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       Preface 

             Micro fl uidic techniques are becoming widely incorporated into medical diagnostic systems 
due to the inherent advantages of miniaturization. In particular, the application of 
micro fl uidics to point-of-care testing (POCT) devices and high-throughput screening is 
predicted to become increasingly important, and consequently, the interest in micro fl uidic 
diagnostics is rapidly growing. The inherent advantages of scaling down include increased 
speed, ef fi ciency, a reduction in the demand for sample and reagents, and the potential for 
multiplexing and parallelization. Other often cited advantages, yet by no means universally 
achievable, include increased portability, lower device costs (through mass production), 
and more highly integrated and automated systems leading to powerful yet easy to use 
devices. Such potential has led to widespread predictions that such technologies will help 
revolutionize health care provision at a particularly timely moment. When faced with the 
multiple challenges of increased costs, an aging population, bringing health care to devel-
oping countries, and the need to shift the business models of pharmaceutical companies 
away from palliative care to more responsive and personalized therapeutics, it is easy to see 
that micro fl uidic diagnostics is well placed to take a centrally important role. 

 The sheer number of different methods and applications available has, however, led to 
a diffuse and fragmented  fi eld with little standardization. From a practical and commercial 
perspective, micro fl uidic diagnostics have not yet had as much of an impact in “real-world” 
applications as had been widely predicted although steady progress has been made. This 
may be partially attributed to the dif fi culty in translating academic research into practical 
solutions. In particular, the highly interdisciplinary nature of the  fi eld can be daunting to 
new researchers, especially those coming from more established and well-de fi ned disciplines 
who seek to apply the bene fi ts of micro fl uidics to their own work. Many challenges are 
faced in order to convert promising concepts from the lab bench through to practical and 
commercially viable devices. As well as technological challenges, regulatory hurdles and 
issues relating to intellectual property (IP) and other commercial concerns further compli-
cate the routes for technology transfer. 

 This book seeks to partly address some of these problems by providing a set of proto-
cols necessary for the development of a variety of micro fl uidic diagnostic technologies. It 
pulls together a range of methods from leading researchers in the  fi eld, covering subjects 
such as micro fl uidic device fabrication, on-chip sample preparation, diagnostic applications 
and detection methodologies. The protocols described range from cutting-edge develop-
ments to established techniques and basic demonstrations suitable for education and train-
ing; from basic fabrication methods to commercializing research. 

 What you need to know and how to do it: each protocol offers step-by-step instruc-
tions, including an introductory overview of the technique, a list of materials and reagents 
required, as well as helpful tips and troubleshooting advice. Insightful reviews along with 
advice on how to successfully develop and commercialize micro fl uidic diagnostic technolo-
gies makes this volume indispensable reading for scientists entering the  fi eld as well as pro-
viding a reference text for those already established. Due to the multidisciplinary nature of 
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the  fi eld, little background knowledge is assumed, providing an accessible text for scientists 
from a range of disciplines including biomedical researchers, engineers, biochemists, and 
clinicians. 

 This book is organized into three parts: “Micro fl uidic Diagnostics: From the Classroom 
to the Boardroom” contains a number of protocols suitable for the educational demonstra-
tion of micro fl uidic techniques, as well as chapters relating to commercialization issues, 
such as the micro fl uidic device market, patent  fi ling, and regulatory affairs. In addition, the 
opening chapter provides an overview of present technology and future trends in point-of-
care micro fl uidic diagnostics. “Fabrication and Manipulation Protocols” contains a number 
of protocol and review chapters detailing various micro fl uidic fabrication methods for the 
manipulation of  fl uidic samples on the microscale. “Application Protocols” contains proto-
cols and reviews for various applications of micro fl uidic diagnostics and a range of detection 
methodologies. 

 In preparing this book we would  fi rst and foremost like to express our gratitude to all 
the authors whose hard work and excellent contributions will, we hope, form a useful and 
informative text for many other researchers in the  fi eld. We appreciate their time and espe-
cially their patience during a long and arduous review process. Dr Jenkins would like to 
express his thanks to his friends and colleagues at Imperial College London, in Nanjing, 
and at Xiamen University and also to the members of the European Consortium of 
Micro fl uidics (hosted by the Centre for Business Innovation) for many useful discussions 
during the preparation of this work. He would also like to acknowledge  fi nancial support 
from the UK Department for Business Innovation and Skills and from the State Key 
Laboratory of Physical Chemistry of Solid Surfaces at Xiamen University, China for the 
support of his UK-China Fellowship. Special thanks are due to his wife and newborn son 
whose support has been unending and indispensable throughout. Dr Mans fi eld would like 
to thank the series editor, John Walker, for inviting him to participate in this project, as well 
as for his guidance during preparation of the book. He would especially like to express 
gratitude to his wife, Fidji, and sons, James and Ryan, for their support and patience while 
he spent countless weekends and evenings away from them working on this book.   

     Jiangsu ,  China      Gareth  Jenkins
 Lyon , France  Colin   D.   Mans fi eld             
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    Chapter 1   

 Present Technology and Future Trends in Point-of-Care 
Micro fl uidic Diagnostics       

     Lawrence   Kulinsky      ,    Zahra   Noroozi   , and    Marc   Madou      

  Abstract 

 This work reviews present technologies and developing trends in Point-of-Care (POC) micro fl uidic diagnostics 
platforms. First, various  fl uidics technologies such as pressure-driven  fl ows, capillary  fl ows, electromagneti-
cally driven  fl ows, centrifugal  fl uidics, acoustically driven  fl ows, and droplet  fl uidics are categorized. Then 
three broad categories of POC micro fl uidic testing devices are considered: lateral  fl ow devices, desktop and 
handheld POC diagnostic platforms, and emergent molecular diagnostic POC systems. Such evolving 
trends as miniaturization, multiplexing, networking, new more sensitive detection schemes, and the impor-
tance of sample processing are discussed. It is concluded that POC micro fl uidic diagnostics has a potential 
to improve patient treatment outcome and bring substantial savings in overall healthcare costs.  

  Key words:   Point of care ,  POC ,  POCT ,  Micro fl uidics ,  Diagnostics ,  Lateral  fl ow ,  Molecular diagnostics , 
 Immunoassay    

 

 Micro fl uidic diagnostics had an explosive growth in the last 20 
years spurred by the convergence of clinical diagnostic techniques 
(such as blood gas analysis, immunoassays, and molecular biology 
testing) and mature microfabrication technology  (  1  )  that allowed 
production of submillimeter-size  fl uidic channels and reservoirs in 
a variety of material systems (for example: silicon, polydimethylsi-
loxane (PDMS), poly(methyl methacrylate) (PMMA), etc.). 
Miniaturization of a chemical lab has apparent immediate bene fi ts: 
dramatically smaller amount of sample and reagents needed for the 
analysis; lower test costs; exponential reduction in test times due to 
the fact that diffusion distances in micro fl uidic systems are very 
small compared to the macroscopic lab tests; multiplexing—
performing multiple types of tests from the same sample; possibil-
ity of integration and automation of all process steps on the same 

  1.  Introduction
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platform; and development of a wide variety of Point-of-Care 
(POC) testing devices. 

 It is our belief that POC diagnostic systems will revolutionize 
the practice of medicine and have a strong potential to dramatically 
reduce healthcare costs. In some cases where tests should be per-
formed immediately POC testing, often referred to as POCT, is 
the only option—for example in critical care and operating rooms 
or threatening infectious diseases. In other cases, when all the 
required tests can be done in a physician’s of fi ce (as opposed to the 
patient’s sample being sent to a central laboratory for processing 
and then the patient visiting the doctor’s of fi ce again when test 
results are ready) POC testing offers the following bene fi ts: (a) 
substantial savings in overall healthcare costs (as a result of reduced 
number of patient visits to medical of fi ces); (b) an improvement in 
patient quality of life (avoidance of psychological stress caused by 
the uncertainty of his/her possible state of health or prognosis 
while waiting for results); (c) a possibility to start treatment earlier, 
which in some cases can affect the outcome of the treatment; and 
(d) a reduction of errors related to mixing up the results of various 
patients as compared to large test laboratories. It seems to us that 
one of the possible future trends will be an emerging support for 
POC testing by health insurance companies and government insur-
ance programs (such as Medicare), which will bene fi t from the 
lowering of medical costs. Eventually some of these cost savings 
will be passed on to consumers in the form of lower health insur-
ance premiums. 

 Before we commence our review of the state of micro fl uidic 
POC development it is necessary to clarify the terminology that we 
use. We consider that POC test platforms are self-contained diag-
nostic Lab-on-a-Chip (LOC) platforms  (  2  ) , micro Total Analysis 
Systems  (  3  ) , and  fl uidic cartridges or Lateral Flow (LF) strips  (  4  ) —
all either with integrated or dedicated readout systems with foot-
prints ranging from the small chip to a desktop system that can be 
placed in doctors’ of fi ces, hospitals, or mobile  fi rst responders’ 
vehicles and designed to be operated by minimally trained person-
nel. In other words, POC diagnostic devices should require mini-
mal manual operations (other than sample collection) and thus 
should contain all the necessary reagents, and it is highly desirable 
that all process steps (including sample preparation and pretreat-
ment) are automated and integrated within the system. It is under-
standable that due to the complex processing steps not every 
clinical test can be performed outside of the laboratory, but we 
believe that whenever possible, there is a great bene fi t to be derived 
from the development of a wider array of POC tests. 

 As the size of a system shrinks into the micrometer range, the 
surface area-to-volume ratio increases, and surface forces (rather 
than body forces such as gravitational forces that dominate physics 
at the everyday “macro”scale) become the most signi fi cant in fl uence 
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for operation of microdevices  (  5,   6  ) . For example, capillary and 
electrostatic forces play dominant roles at microscopic dimensions, 
and there are also challenges to mix  fl uids in reservoirs and 
micro fl uidic channels where convection is limited and diffusion 
becomes a key transport mode. We will  fi rst brie fl y review various 
types of micro fl uidic devices according to the predominant propul-
sion forces in each system (i.e., capillary-driven devices, pressure-
driven devices, etc.). The details of  fl uidic functions (including 
metering, gating, separation, etc.) that control the micro fl uidics of 
each system type are not however elaborated on in this work as 
they are discussed in several comprehensive reviews  (  2,   7,   8  ) . 

 We can categorize micro fl uidic diagnostic devices into three 
subsets of POC testing platforms: (a) LF test devices; (b) handheld 
or benchtop POC testing systems for blood gas, electrolytes, blood 
chemistry, and detection of certain protein markers—these systems 
typically use cartridges, tubes, and other non-LF platforms; and (c) 
molecular biology-based POC testing (such as nucleic acid testing)—
the newest and fastest-growing sector of the POC testing market. 
In each case we will consider the examples of POC testing devices 
that are available commercially and will observe some emerging 
technology and trends for each class of diagnostic platforms. The 
newly released TriMark Publications’ report  (  9  )  indicates that the 
global POC testing market reached $7.7 billion in 2010 and is 
growing at 7% per year. During 2010, 950 million POC tests were 
carried in US hospitals and the annual POC test number will grow 
to 1.5 billion by 2012. Presently, the vast majority of commercial 
POC testing is focused on blood glucose testing and other LF POC 
testing platforms. During the same period, academic research has 
been very active in developing other (non-capillary)  fl uidic plat-
forms leading to a wide arsenal of  fl uidic handling techniques for 
non-LF platforms, including molecular diagnostic techniques. We 
will conclude our review with a summary of the observed present 
and evolving trends in the development and commercialization of 
POC micro fl uidic diagnostic devices.  

 

 Micro fl uidic diagnostics uses micro fl uidic technologies to accomplish 
a predetermined set of operations (i.e., to bring the sample and 
reagents together, to add buffer, to implement wash, to facilitate 
the readout, etc.) required by the speci fi c biochemistry of the tests 
and detection techniques. This section lists an arsenal of available 
micro fl uidic techniques and the next section describes commercial 
and developing POC diagnostic platforms followed by analyses on 
how micro fl uidic technologies are used in these tests. We catego-
rize most of the micro fl uidic techniques according to the force 

  2.  Micro fl uidic 
Technologies
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employed for  fl uid propulsion (such as pressure-driven  fl ow, 
 electromagnetically driven  fl ow, etc.). It should be noted that 
besides the main force used for  fl uid propulsion, other forces might 
also be utilized for speci fi c  fl uidic operations on the same platform 
(gating, separation, etc.). For instance, while centrifugal  fl uidic 
platforms rely on a centrifugal pseudo-force as the principle means 
for  fl uid propulsion, other forces are employed as well, for exam-
ple, capillary forces are used in valving, and electromagnetic forces 
are employed in the cell lysis process on the same platform. In 
addition to the classi fi cation of  fl uidic devices based on the pre-
dominant  fl uid propulsion force, it is also possible to classify  fl uidic 
devices according to the type of  fl ow employed on the platform—
i.e., whether there is a continuous  fl ow or the so-called segmented 
 fl ow (where  fl uid is advanced in discrete packets or droplets). We 
will see that segmented  fl ows (also called droplet micro fl uidics), an 
extremely important emerging technology, can be achieved on a 
variety of platforms, for example, centrifugal platforms, pressure-
driven platforms, electromagnetically driven  fl ows, etc. Thus, we 
will consider “droplet micro fl uidic devices” as a distinct category 
of micro fl uidic devices. 

  When the size of the  fl uidic channels is reduced to hundreds of 
microns and below, surface forces (rather than body forces such as 
gravitational forces) start to dominate the behavior of  fl uid sys-
tems. For example, aqueous solutions whisk along hydrophilic cap-
illary walls (such as a piece of  fl eece) with the  fl uid advancing 
through the hollow capillary (or along the inter fi ber spaces) with-
out any applied pressure. This technology is very appealing as it 
does not require external pumps. Capillary  fl ow devices such as LF 
immunoassays or blood glucose test strips are the most successful 
commercial micro fl uidic diagnostic platforms existing today. While 
capillary diagnostic test devices tend to be inexpensive and widely 
accepted as POC testing platforms, complex tests where multiple 
steps such as mixing, dilutions, washing, etc. are required are 
dif fi cult to adapt to them. However, as we will see later, there are 
some efforts under way to introduce multiplexing on capillary plat-
forms. It is expected that there will be a strong continued push to 
increase the variety of POC tests performed using capillary  fl uidic 
diagnostic platforms.  

  In this type of pressure-driven  fl uidic device, external pumps (or 
various ingenious built-in micro-pumps)  (  10,   11  )  are used to drive 
 fl uids (samples, reagents) through the system. This type of plat-
form is very  fl exible as many  fl uidic operations such as mixing, 
valving, metering, separation, etc. have been developed over the 
years  (  12  ) . Flow of liquids in microchannels is a low-Reynolds 
number process, with a consequence that  fl ow is laminar and mixing 
between two liquid streams coming together happens by diffusion 

  2.1.  Capillary Flow 
Devices

  2.2.  Platforms with 
Applied Lateral 
Pressure
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across the liquid/liquid interface. This process is relatively slow 
and many types of mixers (both active and passive) have been 
developed to promote more effective mixing  (  13,   14  ) , including 
mixers designed to promote chaotic advection to create “folds” in 
the  fl uid in order to decrease the effective diffusion distances 
 (  15–  17  ) . Other  fl uidic operations utilize a laminar  fl ow pro fi le to 
separate and sort cells in microchannels  (  18,   19  ) . The advantage of 
this type of platform is that a wide variety of  fl uidic operations are 
available and this platform is used extensively in academic research. 
Disadvantages include the presence of pumps, the need for  fl uidic 
connections to the pump, and relatively large dead volumes.  

