  Incubator (Thermo Electron, Thermo Series II)  • 

  Inverted microscope (Leica, S6F)  • 

  35 × 10 mm Petri dish (Becton-Dickson, cat.no. 35–1008)  • 

  Surgical tools (Straight and curved forceps, 4 ½” iris scissors, 3 ½” hemo-• 

stat clamp)  

  5 mL Syringe (Becton-Dickinson, REF. 309603)  • 

  30g ½” needle (Becton-Dickinson, Reorder. 305128)  • 

  Isofl urane vaporizer (Viking Medical, model: ISOV-2).     • 

�� �� �� �� �� ��



Microfl uidics for monitoring and imaging pancreatic islets and β-cells  571

© Woodhead Publishing Limited, 2013

  Cell culture media 

 RPMI 1640 culture medium: supplemented with: 10% of FBS (vol/vol) and 

100 unit mL −1  of penicillin and 100 μg mL −1  of streptomycin.   

  16.5.3      Simultaneous islet perifusion and fl uorescence 
imaging 

  Reagents  

   Krebs-Ringer bicarbonate buffer (KRB) (see REAGENT SETUP)  • 

  Sodium chloride, NaCl (Sigma-Aldrich, cat.no. S3014)  • 

  Sodium bicarbonate, NaHCO • 3  (Sigma-Aldrich, cat.no. S5761)  

  Potassium chloride, KCl (Sigma-Aldrich, cat.no. P5405)  • 

  Monopotassium phosphate, KH • 2 PO 4  (Sigma-Aldrich, cat.no. P5655)  

  Calcium chloride dihydrate, CaCl • 2 •2H 2 O (Sigma-Aldrich, cat.no. 

C7902)  

  Magnesium sulfate heptahydrate, MgSO • 4 •7H 2 O (Sigma-Aldrich, cat.

no. 63138)  

  HEPES (Mediatech, cat. no. 25–066-CI)  • 

  Insulin ELISA kit (Mercodia, cat. no.11–1113–10)  • 

  D-Glucose (Sigma-Aldrich, cat. no. G7528)  • 

  Fura-2 AM (Invitrogen, cat. no. F1221. 20 × 50 • μg) (see REAGENT 

SETUP)  

  Rhodamin 123 (Rh 123) (Sigma-Aldrich, cat. no. R8004) (see REAGENT • 

SETUP)  

  Dimethyl sulfoxide (DMSO) (Fisher, cat. no. D128)  • 

  Bovine serum albumin (BSA) (Sigma-Aldrich, cat. no.A-7906)  • 

  Ethanol (Decon laboratories, cat. no.8416)  • 

  0.22     • μm Vacuum Filter (Millipore, cat. no. SCGPU5RE).     

  Cell culture media 

 KRB (mM): NaCl (129), NaHCO 3  (5.0), KCl (4.7), KH 2 PO 4  (1.2), CaCl 2 •2H 2 O 

(1.0), MgSO 4 •H 2 O (1.2), HEPES (10), pH 7.35–7.40. 

  ▲CRITICAL  Sterilize the working solution by fi ltration with a 0.22 μm 

vacuum fi lter. Adjust the buffer pH with KOH to prevent potential precipi-

tation and store for no more than 1 week at 4°C. 

 KRB stock solutions should be stored for no more than one month 

at 4°C. 

 Preparation of Fura-2 AM stock solution: add 100 μL DMSO to each tube 

(50 μg) so that fi nal concentration is 2 mM. Store at −20°C in the dark. 
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 Preparation of Rh 123 stock solution: Dissolve Rh123 in 100% ethanol 

(vol/vol) at concentration of 1 mg mL −1 . Store at −20°C in the dark.  

  Equipment and materials  

   Microfl uidic device (see PROCEDURE)  • 

  Syringe pumps (Harvard Apparatus, Model 22)  • 

  Digital Hotplates (Dataplate, PMC 720 series)  • 

  Thermometer (Omega Engineering, Inc, model HH-25TC )  • 

  60 mL Luer Lock syringes (Becton-Dickinson, cat.no.R07945–28)  • 

  Fraction collector (Gibson, FC-203B)  • 

  Epifl uorescence microscopy setup (see Equipment setup)  • 

  Leica DMI 4000B fl uorescence microscope (see Equipment setup)  • 

  Xenon light source  • 

  Excitation and emission fi lter wheels (Chroma Technology)  • 

  Lambda DG-4 wavelength switcher (Ludl Electronic Ltd)  • 

  Fura-2/FITC Polychroic beamsplitter and double band emission fi lter • 

(Chroma Technology. Part number: 73.100bs)  

  High-speed and high-resolution charge coupled device (CCD, Retiga-• 

SRV, Fast 1394, QImaging)  

  Imaging acquisition and analysis (SimplePCI, Hamamatsu Corp)  • 

  LabVIEW 8.0 (National Instruments)  • 

  30” Silicone tubings (Cole Palmer 1/16 × 1/8”)  • 

  1.5     mL Eppendorf tube (Fisher Scientifi c)  • 

  Y-connectors (1/16” and 4 mm) (Cole Palmer, cat. no. WU-30703–90)  • 

  Syringe connectors (female Luer plug 1/16”) (Cole Palmer, cat. no. • 

ED-45502–00)  

  Straight connectors (1/16”) (Cole Palmer, cat. no. ED-30622–23)  • 

  Elbow connector (1/16”) (Cole Palmer, cat. no. ED-06365–17)  • 

  In-line bubble trap (Alltech Association, cat. no. 01–0221).     • 

  Equipment and experimental setup (Fig. 16.3 – see page 579) 

 The setup consists of a Leica DMI 4000B fl uorescence microscope equipped 

with 10× and 20× objectives and a 1.4-megapixel CCD camera (12-bit digital 

output and IEEE 1394 USB interface). Dual wavelength Fura-2 is excited 

at 340 and 380 nm, and the increases in [Ca 2 +] i  are expressed as a ratio of 

F340/F380 (%). Rh123 is a lipophilic cation that partitions selectively into 

the negatively charged mitochondrial membrane. Mitochondrial energiza-

tion causes hyperpolarization of the mitochondrial membrane resulting 

in the uptake of Rh123 into the mitochondria and fl uorescence quench-

ing expressed as F/F0 (%). Rh123 is excited at 495 nm. Excitation wave-

lengths are controlled by means of corresponding excitation fi lters (Chroma 

Technology) mounted in a Lambda DG-4 wavelength switcher. Emission 
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of Fura-2 (510 nm ± 10) and Rh123 fl uorescence (530 nm ± 10) is fi ltered 

using a Fura-2/FITC Polychroic beamsplitter and a double band emission 

fi lter (Chroma Technology. Part number: 73.100bs). SimplePCI software 

(Hamamatsu Corp.) is used for image acquisition.    

  16.6     Protocol: procedures  

 The following section provides three protocols used with the UIC-MS sys-

tem. Steps 1-20 cover device fabrication. Steps 21-36 cover mouse islet isola-

tion. Steps 37-45 cover microfl uidic device preconditioning and islet loading. 

Steps 46-55 cover fl ourescence imaging. 

  16.6.1      Design of the photomask for the SU-8-negative 
master 

 1| Use CAD software to design photomask patterns (Fig. 16.1). Make sure 

the photomask is printed at a resolution of 16 000 dpi or higher. The micro-

fl uidic device used in this work involves a three-layer device with two lay-

ers requiring microfabrication, and one layer of spacer with reservoir wells. 

Include alignment markers to help with manual alignment of multilayered 

devices (typically within 100 μm). See Table 16.1 for information on the dif-

ferent layers of the device.      

  Fabrication of the SU-8-negative master: timing 4 h 

 The following describes the fabrication of an SU-8 master with a 500 μm 

height using SU-8–2150 as an example. For other thicknesses, the parameters 

such as spin speed and exposure time can be found from the MicroChem 

manufacturer’s references. Fabrication should be done in a HEPA fi ltered 

environment; this could be a cleanroom or in a biosafety hood to minimize 

particle contaminants. All manufacturing steps are intended for room tem-

perature (25°C) unless otherwise indicated by hotplate temperatures. See 

Fig. 16.2 for diagram of a typical PDMS workfl ow.  

    1| • Critical step  Ensure that all working surfaces/tables are level, as tilted 

hotplates can cause fl ow of the photoresist and alter the heights of the 

microchannels.  

  2|  Substrate pre-treatment:  Rinse a 3” (75 mm) Si wafer sequentially for • 

30 s with acetone, methanol, and isopropanol, followed by DI water. Dry 

with a stream of compressed N 2  gas. Perform dehydration bake of the 

cleaned wafer on the hotplate at 120°C for 10 min to improve adhesion 

of the photoresist to the wafer.  
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 16.1      Photomask design for three-layer UIC-MS microfl uidic device. (a) 

Bottom layer containing microwells with diameter of 500 μm gridded 

in 100 μm array. (b) Top layer containing inlet and outlet channels 

to perifusion chamber 2 mm wide (5 mm at fanned edges). Light 

areas correspond to SU-8 regions areas that are polymerized under 

UV-irradiation. Dark areas will be dissolved by SU-8 developer solution. 

Photomasks are printed at a resolution of 16 000 dpi.  
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  3| Expose the wafer to oxygen plasma for 30 s at a power of 100 Watts • 

(Terra Universal) to oxidize any remaining organic residue.  

  4| Spin coat: Warm-up spinner before use by testing spin program to ensure • 

correct spin speeds. Spinner Program for SU-8–2150: 500 rpm. spread for 

10 s and 1000 rpm. for 30 s to yield a thickness of 500 μm. Cover 25% of 

Si wafer surface with SU-8 photoresist and execute spin program.  

   • Caution  If temperature in the clean room is ± 2°C of room temperature, 

then adjust spin speed by 150 rpm. ± 2°C inversely as resist viscosity 

decreases with increase in temperature.  

  5| Soft bake (pre-exposure bake): After spinning is complete, keeping • 

the coated wafer level, transfer it to hot plates in the following sequence: 

(i) 65°C for 10 min; (ii) 95°C for 120 min; 65°C for 1 min.  

   • Critical step  After these steps, turn off the hot plate and allow the coated 

wafer to cool down to room temperature.  

  6| Mask exposure: Take the high-resolution transparent mask (contain-• 

ing microfeatures and alignment markings) and overlay it on top of 

the SU-8 coated wafer. Expose the wafer to UV light (365 nm fi ltered 

Omnicure S1000) with an energy of 600 mJ cm −2 . If delamination occurs 

later in the development step increase UW irradiation dosage.  

   • Caution  Make sure to use UV safety goggles when lamp shutter is open.  

  7| Post-exposure bake: After exposing the SU-8, transfer the wafer back • 

to the hotplate for further baking in the following sequence: (i) 65°C for 

5 min; (ii) 95°C for 30 min; (iii) 65°C for 1 min.  

   • Critical step  After these steps, turn off the hot plate and allow the coated 

wafer to cool down to room temperature.  

  8| Develop master: Working under a hood, pour 200 mL of MicroChem • 

SU-8 developer into a 500 mL fl at beaker. Transfer the wafer into the 

developer and bathe for 30 min. Agitate the wafers throughout this 

duration to ensure adequate development of high aspect ratio features.  

   • Caution  SU-8 developer is a toxic volatile chemical. Work under hood 

and well-ventilated area with appropriate protective gear.  

  9| Rinse wafer with isopropanol to confi rm development completion.  • 

 Table 16.1     Device PDMS layers and description 

Layers (top to 

bottom)

SU-8 

Thickness

Features PDMS 

Thickness

Punches

Microfl uidic 

channel
500 μm 2 mm wide 

channels (5 mm 

at fanned-end)

5 mm gauge 

11/~2 mm

Chamber Layer N/A 7 mm wide 

chamber

3 mm gauge 

0/~7 mm

Microwell Layer 150 μm 500 μm microwells 2 mm N/A
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Photomask

UV

Undeveloped SU8

Silicon wafer

UV developed SU8

PDMS casting

PDMS

λ = 350–400 nm

Plasma

Glass

Annealing bake

(a)

(b)

(c)

(d)

(e)

Bonding

 16.2      PDMS-based microfl uidic device fabrication workfl ow. (a) 

Photomask microfeatures are transferred onto a silicon wafer spin-

coated with SU-8 photoresist. (b) Developer solution washes away 

unexposed (unpolymerized) regions of SU-8 and forms a SU8 master-

mold with the desired microfeatures. (c) Premixed, degassed PDMS is 

then pour over the master and cured on the hotplate. (d) Two layers are 

exposed to oxygen plasma, sealed and chemically bonded. (e) Device 

is annealed baked to strengthen chemical bonding. ( Source : Reprinted 

with permission from Future Science Ltd.)  
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   • Critical step  If the wafer is milky-white, then the SU-8 is not completely 

developed; return to developer for an additional 20 s.  

  10| When development is complete, rinse thoroughly with isopropanol to • 

wash away unexposed SU-8. Then rinse with DI water and blow dry with 

compressed N 2  gas. Use a digital profi ler to confi rm design specifi cations 

of microfeature heights.    

  PAUSE POINT  Developed master molds can be stored in a Petri dish 

sealed with parafi lm (to prevent the entry of dust).   

  16.6.2     PDMS casting: timing 3 h 

 The device is comprised of three molded PDMS layers: two SU-8 masters 

and one blank or spacer layer.  

   11| Mixing PDMS: For a 3” wafer, weigh out 35 g of PDMS elastomer • 

base and curing agent (Sylgard 184) at a 10:1 ratio, into a weighing boat 

and mix thoroughly for 5 min.  

   • Critical step  If PDMS is NOT mixed thoroughly, or the catalyst is inad-

equate, the PDMS will not cure completely and the master-mold will be 

unusable.  

  12| Place the master-mold into a Petri dish, then slowly pour the mixed • 

PDMS over the master-mold.  

  13| Degassing PDMS: Place the Petri dish that holds the master-mold • 

into a dedicated PDMS-only vacuum desiccator. Seal and engage the 

desiccator for 30 min. Bubbles will be seen to move to the surface. 

Periodically vent the chamber (e.g., bleeder valve) to release the cham-

ber pressure. After removal from chamber, use a pipette bulb to expel 

remaining bubbles. At this point, also make PDMS plugs by fi lling some 

1/16” straight connectors with PDMS and curing (step 14).  

  14| PDMS curing: Place the Petri dish on an 85°C hot plate for 2 h. When • 

fully cured, the PDMS will become solid.  