  This type of platform uses transverse pressure, to propel, or to stop 
the  fl uid  fl ow. The microchannels and reservoirs are made of soft 
plastic that can be squeezed or pinched off by the external pressure 
caused by  fl uid  fl owing in the adjacent channels ( see  Fig.  1 ) or by 
other transverse forces. The material choice for this platform is lim-
ited to soft elastomers  (  20  ) . This platform makes it possible to cre-
ate very large  fl uidic networks  (  21  )  and thus might be an attractive 
choice for drug screening and other high-throughput applications.   

  On the centrifuge-based  fl uidics platforms (often manufactured in 
the shape of a disk and called Lab-on-a-CD  (  22  ) ), the centrifugal 
pseudo-force directs the  fl ow of the  fl uid from the reservoirs placed 
close to the center of the disk to the reservoirs located near the 
edge of the disk. A motor is required for the disk rotation, but 
there is no need for external pumps, thus no need for a  fl uidic con-
nection between the pump and the  fl uidic platform. The valving 
on the CD platform is accomplished either based on the so-called 
passive valving, relying on the interplay between centrifugal forces 
(dependent on the rotation speed) and the capillary forces (depen-
dent on channels’ material and geometry), or based on active valv-
ing, where some form of external actuation is utilized (for example, 
the use of an infrared focused light source to melt wax plugs  (  23  ) ). 
A wide variety of  fl uidic functions are available (including valving, 
mixing, aliquoting, blood fractionation, and cell lysis), making CD 
devices a very appealing sample-to-answer  fl uidic platform for 
diagnostic applications  (  24,   25  ) .  

  Electrically and magnetically driven  fl ows are governed by such 
processes as electrophoresis, electro-osmosis, dielectrophoresis, 
electrowetting, and ferrohydrodynamics. An  electro-osmotic  fl ow  is 
produced as a result of  fi xed charges present on the surface of 
micro fl uidic channel walls. These surface charges cause a charge 
separation within the solution near the channel walls and the for-
mation of an electrical double layer (EDL). When an electric  fi eld 
is then applied along the length of the microchannel, the mobile 
charges within the EDL will be swept towards the oppositely 

  2.3.  Platforms with 
Applied Transverse 
Pressure
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charged electrode, moving  fl uid with them. Electro-osmosis is 
most pronounced in channels of several hundred microns in diam-
eter and smaller, since in these geometries the EDL occupies a 
considerable part of the channel’s cross section  (  26  ) .  Electrophoresis  
is the motion of charged molecules and particles under the 
in fl uence of a spatially uniform electric  fi eld—it is used extensively 
to separate and purify charged macromolecules such as proteins 
and nucleic acids  (  27  ) . Usually electrophoretic separation is 
accompanied by electro-osmosis, and these two processes are sum-
marized under the heading of  electrokinetic  fl ow   (  28  ) . One of the 
advantages of the electrokinetic  fl ow is the plug-like (non-para-
bolic) velocity pro fi le that helps to avoid dispersion of analytes or 
reagents within the  fl uid.  Dielectrophoresis  can be used to trans-
port, trap, separate, and sort different types of particles and cells 
based upon their polarizability in nonuniform electric  fi elds  (  29  ) . 
 Electrowetting  is a modi fi cation of the wetting properties (contact 
angle) of dielectric surfaces caused by an applied electric  fi eld—
i.e., a hydrophobic surface can become hydrophilic and vice versa, 
with the effect being reversible with a change of the applied volt-
age. A coordinated change in the hydrophobicity of several adja-
cent pads can cause a droplet to move from one pad to another 
and thus, it is possible to program the movement of a  fl uid in a 
complex pattern by applying potential to (and thus changing the 

  Fig. 1.    A two-layer polydimethylsiloxane (PDMS) push-down micro fl uidic valve. An elastomeric 
membrane is formed where the  fl ow channel is positioned orthogonal to the control chan-
nel directly above. Adapted from ref.  20.        
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contact angle of) individually addressable pads  (  30  ) . Some of the 
newest  fl uidic devices employ  ferro fl uids —a suspension of mag-
netic particles that is moved around by switching on and off elec-
tromagnets underneath different regions of the  fl uidic platform. 
Magnetic particles drag  fl uid with them and thus, similarly to the 
electrowetting application, droplets can be moved, merged, and 
separated with ease  (  31  ) .  

  Surface acoustic waves (SAWs) that travel over the surface of a 
substrate and propel a liquid droplet in the direction of the wave 
propagation have been used in micro fl uidic applications to gener-
ate, propel, mix, and break up liquid droplets  (  32  ) . An attractive 
feature of acoustically driven  fl ow is that in the MHz frequency 
range, sessile drops on a piezoelectric surface can be propelled at 
velocities as high as 1–10 cm/s. Enhanced mixing and micro-
centrifugation can be achieved within individual droplets to sepa-
rate or mix different phases on a microscale  (  33  ) . However, open 
architecture of SAWs might not work well for molecular diagnostic 
POC applications as the heating step during the polymerase chain 
reaction (PCR) step will cause evaporation and therefore, addi-
tional measures should be implemented to prevent evaporation, 
further complicating the setup.  

  In chemical and biochemical processes it can be advantageous to 
have a  fl uid travel in separate packets or droplets, either as single 
droplets traveling on a surface or between two planes (as for 
example, in the electrowetting processes described above) or as 
droplets of one phase separated and carried by another  fl uid (of 
different phase) that can be generated on centrifugal or pressure-
driven platforms. These droplets can carry samples and they can 
be combined with other droplets, carrying buffers, washes, 
reagents, etc. to implement very complex multistep chemical or 
biochemical processes (such as molecular diagnostics) on a com-
pact platform. This is also a powerful way to multiplex the analysis 
as each droplet (out of virtually millions) can carry a different type 
of reagent—thus, for example, it would be a very  fl exible platform 
for drug screening or process optimization. The dispersion of the 
sample in the microchannel can be minimized if the sample is 
moved within a droplet. Droplets can also serve as protective vehi-
cles for drug delivery  (  34  ) , as microreactors where reaction speeds 
will be very fast due to the short diffusion distances  (  35  ) , and in 
many other applications  (  36  ) . The toolset for creating droplets, 
transporting droplets, combining droplets, splitting droplets, put-
ting cells within droplets, or droplets within droplets has been 
developed on a wide variety of platforms (including pressure 
driven, centrifugal, electrokinetic, etc.)  (  37,   38  ) .   

  2.6.  Acoustically 
Driven Flows

  2.7.  Segmented Flow 
(Droplet Micro fl uidic 1 ) 
Devices

  1   The term “digital micro fl uidics” is also used. 
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 Micro fl uidic diagnostic technologies can be separated into lab-based 
testing technologies/devices and POC testing platforms. Both types 
of platforms utilize similar micro fl uidic handling processes as out-
lined above, but there are also signi fi cant differences. First, lab-
based testing does not need to be completely integrated (i.e., sam-
ple preparation steps can be performed on separate platforms and 
then pipetting robots can transfer metered sample between differ-
ent stations) and second, there is no need to limit the overall 
weight/size of the testing platform and readout equipment. In 
contrast, POC testing platforms require a signi fi cant integration, 
where sample preparation steps as well as compact detection tech-
nologies can present additional problems for the creation of com-
pact, inexpensive, portable (or desktop) diagnostic systems. There 
are a number of different tests that can be conducted on POC diag-
nostic platforms: blood glucose monitoring, blood gas and electro-
lytes, rapid coagulation tests, drugs of abuse screening, pregnancy 
and fertility tests, fecal occult blood testing, hemoglobin testing, 
cancer marker testing, cholesterol testing, infectious disease testing, 
etc. We will consider these tests from the micro fl uidic (not biologi-
cal or biochemical) perspective. Depending on the complexity of 
the biochemical steps, some of these tests are performed without 
dilution and washing steps and are adapted directly to LF plat-
forms—the most widespread and commercially successful type of 
POC testing to date. Another type of platform for POC testing is 
the so-called “handheld” and “desktop” POC test stations that can 
perform multiple assays from the same sample (multiplex) or do 
quantitative automated multiple tests (such as blood gases and 
blood chemistry in addition to immunoassays). The  fi nal type of the 
POC diagnostic platform is molecular biology-based testing, which 
represents the fastest-growing POC testing segment, and even 
though there are currently very few molecular diagnostic POC tests 
available commercially it is a subject of very active academic interest 
and we should expect new products on the market in the near 
future. This review is not exhaustive and it does not cover some 
POC testing devices such as in vivo diagnostic sensors. 

   Strip-based tests that use capillary forces are among the most 
ubiquitous and commercially successful POC tests. These tests can 
roughly be separated into two categories—qualitative tests that 
identify the presence or absence of a particular analyte in the sample 
and quantitative (or semiquantitative) tests that typically also use 
readout devices. 

 An example of a qualitative LF test is the pregnancy test. A typical 
over-the-counter pregnancy test is an immunoassay where the 
presence or absence of a speci fi c protein (such as human chorionic 

  3.  Types of Point-
of-Care Testing 
Platforms

  3.1.  Strip-Based POC 
Testing Platforms: 
Lateral Flow Tests

  3.1.1.  Lateral Flow POC 
Diagnostic Technologies



111 Future Trends in POC Microfluidic Diagnostics

gonadotrophin (hCG)) is detected based on the interaction of 
antibodies immobilized on a substrate with antigens in the sample. 
Figure  2   (  2  )  presents a schematic design of one type of an LF 
immunoassay test that utilizes immunochromatography for the 
detection of a speci fi c protein. While the sample passes over the con-
jugate pad, the antigens in the analyte form complexes with mono-
clonal antibodies conjugated to latex or gold nanoparticles or to an 
enzyme. The enzyme by reacting with multiple substrate molecules 
provides for optical signal ampli fi cation (absorption or  fl uorescence) 
by activating multiple dye molecules in a substrate. Capillary action 
continues to carry antibody–antigen pairs (with the attached tags) 
over the detection pad where a  test line  contains an array of immobi-
lized polyclonal antibodies speci fi c to the same antigen. The antigen 
(that is already paired with the tagged antibody) attaches itself to the 
immobilized polyclonal antibody, producing an antibody–antigen–
antibody sandwich that is anchored on the test line and thus change 
of the test line can be observed directly or with  fl uorescent micro-
scope (depending on the type of tag). The  control line  contains 
anchored immunoglobulin G (IgG) that binds to a nonspeci fi c 

  Fig. 2.    Schematic design of a lateral  fl ow test: ( a ) sample pad (sample inlet and  fi ltering), 
conjugate pad (reactive agents and detection molecules), incubation and detection zone 
with test and control lines (analyte detection and functionality test), and  fi nal absorbent 
pad (liquid actuation); ( b ) start of assay by adding liquid sample; ( c ) antibodies conjugated 
to colored nanoparticles bind the antigen; ( d ) particles with antigens bind to test line (posi-
tive result), particles without antigens bind to the control line (proof of validity). (Reproduced 
from ref.  2  with permission from RCS Publishing).       
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region of the antibodies and therefore, tagged antibodies will also 
be captured on the control line in a properly functioning LF immu-
noassay test unit.  

 The most popular  quantitative  LF test is utilized in POC sys-
tems for home blood glucose level measurements. Typically, a drop 
of blood is placed on a test strip where capillary action carries the 
sample to a region of the strip where an enzyme (such as glucose 
oxidase, GOx) is embedded. The reaction of glucose with oxygen 
in the presence of GOx can be detected electrochemically in a 
handheld reader, e.g., by amperometric detection of the peroxide 
reaction product, where the current is proportional to the patient’s 
blood sugar level. 

 Quanti fi cation in other LF tests is accomplished with auto-
mated detection using re fl ectometry. For example, Metrika, Inc. 
(now with Bayer HealthCare) has introduced such a portable 
device for measurement of HbA1c that was approved by the FDA 
for home use  (  39  ) . Similarly, the RAMP™ System (from Response 
Biomedical Corp.) provides a quantitative measurement of cardiac 
markers to assist in the diagnosis of a heart attack  (  40  ) . In the latter 
LF device immunochromatography is used with  fl uorescently 
labeled latex particles for detection as well as for internal calibra-
tion to measure the levels of Troponin I and CK-MB in a whole 
blood sample in less than 15 min.  

  Evolving trends in LF testing include the use of more sensitive and 
selective recognition elements. Examples include: nucleic acid 
hybridization-based LF devices  (  41  )  or a combination of antibody–
antigen recognition with nucleic acid hybridization in nucleic acid 
LF immunoassays  (  42  ) ; and utilization of advanced labels such as 
resonance-enhanced absorption  (  43  ) , chemiluminescence  (  44  ) , 
up-converting phosphors  (  45  ) , silver-enhanced gold nanoparticle 
labels  (  46  ) , etc. Other trends involve developing a larger number 
of immunoassays  (  47  ) , advancing quanti fi cation of the detection 
 (  48  ) , and quality control in manufacturing to increase reproduc-
ibility of tests  (  49  ) . In order to further increase the test sensitivity 
for LF assays some manufacturers have introduced microfabricated 
posts and grooves in the  fl uidic microchannels to better control 
 fl uid  fl ow through the system ( see  Fig.  3 )  (  50,   51  ) . Some of the 
immunoassays incorporate wash steps and thus cannot be in the 
format of LF (immuno) assays. Implementation of more sensitive 
detection techniques leads to the creation of more expensive and 
complex automated POC desktop platforms that we consider 
below.  

 In addition to the goal of developing more sensitive tests, there 
is another pressing need—that of developing inexpensive, easy-to-
use, disposable POC diagnostic tests for the resource-limited set-
tings of developing countries  (  52,   53  ) . The latest area of intense 
research activity is in the simpli fi cation of LF devices to their bare 

  3.1.2.  Evolving Trends 
in Lateral Flow Testing 
Platforms
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ingredients—patterned  fi lter paper impregnated with reagents (the 
so-called bioactive paper  (  54,   55  ) ) forms a basis of simple 
micro fl uidic paper-based analytical devices ( μ PADs)  (  56–  58  ) . This 
extremely simple test platform was used in proof-of-concept dem-
onstration for urinalysis, for quantitative colorimetric detection, 
for multiplexing, and even in constructing a simple  fi lter paper and 
adhesive tape-based, multilayer three-dimensional  fl uidic network 
( see  Fig.  4 )  (  59  ) . In addition, fast prototyping and production 
techniques for paper-based diagnostic devices have been proposed 
 (  60  ) .    

   So far we have considered some fairly simple one-step assays (mostly 
LF immunoassays and glucose test strips) that are either qualitative 
and do not require a readout device or semiquantitative and only 
need a simple readout device (e.g., a re fl ectometer). 

 Now we will discuss multistep POC tests that are somewhat 
more complex and require a desktop station (or, in a few cases, a 
handheld device) that will automate sample preprocessing, assay 
steps, and detection. While LF tests mostly use capillary forces for 
 fl uid transport, the handheld/desktop POC platforms employ a 
full range of micro fl uidic technologies—from centrifugal  fl uidics 
to electrokinetic  fl ows. 

 Many desktop POC platforms have a set of micro fl uidic car-
tridges for various types of tests (e.g., blood gases and electrolytes, 
protein markers, etc.). For example, one of the most versatile plat-
forms, namely, the i-STAT Analyzer (Abbott Point-of-Care)  (  61, 
  62  ) , is a handheld device that has separate  fl uidic cartridges for 
blood gases and blood electrolytes, lactate, coagulation, hematology, 
and cardiac markers. Several drops of whole blood are dispensed 

  3.2.  Automated 
Handheld and Desktop 
POC Platforms

  3.2.1.  Handheld and 
Desktop POC Diagnostic 
Technologies

  Fig. 3.    An array of microfabricated features such as 50  μ m posts and micromachined 
grooves controls  fl uid  fl ow on the LF immunoassay platform. (Reproduced from ref.  50  
with permission from American Association for Clinical Chemistry, Inc.).       
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into the cartridge, which is then sealed and inserted into the ana-
lyzer. The self-testing and calibration routine is initiated when a 
barb punctures a sealed reservoir containing the calibration solu-
tion, which washes over the sensor array. The  fl uidic control is 
based on an applied transverse pressure, when the analyzer device 
presses the internal air pouch that, in turn, displaces the calibrant 
into the waste reservoir and sends the blood sample into the sens-
ing chamber. The diagnostic tests of the i-STAT Analyzer are per-
formed via amperometric or potentiometric detection on the 
thin- fi lm biosensor array. There are many other commercial hand-
held and desktop analyzers on the market, but in contrast with the 
i-STAT device, the majority of manufacturers produce stand-alone 
blood gas analyzers, stand-alone immunoassay testing platforms, 
or two (or more) separate instruments for various types of tests. 
For example, the Biosite Triage ®  MeterPlus specializes in immuno-
assay test panels for cardiac markers  (  63  )  ( see  Fig.  5 ), while Roche 
has a dedicated Cobas b221 POC blood analyzer and a separate 
handheld CoaguCheck coagulation monitor  (  64  ) ; Siemens pro-
duces POC RapidPoint blood gas analyzers, another POC test sta-
tion Stratus ®  CS Acute Care™ Diagnostic System for cardio 
markers, and yet another CLINITEK platform for urinalysis  (  65  ) .  

 Centrifugal  fl uidics serves as a basis for several POC diagnos-
tics applications: Abaxis’ Piccolo xPress provides whole blood anal-
ysis on a disk  (  66  ) , Gyros’ Bioaffy CD are designed for POC 
diagnostics and development of immunoassays  (  67,   68  ) ; Samsung 
has developed an immunoassay from whole blood on a disk with 
active valving executed by laser-irradiated ferrowax microvalves  (  69  ) ; 
IMTEK’s researchers have designed an integrated disk with built-in 

  Fig. 4.    Three-dimensional paper-tape stack demonstrating possibility for  fl uidic networks in paper-based analytical devices. 
(Reproduced from ref.  59  with permission from National Academy of Sciences, USA).       
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total internal re fl ection surfaces to optimize rapid determination of 
alcohol level in whole blood  (  70  ) . One of the attractive features of 
the centrifugal platform for POC testing is that the sample prepa-
ration steps can be integrated seamlessly within the device—for 
example, whole blood fractionation can be achieved by centrifuga-
tion (for example, just the plasma fraction can be selected for sub-
sequent processing)  (  71  ) ; also ef fi cient mechanical cell lysis has 
been developed on CD platform  (  72,   73  ) .  

  The  fi eld of micro Total Analysis Systems ( μ TAS) or LOC is quite 
mature with new detection techniques being developed constantly 
 (  74,   75  ) . We envision incorporation and adaption of  μ TAS and 
LOC technologies to accelerate detection rates and sensitivities in 
POC diagnostic platforms, including a range of tools and processes 
such as employment of electrokinetic techniques  (  27,   76,   77  ) , use 
of magnetic beads  (  78,   79  ) , etc. A new generation of biosensors 
will be developed  (  80,   81  )  (especially those relying on electro-
chemical detection, as evidenced by the success of i-STAT platform 
discussed above) and novel detection technologies (such as 
opto fl uidics  (  82,   83  )  and label-free detection  (  84  ) ) will be imple-
mented on POC testing platforms. Presently “LOC” strongly 
resembles “Chip on a Lab” where all of the processing steps are 
conducted on a small chip with tiny amounts of sample and reagent, 
but to achieve a good sensitivity, powerful and bulky detection 
devices are used—thus the overall size of the POC desktop plat-
form is often dominated by the detection device. The miniaturiza-
tion trend will continue, especially for detection systems, in order 
to decrease the footprint of the POC diagnostic platforms. The 
POC testing  fl uidics propulsion systems will become even less 

  3.2.2.  Evolving Trends in 
Handheld and Desktop 
POC Diagnostic Platforms

  Fig. 5.    Biosite’s POCT Desktop Platform Triage ®  MeterPlus with a test cartridge. 
(Reproduced with permission from Alere San Diego, Inc.).       
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power-demanding and multiplexing technology (such as barcodes) 
will become more widespread. This last set of trends is demon-
strated by the recent development of an LF chip for multiplexed 
protein detection  (  85  ) . The information collection, sharing, com-
puterization of patient  fi les, and integrity of test data are receiving 
an increased attention as an area for potential cost savings and 
improvement of health care. In order to store patient data to facili-
tate POC test data sharing with health providers, and to avoid pos-
sible mix-ups of the test results, almost all of the newest POC 
testing handheld and desktop platforms have built-in data storage, 
printers, and/or special barcode labels (with patient information 
and test data) and they have dedicated communication ports for 
Ethernet or wireless data transmission to Laboratory Information 
System (LIS) and/or Hospital Information System (HIS)  (  86  ) .   

   There are two primary reasons why molecular diagnostic detection 
is growing in demand despite the fact that there is an extensive list 
of available immunoassays. The  fi rst reason is the so-called serocon-
version—a period that is needed for our body to accumulate enough 
of the antibodies against a speci fi c antigen to be detectable via 
immunoassays. This delay (for immunoassay detection) in the case 
of many infectious diseases has serious consequences such as perma-
nent damage or even death and the possibility that an undiagnosed 
virus carrier will continue to infect other people. The second reason 
is ampli fi cation that increases test sensitivity—nucleic acids can be 
ampli fi ed via PCR technology, but proteins cannot be ampli fi ed. 

 The  fi eld of academic research in the area of molecular diag-
nostics systems is too extensive to be discussed here, even 
super fi cially, and we invite interested readers to look at the recent 
reviews on the subject  (  87–  90  ) . Instead of a survey of academic 
research on POC molecular diagnostic systems, we will describe 
several molecular diagnostic platforms that are commercially avail-
able or under development. These technologies use disposable 
units (cartridges or pouches) with pre-packed reagents for sample 
preparation as well as a non-disposable portable closed system for 
housing permanent components including electronics, pumps, and 
controls for processing assays. 

  Cepheid’s GeneXpert  ®   (  91  )  (represented in Fig.  6 ) is a real-time 
PCR-based DNA analysis system incorporating sample preparation 
(DNA extraction), real-time DNA ampli fi cation, and detection. 
This modular system has multiple bays allowing it to simultaneously 
analyze multiple samples, with the degree of multiplexing limited to 
its  fi ve  fl uorescent channels. The system provides “sample-to-
answer” results from an unprocessed sample in about 1 h. The dis-
posable cartridge incorporates the body for housing preloaded 
reagents, a valve that moves the sample and reagents to the active 
area located in the base of the cartridge by rotating to different 

  3.3.  Molecular 
Diagnostic POC 
Platforms

  3.3.1.  Molecular Diagnostic 
Technologies for POC 
Applications
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positions, and a reaction tube for performing real-time PCR 
(RT-PCR). The cell lysis is carried out by ultrasonic energy gener-
ated by a sonic horn that acts upon the base of the cartridge where 
the active area is located. The extracted DNA solution is subse-
quently washed, puri fi ed, and concentrated by moving through dif-
ferent chambers, and then advanced to the reaction chamber where 
RT-PCR takes place. The platform utilizes an integrated  fl uorescence 
detection system. The  fi nal results are processed using dedicated 
software. A barcode system is used to store related information 
about each test. Other advantages of the GeneXpert ®  system are its 
small footprint and low power consumption.  

  Iquum’s Liat  (Lab-in-a-tube)  System   (  92  ) , composed of an ana-
lyzer and a disposable tube, processes a single sample with a com-
plete “sample-to-answer” time (that includes a sample preparation 
step) of 30–60 min. Raw sample, such as whole blood, plasma, 
urine, or a swab, is placed within a tube that is inserted into the 
analyzer where the RT-PCR process takes place. The  fl uidic trans-
port during assay processing is directed by actuators applying a 
transverse pressure to collapsible compartments of the tube to dis-
place liquid in the adjoining reservoir. Magnetic beads (controlled 
by a built-in magnet) are used to bind and transport nucleic acid of 
the sample. One notable advantage of the Liat tube system is that 
all assay steps are performed inside the tube that contains all the 
reagents and a sample. After the test is complete, the tube contain-
ing the biohazardous waste is safely disposed of. 

  Fig. 6.    GeneXpert ®  platform and disposable cartridge with components such as ( 1 ) 
processing chambers that contain reagents,  fi lters, and capture technologies necessary 
to extract, purify, and amplify target nucleic acids; ( 2 ) optical window that enables real-
time optical detection; ( 3 ) reaction tube for rapid thermal cycling; and ( 4 ) valve that 
enables  fl uid transfer from chamber to chamber and may contain nucleic acid lysis and 
 fi ltration components. (Reproduced with permission from Cepheid).       
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  Enigma ML   (  93  )  or “minilab” is a modular multiplexed RT-PCR 
system for analyzing both DNA and RNA targets from different 
body liquids or swabs. The results are obtained in 30–45 min. 

  The Idaho Technology’s FilmArray   (  94  )  is also a single sample 
 fl uorescence-based system for simultaneous detection of 18 viral 
and three bacterial pathogens. All reagents required to perform the 
assay are preloaded and lyophilized in a disposable pouch. No pre-
cise sample metering prior to testing is required; the disposable 
pouch with a built-in vacuum system draws in the required volume 
upon injection of a sample. Cell lysis is performed using a bead 
beating process. The released nucleic acids are then bound to mag-
netic beads and are transferred to the puri fi cation chamber where 
a wash buffer removes all the debris while the nucleic acids remain 
bound to the beads. An elution buffer separates the nucleic acids 
from the magnetic beads and  fl ows them into the PCR chamber 
where they are ampli fi ed through a two-stage PCR process: during the 
 fi rst stage of PCR, the FilmArray performs a single, large-volume, 
multiplexed reaction; in the second stage PCR is performed in 
small wells, each of which contains a primer designed to detect one 
speci fi c target. Image processing software is used for analysis of the 
 fl uorescence intensity in each well. Results from a raw sample are 
obtained in 1 h. 

 In all four systems described here, barcode scanning is used for 
recording of information about the test and the pouch ID. Table  1  
presents a quick comparison between the features of the four dis-
cussed molecular diagnostic POC platforms.   

  There are a growing number of companies developing POC 
Molecular Diagnostic Platforms with both PCR as well as RT-PCR 
technologies. The main difference between these two nucleic acid 
ampli fi cation technologies is that, even though implementation of 
RT-PCR is somewhat easier, at the moment there is a limit to the 
multiplexing capacity of solution-based RT-PCR because of the 

  3.3.2.  Evolving Trends 
in POC Molecular 
Diagnostic Platforms

   Table 1 
  Comparison between four POC molecular diagnostic platforms   

 Company  System 
 Hands-on 
time (min) 

 Run time 
(min) 

 Multiplex 
capacity  Throughput  Status 

 Cepheid  GeneXpert  2  45  5  Modular (48 
samples) 

 FDA cleared—
available 
commercially 

 Iquum  Liat  5  30  6  One sample  In development 

 Enigma  Enigma ML  1  30  6–12  Modular (six 
samples) 

 In development 

 Idaho Technology  FilmArray  5  60  20+  One sample  In development 
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limited number of distinct types of  fl uorophores ( fi ve or six), while 
for PCR with microarrays there is almost unlimited multiplex 
capacity. Future developments will emphasize the adaptation of 
nucleic acid ampli fi cation and detection technologies demonstrated 
on LOC platforms (for example, digital  fl uidics  (  95  ) , electropho-
resis  (  96  ) , and other technologies  (  97  ) ) to POC molecular diag-
nostic devices. We anticipate more development and implementation 
of the isothermal ampli fi cation strategies  (  98  )  and of novel detec-
tion techniques such as bioluminescence  (  99  ) . It is also expected 
that, as molecular diagnostic technologies develop higher sensitiv-
ity, much less intrusive (but also less concentrated) types of samples 
such as saliva, sweat, or tears will be used more often.    

 

 Micro fl uidic diagnostics for POC testing has the potential to reduce 
health care costs and improve patents’ outcomes. It is likely that 
government as well as health insurance providers will help in the 
wider adaptation of POC tests, through more favorable coverage 
and reimbursement policies and the encouragement of widespread 
use in doctors’ of fi ces. We can summarize evolving general trends in 
POC diagnostics as miniaturization (especially needed for detection 
systems), multiplexing, and networking (collection, storage, and 
transfer of data). Present demands are in the areas of developing 
POC testing platforms for resource-limited environments  (  53  ) ; in 
automation, simpli fi cation, and integration of sample preparation 
and preprocessing steps  (  100–  102  ) ; and also in transfer of the wide 
range of tests performed in the academic setting based upon LOC 
formats into commercial POC diagnostic platforms. 

 It was observed that the  fi eld of micro fl uidics, which initially 
showed a great promise to be used in a large number of unique and 
useful applications, has never quite found a commercially success-
ful, ubiquitous “killer” application  (  103,   104  ) . It is feasible that 
POC diagnostics might just be that “killer” application (or range 
of applications) for the micro fl uidic toolbox.      
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    Chapter 2   

 Teaching Micro fl uidic Diagnostics Using Jell-O ®  Chips       

     Cheng   Wei   T.   Yang    and    Eric   T.   Lagally         

  Abstract 

 Micro fl uidics has emerged as a versatile technology that has found many applications, including DNA 
chips, fuel cells, and diagnostics. As the  fi eld of micro fl uidic diagnostics grows, it is important to introduce 
the principles of this technology to young students and the general public. The objective of this project 
was to create a simple and effective method that could be used to teach key micro fl uidics concepts using 
easily accessible materials. Similar to the poly(dimethylsiloxane) soft lithography technique, a Jell-O ®  
“chip” is produced by pouring a mixture of Jell-O ®  and gelatine solution into a mold, which is constructed 
using foam plate, coffee stirrers, and double-sided tape. The plate is transferred to a 4°C refrigerator for 
curing, and then the Jell-O ®  chip is peeled off for experimental demonstrations. Three types of chips have 
been fabricated with different molds: a JELLO mold, a Y-channel mold, and a pH-sensor mold. Using 
these devices, the basics of micro fl uidic diagnostics can be demonstrated in one or two class periods. The 
method described in this chapter provides teachers with a fast and inexpensive way to introduce this tech-
nology, and students with a fun and hands-on way to understand the basics of micro fl uidic diagnostics.  