   • PAUSE POINT  Casted PDMS molds can be stored in a Petri dish sealed 

with parafi lm (to prevent the entry of dust).  

  15| PDMS mold release: Cut out the casted PDMS molds, using a scal-• 

pel or razor blade. Use tweezers to carefully and slowly peel PDMS 

away from the mold. Place the PDMS mold on a sheet of transparency 

fi lm (microchannels facing downward) for preparation of bonding or 

storage.  

   • PAUSE POINT  Multiple PDMS molds can be made and stored at this 

point.  

   • Critical step  When cutting out cured PDMS, make sure to avoid touch-

ing the photoresist pattern or breaking the silicon wafer. If not, the mas-

ter will become unusable a new one must be produced.     
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  16.6.3     Bonding of multilayer microfl uidic device: timing 3 h 

 After molding and cutting of the three PDMS layers, assemble the device by 

chemical bonding using plasma treated surface activation, in the following 

procedures (Fig. 16.4).  

   16| Prepare the top layer microchanneled PDMS by using a gauge 11 • 

(~2 mm diameter) needle punch to carefully punch three holes for each 

perifusion network: 1 inlet, 1 outlet, 1 loading port. Make sure to remove 

the punch cores with a tweezers before bonding.  

  17| Prepare the middle layer PDMS spacer by using a gauge 0 (~7 mm • 

diameter) hole-punch to carefully punch one hole to make the perifu-

sion chamber. Remove the cores.  

  18| Using Scotch Tape, clean and remove any dust and debris from the area • 

to be bonded. Then, activate the bonding surfaces with the oxygen plasma 

torch. Alternating between the two surfaces, treat each bonding surface 

with plasma for 30 s for a total of three times on each bonding surface.  

   • Critical step  Do not touch or bend the activated surface as this can pre-

vent the device from bonding completely.  

  19| Then align the bonding surfaces and apply pressure to bonding area. • 

Make sure to remove any air bubbles. Place bonded device on an 85°C 

hot plate pressed with a 2.0 kg weights for 2 h.  

   • Critical step  The bonding process is irreversible. Make sure that the 

alignment is correct and that there is no debris or bubbles, as this will 

introduce leaks into the device and encourage delamination.  

  20| To make sure the device is bonded and sealed correctly, pump DI • 

water with a 1 mL syringe to check for leaks. Alternatively, air can be 

pumped with a pipette with the device submerged in DI water.    

  16.6.4  Preparation of mouse pancreatic islets: timing 
1 h and 15 min  

   21|  Enzyme preparation : Prepare Collagenase P solution at concentra-• 

tion of a 0.375 mg mL −1  in HBSS for 5 mL per mouse pancreas and keep 

on ice.  

   • Caution  Optimal collagenase concentration is different for each strain 

of mouse.  

   • Critical step  Keep the collagenase enzyme on ice to prevent enzyme 

degradation.  

  22| Euthanize mice with compressed CO • 2  and 3% isofl urane followed by 

cervical dislocation to ensure no discomfort to the animals. Disinfect the 

mouse by spraying it with 70% ethanol (vol/vol).  

   • Caution  Follow national and institutional guidelines for animal handling.  
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  23| Make a V-incision starting at the genital area and move the bowel to • 

left side of the open mouse and clearly expose common bile duct.  

  24| Clamp the ampulla on the surface of the duodenum using a hemostat.  • 

  25| Pancreas distension: Distend (infl ate) the pancreas through the bile • 

duct with a 30-gauge needle and 5 mL syringe containing 2 mL of cold 

collagenase solution, starting at the gall bladder.  

  26| Digestion: Remove the distended pancreas and place in a 15 mL tube • 

containing 2 mL of the collagenase solution.  

  27| Place in 37°C water-bath and incubate for 12 min.  • 

  28| Shake for 5 s and add then 10 mL of cold HBSS to stop digestion • 

when 80% of pancreas falls apart.  

   • Critical step  Do not shake too much. Otherwise the islets will be over-

digested and fragment.  

  29| Centrifuge the digested tissue at 284  • g  (1000 rpm. in a Beckman 

J6-MI) for 30 s at 4°C and discard supernatant.  

Bubble trap

Y-connector

UIC MFD I

Heated automated
microscope stage(c)

Hot plate

Syringe pumps

(a)

(b)

LOW

HI

(d)

Microscope
objective

Mitochondrial potentials (Ψ)

Automated 
fraction
collector

(e)

Calcium influx ([Ca2+]c)

Insuline secretion
Insuline ELISAComputer/CPU

(f)

Glucose gradient profiles

60°C

 16.3      Microfl uidic-based multimodal islet perifusion system and 

experimental setup. (a) A computer governs a syringe system and 

generates a preprogrammed temporal glucose gradient while 

maintaining constant total fl ow. (b) The incoming media is heated on a 

hotplate to be brought up to near physiological temperatures (37°C ± 

3°C) and then pass through a bubble trap and Y-connector. (c) As the 

perifusing media enters the microdevice, the perifusion chamber 

temperature is maintained by a heating stage. (d) [Ca 2 +] i  and ΔΨ Mito  

are recorded. (e) Perifusate leaving the device outlet is collected by a 

fraction collector and quantifi ed off-chip by ELISA (f) All physiological 

responsive data of [Ca 2 +] i , ΔΨ Mito,  and insulin are compiled.  
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 16.4      Microfl uidic device fi nal assembly. (a) 3-layers are microfabricated 

using soft photolithography, as shown in Fig. 16.1, and prepared by 

punching appropriate ports and chambers. (b) Bonding surfaces are 

cleaned with scotch tape. (c) Bonding surfaces are plasma treated, 

(Continued)
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  30| Resuspend the pellet with 14 mL of cold HBSS and centrifuge with • 

the previous setting and discard supernatant as completely as possible.  

   • Critical step  Remaining HBSS might cause a change of the Ficoll density 

(steps 31–33).  

  31| Discontinuous gradient purifi cation: Add 5 mL of 1.108 kg m • −3  Ficoll 

and vortex vigorously.  

  32| Layer 2 mL of Ficoll solutions in descending density gradients: 1.096, • 

1.069, and 1.037 kg m −3 .  

   • Critical step  Work quickly. Long-term exposure of Ficoll to islets is 

toxic.  

  33| Centrifuge at 640  • g  (1800 rpm. in a Beckman J6-MI) for 15 min at 

4°C, with brake off.  

  34| Pick islets from the interface between density layers 1.069 and 1.096 • 

using a plastic transfer pipette and place in a 50 mL conical tube contain-

ing 25 mL of cold HBSS.  

  35| Wash: Wash two times with cold HBSS (repeating step 29).  • 

  36| Culture: Resuspend the islet pellet in 10 mL RPMI-1640 containing • 

10% FBS (vol/vol), 100 IU/mL penicillin, 100 μg/mL streptomycin, and 20 

mM HEPES and transfer into a Petri dish and place in a humidifi ed incu-

bator (37°C, 5% CO 2 ).      

  16.6.5     Device preconditioning: timing 20–65 min  

   37| Debubbling and vacuum loading of microfl uidic device. PDMS is a • 

hydrophobic material which makes it diffi cult for aqueous solutions to 

coat the device and also is a source of bubbles. Therefore, we recommend 

this fi ve-step process: (i) immerse the microfl uidic device in a vessel and 

fl ush with 100% EtOH for 10 min; (ii) place ethanol treated device in 

vacuum desiccator (Fisher Scientifi c, PA) connected to a standard lab-

oratory wall vacuum system for 30 min at a pressure of ~110–120 kPa; 

(iii) exchange 100% ethanol with distilled (DI) water; (iv) and vacuum 

treated for an additional 30 min; (v) Optional sterilization step :  the 

device can now be wrapped in aluminum foil and autoclaved at 125°C 

for 30 min (Fig. 16.5).  

bonded, and then followed by pressured contact on a hotplate while 

anneal baking. Each completed device is composed of fi ve perifusion 

systems used in parallel with an automated stage, or individually. (d) 

Cross-sectional view of a perifusion system. The completed device and 

device components shown here are proportional to the original device. 

For clarity, channels are indicated in red. Microwells in the bottom layer 

not bounded by the perifusion chamber, are not connected to perifusion 

network. This microwell array is maintained for simplicity for the novice 

fabricator. ( Source : Reprinted with permission from Springer.)  

16.4 Continued
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  38| Connect a 10 mL syringe fi lled with 70% ethanol (vol/vol) to the inlet • 

port with Tygon tubing, fl ow the ethanol for 10 min through the device 

channels to sterilize and prevent the introduction of bubbles. Then, rinse 

with DI water for 5 min (Fig. 16.6a and 16.6b).  

   • Critical step  Pumping ethanol is important to minimize the introduction 

of bubbles. If bubbles cannot be completely removed, use a pipette to 

force DI water with repeated injection and withdrawal.  

  39| Rinse tubings and device with KRB containing 0.3% BSA (wt/vol) • 

for 5 min. Then rinse with KRB containing 2 mM glucose for 5 min 

(Fig. 16.6c).  

   • Critical step  BSA coating prevents non-specifi c absorption of released 

hormones to interior surfaces of tubings and microchannel walls, thus 

ensuring accuracy when later measuring bioanalyte or insulin secretion 

levels.  

   • Critical step  Whenever disconnecting or reconnecting tubing, care needs 

to be taken to minimize the introduction of bubbles into the microfl uidic 

network. This can be accomplished by merging the fl uid medial meniscus 

of the tubing with that of the inlet or outlet port prior to inserting the 

tubing (Fig. 16.6e and 16.6f).     

  16.6.6     Islet cells preparation and loading: timing 40 min  

   40| Fluorescence labeling: Under the microscope, hand-pick 25 mouse • 

islets and place in a Petri dish with 2 mL of KRB containing 2 mM glu-

cose. In the Petri dish, an ellipsoid swirling motion is used to aggregate 

in a cluster for easier handling in subsequent steps. Add Fura-2 AM 

at a fi nal concentration of 5 μM and Rh 123 at fi nal concentration of 

2.5 μM.  

  41| Place the dish into the humidifi ed incubator (37°C and 5% CO • 2 ) for 

30 min.  

        Immerse and
perfuse in 100% EtOH

Vacuum treat 
for 30 min

Vacuum treat 
for 30 min

    Exchang 100%
EtOH with D.I. H2O

Wrap in 
Aluminum foil.

Autoclave 
at 125°C 
for 30 min

Completed 
device

1

2

3

4

5

 16.5      Device debubbling and vacuum loading. Five-step protocol 

of PDMS surface treatment and vacuum fi lling protocol for bubble 

formation prevention. ( Source : Reprinted with permission from 

Springer.)  
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  42| Islet loading: Disconnect the device from syringe pumps and place • 

device on a fl at surface. Making sure that a media meniscus bead of 

buffer overfl ows each unconnected port.  

  43| After 30 min incubation, pick up the islets using a 20 • μL pipette, 

insert into the loading port, and gently load the islets by dialing down 

the pipette (Fig. 16.6d).  

  44| Aspirate another 20 • μL KRB from the outlet and inject into the inlet 

port, dispensing the loaded islets into the bottom of perifusion chamber 

(Fig. 16.6e).  

  45| Place the preconditioned device with the loaded islets on the 37°C • 

heated microscope stage and connect the inlet to syringe pumps contain-

ing 2 and 25 mM glucose solutions via the Y-connector with the Tygon 

tubing. Connect the outlet of the microfl uidic device to fraction collector 

(Fig. 16.6f).  

   • Critical step  GSIS is sensitive to temperature changes, maintain a tem-

perature range of 37 ± 3°C in the perifusion chamber and confi rm with 

a temperature probe. To further avoid temperature change, place a hot 

plate set between 45°C and 60°C upstream of the device inlet to heat the 

incoming perifusing media (Fig. 16.3b).  

Tubing PDMS Plug

Pre-treat with 70% EtOH Pre-treat with D.I. H2O Pre-treat with KRB + 0.3% BSA

Load islets Fill inlet port Connect tubing, reseal device

Media
meniscus

2 1
1

2
3

(a) (b) (c)

(d) (e) (f)

 16.6      Microfl uidic device preconditioning and islet loading. (a) EtOH 

Pre-treatment: Preconditioning begins by perifusing tubings and 

microfl uidic devices with 70% ethanol (vol/vol) to apply a hydrophilic 

coating. (b) DI H 2 O rinse: DI water is perifused to rinse out excess 

ethanol. (c) BSA Rinse: 0.3% BSA in Krebs-Ringer Buffer (wt/vol) is 

then applied to prevent insulin and other organic species from being 

trapped in tubing and microfl uidic device. (d) Islet Loading: Tubing is 

disconnected and inlet ports are fi lled and overfl owed with perifusate 

to create a meniscus. Islets are then loaded with 20 μL pipette which 

is dialed down until empty. (e) Inlet Preparation: Medium from outlet 

(1) and inlet (2) is overfl owed. (f) Final Connections: Inlet tubing is 

reconnected (1). Media at islet loading port and outlet port overfl ow. 

Loading port is sealed (2). Finally, outlet tubing is reconnected to outlet 

port (3). ( Source : Reprinted with permission from Springer.)  
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   • Critical step  In order to prevent sudden pressure changes and bubble 

formation in the perifusion chamber, islet loading is best done on a 

fl at surface and when all the tubings are disconnected from the device. 

Rapid changes in pressure can cause islets to become dislodged and exit 

the perifusion chamber through the outlet.  

   • Critical step  Make sure syringes, tubing, microfl uidic device, and outlet 

are all on the same level surface or height. Different heights will cause 

different pressures and fl uid fl ow which may eject islets. If perifusion is 

stopped, make sure to clamp outlet to prevent fl uid fl ow which may eject 

islets.     

  16.6.7      Simultaneous islet perifusion and fl uorescence 
imaging: timing 40 min  

   46| Start the syringe pump containing 2 mM glucose KRB solution to • 

wash the excess dye from the perifusion chamber and islets at a speed of 

250 μL/min for 10 min.  

   • Critical step  To maximize signal-to-noise ratio, make sure that there is 

enough time for hydrolysis and washing of excess fl uorescent indicator 

dyes.  

  47| During the washing period, start searching the areas of interest • 

(ROIs) using transmitted light illumination.  

   • Critical step  Start this step as soon as possible without waiting until the 

completion of the washing.  