  Key words:   Micro fl uidics ,  Micro fl uidic diagnostics ,  Lab-on-a-chip ,  Micro fl uidics education ,  Teaching 
methods ,  Jell-O micro fl uidics    

 

 Micro fl uidics is a multidisciplinary  fi eld that utilizes fundamentals 
of physics, biology, chemistry, and engineering to create miniatur-
ized and integrated devices for various applications, including DNA 
chips, biological assays, and chemical synthesis  (  1  ) . Because it uses 
small volumes of  fl uid samples, micro fl uidics has the potential to 
revolutionize modern biology and medicine by signi fi cantly reduc-
ing costs and reaction times associated with an analysis  (  2  ) . Many 
types of materials have been explored for creating micro fl uidic 
channels and chips. Because it is inexpensive, optically transparent, 
and biocompatible, poly(dimethylsiloxane) (PDMS) elastomer has 
been extensively used in micro fl uidics  (  3  ) . Soft lithography is the 
common technique for fabricating PDMS micro fl uidic chips  (  4  ) . 

  1.  Introduction
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In our laboratory, PDMS soft lithography is being used to create 
micro fl uidic chips for af fi nity reagent isolation (Fig.  1a ) and bacte-
rial pathogen detection (Fig.  1b ). A general work fl ow of the soft 
lithography fabrication process is presented in Fig.  2 .   

 Other extensions of micro fl uidics are being explored in other 
materials as well. For example, much effort is currently focused on 
producing low-cost micro fl uidic diagnostics for addressing the issue 
of global public health using both paper- and thread-based 
micro fl uidic devices  (  5–  7  ) . As the  fi eld of micro fl uidic diagnostics 
continues to grow and becomes an integral part of our daily lives, it 
is important to transfer the current research efforts and applications 
of this technology to young students and the general public. 
Recently, we have devised a set of demonstrations to illustrate the 
use of Jell-O ®  and other inexpensive materials for teaching 
micro fl uidics  (  8  ) . Using these experiments, people can easily and 
effectively learn concepts such as micro fl uidic chip fabrication, lami-
nar  fl ow, dimensionless numbers, pH sensing, and diagnostics. 
These demonstrations can also serve as a bridge between nonscien-
tists and scientists by creating a platform for discussing current 
micro fl uidics research. Moreover, these educational endeavors can 
help to inspire the next generation of young scientists into the  fi eld 
of micro fl uidics. This chapter describes the use of Jell-O ®  chips for 
teaching micro fl uidics and micro fl uidic diagnostics to young stu-
dents and the general public.  

 

      1.    Six 6 in. foam plates, round ( see   Note 1 ).  
    2.    Several  fl at wooden coffee stirrers.  
    3.    Single- and double-sided tape.  

  2.  Materials

  2.1.  General Mold 
Construction

  Fig. 1.    ( a ) Photograph of a PDMS chip for af fi nity reagent isolation. ( b ) Photograph of a PDMS chip platform for bacterial 
pathogen detection.       
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    4.    Scissors.  
    5.    Personal protective equipment (gloves, lab coat, and safety 

goggles).      

      1.    Two 85 g boxes of lemon- fl avored Jell-O ®  jelly powder 
( see   Note 2 ).  

    2.    Two 7 g pouches of un fl avored (the Original) Knox ®  Gelatine 
( see   Note 3 ).  

    3.    Two beakers of 120 mL of puri fi ed water for dissolving Jell-O ®  
and Knox Gelatine.  

    4.    One metal stirrer.  
    5.    Hot plate.  
    6.    Six premade molds with speci fi c patterns.  
    7.    PAM ®  Original no-stick cooking spray.  
    8.    Some tissue paper.  
    9.    Refrigerator with temperature of 4°C.  
    10.    Flat 5 in. aluminum pans.  
    11.    Personal protective equipment (gloves, lab coat, and safety 

goggles).      

  2.2.  General Jell-O  ®  
Chip Fabrication

  Fig. 2.    Scheme for producing Jell-O ®  chips using soft lithography. ( a ) A negative mold is made with desired features. 
( b ) Liquid chip material is poured onto the mold. ( c ) Mold with liquid material is cured. ( d ) Solidi fi ed chip is peeled off and 
( e ) placed on a rigid substrate for experiments. (Reproduced from ref.  8  with permission from American Chemical Society).       
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      1.    Jell-O ®  micro fl uidic chips, each with a continuous channel 
depicting the letters “JELLO.”  

    2.    Round drinking straws.  
    3.    One disposable transfer pipet per Jell-O ®  chip.  
    4.    Food-grade color dye, green.  
    5.    Small vials of water with a few drops of green food coloring 

dye (~30 mL each).  
    6.    Personal protective equipment (gloves, lab coat, and safety 

goggles).      

      1.    Jell-O ®  micro fl uidic chips, each with a Y-shaped channel.  
    2.    Round drinking straws.  
    3.    Two disposable transfer pipets per Jell-O ®  chip.  
    4.    Food-grade color dye, blue.  
    5.    Small vials of clear water (~30 mL each).  
    6.    Small vials of water with a few drops of blue food coloring dye 

(~30 mL each).  
    7.    Personal protective equipment (gloves, lab coat, and safety 

goggles).      

      1.    Jell-O ®  micro fl uidic chips, each with two straight channels.  
    2.    Round drinking straws.  
    3.    Two disposable transfer pipets per Jell-O ®  chip.  
    4.    Two small pieces of acid-sensing pH paper and two small pieces 

of base-sensing pH paper.  
    5.    Double-sided tape.  
    6.    Small vial of 1 M hydrochloric acid (or cooking vinegar).  
    7.    Small vial of 1 M sodium hydroxide (or dissolved antacid 

solution).  
    8.    Personal protective equipment (gloves, lab coat, and safety 

goggles).       

 

 In general, the molds are created using foam plates, wooden coffee 
stirrers, and double- and single-sided tape. The coffee stirrers are 
 fi rst cut into various shapes and sizes, depending on the purpose of 
the mold, using a pair of scissors. These pieces of coffee stirrers are 
taped onto a foam plate using double-sided tape to create the 
desired mold pattern. Single-sided tape is then adhered to the 
junctions of the wooden sticks to reduce the gap. Three types of 

  2.3.  Module 1: “JELLO 
Chip” Demonstration

  2.4.  Module 2: 
“Y-Channel Chip” 
Demonstration

  2.5.  Module 3: 
“pH-Sensor Chip” 
Demonstration

  3.  Methods
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molds have been constructed to illustrate the diverse concepts that 
can be taught using this teaching method: a “JELLO” mold, a 
Y-channel mold, and a pH-sensor mold. In general, the Jell-O ®  
chips are made by pouring a liquid mixture of both Jell-O ®  and 
gelatine into the molds. These plates are left to cure in a 4°C refrig-
erator for about 2 days. When ready, the Jell-O ®  chips are removed 
from the refrigerator, peeled from the molds, and placed on alumi-
num dishes for demonstrations. The high sugar content from the 
Jell-O ®  and gelatine mixture provides a natural seal on the alumi-
num dishes, and the strength of the seal is suitable for the low-
pressure applications presented here. A general work fl ow for 
fabricating these Jell-O ®  chips is shown in Fig.  3 .  

 Instructors should allocate two 1-h class periods to conduct the 
demonstration(s). The  fi rst class period is dedicated to introducing 
micro fl uidics and soft-lithography, constructing the molds, preparing 
the Jell-O ®  and gelatine mixture, pouring the mixture into the molds, 
and moving the plates to the refrigerator ( see   Note 4 ). The second 
class period is focused on conducting the hands-on experiments, 
observing the micro fl uidics phenomena, elucidating the accompany-
ing theory, and discussing some current and relevant applications. 
For more mature audiences (high-school, university, general public), 

  Fig. 3.    General work fl ow for producing Jell-O ®  chips using soft lithography approach. ( a ) Foam plate and wooden coffee 
stirrers are starting materials for making the mold. ( b ) A negative mold is made with desired features using double-sided 
tape. ( c ) Jell-O ®  and gelatine liquid mixture is poured onto the mold. ( d ) The molds with liquid material are left to cure in a 
4°C refrigerator. Solidi fi ed chips are peeled off and placed on aluminum pans for experiments at room temperature (repro-
duced from ref.  8  with permission from American Chemical Society).       
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the learners should conduct both chip fabrication and experimentation. 
For younger audiences (grade-school and middle-school), the mold 
and the chips should be made in advance by instructors; these 
students would participate by manipulating the chips to form a seal 
on an aluminum pan, and conducting the experiments. The main 
learning outcomes are summarized in Table  1  below.  

      1.    “JELLO” Chip: Cut the coffee stirrers into rectangular shapes 
of various lengths, according to the letters “JELLO.” Using 
double-sided tape, attach these small pieces of wooden sticks 
onto a foam plate to form a continuous channel depicting the 
letters “JELLO.” Use small pieces of single-sided tape to cover 

  3.1.  General Mold 
Construction

   Table 1 
  A summary of learning outcomes for Module I: “JELLO Chip” demonstration, 
Module II: “Y-Channel Chip” demonstration, and Module III: “pH-Sensor Chip” 
demonstration (reproduced from ref.  8  with permission from American Chemical 
Society)   

 Parameter  Module I  Module II  Module III 

 Target learners  Grade-school science 
students 

 High school science 
students 

 High school science 
students 

 Mold fabrication 
dif fi culty 

 Medium  Medium  Easy 

 Experimental 
dif fi culty 

 Easy  Medium  Medium 

 Learning 
objectives 

 Basics of micro fl uidic 
fabrication 

 Visualization of laminar 
 fl ow 

 Differences between 
acids and bases 

 Soft lithography  Differences between 
laminar  fl ow and 
turbulent  fl ow 

 Fundamentals of pH 
sensing 

 Concept of pressure-driven 
 fl ow 

 Signi fi cance of dimen-
sionless parameters 

 Concept of 
parallelization 

 Diversity, complexity, and 
 fl exibility of designs 

 Current micro fl uidic 
applications of laminar 
 fl ow 

 Current micro fl uidic 
parallelization 
applications 

 Questions to be 
answered 

 What is micro fl uidics and 
how are micro fl uidic 
chips made? 

 Why do the two 
solutions not mix in 
this Jell-O chip? 

 What are acids and bases? 

 How are channels formed 
in micro fl uidic chips? 

 What is the difference 
between turbulent 
 fl ow and laminar  fl ow? 

 How can we determine 
the pH of solutions 
using pH papers? 

 How do liquids  fl ow in 
micro fl uidic chips? 

 What are dimensionless 
numbers? 

 What is parallelization? 

 Can  fl uid be passed through 
the chip with only one 
inlet and no outlet? 

 How can dimensionless 
numbers help us to 
build our devices? 

 What are current 
micro fl uidic applica-
tions of parallelization? 
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the junctions of coffee sticks to ensure a smooth overall mold 
surface ( see   Note 5 ).  

    2.    Y-Channel Chip: Two pieces of coffee stirrers are needed for 
forming one Y-channel mold. Cut the  fi rst coffee stirrer at both 
ends using a pair of scissors to obtain a long rectangular-shaped 
wooden stick of ~3 in. long. One end of this stick should be 
 fl at (outlet) and the other end should be further cut into a dag-
ger shape. Cut the second coffee stirrer to obtain two smaller 
rectangular-shaped sticks of the same length (~1 in. long) ( see  
 Note 6 ). Using double-sided tape, tape the longer stick near 
the bottom half of a foam plate. Similarly, tape the two smaller 
sticks at the dagger-shaped end of the longer stick to form a 
mold with the letter “Y” ( see   Note 5 ). Use small pieces of 
single-sided tape to cover the junctions of coffee sticks to 
ensure a smooth overall mold surface.  

    3.    pH-Sensor Chip: Two pieces of coffee stirrers are required for 
forming the pH-sensor mold. Cut both of the coffee stirrers to 
obtain two long rectangular-shaped wooden sticks of the same 
length (~3 in. long). Using double-sided tape, attach these 
sticks to the middle of the foam plate at ~1 in. apart.      

      1.    After constructing the mold plates ( see   Note 7 ), mix two 
pouches of Jell-O ®  jelly powder in 120 mL of puri fi ed water in 
one beaker (using a metal stirrer). Mix two pouches of Knox 
Gelatine powder in another beaker with the same amount of 
water ( see   Note 8 ).  

    2.    Place the  fi rst beaker (containing partially dissolved Jell-O ® ) 
on a hot plate and heat the solution to a boil ( see   Note 9 ). 
Remove beaker from the heat and pour the content of the sec-
ond beaker (containing partially dissolved gelatine) into the 
 fi rst beaker. Reheat the mixture of Jell-O ®  and gelatine solu-
tion to a boil on the hot plate, and  fi nally remove this beaker 
from the heat.  

    3.    Apply a small amount of cooking spray onto the inside rim of 
the foam plate (with tissue paper) to facilitate the peeling of 
the Jell-O ®  chips after curing. Pour the mixture of Jell-O ®  and 
gelatine solution into the molds (an amount that can ade-
quately cover the wooden sticks). Approximately six mold 
plates can be  fi lled with the amount of solution prepared.  

    4.    Transfer the molds with liquid mixture to a 4°C refrigerator 
for curing ( see   Note 10 ) and cure the chips for about 2 days to 
obtain more robust Jell-O ®  chips.  

    5.    When ready for demonstration, carefully peel the cured Jell-O ®  
chips off of the mold. Bending the foam plate at the rim may 
help with the peeling process. Be careful when peeling the 
Jell-O ®  chip near the wooden sticks to prevent any tears, which 
can result in leakage in the chip.  

  3.2.  General Jell-O  ®  
Chip Fabrication
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    6.    Determine the side of the chip with hollow channel(s). Place 
this side against an aluminum pan to create a natural and revers-
ible seal, and to form an enclosed channel. Make sure to elimi-
nate all visible air bubbles between the chip and aluminum pan 
( see   Note 11 ).      

      1.    These instructions assume that chips with a continuous channel 
depicting the letters “JELLO” are cured and ready to be used 
for demonstration.  

    2.    To motivate this demonstration, questions including “What is 
micro fl uidics?,” “How are micro fl uidic chips made?,” and 
“How are channels formed in micro fl uidic chips?” can be pre-
sented to the class. It may be helpful to use Figs.  1  and  2  to 
facilitate the discussion.  

    3.    After class discussion, peel the “JELLO” chips from their foam 
plates and place them on aluminum pans as described in 
Subheading  3.2 , then proceed with experimental demonstra-
tion. These instructions explain the procedure for working 
with one chip ( see   Note 7 ).  

    4.    Using a round drinking straw, puncture an inlet hole at the tip 
of letter “J” and an outlet hole at the end of letter “O” with a 
gentle twisting motion.  

    5.    Add a few drops of green food coloring dye into a small vial of 
water, and load the green water into a disposable transfer pipet.  

    6.    By gently squeezing the pipet bulb, inject the green water into 
the channel via the inlet hole. The resulting  fl uid  fl ow can be 
directly visualized without the use of any imaging apparatus. 
An example of the results produced is shown in Fig.  4 .   

    7.    Learning Objectives including “Basics of micro fl uidic fabrica-
tion” and “Soft lithography” can be easily taught using the 
“JELLO” demonstration presented above. After conducting 
the hands-on experiment, the similarities and differences between 

  3.3.  “JELLO Chip” 
Demonstration

  Fig. 4.    A chip made into the letters “JELLO” and  fi lled with green colored water demon-
strates the ease of making complex patterns with the Jell-O ®  technique (reproduced from 
ref.  8  with permission from American Chemical Society).       
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Jell-O ®  chip and PDMS chip fabrication can be highlighted. 
For example, negative molds for PDMS chip fabrication are 
produced using photolithography; the PDMS pre-polymer is 
cured in an oven at 60°C; and the feature sizes of PDMS 
micro fl uidic chips are usually a few micrometers in width  (  4  ) . 
However, the general fabrication concepts and PDMS soft 
lithography can be easily explained using this demonstration.  

    8.    The concept of pressure-driven  fl ow can also be explained using 
this demonstration. Questions including “How do liquids  fl ow 
in micro fl uidic chips?” and “Can  fl uid be passed through the 
chip with only one inlet and no outlet?” can be used to moti-
vate the class discussion. When pressure is applied to the pipet 
bulb, a pressure is applied to the colored water in the transfer 
pipet, and a  fl uid  fl ow is observed. The  fl uid  fl ow stops as soon 
as the pressure from the pipet bulb is released. In contrast, if 
there is only one inlet and no outlet, then the  fl uid cannot  fl ow 
through the channel. This phenomenon occurs because the air 
present in the channel has no place to escape. Furthermore, if a 
large enough pressure is exerted on the  fl uid in this inlet-only 
system, then the reversible seal between chip and aluminum 
pan would break. The outlet provides a path for the air inside 
the channel to escape, therefore allowing the  fl uid to  fl ow.  

    9.    Finally, this demonstration can be used to illustrate the level of 
creativity that can occur in designing micro fl uidic chips. 
Depending on our speci fi c needs, we can fabricate molds and 
chips with varying  fl exibility, diversity, and complexity. 
Currently, micro fl uidic chips are being designed to address 
speci fi c problems in micro fl uidic diagnostics.      

      1.    These instructions assume that chips with a continuous chan-
nel depicting the letter “Y” are cured and ready to be used for 
demonstration.  

    2.    To motivate this demonstration, pose the question “What 
would happen when you pour clear water and blue water in a 
cup?” to the class. Evidently, the students would expect mixing 
of the two solutions. Subsequently, pose the question “What 
would happen when you inject clear water and blue water in 
the ‘Y-channel’ chip?.” The majority of the students would 
most likely answer that mixing of the  fl uids would occur. 
Without revealing the answer, obtain the aluminum pans with 
“Y-channel” chips and proceed with experimental demonstra-
tion. These instructions explain the procedure for working 
with one chip ( see   Note 7 ).  

    3.    Using a round drinking straw, puncture two inlet holes at the 
top of letter “Y” and an outlet hole at the bottom of letter “Y” 
with a gentle twisting motion.  

  3.4.  “Y-Channel Chip” 
Demonstration
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    4.    Prepare two small vials of puri fi ed water, and add a few drops 
of blue food coloring dye to one of the vials. Obtain two dis-
posable transfer pipets: load one pipet with blue water and the 
other one with clear water.  

    5.    Simultaneously inject clear water and blue water into left chan-
nel and right channel, respectively ( see   Note 12 ). The resulting 
laminar  fl uid pro fi le can be directly visualized without the use 
of a microscope ( see   Note 13 ). An example of the results pro-
duced is shown in Fig.  5 .   

    6.    Furthermore, the  fl ow rate of one solution can be changed (by 
changing the pressure applied to the pipet bulb), and the shift-
ing of the interface between clear and colored water can be 
observed. It is counterintuitive to see that the two  fl uids do 
not mix in the Y-channel chip, so this demonstration provides 
a convenient starting point for discussing the differences 
between turbulent  fl ow and laminar  fl ow.  

    7.    Students who are more mathematically advanced can be intro-
duced to dimensionless parameters or numbers for a more 
comprehensive understanding ( see   Note 14 ). For examples, 
dimensionless parameters including the Reynolds number ( Re ) 
( see   Note 15 ) and Péclet number ( Pe ) ( see   Note 16 ) can be 
discussed and calculated in class. To gain a better understand-
ing of  Pe  numbers, diffusion and diffusion coef fi cient ( D ) may 
also need to be discussed ( see   Note 17 ).  

    8.    The signi fi cance of dimensionless numbers can also be high-
lighted, because learning how to use dimensionless numbers is 
an important skill for scientists and engineers. For example, 
dominant forces in the fabricated micro fl uidic devices can be 
calculated using dimensionless numbers. Reynolds number can 
be used to determine whether laminar or turbulent  fl ow 
dominates; Péclet number can be used to determine whether 

  Fig. 5.    ( a ) A Jell-O ®  Y-channel chip with a Reynolds number of 30. The injection of colored 
water to one inlet and clear water to the second results in the classic laminar  fl ow pro fi le, 
in which both streams remain separate and mix solely by diffusion along the length of the 
channel. ( b ) Diagram of laminar  fl ow diffusive mixing occurring at the interface between 
two different  fl uids along the channel length. This phenomenon is governed by the Péclet 
number (reproduced from ref.  8  with permission from American Chemical Society).       
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convective mass transfer or diffusion dominates. Conversely, 
the value of a parameter can also be changed to switch between 
the analytical regimes, and dimensionless numbers can facili-
tate in the designing of micro fl uidic chips.  

    9.    In these Jell-O ®  Y-channel chips, reliable separation of analytes 
based solely on diffusion or molecular size cannot be easily 
achieved (Fig.  5a ); however, this result can be achieved in 
smaller micro fl uidic systems (Fig.  5b ). For example, diffusive 
mixing has been used in micro fl uidic T-sensors for chemical 
concentrations measurements  (  9  )  and for rapid determination 
of diffusion coef fi cients for molecules of varying sizes  (  10  ) .  

    10.    After discussing the theory behind the Y-channel chip, some 
current applications of this device can be highlighted. In addi-
tion to the two T-sensor examples discussed above, laminar 
 fl ow can also be used to separate the anode and cathode streams 
in Y-shaped fuel cells, without the use of a polymer electrolyte 
membrane  (  11–  13  ) .      

      1.    These instructions assume that “pH-sensor” chips are cured 
and ready to be used for demonstration.  

    2.    To motivate this demonstration, questions such as “What are 
acids and bases?” and “How can we determine the pH of solu-
tions using pH papers?” can be presented to the class. Obtain 
aluminum pans with “pH-sensor” chips and proceed with 
experimental demonstration. These instructions explain the 
procedure for working with one chip ( see   Note 7 ).  

    3.    Using a round drinking straw, puncture two inlet holes at the 
top of both channels, and two outlet holes at the bottom of 
both channels with a gentle twisting motion (to form two sep-
arate channels).  

    4.    Use double-sided tape to attach the small pieces of pH paper 
onto the aluminum pan, within the boundaries of the chan-
nels. In both of the channels, tape a piece of acid-sensing pH 
paper near the inlet and tape a piece of base-sensing pH paper 
near the outlet.  

    5.    Carefully prepare small vials of 1 M HCl and 1 M NaOH (each 
with volume of ~30 mL) ( see   Note 18 ). Obtain two disposable 
transfer pipets, and load one with NaOH and the other with HCl.  

    6.    Simultaneously inject NaOH into the left channel and HCl 
into the right channel, and directly visualize the resulting color 
changes in the pH papers. An example of the results produced 
is shown in Fig.  6 .   

    7.    Alternatively, safer acidic or basic solutions, such as cooking 
vinegar and dissolved antacid solution, could be used for this 
experiment ( see   Note 19 ).  

  3.5.  “pH-Sensor Chip” 
Demonstration
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    8.    When 1 M NaOH is injected into the channel on the left, the 
base-sensing pH paper nearest the channel outlet turns blue. 
In contrast, when 1 M HCl is injected into the channel on the 
right, the acid-sensing pH paper nearest the channel inlet turns 
purple. As a result, the differences between acids and bases, 
and the fundamentals of pH sensing can be explained.  

    9.    Optionally, this demonstration can be combined with the 
Y-channel demonstration to form a more integrated learning 
activity. For example, a weak acid and a weak base can be 
injected over a pH paper placed within the Y-channel chip. 
Therefore, distinct pattern of color change can be observed on 
the same pH-sensing strip due to laminar  fl ow, diffusive mix-
ing, and neutralization.  

    10.    The concepts of parallel analysis and micro fl uidic diagnostics can 
also be introduced with this demonstration. As an example of 
parallel analysis,  fi rst assume that the indicator strips near the 
channel inlets represent areas of the micro fl uidic chip that con-
tain a type of ligand (capturing agent) that detects analyte A. 
Similarly, assume that the indicator strips near the channel outlets 

  Fig. 6.    Dual Jell-O ®  chip pH sensor. ( a ) Two different pH-sensing regions per channel can 
be used to detect different solutions. ( b ) The addition of either acidic or basic solutions to 
each channel results in a distinct pattern of color change visible to the naked eye. ( c ) pH 
indicator chart for reference (adapted from EM-Reagents) (reproduced from ref.  8  with 
permission from American Chemical Society).       
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represent a second type of ligand that detects analyte B. When 
two unknown  fl uid samples are introduced into the channels, the 
presence of analyte A or B in each solution can be determined. 
Therefore, we are running two separate tests in parallel.  

    11.    This concept of parallel analysis can be further extended. For 
example,  fi rst assume that the channels have been modi fi ed 
with four different ligands. Consequently, four independent 
tests can be conducted on one  fl uid sample in parallel. 
Therefore, current efforts in micro fl uidic diagnostics to con-
duct hundreds of tests in parallel can be easily explained using 
this simple demonstration  (  14,   15  ) .       

 

     1.    To be more environmentally sustainable,  fl at paper plates may 
be used instead of foam plates.  

    2.    Lemon- fl avored Jell-O ®  jelly powder was used because it cre-
ated chips with the best optical transparency. Other  fl avors 
could also be used, as long as  fl uid  fl ow can still be seen through 
the chips.  

    3.    This is a modi fi cation of the initial protocol, which used only 
one pouch of Knox ®  Gelatine. It has been found that this new 
approach shortened the curing time and also increased the 
robustness of the chips.  

    4.    Since 2 days of curing time is recommended, it is ideal to make 
these chips on Friday and continue with the demonstration on 
Monday.  

    5.    During the taping of the sticks onto the foam plate, the sticks 
need to be pressed against each other well to reduce the gaps 
between them. It may also help to wear gloves during the tap-
ing process since tape becomes less sticky when oils from the 
 fi ngers are transferred to the tape.  

    6.    The length for the two sides of the dagger-shaped end should 
be the same as the width of the smaller coffee sticks to ensure 
a continuous and smooth Y-channel geometry.  

    7.    The amount of Jell-O ®  and gelatine mixture produced in this 
protocol is enough to completely cover six mold plates. 
Thicker chips can be made by reducing the number of molds 
made (to three or four). However, increasing the thickness of 
the chips will most likely affect and lengthen the curing time. 
The number of Jell-O ®  chips needed for a presentation or a 
workshop depends on the number students present. From our 
experience, a ratio of 2–3 students per chip produced the best 
learning experience.  

  4.  Notes
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    8.    Jell-O ®  and gelatine powder are not readily soluble in cold 
water. Therefore, the solution in this beaker will remain opaque 
until heated to a boil in the following steps.  

    9.    Before using the hot plate, it is helpful to cover the hot plate 
with some aluminum foil to prevent any spills from drying 
up on hot plate surface and to facilitate the cleanup proce-
dure. During the heating process, the solution should be 
stirred often.  

    10.    If a large quantity of Jell-O ®  chips is required for the demon-
stration/workshop, it is helpful to place the foam plates on a 
cart with wheels, and then pour the Jell-O ®  and gelatine mix-
ture into the plates. Subsequently, the cart can be wheeled into 
and stored in a 4°C cold room for curing the chips.  

    11.    From experience, it is important to store the Jell-O ®  in the 
refrigerator until immediately prior to the demonstrations. If 
left at room temperature for too long, the chips may lose their 
robustness and the peeling process may fail.  

    12.    To prevent leakage from the inlets, the transfer pipets should 
be held at a 45° angle to the surface, and pointed into and 
parallel to the inlets of the Y-channel. Both clear and dyed 
water should be injected evenly and slowly into the channels in 
order to create the laminar  fl ow pro fi le.  

    13.    If Y-channel chips are too dif fi cult to fabricate, simpler 
T-channel chips can also produce similar results. Two rectan-
gular-shaped coffee stirrers can be combined to make the letter 
“T” on a foam plate. Puncture the two inlet holes and one 
outlet hole as before. Laminar  fl ow pro fi le can still be observed 
using the T-channel chips.  

    14.    Dimensionless parameters do not have a physical unit, and they 
are usually de fi ned as a ratio of two properties (these properties 
may have units individually, but the units cancel out when they 
are combined)  (  16  ) .  

    15.    Reynolds number ( Re ) is a dimensionless parameter that relates 
inertial to viscous forces in  fl uid  fl ows:  Re =  r U  0  L  0  / h  , where   r   
is the  fl uid density,  U  0  is the characteristic velocity,  L  0  is the 
typical length scale, and   h   is the shear viscosity  (  16,   17  ) . A high 
 Re  implies that inertial forces are dominant; and a low  Re  
implies that viscous forces are dominant. Therefore,  Re  is used 
to differentiate between laminar and turbulent  fl ows. Using 
water as the working  fl uid (  r   = 1.0 g/cm 3  and   h   = 0.010 g/
cm s) with a velocity of 1.0 cm/s and a channel radius of 
0.30 cm yields  Re  = 30. Typically, the transition from laminar 
to turbulent  fl ow in round pipes occurs at  Re  = 2,000–3,000 
 (  16  ) , so  Re  = 30 indicates that the  fl ow is within the laminar 
 fl ow regime.  
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    16.    Péclet number ( Pe ) is another dimensionless parameter that is 
de fi ned as  Pe  =  U  0  L  0  /D , where  U  0  is the characteristic veloc-
ity,  L  0  is the typical length scale, and  D  is the diffusion 
coef fi cient.  