  48| Open Simple PCI imaging software and LabVIEW.  • 

  49| Use the ROI tool of the imaging software to defi ne the islets and • 

islet regions to be imaged and also circle a non-islet area for later back-

ground subtraction.  

  50| Designate the excitation and emission fi lter sets for simultaneous • 

imaging of Fura-2 for intracellular calcium changes and Rh 123 for mito-

chondrial potential changes. Fura-2 excitation occurs at 340 and 380 nm 

and detected at 510 nm ± 10. The Fura-2 excitation ratio (F380/ F340) is 

obtained using Simple PCI. Rh 123 is excited at 490 nm and detected at 

530 nm ± 10.  

  51| Initialize LabVIEW to create a defi ned linear glucose gradient (2–25 • 

mM) (Plate Xa (see in color section between pages 328 and 329)) and set 

the fraction collector at 1-minute intervals.  

   • Caution  When programming LabVIEW, you can confi rm the creation of 

the desired glucose gradient profi le by sampling the perifusate and using 

a glucometer to measure glucose levels before experimentation.  

   • Critical step  Adjust fl uorescence intensity gains at each wavelength to 

prevent artifacts.  
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  52| Start acquiring a time series of Fura-2 and Rh 123 fl uorescence at the • 

ROIs at 15-second capture interval.  

  53| Turn off the syringe pump containing 25 mM glucose after the com-• 

pletion of glucose gradient. Let the low glucose pump continue to wash 

out the effect of the high glucose for 10 min.  

  54| Following the perifusion, export the data to excel for analysis. The • 

amount of insulin secreted into the perifusate is determined by ELISA 

according to manufacturer protocol (Plate Xb and Xc).  

  55| Flush out islets and cellular debris with 1 mL pipette and commence • 

fl ushing the perifusion. Then fl ush chambers with 70% ethanol (vol/vol) 

for 10 min and DI H 2 O for 10 min. Cleaning is variable and dependent 

on media used.    

 Troubleshooting advice can be found in Table 16.2.        

  16.7     Anticipated results 

 As an example of expected results, below, we briefl y present published data 

from experiments that followed this protocol and where the simultaneous 

islet perifusion and fl uorescence imaging are conducted in mouse pancre-

atic islets. The glucose-stimulated β-cell insulin secretory pathway is a com-

plex process involving glycolysis, mitochondrial ATP production, followed 

by ATP-sensitive K+ (K ATP ) channel closure, subsequent plasma membrane 

depolarization, and the resulting rapid infl ux of calcium ions through VDCCs. 

Finally, the increase in [Ca 2 +] i  triggers the fusion of the insulin granules with 

the plasma membrane resulting in the exocytosis of proinsulin, C-peptide, 

and insulin (Henquin  et al ., 2006; Keizer  et al ., 1989). Alternate pathways, 

independent of K ATP  and [Ca 2 +] i,  have been described. However, the K ATP  

and [Ca 2 +] i -mediated pathway remains the primary mechanism of insulin 

secretion (Henquin  et al ., 2000). 

 Using this protocol, we apply Fura-2 and Rh123 fl uorescence probes for 

the simultaneous measurement of intracellular calcium and mitochondrial 

potentials during controlled islet perifusion in response to various insulin 

secretagogues. As shown in Plate Xb, islets initially exhibit the canonical 

hyperpolarization of mitochondrial membrane potentials and subsequent 

biphasic calcium signaling pattern with a primary initial maximal infl ux pulse 

and a secondary lower and sustained pulse period with slow calcium oscil-

lation. Insulin release exhibits a typical biphasic profi le. In contrast, islets 

stimulated with tolbutamide exhibit both monophasic calcium signaling 

and insulin secretory patterns, without signifi cant decrease in mitochondrial 

membrane hyperpolarization proceeding recorded changes in [Ca 2 +] i  (Plate 

Xc). Unlike glucose-induced calcium infl ux, tolbutamide directly closes K ATP  

channels, causing membrane depolarization and VDCC activation. 

�� �� �� �� �� ��



© Woodhead Publishing Limited, 2013

 Table 16.2     Troubleshooting table 

Step Problem Possible reason Solution

4 SU8 too thin Spinning 

parameter

Adjust spin speed according to 

temperature

6, 8, 

9

SU8 residue Resist adhesion Dehydration bake, increase 

UV exposure, cool slowly 

after bake steps

9 SU8 residue Poor 

development

Add new developer, increase 

UV, agitate solution

14 PDMS not curing Mixing, 

contamination

Mix well, avoid vacuum 

desiccator contamination, 

alternative degassing 

using centrifuge, etc.

19 Poor or no 

bonding, 

leaking

Poor surface Plasma not strong, add 

pressure, dirty surface, 

PDMS not cured

25 Stomach or 

duodenum 

distended 

during 

enzyme 

injection

Wrong clamp 

site

Recheck the ampulla that is a 

white spot on the surface 

of the duodenum and 

reclamp it

27, 

28

Over-digestion/

fragmentation

Digestion 

condition

Adjust enzyme concentration, 

digestion time, and the 

degree of hand shack

38 Bubbles in 

chamber

Chamber 

conditioning

Precondition with ethanol

39 Precipitates in 

chamber

Chamber 

conditioning

Wash thoroughly with DI 

water after ethanol

43 Poor islet 

loading with 

bubbles

Bad loading 

order

Fill ports with buffer and 

observe order of loading

52 Low 

fl uorescence 

intensity

Bad illumination Change microscope 

fl uorescence source or 

increase signal gain

52 Poor islet 

calcium 

response

Bad perifusion 

control

Check temperature, KRB 

pH, and fl uorescent dye 

expiration

52 Bubble 

introduced in 

chamber

Bad connection, 

chamber 

conditioning

Check tube connections, 

change to clean tubing, 

check bubble trap, clean 

and redo preconditioning. 

Ensure syringes, device, 

tubing, and fraction 

collector are leveled

54 Poor or insulin 

levels

Chamber 

conditioning

Make sure to precondition 

device with 0.3% BSA 

(wt/vol)

Poor result due to 

dirty device

Chamber 

conditioning

Sonicate with ethanol in 

chamber, one perifusion 

chamber has lifetime of ~10 

uses. Device has lifetime of 

50 uses, as there are fi ve 

chambers for each device.
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 16.7      The creation of various glucose temporal gradients in the 

microfl uidic network vs. expected values. (a) Symmetric-bell shape at 

range of 2–14 mM. (b) Square-shape of 5–14 mM glucose. (c) Linear 

5–25 mM glucose.  
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 A high signal-to-noise ratio is required in order to have valid real-time 

fl uorescence detection from active monitoring of β-cell metabolic and ion 

signaling events. In the demonstrated results, both fl uorescence signals 

show a good signal-to-noise ratio in more than 20% changes. The insulin 

secretion profi les from 25 islets in response to glucose and tolbutamide 
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 16.8      Human islet response to glucose and high potassium stimulation 

(a) A representative of tracing of calcium infl ux and mitochondrial 

potential changes of human islets in response to 25 mM glucose and 

30 mM potassium chloride. (b) A representative of trace of insulin 

secretion profi le of 50 human islets in response to 25 mM glucose and 

30 mM potassium chloride.  
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demonstrate that the system has suffi cient sensitivity and temporal resolu-

tion to detect either biphasic or monophasic insulin secretion. In addition, 

various user-defi ned temporal glucose gradients can be created and main-

tained stably in the perifusion chamber (Fig. 16.7a–16.7c). 

 As aforementioned, the microfl uidic device and its accessories were orig-

inally designed for functional human islet evaluation prior to transplant. 

Islet transplantation is a promising therapy for Type 1 diabetes, but shows 

variable success rates. It is thought that inconsistent outcomes are mostly 

related to the variable quality of human islet preparations. While tests for 

sterility, identity, and purity are well established, no reliable method for 

assessing islet potency is available. The results of human islet function using 

static glucose incubation do not correlate with clinical outcomes such as islet 

graft function and insulin independence. With the approach in this protocol, 

a β-cell specifi c and glucose-stimulated multimodal assay will be established 

for human islet evaluation, with the ultimate goal being validated as an islet 

potency test that meet FDA standards. At this moment, we are still in the 

process of evaluating this device and testing different stimulation protocols 

for human islet potency and viability study as shown in Fig. 16.8.  
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 Plate VIII      (Chapter 16) Insulin secretory pathway and kinetic profi le. 

(a) Ionic control of secretion. (b) Biphasic insulin secretory kinetics. 

( Source : Reprinted with permission from Future Science Ltd.)  
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 Plate IX      (Chapter 16) Characterization of perifusion chamber fl uid 

dynamics. The device was modeled using CFD-GEOM software. CFD-

ACE software was use to simulate exchange of solution at an inlet 

fl ow rate of 1 mL/min. Channel was set with initial condition of 0 M 

dye followed by fl ow with 1 M dye. Simulation results were processed 

using CFD-View software. Simulations were performed at steady-state. 

(a) Computer Simulation of Fluid Dynamics: Molar Concentration 

superimposed with vector fi eld fl ow and velocity superimposed with 

vector fi eld fl ow. (b)  In vitro  verifi cation of fl uid dynamics: FITC mixing 

plots vs. time across different regions at three different fl ow rates. 

(Blue: inlet-well bottom, Red: center-well bottom, Yellow: outlet-well 

bottom, Green side-well bottom). ( Source : Reprinted with permission 

from Springer.)  
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 Plate X      (Chapter 16) Simultaneous islet perifusion and fl uorescence 

imaging of mouse isolated islets. (a) A preprogrammed 2–25 mM 

glucose ramp. (b) Δ Mito , [Ca 2 +] i , and dynamic insulin release (mU/L/25 

islets) and profi les in response to the glucose stimulation. (c) Δ Mito , 

[Ca 2 +] i , and dynamic insulin release (mU/L/25 islets) profi les in 

response to the 250 μM tolbutamide stimulation.(d) The transmitted 

islet image. (e-f). The Fura-2 islet images. (g) The Rh 123 islet image. 

(h) The merged image of Fura-2 and Rh 123.  
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  Abstract : Microfl uidic devices feature several properties potentially 
benefi cial for radiochemical synthesis. High surface-to-volume ratio of the 
reactor allows for improved process control and heat transfer; low amount 
of the reagent simplifi es the purifi cation procedure; high concentration 
of the radioactive reagent potentially increases the reaction rate. A 
number of successful experimental devices have been reported, but wide 
adoption of the technology is hindered by limited choice of materials, 
scarce feedback, and underdeveloped means of coupling with macro-
devices. This chapter discusses the reported applications of microfl uidics 
for radiochemical synthesis, the areas in need of improvement, and 
potentially relevant recent developments. 

  Key words : positron emission tomography, radiolabeling, microfl uidic 
reactor, radiochemistry automation, nuclear medicine. 

    17.1     Introduction 

 The fi rst patent applications for the use of microfl uidic devices in radio-

chemical synthesis were fi led in early 2000s, 1  and since then almost a hun-

dred publications have appeared. Early publications were quickly followed 

by reviews optimistically discussing prospects of the emerging technology. 2,3  

The explosive growth of the publication count illustrates enthusiasm of the 

radiochemical community to the new technology. Nevertheless, the installed 

base of microfl uidic radiochemistry modules does not exceed several doz-

ens, but only a small fraction of the number of conventional modules. The 

slow acceptance of the technology is an alerting sign, indicating that the 

technology lacks some key features to be expected in successful radiochem-

istry equipment. This review summarizes the advantages microfl uidic tech-

nology can offer but, more importantly, discusses the drawbacks impeding 

its wider acceptance. 

 A number of experimental apparatuses having some traits of microfl uidic 

machines have been reported; not all of them, though, exhibit the titular 
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feature of microfl uidic: low volume. Devices with reactors as large as 0.5 

mL have been presented as microfl uidic in the literature 4  because one of 

the reactor dimensions was on the scale of hundreds of microns. This broad 

interpretation of microfl uidic devices 5  covers some other types of devices, 

such as ‘captive-solvent’ machines dating as far back as 1986. 6  Since this 

chapter is devoted to practical application of the technology, it includes all 

publications related to performing radiochemistry in miniature devices.  

  17.2     Medical applications of microfluidic 
radiochemistry: positron emission tomography 
(PET) and single photon emission computed 
tomography (SPECT) 

 The majority of publications reporting uses of microfl uidic devices in radio-

chemical synthesis are related to production of tracers for positron emis-

sion tomography (PET) or to a similar technique, single photon emission 

computed tomography (SPECT). PET is a relatively new medical imaging 

modality, used for the quantifi cation of biochemical processes in live organ-

isms, with medicine being its major application. 

 In a typical PET imaging study, a molecule labeled with a positron emit-

ting radionuclide is injected into patient’s bloodstream and, after a pre-

defi ned time, the patient is placed in the PET scanner. The scanner and 

the processing software reconstruct a 3D spatial distribution of injected 

radionuclide in patient’s body. Since the effects of biochemical processes on 

the biodistribution of this labeled molecule are well studied, imaging spe-

cialists can draw conclusions about biochemical processes in the patient’s 

body. [ 18 F]-2-deoxy-2-fl uoro-D-glucose (FDG), is the only PET agent cur-

rently reimbursed by insurance companies in the US, and therefore is the 

most widely used in routine studies. This molecule is known to accumulate 

in metabolically active tissues, most notably in actively growing tumors. 

This property made FDG-PET an invaluable tool in oncological imaging 

with approximately 5 millions scans performed yearly worldwide. SPECT 

operates under similar principles, but relies on isotopes emitting γ-photons, 

rather than positrons emitting nuclides. 

  17.2.1     Typical workfl ow of an imaging study: reliability 

 A PET imaging study is a costly, concerted process involving many people 

and often several organizations. The fi rst step is production of labeling radio-

nuclide on biomedical cyclotrons, equipment usually installed only at major 

production facilities. In the second step, the radioisotope is incorporated 

into an organic molecule and a fi nal tracer is produced. The incorporation 
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process and other steps of the chemical synthesis, are performed on an auto-

mated module. Making this step more effi cient is the point in the imaging 

workfl ow where microfl uidic technology might be applied. Once the radio-

tracer is produced, it undergoes a complex quality control procedure, nor-

mally performed by the team that produced the tracer. On the third step, 

the tracer is transferred to the imaging team at the hospital. The patient is 

injected with a dose of the tracer and an image is acquired at the predefi ned 

time after injection. The scanner and its infrastructure are the second big-

gest investment in the imaging equipment (after the cyclotron facility); 

small clinics can rarely afford this equipment. In the fi nal step, a qualifi ed 

radiologist analyzes the image and communicates the interpretation to a 

treating physician. 