    17.    Understanding the implications of  Pe  requires an understand-
ing of diffusion. Elementary diffusion explanations can be 
initiated using the Jell-O ®  chips described here, as laminar 
 fl ow is an ideal  fl ow regime in which to demonstrate the 
effects of diffusion. For a molecule with an unknown diffusiv-
ity, the diffusion coef fi cient can be modeled as a spherical 
solute:  D  »  k  B  T/ 6  p  h a , where  k  B  is the Boltzmann constant, 
 T  is the temperature,   h   is the shear viscosity, and  a  is the 
 molecule size  (  16  ) . The diffusion coef fi cient of typical food 
coloring dye is about 200  m m 2 /s  (  18  ) ; therefore, calculation 
yields  Pe  = 150,000 in our Jell-O ®  chips. This large  Pe  indi-
cates that convective mass transfer dominates and little diffu-
sion along the length of the channel occurs (Fig.  5a ). 
However, as the typical length scale decreases (such as in the 
case of research micro fl uidic systems), intermediate  Pe  is 
achieved, and the differences in solute diffusion rates will 
become more pronounced (Fig.  5b ).  

    18.    Be extremely careful when working with high concentrations 
of acids and bases: Proper protective clothing including lab 
coat, gloves, and goggles must be worn at all times. This step 
may not be suitable for younger students.  

    19.    Household solutions that are safer than 1 M HCl and NaOH 
may be used. Common acidic solutions include vinegar and 
lemon juice; common basic solutions include dissolved antacid 
solutions and soapy water.          
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    Chapter 3   

 Fundamentals of Micro fl uidics for High School Students 
with No Prior Knowledge of Fluid Mechanics       

     Vishal   Tandon       and    Walter   Peck      

  Abstract 

 Three micro fl uidics-based laboratory exercises were developed and implemented in a high school science 
classroom setting. The  fi rst exercise demonstrated ways in which  fl ows are characterized, including viscos-
ity, turbulence, shear stress, reversibility, compressibility, and hydrodynamic resistance. Students character-
ized  fl ows in poly(dimethylsiloxane) micro fl uidic devices in the other two exercises, where they observed 
the mixing characteristics of laminar  fl ows, and conservation of volumetric  fl ow rate for incompressible 
 fl ows. In surveys, the students self-reported increased knowledge of micro fl uidics, and an improved atti-
tude toward science and nanotechnology.  

  Key words:   Micro fl uidics ,  Fluid mechanics ,  High school physics ,  Reynolds number ,  Hydraulic 
resistance ,  Laminar  fl ow ,  Continuity ,  Dynamic similarity ,  Lab-on-a-chip ,  Microfl uidics education , 
 Teaching methods    

 

  Inquiry-based learning, learning by posing questions and design-
ing experiments to answer them, has the potential to both improve 
science education and to motivate previously uninterested students 
when incorporated alongside more traditional pedagogy  (  1,   2  )  .  
A positive attitude toward science, in particular, has been shown to 
correlate with achievement, and incorporation of hands-on activi-
ties tends to improve attitudes toward science  (  1  ) . In addition to 
incorporating more inquiry-based laboratory exercises, the inclu-
sion of cutting-edge research topics has also been proposed as a 
way of improving attitudes toward science  (  3  ) . 

 One example of a rapidly growing  fi eld of modern research 
is micro fl uidics, which has applications in bioanalysis, chemical 
synthesis, and point-of-care medical diagnostic devices  (  4  ) . 
Micro fl uidics is an interdisciplinary area of research that tradition-

  1.  Introduction

  1.1.  Learning 
Objectives
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ally would be considered too specialized to be taught at the K-12 
level (i.e., high school or secondary school level). Many high 
school physics students have had little or no training in  fl uid 
mechanics at all, as it is often not emphasized in standard, state-
sanctioned curricula (see, for example,  (  5  ) ). Micro fl uidics-based 
laboratory exercises have the potential to increase student edu-
cation in several areas, including  fl uids, mechanics, chemistry, 
biology, and electromagnetism. 

 Students initially reported little or no understanding of 
micro fl uidics, but indicated an improvement in their knowledge of 
the  fi eld after participating in the exercises (Fig.  1 ). In addition, 9 
out of 22 students (41%) in the honors class indicated that they 
would be more interested in doing research in science after the 
activity, and 6 out of the 22 students (27%) indicated that they 
would be more interested in doing research in nanotechnology 
speci fi cally. The activities described here were also integrated as 
curricula as part of the Cornell’s Learning Initiative in Medicine 
and Bioengineering (CLIMB) program  (  6  ) .  

 The laboratory activities described in the following sections 
were successfully implemented in a physics classroom at Whitney 
Point High School (Whitney Point, NY), led by Walter Peck 
(physics teacher) and Vishal Tandon (Ph.D. student in biomedi-
cal engineering, Cornell University). Students engaged in three 
lab activities: one designed to teach basic  fl uid mechanics 
(Subheading  3.1 ), and two that allowed students to characterize 
 fl ows in poly(dimethylsiloxane) (PDMS) micro fl uidic devices 
(Subheadings  3.2  and  3.3 ). Honors students also designed their 
own method for measuring average  fl uid velocities in micro fl uidic 
devices.  

  Fig. 1.    ( a ) Self-reported understanding of what micro fl uidics is, on a scale of 1–4 (1 indicates no understanding, whereas 
4 indicates a strong understanding). ( b ) Fraction of students that claim the ability to give an example of micro fl uidics in 
everyday life. The data sets in ( a ) and ( b ) were analyzed with one-tailed  t -tests.  p  < 10 −9  and  n  = 54 for both data sets, 
indicating a statistically signi fi cant improvement in micro fl uidics knowledge after participation in these lab exercises.       
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  This laboratory exercise is intended to give students a basic 
understanding of different ways in which  fl uids are characterized, 
and how  fl ows can change dramatically depending on the nature of 
the  fl uid involved, the speed of  fl ow, and the size of the system. In 
particular it focuses on giving students an intuitive understanding 
of viscosity, turbulence, reversibility of Stokes Flow, compressibil-
ity, and hydraulic resistance.  

  Devices fabricated from PDMS are ubiquitous in micro fl uidics for 
bioanalytical applications  (  4,   7  ) . Protocols for inexpensive Jell-O-
based devices that demonstrate fabrication and laminar  fl ow have 
been developed previously  (  8  ) . Here we present experiments that 
utilize actual, small-scale PDMS devices, and do not focus on fab-
rication. The challenges in implementing such devices in a high 
school classroom include the following: (a) fabrication is expensive 
and will likely require assistance/donation from a local university; 
(b) working with them requires microscopes; and (c) working with 
these devices is nontrivial, and may frustrate less motivated stu-
dents. The advantages of using real PDMS devices include the fol-
lowing: (a) students get a visual sense of how small micro fl uidic 
devices are; (b) students will learn about challenges in interfacing 
micro fl uidic devices with the macroscopic world; and (c) using 
prefabricated devices shortens the length of the activity to one class 
period (approximately 1 h). 

 Fabrication protocols for PDMS devices are dif fi cult to imple-
ment in a high school setting and are beyond the scope of this 
teaching protocol; therefore, we do not present details here. 
Instead, collaboration with a local university is recommended, with 
protocols for fabricating PDMS devices available in the literature 
 (  6,   7,   9  ) , or suitable devices obtained from a commercial supplier. 
Brie fl y, for fabrication of the devices used in this protocol, masters 
were patterned in SU-8 photoresist on Si wafers using UV lithog-
raphy, developed, and cured. PDMS was poured over the masters, 
cured with a cross linker, peeled off the master, and bonded to 
glass slides to make the completed devices. 

 The laminar  fl ow PDMS device (Fig.  2 ) consists of two inlets and 
two outlets. The inlet channels converge into a single channel, and 
then diverge again at the outlets. It is designed to demonstrate how 
low Reynolds number ( Re )  fl ow may differ from students’ intuitions, 
which are likely based on high Re  fl ow. Students will expect the  fl uids 
to mix in the single channel, but the  fl uids will remain mostly sepa-
rated since convective transport from the inlet to the outlet domi-
nates over diffusive transport in the transverse direction.  

 The step-down  fl ow PDMS device (Fig.  2 ) consists of one 
channel that reduces in size in three stages. As  fl uid travels from a 
wider channel to a smaller one, the average  fl uid velocity must 
increase (for an incompressible  fl ow) in order to maintain conser-
vation of mass. This device is designed to allow students to observe 
and potentially quantify these velocity changes.  

  1.2.  Basic Fluid 
Mechanics Activity

  1.3.  Flows in PDMS 
Micro fl uidic Devices
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  The instructor should appropriately caution the students as to 
possible safety issues involved with any of the experimental steps. 
Some basic safety guidance is provided below. Gloves should be worn 
to prevent staining from dye solutions. Safety goggles should also be 
worn to protect the eyes. The capillaries used are sharp enough to 
prick skin (but not cut it). If real syringe needles are used, they should 
be used with great care and should not be used to pierce skin at any 
time. Blunt syringe needles may be used instead of standard needles. 
None of the chemicals involved are dangerous, but the instructor 
should be familiar with the information provided on any material 
safety data sheet (MSDS) supplied with a particular product.   

  1.4.  Safety Note

  Fig. 2.    CAD drawings of two PDMS devices: one that demonstrates laminar  fl ow ( top ), and one that demonstrates constant 
 fl ow rate for an incompressible  fl uid ( bottom ). These devices were designed and fabricated by Sowmya Kondapalli at 
Cornell University.       
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      1.    Deionized water ( see   Note 1 ).  
    2.    Dye (e.g., food coloring).  
    3.    Disposable gloves.  
    4.    5 ml BD Luer-Lok plastic syringes.      

      1.    Glycerin ( see   Note 2 ).  
    2.    Transfer pipettes.  
    3.    Stirring sticks.  
    4.    Luer-Lok Adapters (Labsmith, Livermore, CA, Catalog 

#C360-300).  
    5.    Plugs (Labsmith, Livermore, CA, Catalog #C360-101).  
    6.    PEEK  fi ttings for 360  μ m capillaries (Labsmith, Livermore, 

CA, Catalog #C360-100).  
    7.    60 mm Petri dishes.  
    8.    100 mm Petri dishes.  
    9.    Silica capillary—360  μ m OD/100  μ m ID (Polymicro 

Technologies, Phoenix, AZ, Catalog #TSP100375) ( see   Note 3 ).      

      1.    Laminar  fl ow PDMS device ( see   Note 4 ).  
    2.    Tygon tubing (23 gauge)  fi t with stainless steel pins ( see   Note 5 ).  
    3.    Syringe needles (23 gauge) ( see   Note 6 ).  
    4.    Microscope.  
    5.    Syringe pump (with space for at least two syringes,  see   Note 7 ).  
    6.    Clamp stand and clamps.  
    7.    Small weights (200–500 g).  
    8.    Waste container, cotton swabs, or napkins.      

      1.    Straight channel step-down PDMS device ( see   Note 5 ).  
    2.    Tygon tubing (23 gauge)  fi t with stainless steel pins.  
    3.    Syringe needles (23 gauge) ( see   Note 6 ).  
    4.    Fluorinert solution (3M, St. Paul, MN).  
    5.    Microscope.  
    6.    Syringe pump ( see   Note 4 ).  
    7.    Ruler.  
    8.    Stopwatch.  
    9.    Clamp stand and clamps.  
    10.    Small weights (200–500 g).  
    11.    Waste container, cotton swabs, or napkins.       

  2.  Materials

  2.1.  General Material 
Common to All 
Experiments

  2.2.  Basic Fluid 
Mechanics

  2.3.  Laminar Flow 
PDMS Device

  2.4.  Straight Channel 
Step-Down Device
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       1.    Photocopy printed materials (lab instructions for the students) 
( see   Note 8 ).  

    2.    For each group of students, prepare four beakers of solution:
   (a)    Glycerin  
   (b)    Water  
   (c)    Dyed Glycerin  
   (d)    Dyed Water      

    3.    For each group of students, place the lid of a 60 mm Petri dish 
into the base of a 100 mm dish. Pour glycerin into the 100 mm 
dish so that it surrounds but does not cover the 60 mm lid.  

    4.    Fill one 5 ml syringe with air, and one with water. Plug the 
ends of the syringes using Labsmith Luer-Lok adapters and 
plugs ( see   Note 9 ).  

    5.    Fill two 5 ml syringes with water. Using Labsmith Luer-Lok 
adapters and PEEK  fi ttings, attach a 3 cm length of silica capil-
lary to each syringe, one with ID 100  μ m, and one with ID 
25  μ m.  

    6.    Allocate stirring sticks and transfer pipettes for each group.      

      1.    Give students a few minutes to observe the water and glycerin 
utilizing the stirring sticks. Point out that the glycerin is more 
viscous than water, and ask them to write down what viscosity 
means based on their observations.  

    2.    Using a transfer pipette, students add a drop of dye to the 
water beaker without stirring. They should write down their 
observations of the resulting  fl ow, and they should pay close 
attention as to whether or not the  fl uid is mixing. Ask students 
if they think the  fl uids can be “unmixed.” Students can stir the 
 fl uid, and estimate the time it takes for the  fl uids to fully mix.  

    3.    Repeat  step 2  with the glycerin beaker. In addition to asking 
students the same questions as in  step 2 , point out the differ-
ences between turbulent (water) and laminar (glycerin)  fl ow 
(Fig.  3 ), and ask students which they think is more dif fi cult to 
model mathematically.   

    4.    Using a transfer pipette, students add dye to the glycerin in the 
100 mm petri dish. They should draw a simple, recognizable 
pattern, such as a square or a circle (Fig.  4 ).   

    5.    Have students rotate the 60 mm petri dish (keeping its posi-
tion  fi xed concentric with the 100 mm dish) slowly, about a 
half turn. Ask students to describe the deformation pattern of 
the dye, noting how it changes as a function of distance from 
the rotating dish.  

  3.  Methods

  3.1.  Basic Fluid 
Mechanics

  3.1.1.  Teacher Preparation

  3.1.2.  Student 
Experimental Procedure



473 High School Microfl uidics

  Fig. 3.    Comparison of relatively low viscosity  fl ow of dye in water to relatively high viscosity  fl ow of dye in glycerin. ( a ) A drop 
of dye is added to water, and photographed after about 5 s. ( b ) A drop of dye is added to glycerin, and photographed after 
about 5 s. Some of the dye was pushed down with a transfer pipette to make it visible in the picture. With stirring, this is 
also a demonstration of high (water) vs. low (glycerin) Reynolds  fl ow.       

  Fig. 4.    Experiment that demonstrates the reversibility of Stokes Flow. ( a ) A pattern is drawn with dye in glycerin. ( b ) The center 
Petri dish is rotated counterclockwise, causing shear and deforming the pattern. ( c ) The center Petri dish is rotated clock-
wise, reversing the deformation and (nearly) restoring the original pattern.       

    6.    Ask students to rotate the 60 mm dish back to the starting 
position by rotating slowly in the opposite direction. Students 
should comment on the resulting pattern (it should be very 
similar to the starting pattern). This is a crude demonstration 
of the reversibility of Stokes  fl ow.  

    7.    Give students a set of plugged syringes: one  fi lled with air, and 
one  fi lled with water. Ask students which  fl uid they think they 
will be able to compress by pressing down on the plunger of 
the syringe. Students should then attempt to compress each 
of the  fl uids; they can write down a rough quantitative estimate 
of compression by noting the change in volume as measured 
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by the graduations on the syringes (Fig.  5 ). It should be clear 
that the air is compressible, while the water is not. Ask students 
how they know that the air is actually being compressed, and 
not leaking out of the syringe (the answer is that the plunger 
rebounds to its original position when released).   

    8.    Give students a set of water- fi lled syringes with silica capillaries 
attached: one with a 25  μ m inner diameter (ID) and one with 
a 100  μ m ID. Students should try to force water to  fl ow out of 
a given capillary by pushing on the syringe plunger. Upon 
comparing the two capillaries, students will  fi nd that it is much 
easier to push  fl uid through the larger capillary (Fig.  6 ). Ask 
students whether this difference is proportional to the size dif-
ference between the capillaries (factor of 4), or whether it is 
larger or smaller (it takes a pressure gradient 16 times larger to 
drive  fl uid at the same  fl ow rate in a capillary that has a diam-
eter a factor of 4 smaller). Make analogies to electrical circuits 
and resistivity, as they are much more likely to have been cov-
ered in a standard high school physics curriculum.        

       1.    Photocopy printed materials (lab instructions for the students) 
( see   Note 8 ).  

    2.    For each group of students, set up a microscope, a laminar  fl ow 
device ( see   Note 10 ), inlet and outlet Tygon tubing, two 
syringes, two syringe needles, and beakers with dye and with 

  3.2.  Laminar Flow 
PDMS Device

  3.2.1.  Teacher Preparation

  Fig. 5.    Demonstration of  fl uid compressibility. The top syringe was initially  fi lled with 3 ml 
of water, while the bottom syringe was initially  fi lled with 3 ml of air. Both syringes are 
sealed at their ends. After depressing the plunger of each syringe (by hand), the air 
reduces in volume, while the water does not.       
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clear water (or dye of a different color). The dye should be 
concentrated; otherwise it is dif fi cult to see at small scales.  

    3.    Set up a syringe pump or clamp stands with clamps and weights 
at each station (Fig.  7 ) depending on whether syringe pumps 
are available ( see   Note 7 ).       

      1.    Draw 2 ml of the dye into one syringe, and 2 ml of water (or 
dye of a different color) into another syringe.  

    2.    Attach syringe needles to both syringes. Leave the caps on the 
needles while you are doing this.  

  3.2.2.  Student 
Experimental Procedure

  Fig. 6.    Demonstration of hydraulic resistance. For the same applied pressure,  fl ow rates 
are much larger in the capillary with 100  μ m ID than for the capillary with 25  μ m ID. This 
can be seen by the size of the droplets at the outlets pictured above. Students applied 
pressure by hand, giving them a tactile demonstration of hydraulic resistance as well (they 
found it harder to push  fl uid through the smaller capillary).       

  Fig. 7.    ( a ) Overview of the experimental setup for studying the laminar  fl ow PDMS device on a microscope. ( b ) Close-up 
picture of the laminar  fl ow PDMS device setup on a microscope.       
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    3.    Mount the syringes on the syringe pump.  
    4.    Remove the caps from the needles and slide Tygon tubes onto 

them. Use the end of the tube that does not have a pin.  
    5.    Place the laminar  fl ow PDMS device onto the microscope 

stand, and insert the pins from the Tygon tubes connected to 
the syringes into the inlets of the device (the device is sym-
metrical, so either side is  fi ne). There are holes punctured in 
the PDMS where you should put the pins.  

    6.    Connect two Tygon tubes to the outlets of the device, pushing 
the pin ends of the tubes into the holes in the PDMS. These 
tubes should go to a waste container.  

    7.    Bring the center part of the device into focus in the microscope.  
    8.    Lightly press on one syringe and  fi ll the channel with dye solu-

tion; this may temporarily require removing it from the syringe 
pump ( see   Note 11 ).  

    9.    Set the syringe pump to infusion mode at 10  μ l/h. Adjust the 
 fl ow rate as necessary ( see   Note 12 ).  

    10.    Observe the  fl ow with the microscope, and record your obser-
vations ( see   Note 13 ).  

    11.    Move the chip so that you are looking at the branch point near 
the outlets. Record your observations.       

       1.    Photocopy printed materials (lab instructions for the students) 
( see   Note 8 ).  

    2.    For each group of students, set up a microscope, a step-down 
 fl ow device, inlet and outlet Tygon tubing, two syringes, two 
syringe needles, and beakers with dye and Fluorinert solution. 
The dye should be concentrated; otherwise it is dif fi cult to see 
at small scales.  

    3.    Set up a syringe pump or clamp stands with clamps and weights 
at each station (Fig.  8 ) depending on whether syringe pumps 
are available.   

    4.    Have rulers and stopwatches available to allow students to 
come up with a way to quantify velocity changes.      

      1.    Draw 2 ml of food dye solution into one 5 ml syringe. Try to 
remove all the air bubbles from the syringe.  

    2.    Draw 2 ml of Fluorinert into another 5 ml syringe. Fluorinert 
is a liquid that is immiscible with water, but has similar viscos-
ity. Again, remove the air bubbles.  

    3.    Connect both syringes to the two-way valve using the Luer-Lok 
connection. Screw them in tightly so that they do not leak.  

    4.    Screw a syringe needle onto the two-way valve. Leave the cap 
on the syringe needle while you do this.  

  3.3.  Step-Down PDMS 
Device

  3.3.1.  Teacher Preparation

  3.3.2.  Student 
Experimental Procedure
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    5.    Mount the food dye syringe onto the syringe pump ( see  
 Note 14 ). The Fluorinert syringe will be at a right angle to 
the dye syringe. Make sure that it is accessible, and not 
obstructing anything.  

    6.    Remove the cap from the syringe needle, and slide a Tygon 
tube over it (the end that does not have a pin in it).  

    7.    Place the step-down PDMS device on the microscope stage, 
and insert the pin from the Tygon tube connected to the 
syringe needle into the inlet of the device (the side with the 
widest channel).  

    8.    Place a pin from another Tygon tube into the outlet of the 
device. The other end of the tube should go into a waste 
container.  

    9.    The valve stops  fl ow in the direction it is pointing. Turn the 
valve toward the food dye syringe. Gently press on the 
Fluorinert syringe to  fi ll the device. Fluorinert is transparent, 
so it may be dif fi cult to see it in the channel. Watch for  fl uid 
coming out of the outlet ( see   Note 11 ).  

    10.    Turn the valve to the Fluorinert syringe. Manually apply pres-
sure from the syringe pump until dye solution  fi lls the inlet 
tube and is about to enter the device. Set the syringe pump 
infusion rate to 10  μ l/h. The infusion rate can be adjusted as 
necessary ( see   Note 15 ).  

    11.    Observe the interface between the dye and the Fluorinert solution 
moving through the channel. Pay attention to how the  fl ow 
velocity changes as the interface moves through the smaller 
sections of the channel. If the interface is lost, the valve may be 
turned and plugs of Fluorinert can be injected. An optical 

  Fig. 8.    ( a ) Overview of the experimental setup for studying the step-down PDMS device on a microscope. ( b ) Close-up 
picture of the step-down PDMS device setup on a microscope.       
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interface is necessary in order to observe the  fl uid velocity 
( see   Note 16 ).  

    12.    Design an experiment to quantitatively measure the speed 
with which the interface moves through the step-down device 
( see   Note 17 ).        

 

     1.    Some standard laboratory equipment is listed in the materials 
section, since it may not be commonly found in a high school 
classroom.  

    2.    Corn syrup may be substituted, but is messier to work with.  
    3.    Silica capillary may be too expensive to buy for the classroom, 

though it may be possible to obtain samples from Polymicro or 
other capillary manufacturers. Only a few cm of capillary are 
necessary, and they can be reused.  

    4.    Protocols for fabricating PDMS devices are available  (  6,   7,   9  ) , 
though they may be dif fi cult to implement in a high school 
setting. Collaboration with a local university is recommended.  

    5.    Approximately 0.5 cm pins are cut from stainless steel tubing 
with an outer diameter of 0.025″ (McMaster-Carr, Princeton, 
NJ). The steel tubing should be cut with a saw or a Dremel 
tool to ensure that the ends are not pinched off. It is easier to 
insert a long stainless steel tube into a Tygon tube, and cut the 
steel tube off to the desired length.  

    6.    For safety concerns, blunt syringe needles may be used instead 
of standard needles, though standard needles are easier to 
work with.  

    7.    A syringe pump enables precise control of  fl ow rates, allowing 
students to make quantitative measurements. Syringe pumps 
are expensive, and may not be available, however. If syringe 
pumps are not available, an alternative method using clamp 
stands, clamps, and weights may be used. Syringes are clamped 
in a vertical position with the plunger on top and the needle 
below. A mass may be balanced on the plunger to apply pres-
sure, and students can estimate the pressure by dividing the 
weight of the mass by the area of the plunger. If  m  is the mass 
of the weight,  g  is the acceleration due to gravity, and  r  is the 
radius of the plunger, then the pressure is  mg /  π r  2 .  

    8.    Time in a high school classroom tends to be extremely limited. 
Any preparation for the activity that is not an explicit part of 
the experiment and does not aid in teaching the students 
should be done ahead of time.  

  4.  Notes
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    9.    Labsmith  fi ttings are expensive, so the syringes can be plugged 
in some other way (e.g., with epoxy) if necessary.  

    10.    It may also be possible to purchase and use capillary electro-
phoresis devices, though they may be expensive.  

    11.    The device may leak at the inlet if the pressure is too high. 
If this happens, clean up the leak with a cotton swab or a 
napkin.  

    12.    If using the clamp stand setup, use the following procedure 
instead: Try to press on both syringes equally. Once you get 
both  fl uids into the channel, balance the weights on top of the 
plungers so that you apply a roughly equal pressure to both 
syringes. Use what you know about force and pressure to esti-
mate the pressure applied.  

    13.    Students may get frustrated if they have trouble setting up 
the device. Try to give them new things to try if this hap-
pens, e.g., a new device, reversing the direction of the 
device, different inlet/outlet tubing, etc. Avoid setting the 
device up for them, though since time is limited, it may 
become necessary.  

    14.    If no syringe pump is available, mount the food dye syringe to 
a clamp stand using a clamp such that the plunger is facing 
vertically upward. The Fluorinert syringe will be at a right 
angle (parallel to the lab bench) to the dye syringe.  

    15.    If no syringe pump is available, apply pressure to the food dye 
syringe either by hand or by carefully balancing a weight on 
top of the plunger for the syringe. Using the weight gives you 
a quantitative estimate of the applied pressure.  

    16.    Tracer particles, such as polystyrene beads, are often used to 
observe the velocity  fi eld. In order for the particles to be vis-
ible, they either need to be large enough, or  fl uorescently 
labeled and observed in a  fl uorescence microscope. For the 
former, challenges arise from particle sedimentation, and for 
the latter, an expensive  fl uorescence microscope is necessary, 
something not commonly found in high schools. In addi-
tion, the tracer particles are expensive as compared to 
Fluorinert solution.  

    17.    Give students stopwatches and rulers at this point. It may also 
be useful to give students a diagram showing the dimensions 
of the device, and an equation for the hydraulic resistance of

  a rectangular channel:     2

12
1 0.63 ,

h L
R

w h w
⎛ ⎞= − ⎜ ⎟⎝ ⎠

m
   where  R  is the

  hydraulic resistance;  L ,  h , and  w  are the length, height, and 
width of the channel, respectively; and   μ   is the viscosity of the 
 fl uid.          
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    Chapter 4   

 Measuring Microchannel Electroosmotic Mobility 
and Zeta Potential by the Current Monitoring Method       

     Chenren   Shao    and    Don   L.   DeVoe         

  Abstract 

 Electroosmotic  fl ow (EOF) is an electrokinetic  fl ow control technique widely used in micro fl uidic systems 
for applications including direct electrokinetic pumping, hydrodynamic pressure generation, and 
counter fl ow for micro fl uidic separations. During EOF, an electric  fi eld is applied along the length of a 
microchannel containing an electrolyte, with mobile ions near the charged microchannel walls experienc-
ing a Coulomb force due to electrostatic interactions with the applied electric  fi eld that leads to bulk solu-
tion movement. The goal of this laboratory is to experimentally determine the  fi xed channel surface charge 
(zeta potential) and electroosmotic mobility associated with a given microchannel substrate material and 
buffer solution, using a simple current monitoring method to measure the average  fl ow velocity within the 
microchannel. It is a straightforward experiment designed to help students understand EOF physics while 
gaining hands-on experience with basic world-to-chip interfacing. It is well suited to a 90-min laboratory 
session for up to 12 students with minimal infrastructure requirements.  

  Key words:   Electroosmotic  fl ow ,  Zeta potential ,  Electrokinetics ,  Surface charge ,  Micro fl uidics , 
 Teaching methods    

 

 Applications of micro fl uidic devices commonly involve the  fl ow of 
ionic solutions (electrolytes) within channels with dimensions mea-
sured in microns or nanometers. When the pH of the electrolyte 
solution differs from the isoelectric point of the substrate material, 
the channel sidewalls possess a nonzero surface charge density and 
thus exhibit a surface potential termed the zeta potential (  z  ). As 
described by electrical double layer theory  (  1  ) , counterions within 
the bulk electrolyte are attracted to the channel walls through 
Coulomb charge interactions, leading to a net excess of mobile 

  1.  Introduction
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counterions near the  fi xed surface, with an exponential decrease in 
magnitude of electrical potential (  j  ) from the channel wall to the 
bulk solution. The characteristic dimension of this layer of mobile 
ions is de fi ned by the Debye length (  l   D ), given by

     
1/2

B
D 2

0

,
2

k T
q c

⎛ ⎞ε
= ⎜ ⎟⎝ ⎠

l    (1)  

where   e   is the electrical permittivity of  fl uid,  k  B  is the Boltzmann 
constant,  T  is the solution temperature,  c  o  is the bulk electrolyte 
ion concentration, and  q  is the charge of a single electrolyte ion 
(de fi ned by the product of ionic valence and electron charge). The 
Debye length scales inversely with the square root of the electro-
lyte ionic strength, with typical values on the order of 1–100 nm 
depending on ion concentration. When an external electrical  fi eld 
is applied along the length of a microchannel longitudinal Coulomb 
forces acting on mobile ions within the electrical double layer, it 
results in drag forces acting on the  fl uid. This leads to a plug-like 
 fl ow of the bulk  fl uid within the microchannel, with uniform veloc-
ity far from the channel walls. When the channel radius is signi fi cantly 
larger than   l   D , the bulk velocity ( u ) can be determined by solving 
the Navier–Stokes equations with the addition of an electrostatic 
body force. Under the assumption of steady one-dimensional lon-
gitudinal  fl ow under isobaric boundary conditions, the Navier–
Stokes equation may be combined with the Poisson equation 
relating electrical charge and potential to yield the  inner solution  
for EOF velocity:

     
o( ) ( ( ) ),

E
u y y= −e j j

h
   (2)  

where   h   is the dynamic viscosity of  fl uid,  E  is the external electrical 
 fi eld applied along the channel length,   j    o   is the potential at the 
channel wall, and   j (y)  is the electrical potential within the double 
layer at a distance  y  from the wall. Because the potential in the bulk 
solution far beyond the Debye length approaches zero (  j (y)  ~ 0 for 
 y  �   λ   D ), the bulk  fl ow velocity is given by

     ,u E= ez
h

   (3)  

where the wall potential,   j  , has been explicitly replaced by the zeta 
potential,  z . By de fi ning the electroosmotic mobility (  m   eo ) as the 
linear term relating applied electric  fi eld and bulk  fl ow velocity 
(  m   eo  =  e  z / h ), this relationship may also be expressed as

     .eou E= m    (4)   
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 For a more detailed derivation of the EOF inner solution and 
electroosmotic mobility, students may be referred to a number of 
good references such as  (  2,   3  ) . 