 Due to the complexity of the workfl ow, the reliability of tracer production 

is a critical parameter. It is important to emphasize that the whole chain of 

events is highly organized and a fl aw in any of the links will cause a failure 

of the entire effort and considerable fi nancial loss; currently, the cost of one 

scan varies from $2000 to $6000. This puts signifi cant pressure onto each 

team, which increases toward the beginning of the chain:  a failed cyclotron 
run or radiochemical synthesis will result in cancelation of nearly a hundred 
of studies, while untimely scan interpretation only delays one patient’s treat-
ment.  It is also important to note that the cyclotron only produces radioactiv-

ity in batches, taking normally 2–4 h to produce the amount of radioactivity 

needed for the production facility to meet a daily demand. Therefore, once 

the radioactive nuclei are produced, the downstream steps have to be exe-

cuted fl awlessly, since there will be virtually no chance to correct any prob-

lems. The key factor determining the entire workfl ow of the PET study is the 

lifetime of the radionuclide used. Most commonly employed  18 F has a half-

life of 109.7 min; and  11 C – a less widespread, but sought after isotope – has a 

half-life of 22 min. This invariable physical constant imposes very strict time 

constraints on each step of the imaging study.  18 F allows no more than 10 h 

between the end of cyclotron production and the start of the scan, while use 

of  11 C-labeled tracer shortens this time to about an hour. 

 In this situation, the equipment suitable for modern PET probe produc-

tion would have to meet certain criteria:

   (a) Tracer production should occur with minimal loss of radioactivity, mean-

ing high chemical yield and short process time.  

  (b) The instrument reliability should be predictable, preventive maintenance 

operations should be established, and a suffi cient set of pre-production 

self-checks should be implemented.  

  (c) Instrument automation should eliminate routine manual procedures, up 

to production of fi nal injectable formulation.  

  (d) The instrument software should comply with GMP guidelines.    
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 Less important requirements include production of a range of tracers, 

self-shielding, and the option to operate the instrument at the imaging facil-

ity and not the center where radionuclide is produced.   

  17.3     Advantages and disadvantages of microfluidic 
devices  

 Microfl uidic systems feature a set of unique properties determined by their 

size and geometry. This chapter discusses some of these features from a 

radiochemist’s perspective. 

  17.3.1     Benefi cial properties of microfl uidics 

 Microfl uidic devices exhibit a set of properties that can improve produc-

tion of radiotracers. Mainly, potential benefi ts stem from the titular feature 

of microfl uidic – small volume of the reactor. Other improvements are not 

directly related to the volume of the reactor, but can be more easily realized 

in microfl uidic setting. 

  High surface/volume ratio 

 As the radius of a sphere decreases, its volume decreases as its cube, but 

its surface area only decreases as its square. Therefore, smaller reactors 

have more surface area per unit of volume. This basic property of microre-

actors has several important implications for chemical processes. Thermal 

exchange with a temperature controlling media is defi ned by the area of 

contact between the reactor and heat-transferring material; therefore, it 

becomes much more effi cient in the case of the microfl uidic device. This 

starts a cascade of interrelated improvements. Increased thermal exchange 

leads to more uniform temperature distribution inside the reactor volume; 

it also leads to increased rate of temperature change, allowing for very rapid 

and even heating and cooling. In terms of chemical processes, that means 

that the reaction conditions can be tightly controlled, and there is no need to 

overheat part of the reaction mixture in order to increase the temperature 

of the whole reaction volume. 

 Low volume of the reactor can be a benefi t in itself, as it might decrease the 

rate of radiolysis. Radiolysis is a degradation of a target molecule caused by 

the energy of the radioactive decay that occurred in the adjacent molecule. 

Obviously, once radionuclide incorporated into a molecule disintegrates, 

this molecule ceases to exist. The energy of this disintegration though is so 

large that it also breaks chemical bonds in the neighboring molecules, whose 

radionuclide has not yet disintegrated. This is a highly undesirable process, 

responsible for the formation of radioactive impurities in the fi nal product. 
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 The mechanism of radiolysis is poorly studied. Presumably it is mediated by 

free radicals formed at the disintegration event. It is noteworthy that the posi-

trons formed upon disintegration of positron emitting isotopes scatter kinetic 

energy within several millimeters from the origin. The exact diffusion distance 

depends on the initial positron energy and varies between ~0.6 mm for  18 F to 

~4 mm for  124 I. 7  That is, positron energy emitted by  18 F nuclei is distributed 

along a path of approximately 0.6 mm. In theory, if a signifi cant portion of this 

energy is scattered outside of the reactor volume, the rate of radiolysis should 

be diminished. Therefore, if the reactor dimension is smaller than the positron 

diffusion path, it is logical to expect a diminished radiolysis rate. 

 Another important consequence of high surface/volume ratio is greater 

mechanical strength. It is easier to withstand high pressure within a small 

cavity than in a conventional vessel.  

  High reagent concentration 

 The key distinction of radiochemistry from conventional chemistry is the 

trace amounts of radioactive reagents. Concentrations of the radioactive 

molecules in the mixture are often lower than concentrations of the impu-

rities introduced with solvent and other reagents. The lack of control over 

the nanomolar level of radioactive materials causes notorious fl uctuation 

in radiosynthesis effi ciency. Not only does low concentration of the key 

reagent make all processes kinetically unfavorable, but the presence of the 

impurities, not signifi cant enough to be controlled in macroscopic synthesis, 

become signifi cant in the radiochemical setting. 

 Assuming that the same number of radioactive atoms is used, lower vol-

ume reactor will provide higher concentration of radionuclide. To realize 

this opportunity, an effi cient system for the radioactivity concentration has 

to be developed as well.  

  Low amount of reagents used 

 To maintain the prescribed concentration of reagents, smaller amounts of 

these reagents are needed in a smaller reactor. Aside from the obvious eco-

nomic benefi ts, this feature has a major impact on the purifi cation process. 

At the end of the chemical synthesis, the reaction mixture always contains 

overwhelming amount of impurities, often chemically similar to the target 

product. Purifi cation is usually performed by semi-preparative high perfor-

mance liquid chromatography (HPLC). Use of a lower amount of starting 

material decreases the amount of the mixture to purify, thus reducing the 

size of the column needed for the purifi cation. Smaller columns are nor-

mally more effi cient, due to better packing of sorbent, which makes the 

purifi cation process more reliable. 

 Additionally, smaller columns operate at lower absolute fl ow rates, thus 

increasing concentration of the purifi ed product. This is a desirable property 
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in a number of cases. The strength of the fi nal dose can be important in 

the case of ethanol-based eluent, when the eluent is used directly for injec-

tion and the amount of injected ethanol limits the injectable volume. It is 

also important if other organic solvents are used in eluent. A process called 

‘reformulation’ or ‘reconstitution, is then performed to replace toxic organic 

solvent for less toxic ethanol. A large volume of the solution to be reformu-

lated has a detrimental effect on the effi ciency of this process. Finally, in case 

of preclinical applications, the maximum volume allowed for injection can 

be as small as 200 μL in the case of a mouse. 

 Therefore, due to cost savings, increased purifi cation effi ciency, and 

increased concentration of the fi nal product, an opportunity to reduce the 

amount of the starting material is greatly desirable.  

  High automation 

 Any microfl uidic device developed past the stage of a crude prototype is a 

highly automated system controlled by computer software. Remote opera-

tion of this device thus becomes natural, allowing for easy installation inside 

radiation shields – important requirements for production of radioactive 

compounds. Additionally, the exclusion of an operator reduces human error 

in production, and increases overall reliability.   

  17.3.2     Problematic properties of microfl uidic devices 

 Despite its advantageous characteristics, microfl uidic production of 

radiotracers has yet to become a commonly accepted technique. Several 

problematic features impede its wider acceptance in the radiochemistry 

community. 

  Macro to micro interface 

 A microfl uidic reactor provides the option of performing the reaction in 

very concentrated solution, but an effi cient concentration system is needed 

for quick conversion of radioactivity from 2 mL of target water supplied by 

cyclotron to several microliters of solution. For the initial proof-of-concept 

devices, this was of less concern and these experimental devices used small 

portions of the target water without any concentration. In the production 

environment, it is important to use all radioactivity produced by the cyclo-

tron, while avoiding transfer losses. 

 Purifi cation of the reaction mixture requires transfer of the microreactor 

content back to the macro-scale. Lossless transfer is of particular impor-

tance in this case, because a little volume left in the reactor can contain a sig-

nifi cant portion of the product. Typically, this problem is resolved by using 

a vast excess of diluting solvent to carry the radioactivity to the purifi cation 
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system. This solution though undermines the purifi cation benefi ts micro-

fl uidic systems can potentially provide. Milliliter-scale solutions require 

semi-preparative setups for purifi cation and the carrier solvent might be 

incompatible with the purifi cation eluent.  

  Gathering feedback 

 Control of every process occurring in the chemistry module and a set of pre-

run checks is prerequisite for reliable performance of a radiochemical mod-

ule. Conventional radiochemical modules are equipped with a set of sensors 

reporting process parameters and system status. Parameters such as temper-

ature, pressure in the reactor, as well as gas fl ow at the critical points in the 

plumbing system, are constantly monitored. Radioactivity detectors are nor-

mally installed in several critical locations in the instrument, providing real-

time information on the radioactivity transfers. Additionally, cameras are often 

used to observe those parts of the instrument obstructed by lead shields. 

 Control of these parameters in the microfl uidic device is an engineering 

problem in itself. No radiochemical devices have been reported so far that 

report temperature or pressure inside a microreactor. Gas fl ows through the 

reactor are easier to control, and some systems do provide this functionality. 

Accurate measurements of radioactivity in the integrated microfl uidic chip, 

where distances between components do not exceed millimeters, is chal-

lenging at the current level of technology. 

 In this situation, the microfl uidic radiochemistry modules operate under a 

set of unverifi ed assumptions. Because of the lack of real-time information 

the operator cannot intervene and salvage a run even if that were possi-

ble, so that preventive maintenance and troubleshooting of the equipment 

become very ineffi cient. As a result, microfl uidic devices installed in radio-

chemistry labs become ongoing projects, rather than reliable tools helping 

radio chemists.  

  Sensitivity to particulate matter 

 Advion NanoTek, the only commercial microfl uidic device for radiochem-

istry, relies on a reactor with internal diameter of only 100 μm. 5  Solutions 

passing through tubing of this diameter have to be free of particulates, which 

is diffi cult to ensure due to the possible formation of the solids during reac-

tion. Organic reactions often produce solid byproducts that can occlude the 

reactor. This becomes of practical concern in the absence of effi cient fl uid 

transfer control and pre-run diagnostics.  

  Specialized device manufacturing methods 

 Methods commonly utilized in the production of microfl uidic devices require 

setups not widely available in radiochemistry labs. As a result, integrated 
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devices have to be built specifi cally for a particular radiochemical process, 

and can hardly be customized after. Systems coupling microfl uidic reactors 

with conventional equipment, such as the NanoTek device, avoid this infl ex-

ibility at the expense of reagent and radioactivity losses occurring at each 

micro-to-macro interface. 

 Manufacturing of microfl uidic devices is readily adaptable for mass pro-

duction, but development of any particular device normally requires spe-

cialized equipment and only becomes commercially viable if mass scale 

application is anticipated.    

  17.4     Realization of promises: the superiority of 
microfluidic systems 

 The previous section presented a list of properties generally attributable to 

microfl uidic devices, focusing on those relevant to radiochemical synthesis. 

These properties by themselves do not automatically confer any advantages 

to microfl uidic systems. This section will review reports of the microfl uidic 

systems surpassing conventional systems in at least some aspects. 

  17.4.1     Main microfl uidic device types reported 

 Reactor classifi cation adopted in classical chemical engineering is well 

applicable to the microfl uidic radiochemistry platforms. There are two con-

ceivable types of reactors: fl ow-through and batch. Combinations of these 

also exist. 

 The fl ow-through reactor in its typical form is a long channel (or a vessel 

with a mixer) kept at a predefi ned conditions. Reagents are continuously 

infused into the reactor and then the mixture of products is continuously 

collected at the outlet. This type of reactor is widely used in the chemical 

industry where it allows for uninterrupted production of product depen-

dent only on the continuous supply of the reagents. Early examples of 

the microfl uidic devices applied for radiochemical synthesis followed this 

principle. 

 The fi rst example of such a device was disclosed in 2003 in the form of 

patent applications by Brady  et al . 1  The patent introduced a series of novel 

ideas. First, this was the earliest publication that focused on microfabricated 

devices for radiochemical synthesis. Second, the patent application described 

a device integrating all aspects of radiopharmaceutical production, from pro-

cessing of the cyclotron output to the quality control of the fi nal dose. Third, 

the apparatus described in the published examples was designed to perform 

radiolabeling with a wide range of radioisotopes:  18 F,  11 C, and  124 I. Fourth, 

an important innovation with this patent was the sequential connection of 

two identical chips for a two-step synthesis. This concept was implemented 
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in a form of a T-mixer, followed by a long reaction channel etched on a 

glass substrate and covered by another layer of glass. The reagents were 

infused using syringe pumps, the temperature of the chip being controlled 

with an external heater. In the reported examples, all processes, aside from 

mixing and reaction, were performed in a conventional manner and decay 

corrected radiochemical yield (RCY) of FDG was 24%, unacceptably low 

by modern production standarts. 8  A series of more sophisticated and auto-

mated devices based on this platform was later reported by the same group 

of authors, but the RCY of FDG remained unimpressive. 9–11  Substantial 

reduction on process time was also reported by the same group. 12  

 Another group reported a microfabricated device for radiochemical syn-

thesis almost at the same time. 13  The device featured a very similar archi-

tecture: a T-shaped channel (220 μm (W) × 60 μm (D) × 14 mm (L); and 

total volume 0.2 μL) located at the interface of two bonded borosilicate glass 

layers. Two entry ports were connected to precision syringe pumps, and one 

exit port led to a collection reservoir (Fig. 17.1). The apparatus was used for 

alkylation of a carboxylic acid with [ 11 C]-MeI and [ 18 F]-FCH 2 CH 2 OTos. Yield 

as high as 88% was reported for the former reaction, while RCY for the later 

one did not exceed 10%. This early prototype already demonstrated a high 

degree of the control microfl uidic technology can provide for radio chemists. 

Just by changing the infusion rate, authors could modulate the reaction time 

with high precision and reproducibility. Soon after, another continuous fl ow 

design based on the simplest fl ow-through vial was published. 11  In this design, 

the volume of the reactor was made up of a coin-shaped disk with inlets and 

outlet. The feasibility of very fast FDG synthesis was demonstrated using 

this design: 50% of radioactivity was converted to protected FDG in just 4 s. 

The design of a continuous fl ow reactor combining a series of fl ow-through 

cavities connected with capillaries was later investigated by others. 14       

 Flow-through reactors proved particularly useful for the labeling proce-

dures involving gaseous radioactive precursors. The high liquid–gas surface 

achievable in a microfl uidic reactor was used for carbonylation reactions 

involving gaseous [ 11 C]-CO. 4,15  

 The high degree of reaction control, and the ability to sample process 

conditions in fi ne steps, encouraged commercialization of the fl ow-through 

microfl uidic reactors. Advion currently offers a confi gurable microfl uidic sys-

tem under the ‘NanoTek’ brand (Fig. 17.2). 16  The central part of the machine 

is a reactor manufactured from fused silica and housed in a thermostated 

brass cartridge. One cartridge houses two-meter long 100 μm diameter 

tubing with total volume 15.7 μL; the cartridges can be linked together to 

increase the length and volume of the reactor. The key feature of the system 

is its ability to perform a series of experiments sampling just one parameter 

at a time. That is normally done even with the same batch of the  18 F-K 222  com-

plex and the same batch of the precursor solution that eliminates variability 
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associated with trace impurities (e.g. moisture). Commercial availability of 

a microfl uidic system stimulated a series of reports on detailed optimization 

of reaction conditions of several important radiochemical transformations. 

The system was used for labeling with both  18 F 5  and  11 C. 17  More than 30 com-

pounds have been radiolabeled using this device, some of them involving 

complex synthetic procedures. 18  In order to enable sequential transforma-

tions, a simple T-mixer can be installed downstream from the reactor. The 

mixer combines the output from the fi rst reactor with a stream of reagent 

needed for the next step, and feeds the mixture into the second reactor. 19  

Nevertheless, it has been a trend that after careful study of the reaction 

with the microfl uidic apparatus, authors opted for conventional synthetic 

modules for large scale production, and Section 17.5 will be discussing this 

in more detail.      

 As opposed to the fl ow reactor, the batch reactor in its classic form is a ves-

sel that is loaded with reagents and then the product mixture is unloaded after 

the content has been treated under certain conditions for a predefi ned time. 

 In fact, a series of machines built upon the so-called captive-solvent 

method can be considered the fi rst generation of microfl uidic devices with 

mixed batch-fl ow architecture. The devices were used for preparation of 

 17.1      The simple T-shaped microfl uidic reactor reported by Lu  et al . 

Reagents enter from the two ports and the product is collected at the 

outlet. ( Source : Reproduced with permission from Lu, S.  et al .,  Lab on a 

Chip  2004,  4 , 523–5. 13 )  
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[ 11 C]-labeled radiopharmaceuticals as early as 1985. 6,20,21  The central feature 

of these machines was a reactor in a form of a long tube. In some cases, the 

long tube was packed with an inert porous material. The inner surface of 

the tube was covered with a concentrated solution of the labeling precursor. 

Gaseous radioactive precursor was then passed through the reactor and the 

radioactivity was trapped in the tube due to the labeling process. A typical 

example 22  of the captive-solvent apparatus is illustrated in Fig. 17.3.      

 The volume of the reactor in these devices ranged from 125 to 500 μL. 

However, the real reaction volume was most likely considerably smaller, 

because the reagent captured in the reactor was only spread over a thin 

layer. In terms of the hardware the devices were more similar to the Advion 

setup, than to the later generation microfl uidic batch reactors; however, the 

captive-solvent process is a clearly batch method, as it involves sequential 

loading of the reagents and only a fi nite amount of the product produced in 

one run. This early research revealed long before the 2003 Bradley patent 

application that radiosynthesis in a small volume benefi ts from low precur-

sor consumption, easy purifi cation due to low mass of impurities, and high 

labeling yield. 20  

 There are two critical advantages of the batch reactors as compared 

to fl ow-through reactors. First, production of the radiopharmaceuticals is 

inherently batch process: the cyclotron produces radioactivity in batches, 

and the fl ow reactor will operate out of its optimum mode in this situa-

tion. Second, performing a multistep synthesis in a fl ow-through reactor is 
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inherently diffi cult, due to cross-contamination between reagent streams 

and technical diffi culties of switching from the solvent of the fi rst reaction 

to a solvent suitable for the second one. Due to these considerations, batch 

microfl uidic devices received early attention. 

 A fully integrated microfl uidic device, performing on one chip all the syn-

thetic operations needed for production of FDG (Fig. 17.4), was in fact one 

of the fi rst reported devices. 23  A complex pattern of channels and valves 

enabled all necessary processes: fl uoride concentration, drying, radioactivity 

incorporation, hydrolysis, and evaporation. In just 14 min this circuit pro-

duced enough FDG for a mouse image. The main drawback of the device 
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 17.3      Schematic of a captive-solvent apparatus for  11 C-methylation. The 

reactor is coated with concentrated solution of precursor prior to the 

reaction, the original design of the heating device allowing for rapid 

changes in temperature. Reactor volume is 124 μL, and reactor volume 

is further decreased and surface increased by fi lling with acrylic yarn. 

( Source : Reproduced with permission from Watkins  et al. ,  Applied 

Radiation and Isotopes  1988,  39 , 441. 22 )  
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was a very low overall yield (26%), the result of interaction of free fl uoride 

with polydimethylsiloxane PDMS, the polymer used for the device fabrica-

tion. 23  Microfabrication technology allowed bringing together components 

that normally constitute separate hardware blocks, such as valves, pumps, 

and ion exchange column. Integration of all components on one device was 

the fi rst step toward the production of cheap integrated circuits for use in the 

radiochemical processes. Use of an elastomer for fabrication of this complex 

structure was critical, as all valves in the device relied on the elastic proper-

ties of the material. A recent ‘digital’ batch microfl uidic device, reported for 

optimization of protein labeling, 24  also relies on PDMS for its operation.      

 The latest development in batch microfl uidic radiochemistry is an appli-

cation of electro-wetting-on-dielectric (EWOD) method for control of liq-

uid movement. In the previous example, segregation of the chip into distinct 

process zones is achieved with the mechanical valves. The EWOD device 

(Fig. 17.5) uses an electromagnetic fi eld to control movement of indepen-

dent droplets, and thus different zones of the reactor are separated not by 

valves, but by gas surrounding droplets. The fi rst EWOD synthesis of radio-

pharmaceutical was reported as part of a conference presentation 25  and 
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recently disclosed with full details. 26  Several reported advances include, but 

are not limited to, use of the same electrodes to change the temperature and 

receive feedback, absence of mechanical parts, and use of a Cherenkov cam-

era to monitor radioactivity.      

 Use of microfl uidic reactors recently brought microfl uidic technology to 

an important milestone: the fi rst clinical PET image obtained with micro-

fl uidically produced radiopharmaceutical. The synthesis of the tracer was 

performed with P-IV machine, a late stage prototype developed by Siemens 

Molecular Imaging (Fig. 17.6). 27  This fully integrated system includes all 

necessary parts for successful clinical production of a radiopharmaceuti-

cal, starting from concentration of fl uoride and up to the optional refor-

mulation of the fi nal product. The machine is based around a 50 μL reactor, 
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made up of a PEEK chip and transparent polydicyclopentadiene (PDCPD) 

lid. The reactor utilizes on-chip pneumatically actuated valves for liquid 

control. Demonstration of clinical capabilities is admittedly simplistic: 

[ 18 F]-Fallypride production performed in one step, followed by a specially 

designed purifi cation procedure eliminating reformulation. The capability 

of the system to perform multistep complex reactions was demonstrated 

separately. 28        

  17.4.2     Superior reaction control and low variability 

 The extreme conditions needed for effi cient radiolabeling also promote 

unwanted processes, including decomposition of the fi nal product and side 

reactions. Successful radiolabeling is therefore a product of fi ne balance 

between reaction time and temperature favoring labeling and not decom-

position. Another challenge for reaction control arises from the fact that the 

radiolabeling reactions always occur at very low concentrations of the radio-

active atoms. Concentration of the impurities coming from the reagents and 

solvents is often much higher than the concentration of radionuclide. Hence, 

relative rates of the desire labeling reaction and competing reaction with 

impurity vary unpredictably. Therefore small variations in the reaction condi-

tions can dramatically affect the net outcome of the labeling process. 

 Conventional reactors are based on 1–10 mL reaction vessels coupled to 

various supporting parts with tubing and valves. Accurate monitoring and 

precise control of the actual reaction parameters is complicated by several 

factors. First, heat transfer from the heating element occurs at a fi nite rate 

thus creating a temperature gradient inside the reactor and complicating 

temperature control. Precise time control is also diffi cult, for heating and 
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cooling of the reaction mixture consume signifi cant time. For example, in a 

typical heating profi le observed on a Siemens Explora GN module, heating 

of the reaction mixture to 140°C can take as long as 3 min, which is compara-

ble to the duration of most radiochemical reactions. Second, the headspace 

in the reactor does not have the same conditions as the main batch of the 

reaction mixture, which further complicates control of the reaction condi-

tions. As a result, the temperature profi le in a conventional reactor is rarely 

known and predictable. 

 Microfl uidic reactors, particularly those based on the fl ow-through principle, 

can effectively address these problems. It is assumed that due to the low abso-

lute heat capacity of the reaction mixture, its temperature is equal to the tem-

perature of the heating media, and the reaction time is defi ned by residence 

time in the reactor. Additionally, variability introduced by human error is 

reduced in microfl uidic reactors due to the high degree of automation. Several 

researchers employed these advantages to elucidate the relationship between 

the reaction parameters and effi ciency of radionuclide incorporation. 

 Superior process control in microfl uidic reactors was fi rst demonstrated in 

its simplest form in the captive-solvent apparatus developed for  11 C-acetate 

production. The amount of radioactive byproducts arising from sequential 

reactions of the initially formed radioactive adduct was minimized by easy 

control of the carboxylation time. 21  Using a custom-built fl ow-through reac-

tor, a group of authors from Seoul University studied the kinetic parameters 

in a series of nucleophilic radiofl uorination reactions. 29  The microfl uidic setup 

allowed for tight control over the reaction conditions, thus reducing vari-

ability in the labeling reaction outcome. Consequently, temperature depen-

dence of the radiolabeling effi ciency was elucidated with a high degree of 

certainty (Fig. 17.7). In the pioneering paper by Lu  et al.  13  the high degree of 

control provided by the microfl uidic setup was also employed to study alkyl-

ation of carboxylic acids by various radiolabeled alkylating agents, includ-

ing [ 11 C]-methyliodide. A practically important example of this reaction is 

a synthesis of  11 C-labeled benzodiazepine receptor ligand. The authors sug-

gested that the rate of radiolabeling was primarily determined by the mixing 

of the reagents, and that a more optimized reactor confi guration could have 

allowed for even better mixing. Study of another diffusion limited reaction, 

synthesis of deuterium-labeled amides, performed with a nearly identical 

device, also yielded similar residence time-conversion curves. 30       

 Commercial availability of a fl ow-through microfl uidic apparatus encour-

aged a series of publications detailing the effi ciency–conditions correlation 

with previously unattainable precision. Optimization of the reaction time 

and the process temperature using NanoTek technology was done for many 

radiofl uorination reactions. 18,31–33  

 A particularly illustrative example is a study of reaction of [ 18 F]-fl uoride 

with ortho-substituted diaryliodonium salts, where NanoTek machine was 
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employed to control reaction time with accuracy on the scale of seconds, and 

a rigorous investigation was performed to determine the reaction effi ciency 

and selectivity at various temperatures (Fig. 17.8). 34  It is important that the 

machine provided for the use of multiple small portions of the fl uoride solu-

tion drawn from the same batch. This way water concentration, an impor-

tant player in the reactions of fl uoride anion, was kept constant while other 

parameters were probed. More than ten consecutive experiments could be 

performed with the same batch of fl uoride. The tight control allowed the 

investigators to determine the rarely reported activation energies for the 

reactions of radioactive fl uoride. The NanoTek apparatus was later used by 

the same group to investigate fl uorination of meta-substituted analogs. 35  

The knowledge obtained from these model reactions enabled the authors 

to develop a synthesis of a series of radioligands for brain mGluR5 protein. 

The synthetic procedure was again optimized using the NanoTek appara-

tus. 36  Large scale production, however, was performed using conventional 

technology. The group continued to explore the synthesis of [ 18 F]-labeled 

ligand for imaging brain peripheral benzodiazepine receptors with the 

NanoTek apparatus. 37       

 The NanoTek apparatus was used to probe an array of reaction param-

eters in the production of the hypoxia imaging agent [ 18 F]-FAZA. 38  It was 
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discovered that the optimal temperature for the reaction was 120°C. An 

extra 20°C led to degradation of product, while temperatures lower than 

optimal resulted in reduced fl uoride conversion. The optimal reaction 

time was 5.3 min. The fl uoride to precursor ratio was also optimized using 

NanoTek. Unfortunately, it is diffi cult to draw any conclusions of the pro-

duction effi ciency of the developed method because the overall effi ciency of 

the process was only judged by the HPLC analysis of the reaction mixture. 

 Production of another important radiopharmaceutical, [ 18 F]-Fallypride 

was studied using NanoTek. 5  Figure 17.9 demonstrates the dependence of 

RCY on the reaction temperature. Several important conclusions can be 

drawn from these data. The most important is the fact that the decomposi-

tion does not affect the reaction, even at higher temperatures. What is even 

more interesting is that these two data curves were obtained at two different 

research centers. Considering the variability in the data published on the sub-

ject using conventional apparatus, 39  such reproducibility is defi nitely note-

worthy. Two-step reactions were also studied using NanoTek as well. As has 

already been mentioned, two fl ow-through reactors can be linked sequen-

tially to perform multistep processes. A synthesis of [ 18 F]-fl uorocholine 

derivatives, comprising synthesis of fl uoroalkylating agent followed by 

alkylation of choline, was studied using a microfl uidic device. 40  Fine control 

over the parameters of the second step allowed the authors to establish the 

optimal concentration with a high degree of certainty.      
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 17.8      An example of the extensive sampling of the reaction parameters 

attainable with NanoTek apparatus. ( Source : Reproduced with 
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Organic Chemistry , 2010,  75 , 3332. 34 )  

�� �� �� �� �� ��



612   Microfl uidic devices for biomedical applications

© Woodhead Publishing Limited, 2013

 Radiolabeling with  11 C can also be successfully performed with NanoTek if 

the radioactive precursor is dissolved in an appropriate solvent. 41  Palladium-

catalyzed incorporation of [ 11 C]-CO into the amide molecule was studied 

using the apparatus when the monoxide molecule was bound in a form of 

copper complex. The critical problem associated with the synthesis is an 

incorporation of [ 11 C]-CO into a urea by-product. The issue was alleviated 

after a careful study of the reaction selectivity at various temperatures.  11 C 

methylation reaction was also studied with the NanoTek apparatus. 42  

 A comparison of NanoTek with a conventionally sized microwave-heated 

reactor illustrated the degree of control a microfl uidic apparatus can pro-

vide. 43  Authors noted for a  99m Tc-labeling procedure that a microwave appa-

ratus takes 1.5 min to reach the set temperature, followed by overheating by 

5°C. Subsequent cooling to the set temperature also takes at least 1.5 min. 

These delays were eliminated in the fl ow-through microfl uidic device. 

 Aside from the precise control over the time and temperature, micro-

fl uidic devices allow rapid changes in temperature due to the low abso-

lute heat capacity of the reactor and its content. This was demonstrated in 

the ‘captive-solvent’ apparatus for  11 C-methylation. Reactor temperature 

could be changed in the range from −50°C to 60°C in a matter of a few 

seconds. This feature was used to capture methyl iodide gas at low tem-

perature and then to perform the reaction at higher temperature, all within 

minutes. 22  

10–μL scale; radio-TLC analysis

20–μL scale; radio-HPLC analysis
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 17.9      Example of high stability of the observations made with a 

microfl uidic apparatus. Effects of reaction temperature on the RCY 

of  18 F-Fallypride determined in two different laboratories. ( Source : 

Reproduced with permission from S. Lu, A. M. Giamis, and V. W. Pike, 

 Current Radiopharmaceuticals , 2009,  2 , 49. 5 )  
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 The ability to perform reactions at elevated pressure with only a small 

amount of radioactive gas is required for radiolabeling involving many  11 C 

precursors. High pressure reactors are also desirable for performing reactions 

in overheated volatile solvents. Microfl uidic reactors are well suited for this 

purpose because total force exerted on capillary walls is less than the force a 

large reactor experiences under the same pressure. This advantage was fi rst 

demonstrated using a 500 μL stainless steel capillary reactor for carbonyla-

tion reactions with [ 11 C]-CO. The reaction was carried out at 5000 psi pressure 

created with an HPLC pump, conditions unattainable with most conventional 

radiochemical modules. 44  Micro-autoclaves were also developed around this 

feature of microreactors. A patent application form 2002 describes carbony-

lation process in a 200 μL microplug in which concentrated carbon monoxide 

is compressed to occupy only 10% of the reactor volume. 45  

 A vivid demonstration of this advantageous feature was presented in 

a recent paper describing palladium-catalyzed synthesis of amides from 

amine, aryl halide, and [ 11 C]-CO. 15  For this reaction, the authors developed a 

custom reactor etched in a borosilicate glass. The reactor was built similarly 

to the T-shaped fl ow-through reactors discussed above, and featured a 5 m 

long channel downstream of the mixing junction. A stream of [ 11 C]-CO in a 

carrier helium gas and toluene solution of the precursors and catalysts was 

infused through the mixer. The ability to keep minute amounts of gas at a 

certain pressure allowed the reactor to operate at annular fl ow regime and 

ensured effi cient contact between gas and liquid. The high pressure rating 

of the NanoTek reactor was critical to the success of a similar carbonylation 

reaction utilizing a solution of complexed [ 11 C]-CO. 41  Preliminary studies 

revealed that the optimal temperature for reaction selectivity was 200°C, 

which is much higher than the boiling point of MeCN (82°C) used as co-

solvent. Although it is technically challenging to construct a conventional 

reactor suitable for these conditions, the NanoTek capillary reactor allowed 

for fl uorination at this temperature with no loss of radioactivity. 

 A digital microfl uidic device reported recently had demonstrated a high 

level of reaction control in terms of the ability to precisely change the 

reagent ratio in a series of automated experiments. 24  The device forming 

droplets of reagent mixture separated by gas gaps were manufactured out 

of PDMS elastomer. Liquid transport was controlled with hydraulically 

actuated valves. Droplets were generated in a long channel, connected to 

storage containers. To achieve control over the droplet composition, valves 

were used to subdivide the mixing channel into multiple subvolumes. The 

composition of the droplet generated in the channel could be regulated by 

independent fi lling of the subvolumes. For example, there were fi ve subvol-

umes available for mixing of the precursor solution with the buffer solu-

tion. Filling one of them with the precursor solution, and four with buffer, 

produced droplets with 4:1 ratio of diluted protein. The total volume of the 
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droplets was maintained constant. Thus, the composition of each droplet 

could be independently controlled. To increase the number of the reagents 

available for the study, the inlets into the mixing channel could be coupled 

to a reagent distribution chip. This way, different reagents (for instance, 

various buffers) could be used in the same automated process. This setup 

allowed for rapid and repetitive sampling of multiple parameters appropri-

ate for protein labeling.  

  17.4.3     Improved product yields and reaction kinetics 

 Radiochemical reactions involve trace amounts of radioactive isotopes, and 

the actual concentration is on the scale of nanomoles even at high levels of 

radioactivity. Utilization of a microreactor enables a higher radiolabeling 

rate by concentrating a radioactive precursor and more effi cient competition 

with side processes. Additionally, reaction conditions are easier to optimize 

in a microfl uidic apparatus ( vide supra ). In the repetitive production less 

deviation from the established conditions occurs. Combined, these factors 

often improve the product yield. Although nearly all reports on microfl uidic 

processes claim improved reaction yields, only a few are suitable for direct 

comparison with conventional modules. This is presumably due to the fact 

that the reaction conditions found optimal for microfl uidic reactors do not 

match optimal conditions for the respective conventional reactor process. 37  

 Enhanced kinetics in a capillary reactor was recognized in 2000 for the 

reaction of  11 C-MeI and amines at room temperature in captive-solvent 

reactor. 20  Previous reports conducted the same reaction in a conventional 

setup at 90°C. 

 Very fast reaction kinetics was established at the onset of the microfl uidic 

radiochemistry. Conversion of [ 18 F]-fl uoride reached 25% within 6 s in a 

reaction with mannose trifl ate. 46  The same reaction was reported to occur 

quantitatively in a microfl uidic coin-shaped reactor, although overall perfor-

mance of the device was hindered by the use of PDMS material. 47  Likewise, 

a batch microfl uidic device was claimed to demonstrate exceptional perfor-

mance in the production of [ 18 F]-FLT (85% yield after HPLC) in a patent 

application. 48  

 As the technology matured, real production benefi ts were shown as well. 

Preparation of FDG was accelerated in a custom-built capillary reactor. 

Reaction of mannose trifl ate with  18 F fl uoride required only 40 s for 88% 

conversion at 105°C. Subsequent quantitative hydrolysis of the intermediate 

by 0.3 M NaOH for 1 min at 40°C afforded pure FDG with 88% RCY in less 

than 7 min. 49  This is an impressive improvement if compared with the con-

ventional 50–60% over 40–50 min. 50  The NanoTek microfl uidic apparatus 

showed a yield improvement in production of hypoxia tracer [ 18 F]-FAZA. 38  

Starting from less than 0.5 GBq of fl uoride, the decay corrected radiochemical 
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yield was reported to be 63% after HPLC purifi cation. Initial radioactiv-

ity of 2.1 GBq gave only 40% yield, which is still signifi cantly higher than 

the 20.7% ± 3.5% effi ciency reported for conventional modules. 51  Similarly, 

NanoTek compared favorably to a conventional system in the production 

of [ 18 F]FE@SUPPY and [ 18 F]FE@SUPPY:2 adenosine A3-receptor tracers. 

A statistically signifi cant increase of 6.7% (from 88.2% to 94.1%, p-value < 

0.0001,  n  = 11) for [ 18 F]FE@SUPPY, and of 102% (from 42.5% to 95.5%, 

p-value < 0.0001,  n  = 5) for [ 18 F]FE@SUPPY:2, were observed. Overall, syn-

thesis time was reduced for the microfl uidic preparation by 52–65 min. 31  

 The kinetic benefi ts of a microreactor were highlighted in a study com-

paring click reaction between peptide bearing carbon–carbon triple bond 

and [ 18 F]-β-fl uoroazidoethane in a custom-built microfl uidic reactor and 

conventional macro-scale reactor. 52  Authors took a unique approach, using 

the walls of the reactor as a catalyst for the labeling step. The microfl uidic 

reactor was formed by a 1.0-m long copper capillary with 0.56 mm internal 

diameter. The reagents were premixed and infused into the reactor, kept 

at 80°C. The fi rst pass afforded 85% conversion by HPLC analysis, and the 

second pass through the reactor completed the reaction. This could not be 

achieved in a vial reactor with copper powder, even with increased peptide 

concentration. 

 Production of [ 18 F]-FSB, an important prosthetic labeling group, was con-

siderably improved using Siemens P-IV microfl uidic batch reactor. Original 

publication describing one-step synthesis of this compound cited 44% decay 

corrected yield in 60 min. 53  Optimization of reaction conditions revealed 

that temperatures unavailable in a conventional reactor due to the solvent 

boiling are, in fact, benefi cial for the synthesis. Combining this fi nding with 

higher fl uoride concentration, the authors developed a method yielding 

64% of the target material in 25 min production. 54  

 An illustrative example was recently reported that directly compared a 

microfl uidic NanoTek apparatus, a microwave reactor, and a conventional 

module. 43  A group of authors from McMaster University, Canada, compared 

all three technologies in a model reaction of  99m Tc carbonyl complex with 

a popular  99m Tc chelate dithiazole valeric acid (Fig. 17.10). They discovered 

that the conventional module required chelate concentration of no less than 

1 mg/mL and 30 min of heating at 80°C to furnish a complete conversion 

of the radioactive precursor. If the chelate concentration was lowered to 

0.1 mg/mL, the conventional apparatus only demonstrated moderate con-

version, while the reaction in the microfl uidic setup was completed in less 

than 8 min. A microfl uidic platform outperformed the microwave appara-

tus at 0.01 mg/mL of the chelate, despite incomplete conversion. Markedly 

increased performance was surprising considering that the concentrations 

of all reagents including  99m Tc precursor were the same in these experi-

ments. Notably, not only radiochemical yield, but radiochemical purity was 
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improved as well. This is a clear sign that the reaction kinetic parameters 

were affected, and the rate of product formation relative to formation of 

impurities was increased. 43       

 Another example of direct comparison between a microfl uidic reac-

tor and a conventional setup is reported with copper labeling of DOTA-

RGDfK conjugate. 14  A custom fl ow-through reactor with interim storage 

volumes was evaluated. Reagents were injected into the reactor through the 

areas of passive mixing. The content of the reactor was thermostated for a 

certain time after fi lling the storage volume. The mixture was then purged 

out with buffer solution. Figure 17.11 clearly demonstrates the advantage of 

the microfl uidic reactor over the conventional vial. The authors explain this 

improvement with enhanced heat and mass transfer in the microfl uidic reac-

tor. Interestingly, a smaller volume of the reaction mixture does not bring 

the vial reaction closer to microfl uidic results.      

 Two important points need to be made with respect to the reported 

improvements of the yield. First, it is common to report yield averaged over 

ten or more production runs in the literature on radiochemistry. In the light 

of yield instability, discussed above, a yield averaged over two or three runs 

bears low validity. This issue is increasingly recognized by the developers of 

the microfl uidic devices. 26  Second, the ratio of radioactivity in the injectable 
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 17.10      Conversion vs time plots for the [ 99m Tc(CO) 3 (H 2 O) 3 ]+labeling of 

0.1 mg/ml of dithiazole valeric acid at 80°C. (▲) microfl uidic reactor; (•)

microwave reactor; (♦) conventional reactor. ( Source : Reproduced with 

permission from Simms, R. W.  et al .  Journal of Labelled Compounds 

and Radiopharmaceuticals  2012,  55 , 18–22. 43 )  
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form to the radioactivity delivered by cyclotron, total production yield, 

needs to be reported in order to gauge the value of a technology presented 

in a particular publication. Many publications cited above only report the 

radiolabeling effi ciency that is the fraction of the product in the mixture of 

radioactive species obtained from the reactor. The latter does not take into 

account losses associated with the radioactivity preparation (concentration, 

drying, complexation, etc.), product purifi cation and transfer.  

  17.4.4     Simplifi ed integration with downstream processes 

 Nearly all radiotracers produced for clinical or preclinical use have to be 

purifi ed after radiolabeling. Semi-preparative HPLC is the most common 

method for purifi cation of radiopharmaceuticals. In a typical purifi cation 
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 17.11      Direct comparison of microfl uidic and conventional vial 

synthesis. Incorporation of  64 Cu into a DOTA moiety attached to an 

RGD peptide was studied in a conventional non-automated vial reactor 

and in an in-house made fl ow-through microfl uidic device. ( Source : 

Reproduced with permission from T. D. Wheeler, D. Zeng, A. V Desai, B. 

Önal, D. E. Reichert, and P. J. A. Kenis,  Lab on a Chip , 2010,  10 , 3387. 14 )  
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procedure, reaction mixture is purifi ed on a 10 × 250 mm reversed phase 

column with acetonitrile/aqueous buffer mixture as a mobile phase at a fl ow 

rate of 5–10 mL/min. These conditions are usually suffi cient to separate tens 

of milligrams of organic matter formed in the labeling reaction. 

 When radiotracer is produced in a microfl uidic apparatus, the overall 

purifi cation process can be simplifi ed by enrichment of the reaction mixture 

with the target compound. This fact arises from a simple consideration that 

the amount of the produced radiotracer solely depends on the amount of a 

radioactive material, and not on the non-radioactive precursor. In contrast, 

the amounts of the contaminants accompanying the product in the reaction 

mixture increases proportionally to the amount of the cold reagents loaded 

into the reactor. Microfl uidic devices normally produce around 1 mg of 

mixture, making possible use of smaller chromatographic columns. Several 

groups have reported purifi cation of the microfl uidically produced trac-

ers on analytical columns, typically 4.6 × 250 mm, at 1–2 mL/min fl ow rate. 

Smaller columns usually have higher resolution, which improves chances of 

successful purifi cation of the product. 

 This advantage was noted in an early paper on the synthesis of  11 C-palmitic 

acid via the captive-solvent method. 6  Later the concept was exploited in 

the synthesis of [ 11 C]-fl umazenil. 55  An exact volume for the reactor reported 

in that publication is diffi cult to estimate, as it was made in a form of a 

tube packed with stainless steel powder. The amount of precursor did not 

exceed 0.04 mg, thus permitting analytical ( d  = 4.6 mm) column for purifi ca-

tion. Later, the concept was applied in the [ 18 F]-Fallypride synthesis with a 

NanoTek device. 5  The low amount of precursor allowed purifi cation on the 

analytical scale column (4.6 x 250 mm). 

 In extreme cases, HPLC purifi cation can be omitted completely. Well-

optimized reactions form minute impurities, which are similar in chemical 

properties to the fi nal product. A typical example is a product of elimina-

tion reaction that competes with fl uorination in the nucleophilic synthesis 

of  18 F-labeled compounds. 56  This by-product can have similar polarity and 

solubility to the target compound and therefore high-resolution HPLC is 

required to purify the product. The high selectivity attainable with microfl u-

idic reactors suppresses by-product formation enough for successful puri-

fi cation by low resolution chromatography or even solid-phase extraction 

(SPE). For instance,  18 F-labeled ligand for benzodiazepine receptors obtained 

from the NanoTek apparatus was only purifi ed with SPE in the preclinical 

production. 37  Utilization of a fl uorinated intermediate produced microfl u-

idically omits the purifi cations steps in the synthesis of [ 18 F]-FIAU. 18  

 A reduced amount of a precursor is a particularly important advantage for 

labeling of biological macromolecules, because radiolabeled product often 

cannot be separated from the precursor. In this situation, a small amount of 

the precursor used for the reaction translates into a high effective specifi c 
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activity (SA). SA is the ratio of molecules bearing radionuclide to the same 

molecules with the stable isotope. It is an important parameter in defi ning 

the suitability of a tracer for imaging of low abundance targets: molecules 

carrying a stable isotope will occupy all binding sites, resulting in poor tar-

get-to-background ratio in the image. The chemical difference between the 

precursor and the labeled tracer is negligible for a large biomolecule. Since 

both compete for the scarce binding sites, ratio of labeled biomolecules to 

all biomolecules of this sort (effective SA) is an important metric. Reduction 

of the precursor used in the labeling procedure becomes a major concern in 

the tracer production. Several examples demonstrated use of microfl uidic 

technology to increase effective SA of the radiolabeled tracer. 

 The high effi ciency of custom-built microreactor determined a complete 

conversion in radiolabeling of DOTA-Peptide conjugate by  64 Cu. The stabil-

ity of the peptide under labeling conditions eliminated any need for purifi -

cation of the fi nal product. The practical applicability of these results needs 

to be further investigated, as radioactive copper was doped with stable iso-

tope for these experiments. 14  In a similar study the radiochemical labeling 

yield of insulin labeled with  94m Tc was improved from 21% in the conven-

tional vial procedure to 40% in microfl uidic apparatus, which translated into 

a nearly two-fold improvement of SA. 43  

 Improvements in SA of a microfl uidically produced product were also 

reported for small molecule labeling. In the case of synthesis of [ 18 F]-FMISO, 

a popular hypoxia tracer, the SA of the product obtained with Siemens P-IV 

prototype was three- to four-fold greater than that of the product produced 

in a conventional manner. 28  Presumably, smaller surfaces of fl uorinated 

materials employed in the prototype instrument led to the improvement. In 

a very specifi c case of production of [ 18 F]-XeF 2  via fl uorine exchange effi -

cient radiolabeling also translated into increased SA because the labeling 

product was chemically identical to the precursor. 19  

 Reduction of the amount of solvent used for the reaction opened additional 

opportunities. The microfl uidic processes use negligible amounts of solvents 

relative to the fl ow of chromatographic eluents in HPLC purifi cations and are 

capable of withstanding a high pressure. These factors are crucial in the inte-

gration of a reactor with a purifi cation system. In this type of devices, the load-

ing loop of chromatograph is replaced with a reactor. This purely engineering 

improvement eliminates losses associated with transfer of the mixture from 

the synthetic module to a purifi cation unit, and also eliminates the tricky pro-

cess of loading the HPLC loop. Several reported examples 20,22,44,57  were in the 

fi eld of  11 C radiolabeling, in which a short run time and a minimal number of 

operations was particularly important due to the 20 min half-life of  11 C. 

 The benefi ts of microfl uidic technology integration into radionuclide pro-

duction were briefl y discussed in the context of low cyclotron capacity. 58  

Indeed, if the entire amount of radioactivity produced by a cyclotron is on 
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the scale of a few patient doses, high concentration of the radionuclide is 

particularly desirable. Unfortunately, the patent does not provide any rele-

vant experimental data.  

  17.4.5     Additional benefi ts 

  Smaller footprint and improved safety 

 Safety is a major concern in radiopharmacy. The levels of radioactivity 

involved in the routine radiopharmaceutical production are prohibitively 

high for any manual operation. All processes from radionuclide production 

to fi nal doses dispensing are performed behind bulky and heavy shields, 

mostly in semi-automatic mode. Often radioactive shields take up much 

more space that the machinery they shield. A typical chemistry module is 

of a size comparable to carry-on luggage, but placed in an adequate shield 

will occupy the space of a fume hood. Smaller instruments will require less 

lead and concrete to achieve the same or greater level of personnel protec-

tion. Lower shielding requirements due to miniaturization of the synthesis 

unit have already been discussed in the pioneering publications. 6  Indeed, 

a smaller reactor implies smaller overall dimensions of the instrument. 

However, the bulk of an automated chemical module is made up of the 

auxiliary devices, such as the control unit, vacuum pump, various detectors, 

etc. As a result, mere reduction of the reactor size does not ensure reduction 

of the instrument size. Nevertheless, some simplifi cations associated with 

microfl uidic technology allowed for smaller components. For instance, less 

powerful Peltier heaters have been employed 28  instead of the traditional 

resistive modules. A combination of technical improvements not directly 

associated with the reactor allowed for development of self-shielding 

devices comparable in size to a conventional module. The new device was 

rated for processing up to 500 mCi of  18 F, which is relevant to commercial 

production of radiotracers. 54  Similar improvements led to the construction 

of a device with only some of the components shielded. 14   

  Cost reduction 

 There are several compelling reasons to believe that the cost per dose of fi nal 

tracers might be signifi cantly reduced once microfl uidic machines become 

widely adopted by radiopharmaceutical production. One obvious reason for 

the lower cost is reduced use of a precursor and other reagents. Reactive 

precursors for radiopharmaceuticals are fi ne chemicals often produced to 

order and undergoing strict quality control. Thus, the cost of a precursor 

needed for one run can be on the scale of several hundred dollars. This idea 

is supported by reports of 10- to 100-fold reduction in precursor use. 24,31,32,49,59  

Another reason for lower cost is economy of scale. Successful application of 
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microfabrication techniques, in theory, should yield very cheap mass-pro-

duced reactors. This, in turn, might facilitate production of reaction cartridges 

pre-manufactured and supplied to radiopharmacies. Although the commer-

cially available NanoTek platform does not rely on such technology, there 

are multiple examples of experimental devices produced with lithographic 

techniques. 14,15,23,24  One example of mass production of radiochemical reac-

tors is a batch reactor of the Siemens P-IV machine, mass manufactured via 

an injection molding process. It is important to note, though, that this advan-

tage can only be fully realized if not only the reactor but also a signifi cant 

portion of the wetted path is integrated in the disposable chip.   

  17.4.6     Applications impossible with conventional reactors 

 Apart from improvements over the existing technology, the microfl uidic 

approach in radiosynthesis sometimes offers opportunities impossible with 

conventional reactors. The unique properties of capillary structures in per-

forming radiochemical reactions had fi rst been reported in the context of 

 32 P labeling of live cells. As early as 1984, a group of authors from Australia 

noted that the radiation damage infl icted on the cells during biosynthetic 

radiolabeling depended on the vessel geometry. In thin capillaries (<1 mm 

diameter), radiation dose to the cells can be reduced to as low as one tenth 

of the dose absorbed by the cells in Petri dishes. 60  This observation correlates 

remarkably well with the recent report on the correlation between the FDG 

radiolysis rate and the container geometry. 61  It was discovered that if PEEK 

tubing 0.25 mm ID was used as container, radiolysis could be suppressed by 

86% as compared to bulk vial. The effect was rationalized in terms of energy 

positron deposits in the media (Fig. 17.12). Theoretical modeling predicted 

a steep increase for energy deposited as a function of the distance from the 

decay event. The same logic can be applied to the electrons emitted by  32 P. 

Another manifestation of this phenomenon is a lack of expected radiolysis 

during high activity production of FMISO in microfl uidic reactor. 28       

 A unique opportunity specifi c to microfl uidic reactors is the use of reac-

tors prefi lled with the reactant. 6  This is hardly possible with conventional 

reactors, which are tightly integrated with the rest of the module. However, 

it becomes an attractive option if the reactor is easily replaceable or even 

disposable. An extreme example of this approach is the patent publication 

claiming copper capillary reactor acting as a catalyst. 52    

  17.5     Current problems for microfluidic technology 

 Microfl uidic devices were fi rst proposed for use in radiochemistry more than 

10 years ago, but so far none have been installed for commercial production 

of clinical tracers. Intrinsic inertia in the radiopharmaceutical community is 
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partially to blame for the delay, but also the technology has yet to mature 

to the level, at which fi eld practitioners see a compelling reason to invest 

in purchasing a new instrument. Several technical issues will have to be 

addressed before microfl uidic technology is accepted as a reliable tool of 

modern radiopharmacy. 

  17.5.1     Micro/macro interface 

 Reagents and materials supplied to a microfl uidic device most often come in 

macro-form: cyclotron produces  18 F-fl uoride in the form of 1–2-mL batches, 

 11 C gases are diluted with carrier gas, precursors come in multi-milligram 

quantities, and solvents are never supplied by microliters. This raises two 

problems. 

 The fi rst is in the concentration of radioactive material produced by a 

cyclotron. So far, no commercial and just a few experimental devices have 

successfully addressed concentration of fl uoride. Activated radioactive pre-

cursor ( 18 F-K 222  complex 46 ; [ 18 F]-SFB 24 ; [ 11 C]-MeI, etc.) is often prepared 
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 17.12      Fraction of energy deposited by a positron as a function of 

distance. The curve is plotted for positron originating from  18 F decay. 

Note that at 0.125 mm, typical radius of a microfl uidic fl ow-through 

reactor; positrons originating from the center of the reactor and 

traveling perpendicularly to the wall deposits only 15% of energy in 

the reactor. ( Source : Reproduced with permission from Rensch C.  et al. 

Applied Radiation and Isotopes  2010,  70 , 1691. 61 )  
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in a conventional manner before it is used in a microfl uidic reaction. As a 

result, microfl uidic process utilizes only a fraction of available radioactivity, 

and only in a dilute form. The commercial NanoTek system includes a ded-

icated module for fl uoride processing. However, the dry fl uoride solution 

prepared by the module has a volume on the scale of 0.5 mL; this forced 

NanoTek users to revert to conventional modules for production of even 

modest doses of radioactivity. 19,36,37  Another consequence of the low concen-

tration of radioactivity is prolonged time of production. Without effi cient 

concentration system, production scale up can only be done with a propor-

tional increase of a production time. 32  Other devices are plagued with the 

same problem. Attempts to improve  124 I labeling of annexin in a microfl uidic 

device failed because of the low radioisotope concentration, despite some 

encouraging results with fl uorination reactions in the same device. 62  In fact, 

concentration of radioactive precursor into a very small volume is a com-

plex technical issue that is likely to require an individual solution for each 

precursor. There is a vigorous research in the fi eld of fl uoride concentra-

tion ( vide infra ) but concentration of exotic isotopes and pre-labeled mol-

ecules will unlikely receive similar attention. For instance, there have yet 

to be developed methods for production of high concentration  18 F-SFB. As 

a result, conditions for labeling of diabody with this prosthetic group were 

worked out in a microfl uidic setting, but production of imaging doses was 

done in a conventional beaker. 24  Similarly, pre-concentration of [ 11 C]-CO 2  is 

cited as a prerequisite for using this precursor in a microfl uidic setting. 6  

 The second problem is related to use of a small portion of a bulk of pre-

cious material. A common approach implies preparation of diluted solu-

tions and using of only a fraction of it. 23,24,26  In case of fl ow-through reactors 

the problem is aggravated by the need to prime the feeding lines and syringe 

pumps. All lines leading to the reactor and often the reactor itself need to be 

fi lled with the reagent prior the start of the synthesis; syringe pumps must 

be fi lled with the solution free of gas bubbles. This is normally achieved by 

pushing a portion of the solution into the waste. While this procedure is 

acceptable for cheap reagents such as buffer solution, it is impractical in the 

case of valuable reagents. The problem was recognized already in the publi-

cations of the early proof-of-principle devices. 62  It became particularly evi-

dent in the detailed descriptions of operation of devices that were designed 

for production of radiopharmaceuticals. For instance, in case of in-capillary 

production of FDG, the reactor is primed with mannose trifl ate solution. 49  

In a report describing use of the NanoTek device for  11 C radiolabeling, it 

was mentioned that out of 700 μL of radioactive precursor solution pre-

pared, only 400 μL were actually used. 41  It is therefore an important prac-

tical concern that needs to be resolved before microfl uidic machines can 

become admitted into production practice. In summary, a way of using 1 mg 

out of 50 mg and leaving the remaining 49 mg intact needs to be found. 
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 Oddly enough, translation from micro-scale back to macro-world might 

present a considerable problem as well. It is especially true for batch reac-

tors that are designed to hold the reaction mixture inside. This trait of batch 

reactors makes quick and effi cient extraction a technical challenge. In the 

Siemens P-IV device, for example, a copious amount of extraction solution 

pushes the reaction mixture out of the reactor. 28  Theoretical modeling of 

the process has elucidated some of the underlying trends, but the practi-

cal applicability of these fi ndings was limited. 63  The problem is even more 

severe in the case of an EWOD chip that has to be taken apart to access the 

product after the reaction is fi nished. 26   

  17.5.2     Limited choices of materials 

 A suboptimal choice of the reactor material can hamper the labeling effi ciency 

in many ways. Leaching of impurities into the reaction mixture, or unwanted 

interactions with the reaction components, are major concerns. Stability of 

mechanical properties in the relevant range of temperatures is another pre-

requisite. An interesting discussion of the suitability of several materials for 

the reactions with XeF 2  was published in connection with microfl uidic radio-

labeling. 19  Acidity of the surface and/or presence of moisture adsorbed on the 

reactor walls were major concerns for this application. The authors discussed 

common materials such as glass, Tefl on, and glossy carbon, and found glass to 

be most suitable, probably due to the catalytic properties of its surface. 

 Methods of micromanufacturing also impose a set of restrictions on the 

material used for the reactor. Although basic patterns can be etched on a 

wide variety of materials, complex liquid routing requires valves and other 

moving parts. Construction of these essential components of the reactor often 

requires use of elastomers, with PDMS being the most frequent choice. This 

elastomer is known for poor chemical stability, especially toward organic 

solvents. 64  Reactivity of PDMS toward fl uoride has been a severe limitation 

for the development of integrated microfl uidics. 23,47  Similar problems arose 

with the development of PDMS reactor for copper radiolabeling. 14  It was 

found to absorb copper ions, and had to be pretreated with cold copper to 

ensure an effi cient reaction. Another widespread material for micromanu-

facturing, SU-8 resin, used for bonding of polycarbonate layers, was found 

to be incompatible with MeCN, a common solvent in the radiochemical syn-

thesis. 62  The fused silica used in the commercial NanoTek reactor absorbs 

large amounts of reactive fl uoride. 31,38  Although 85% of radioactivity was 

recovered from the reactor in some cases, 5,34  occasionally as much as 50% of 

fl uoride was irreversibly absorbed on the reactor walls. 35  

 Fluoropolymers are commonly used in applications requiring high chemical 

stability. However, this is a questionable approach for radiochemical applica-

tions: many fl uorinated polymers are known to degrade in a high radiation 
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fi eld. Furthermore, a fl uoride anion is one of the degradation products, and 

SA of  18 F-tracers was shown to suffer from this interference. 65  The relatively 

low chemical reactivity of the  11 C precursors alleviates this problem in the case 

of  11 C labeling. Reactors made out of glass, 15  stainless steel, 20  and fl uoropoly-

mers 4  have been successfully used. However, the adsorptive properties of the 

material were noted to affect radio methylation yield in a microreactor. 66   

  17.5.3      Scarce feedback: poor control and consequent 
poor reliability 

 On-line experimental evaluation of the reaction parameters is critically 

important for process development and control. In conventional chemical 

reactors numerous methods are available for precise measurement of tem-

perature, pressure, light absorption, and other parameters. Applications of 

most of these techniques to very small volumes and miniature reactors are 

impossible. As a result, the important parameters of the process in micro-

fl uidic device are often assumed rather than measured. For instance, so far 

no microfl uidic radiochemical unit has a temperature sensor in the reaction 

area. It is only assumed the temperature inside the reactor is equal to the 

temperature of the heating element, due to the low absolute heat capacity 

of the reaction mixture and effi cient heat exchange. Likewise, simple visual 

control is taken for granted in conventional vial synthesis but is rarely pos-

sible in microfl uidic reactors, except for relatively large batch devices 26,54  

with digital microscopic cameras. In fl ow-through devices made out of non-

transparent material such as stainless steel or PEEK, this is impossible. As 

a result, mixing effi ciency in the fl ow-through devices remains a subject of 

speculation. Several reports have questioned the assumption that in narrow 

passages diffusive mixing should eliminate any heterogeneity. Researchers 

studying  11 C-methylation reactions in NanoTek apparatus found that pre-

mixing of reagents improved the yield and explained this fact by a lag time 

necessary for mixing of co-infused reagents. 42  Another group found for [ 18 F]-

FET production that the higher rate of infusion improves the yield of the 

product if the controlled residence time is adjusted by the reactor length. 

This result is a clear indication that a turbulent fl ow is responsible for the 

reagent mixing rather than diffusion. 32  Visual control of the reactor would 

resolve these concerns but its implementation is technically challenging.  

  17.5.4     Complex and unreliable liquid routing 

 Many operational problems with microfl uidic reactors are determined by 

the geometry of the reactors. Highly specialized geometry is what differenti-

ates microfl uidic reactors from their conventional counterparts. Hence, it is 
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expected to see a set of specifi c issues associate with the layout of the reac-

tor. The most obvious limitation of performing synthesis in the reactor with 

very narrow passages is clogging. It is possible to diminish this problem by 

installing in-line fi lters for all solutions injected into the reactor, but forma-

tion of solid byproducts is an almost inescapable problem. This issue was 

emphasized in a recent application of NanoTek apparatus. 40  Another limi-

tation is associated with operation of complex mechanisms for measuring 

and routing of microscopic amounts of liquid. In the conventional systems, 

the synthetic module is normally loaded with liquids premeasured by some 

conventional methods. Control of liquid transfer is a challenging engineer-

ing problem in the microfl uidic reactor. Connection of syringe pumps via 

stream selectors to the storage vials and the reactor often solves the prob-

lem. Correct operation of this subsystem of the synthetic module requires 

special preparation and priming procedures. This was cited as a major source 

of radioactivity losses in a recent study of [ 18 F]FE@SUPPY synthesis. 31  

 Batch microfl uidic devices have their own set of limitations revolving 

around reactor fi lling. Surface tension of the liquid is a signifi cant force at 

the scale of the microfl uidic reactor. As a result, gas bubbles formed in the 

liquid have characteristic dimensions comparable with the reactor size, and 

tend to push the reactor content out of the reactor. Evaporation of the liq-

uid in this setting requires elaborate manipulations specifi c for each reac-

tor architecture. 26,47  Furthermore, adding liquid to a partially fi lled reactor 

becomes an unreliable procedure, and researchers tend to avoid it. 28    

  17.6     Recent developments with potential impact  

 Radiochemical applications of microfl uidic technology can benefi t from 

many general developments in the microfl uidic fi eld. However, several areas 

of research are specifi c to radiochemistry. 

  17.6.1     New materials 

 Mismatch between the materials desirable for radiochemical applications 

and the materials typical for micromanufacturing is a long-standing con-

cern. Recent reports on the chemically inert materials for micromanufac-

turing mostly revolve around fl uoropolymer-based elastomers. 67,68  This is 

an expected choice, given the chemical inertness of this type of polymers. 

Applications of this material for [ 18 F] radiochemistry, though, are highly 

questionable. Tefl on is a known source of  19 F impurities and SA of tracers 

produced using fl uorinated plastics will likely be diminished. From this per-

spective, recent reports on a chemically resistant polyurethane microfl uidic 

device might be the direction for future development. 69   
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  17.6.2     New means of gathering feedback 

 Methods for controlling common process parameters such as temperature 70  

and pressure 71  in microfl uidic systems are constantly being developed and will 

eventually be applied to microfl uidic radiochemical platforms. One special-

ized technique of particular relevance for radiochemistry is high-resolution 

imaging of radioactivity concentration. Current state of-the-art radioactivity 

detectors designed for detection of positron emitting isotopes have a spatial 

resolution on the scale of millimeters and are prohibitively costly. 72  Several 

recent publications have attempted to sidestep this limitation by leveraging 

the 2D nature of the microfl uidic devices and using longer exposure time. 

Positron Sensitive Avalanche photo detectors were shown to achieve 0.5 mm 

spatial resolution while maintaining sensitivity of 56 pls/min for 14 pCi/

mm 2 . 73  Plastic scintillator coupled to CCD devices were proposed as well. 74,75  

A recent approach is based around detection of Cherenkov radiation associ-

ated with the positron rather than capturing γ-photons produced in an anni-

hilation event. 76  A broad-spectrum emission was detected with CCD camera, 

on the image of a 0.2 mm channel was fi lled with 107 mCi/mL  18 F full width 

of the signal at half of the maximum intensity was as low as 0.35 mm (5 min 

exposure). The method was later applied to monitor processes in an EWOD 

chip described earlier. This technology provides much the sought ability to 

detect radioactivity in microfl uidic chips, although is limited to transparent 

chip materials. 

 Regular cameras have used to visually observe the processes in the chips 

and provided valuable feedback for an experienced operator. 54  Use of com-

puter vision software would be the next logical step in development of this 

approach.  

  17.6.3     Means of micro-macro coupling 

 As stated above, transition of reagents from macro-world to micro-scale 

has been a major challenge in radiochemical applications of a microfl uidic 

technology. The problem of concentration of fl uoride anion is the most rel-

evant to practical applications, and has been recently actively investigated. 

Three main methods of fl uoride concentration have been published. The 

most straightforward is evaporation of the MeCN/Water mixture containing 

fl uoride. This approach has been implemented in the NanoTek apparatus. 77  

The inherent drawback of the approach is evaporation in conventional vials. 

A signifi cant portion of radioactivity remains in the vial, due to its rela-

tively large surface area. 31  Evaporation of fl uoride solution directly from 

a microfl uidic channel through gas-permeable PDMS membrane was also 

considered. 78,79  
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 Two alternatives have been proposed. The fi rst one relies on an electro-

chemical cell to reach a desired concentration. The general idea behind 

electrochemical concentration is to use an electromagnetic fi eld to extract 

fl uoride anion from the passing fl ow of water and then reverse voltage to 

release fl uoride into anhydrous solution. First attempts to perform this pro-

cedure were made right at the onset of microfl uidic radiochemistry. 80  Glossy 

carbon electrodes were utilized for this application with ~80% effi ciency. 81  

Platinum electrodes allowed for some improvements over glossy carbon, 

but the overall effi ciency of the process was still far from production stan-

dards. 82  A disposable microfl uidic cell providing for very high concentra-

tion has been reported. 83  The device releases fl uoride solution in portions 

as little as 60 μL, but the overall effi ciency of the process is again less than 

60%. However, the fl uoride solution produced in this setup was active in 

fl uorination processes, and allowed for 98% of fl uoride incorporation in 

synthesis of [ 18 F]FDG, 80% [ 18 F]FMISO, 20% for [ 18 F]-fl umazenil, and 60% 

for [ 18 F]fl uoromethyl. 84  It appears that irreversible binding of reactivate 

fl uoride anion to the electrode material hampers this otherwise attractive 

method. 

 A more traditional approach relies on ion exchange resin to trap fl uoride 

and then release it in a smaller volume of release solution. This approach is 

used in conventional scale modules for solvent exchange, but not for con-

centration. In microfl uidic devices, a miniature 5 μL ion exchange column 

for concentration of fl uoride anion was already integrated in the radiochem-

ical circuit. 23  The effi ciency of the proposed device was diffi cult to estimate, 

due to the confounding issue of fl uoride absorption on PDMS. The method 

matured into an off-chip column, 47  and was subsequently established as a 

reliable procedure. 28,54  A miniature cartridge packed with 7 μL of an anion 

exchange resin trapped up to 7 Ci of  18 F with >95% effi ciency followed by 

release of >95% of trapped activity in 45 μL of release solution. A similar 

methodology improved effi ciency of NanoTek apparatus. 95% trap/release 

effi ciency was achieved albeit with 0.5 mL of the release solution. The lat-

ter drawback is most likely related to the fact that, in general, the NanoTek 

machine is not capable of processing low volumes of stock solutions. 85,86  A 

method of producing microfl uidic chips packed with an ion exchange resin 

was recently disclosed in a patent application. 87  The achieved effi ciency, how-

ever, is not clear for the devices produced according to this methodology. 

 An attractive idea has emerged from the ion exchange approach. If the 

composition of release solution/ion exchange resin is optimized, a water 

amount might be low enough to eliminate the need for the azeotropic dry-

ing that usually follows the concentration step. The approach has been dis-

cussed in application to conventional radiochemical units 88  and was later 

applied to fl ow-through reactors. 29    
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  17.7     Conclusion 

 The examples of the reactors discussed in this chapter and the variety of 

the processes studied in these reactors clearly demonstrate that the concept 

of microfl uidic radiochemistry is proven. Major advantages are improved 

yields, short reaction time, short overall production time, reduced use of 

precursor, and high degree of control. These advantages stem from the fun-

damental properties of microfl uidic devices, such as low volume, low abso-

lute heat capacity, and high surface-to-volume ratio. Additionally, inevitable 

automation helps in reducing human error. 

 These advantages, though, are not yet suffi cient to adopt the microfl u-

idic technology in the everyday practice of radiopharmaceutical production. 

Effi cient systems for transition of reagents from macro-world to micro-scale 

and back need to be developed. Materials meeting the criteria of both 

radiochemistry and micromanufacturing need to be found. Above all, the 

reliability of the new instruments should be experimentally proven with 

hundreds of test runs before the sensitive matter of human doses produc-

tion will be entrusted to the new technology. Research applications of the 

microfl uidics will likely follow. Preclinical research on its own, however, is 

not suffi cient to create an attractive market for instrument manufacturers. 

 Microfl uidic chips are often compared to the integrated microelectronic 

circuits. Adopting this analogy one might say that chemistry automation is 

still in 1930s. Current radiochemical devices can only perform functions fore-

seen at the design stage, as opposed to modern computer that can be used for 

applications not even thought of by its manufacturer. The hardware of the 

radiochemical module often has to be reconfi gured to accommodate a new 

process. The fl exibility of modern computers is largely determined by the fact 

that data and instructions are treated in a similar fashion, both being streams 

of numbers stored in computer memory. In radiochemical modules, on the 

other hand, the reagents (data) and the liquid manipulating devices such as 

valves and tubes (instruction) are viewed as two distinctly different classes 

of objects. In that regard, the technology closest to the microelectronic is 

EWOD chips, which use the reagent as a material to create the reactor as the 

droplet. However, even in these devices, electrical leads need to be recon-

fi gured to alter the liquid routing. It is likely that a true ability to change 

the processes without changing hardware would open a pathway for a rapid 

improvement of existing processes as well as developing new methods.  
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