 Since zeta potential is a material-dependent property, it is 
important to characterize this parameter for any given micro fl uidic 
substrate material. In this laboratory session, a current monitoring 
method  (  4  )  is used to experimentally determine u, and by exten-
sion   m   eo , for a set of chosen parameters (solution pH, ionic concen-
tration, and channel material). In the current monitoring method, 
a simple microchannel connecting two open reservoirs is  fi lled with 
a known ionic solution, followed by the introduction of a second 
solution with different ionic strength into one of the reservoirs. 
When an electric  fi eld is applied along the channel length, the  fi rst 
electrolyte is displaced by the second solution, resulting in a change 
in resistance within the channel due to the difference in ionic 
strength. The average  fl ow velocity can be determined by monitor-
ing the time required for the current to plateau, indicating that the 
second electrolyte has fully displaced the initial solution within the 
microchannel. 

 This experiment may be carried out using a simple single-channel 
micro fl uidic chip design fabricated using any substrate material 
such as glass, PDMS, or thermoplastics. Glass is a particularly desir-
able material to use, because zeta potential as a function of pH is 
well de fi ned for silica surfaces, allowing students to compare their 
estimates of   z   with published data over a range of pH values. 
Alternatively, the instructor may  fi nd it valuable to ask the students 
to evaluate multiple chip materials using buffer at a single pH 
value. Regardless, it is recommended that the chip consists of a 
single channel with hydraulic diameter below 100  μ m and a length 
of at least 2 cm. Shorter or wider channels may not present suf fi cient 
hydrodynamic resistance during buffer introduction, leading to 
spurious current measurements due to unwanted hydrodynamic 
 fl ow. Each channel end should terminate at an open reservoir, pref-
erably with a volume on the order of 10  μ L. 

 During the lab, each student receives a handout describing the 
basics of EOF physics, measurement theory, safety precautions, lab 
procedures, and lab report requirements. It is important to empha-
size the safety precautions before any experiment is performed. 
Depending on the students’ backgrounds, it may also be necessary 
to train them on the use of a pipette to transfer buffer solutions 
from storage vials to the on-chip reservoirs. During the lab, each 
student will make his or her own independent measurements. The 
instructor may also choose to ask each student to collect data from 
all other students’ experiments to improve statistical analysis of the 
resulting data.  
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     1.    Glass, elastomer, or thermoplastic micro fl uidic chip containing 
a single channel connecting two open reservoirs.  

    2.    10 and 20 mM Tris buffer solutions, pH 8.1 (Sigma Aldrich 
Corp., St. Louis, MO, USA).  

    3.    High voltage power supply (Bertan Series 230; Spellman, 
Hauppauge, NY, USA).  

    4.    Platinum electrodes (SN 765000; A-M Systems, Sequim, 
WA, USA).  

    5.    Resistor (4.6 kΩ).  
    6.    Electrical prototyping breadboard.  
    7.    Precision digital multimeter (34410A; Agilent Technologies, 

Santa Clara, CA, USA).  
    8.    Micropositioning 3-axis probe manipulators with magnetic 

bases (DCM 200 series; Cascade Microtech, Inc., Beaverton, 
OR, USA).  

    9.    10–100  μ L adjustable pipette (Eppendorf, Hauppauge, NY, 
USA).  

    10.    200  μ L disposable pipette tips (Fisher Scienti fi c, Pittsburg, 
PA, USA).  

    11.    Small vacuum pump (DOA-P704-AA; Gast Manufacturing, 
Inc., Benton Harbor, MI, USA).  

    12.    Timer.      

 

       1.     Warning : Improper use of high-voltage equipment can result 
in signi fi cant injury or death. Although the power supply rec-
ommended for use in this lab has an internal current limiter, 
there remains the danger of electrocution. Always ensure that 
the power supply chassis as well as any nearby conductive sur-
faces that could come into contact with high voltage are prop-
erly grounded. Students should be instructed on appropriate 
use of the power supply, and local safety protocols should be 
reviewed for any additional institutional requirements. Proper 
safety precautions must be observed during both preparation 
and execution of the lab session.  

    2.    As shown in Fig.  1 , the voltage supply is connected to two 
microchannel reservoirs, with a 4.6 kΩ resistor attached 
between one reservoir and the power supply ground terminal. 

  2.  Materials

  3.  Methods

  3.1.  Preparations

  3.1.1.  Electronics Setup
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This particular resistance value is not critical, but the resistor 
should be large enough to provide good signal-to-noise ratio 
for measuring microampere currents while being small enough 
to prevent signi fi cant voltage drops that could reduce the elec-
tric  fi eld within the microchannel.   

    3.    A voltage meter is attached across the resistor to monitor volt-
age drop, with a prototyping breadboard used to simplify the 
connections.  

    4.    The micro fl uidic chip is placed on a stainless steel plate that is 
co-grounded with the voltage supply.  

    5.    The platinum electrodes are held above the chip reservoirs by 
precision positioners that are magnetically  fi xed on the steel 
plate. To electrically isolate the electrodes, each wire is placed 
through the tip of a 200  μ L disposable pipette tip ( see  Fig.  2 ) 
before being clamped to the micropositioner arms. The use of 

  Fig. 1.    Schematic of the electrical circuit used for current monitoring. A and B are reservoirs 
of a single channel chip.  R  is resistance;  V  is voltage;  I  is current.       

  Fig. 2.    View of a platinum electrode inserted through a 200  μ L pipette tip and secured to a 
precision positioner before being lowered into buffer solution within an on-chip reservoir.       

 

 



60 C. Shao and D.L. DeVoe

micropositioners allows the electrodes to be readily adjusted to 
contact buffer solution in the reservoirs of each new chip tested 
during the laboratory session. A photograph of the assembled 
experimental system is shown in Fig.  3 .        

  In addition to being instructed on the potential dangers and safe 
practices when operating a high-voltage power supply, the students 
are required to respect the following rules and should be reminded 
of them before any experiment is performed. 
 Before conducting the experiments:

    1.    Verify that the power supply knob is turned to 0 V before 
approaching the station.  

    2.    Ensure that all personnel are out of reach of the experimental 
apparatus.  

    3.    Inform the lab instructor and other students before turning on 
the power supply and performing the experiment.     

 After completing the experiments:

    1.    Turn the voltage knob on the power supply to 0 V.  
    2.    Turn off the power supply.       

      1.    Before performing a test using a chip that has been exposed to 
air for a long period, it is important to properly condition the 
microchannel surfaces by applying a high electric  fi eld along 
the channel length ( see   Note 1) .  

    2.    Pipette several drops of 20 mM Tris buffer into reservoir A 
( see  Fig.  1 ). Using a vacuum pump attached to a disposable 

  3.1.2.  Safety Precautions

  3.2.  Channel 
Conditioning

  Fig. 3.    Overview of the current monitoring experimental apparatus.       

 



614 Measuring Electroosmotic Flow

pipette tip through a  fl exible tube, gently apply vacuum to reservoir 
B to  fi ll the channel with buffer solution ( see   Note 2 ). If bub-
bles appear in the channel during this process, vacuum out the 
buffer and repeat this step ( see   Note 3 ).  

    3.    Pipette a large drop of 20 mM Tris buffer into reservoir B, making 
sure that no bubbles are trapped in reservoir. If bubbles are 
found,  fl ush the chip with vacuum and repeat  steps 1  and  2 .  

    4.    Adjust the precision positioners to bring the electrodes into 
contact with the  fl uid within each reservoir. When using Tris 
as the electrolyte solution, the positive electrode should be 
positioned to reservoir B containing the large drop of buffer. 
The Tris base counterion is H + , and thus EOF will be directed 
from the positive electrode to the negative electrode. If a differ-
ent electrolyte is employed, the proper electrode con fi guration 
should be determined before conducting the experiment.  

    5.    Turn on the voltage supply and increase the voltage to de fi ne 
an electric  fi eld of 300 V/cm. Monitor the current by reading 
the voltage meter across the resistor. If the current is negligible 
or very noisy, it is likely that bubbles are trapped either inside 
the channel or in the reservoirs. In this case  steps 1  through  4  
must be repeated.  

    6.    Condition the chip for approximately 3 min, with the students 
recording the voltage meter readings at 10-s time intervals. 
Depending on the chip material, longer or shorter condi-
tioning periods may be appropriate. Turn off the voltage 
supply. Withdraw the electrodes from reservoirs and vacuum 
out the buffer.      

       1.    Flush the chip with vacuum after the initial conditioning step 
or following a prior EOF test.  

    2.    Pipette 20 mM Tris buffer into reservoir A and gently vacuum 
the buffer through the channel from reservoir B so that the 
buffer will  fi ll the channel without bubbles ( see   Notes 4  and  5 ).  

    3.    Pipette a large drop of 10 mM Tris buffer into reservoir B.  
    4.    Adjust the precision positioners to bring the electrodes into 

contact with the  fl uid within each reservoir.  
    5.    Increase the voltage to de fi ne an electric  fi eld of 150 V/cm 

along the channel length, and monitor the voltage across the 
resistor, with measurement recorded by the students every 5 s 
( see   Note 6 ). Note that for large channels, Joule heating may 
limit the maximum electric  fi eld to a lower value than 150 V/cm 
( see   Note 7 ).  

    6.    As 10 mM buffer replaces the 20 mM buffer that was initially 
in the channel, the current will fall to nearly half of its original 
value within several minutes, depending on channel length and 

  3.3.  EOF 
Measurements
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electric  fi eld. Once the voltage readings plateau and remain 
stable for 20–30 s stop recording data.  

    7.    Reduce the applied voltage to 0 V, turn off the power supply, 
withdraw the electrodes from the reservoirs, and vacuum out 
the buffer ( see   Note 8 ). 

 If suf fi cient time is available, several simple variations may 
also be performed to extend the laboratory:
   (a)    Reverse the buffers, initially  fi lling the channel with 10 mM 

buffer and replacing it with 20 mM by EOF.  
   (b)    Employ several different buffer solutions with varying pH.  
   (c)    Repeat the experiments using chips fabricated from a 

different substrate material.          

      1.    Students are asked to perform the following data analysis for 
presentation in a laboratory report.  

    2.    Using the measured voltage data collected during the initial 
channel conditioning step, together with the known resistor 
value, plot the channel current  I ( t ) versus time ( t ) measured 
during channel conditioning. Discuss the shape of the data, 
paying particular attention to any observed reductions in cur-
rent  fl uctuations over time, and suggest one or more possible 
reasons why the overall slope may be nonzero.  

    3.    For each set of measured EOF data, plot  I ( t ) versus  t , and 
determine the time at which the current plateaus. Note any 
unexpected trends in the data, and discuss any reasons that 
could explain these trends.  

    4.    From the measured data, determine the average linear  fl ow 
velocity ( u ), and calculate the electroosmotic mobility (  m   eo ) 
and channel wall zeta potential (  z  ) using Eqs.  3  and  4 . Compare 
the resulting  z  value(s) to published data for the same material(s) 
used in the experiment.  

    5.    From the known electrolyte molarity, determine the ionic con-
centration of the bulk solution and calculate the Debye length 
(  l   D ) from Eq.  1 . Discuss the channel dimensions used in the 
experiment relative to the double layer thickness, and how the 
channels width and height are suf fi ciently large to avoid over-
lap of the electrical double layer.       

 

     1.    Conditioning the microchannel surfaces by applying a high 
electric  fi eld along the channel length serves to stabilize the 
channel surface charge, and may also remove low-molecular-
weight contaminants that could otherwise mask the native 
surface charge of the channel sidewalls, leading to irreproducible 

  3.4.  Data Analysis

  4.  Notes
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experimental measurements. Poor experimental results during 
the laboratory session can often be directly attributed to 
insuf fi cient channel conditioning.  

    2.    Depending on the diameter of the reservoir, it may be necessary 
to cut the pipette tip to ensure a suf fi cient seal with the chip.  

    3.    Note that for hydrophilic chip materials such as glass, this step 
may be unnecessary due to self-priming of the channels by cap-
illary action.  

    4.    When using vacuum to  fi ll the microchannel, it is common for 
students to over-vacuum the buffer and unintentionally empty res-
ervoir A. Students practice the  fi lling process several times using a 
test chip to learn how to gently  fi ll the channel without exhausting 
buffer in the inlet reservoir. If a vacuum pump is not readily avail-
able for channel  fi lling, an alternative method is to use the pipette 
in withdraw mode to pull solution through the channel.  

    5.    While vacuum  fi lling can generally ensure that no bubbles are 
trapped in the microchannel, on occasion small bubbles may 
remain within the channel. If the current is unexpectedly low 
or unstable when the power supply is switched on, it is very 
likely that bubbles are trapped between the low-concentration 
and high-concentration buffers in reservoir B. In this event the 
chip should be  fl ushed by vacuum and re fi lled before repeating 
the experiment.  

    6.    If readings are performed manually (instead of using a digital 
recorder or data acquisition system), it is recommended that 
one student be tasked with reading the voltage values out loud 
for other students to write down.  

    7.    Joule heating is implicated when voltage readings exhibit drift 
that is not consistent with EOF. In this case, reduce the  fi eld 
strength as needed to eliminate Joule heating.  

    8.    After each experiment, students may try to adjust the electrode 
positioners without  fi rst switching off the power supply. 
Similarly, it is also common for students to remove their chips 
from the test system while the electrodes are still submerged in 
the reservoirs. The lab instructor must pay attention to these 
points and remind the students to properly shut down the 
equipment when  fi nishing their measurements.          
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    Chapter 5   

 Overview of the Micro fl uidic Diagnostics 
Commercial Landscape       

     Lily   Kim        

  Abstract 

 Since its birth in the late 1980s, the  fi eld of micro fl uidics has continued to mature, with a growing number 
of companies pursuing diagnostic applications. In 2009 the worldwide in vitro diagnostics market was 
estimated at >$40 billion USD, and micro fl uidic diagnostics are poised to reap a signi fi cant part of this 
market across a range of areas including laboratory diagnostics, point-of-care diagnostics, cancer diagnos-
tics, and others. The potential economic advantages of micro fl uidics are numerous and compelling: lower 
reagent and/or sample volumes, lower equipment costs, improved portability, increased automation, and 
increased measurement speed. All of these factors may help put more information in the hands of doctors 
and patients sooner, enabling earlier disease detection and more tailored, effective treatments. This chapter 
reviews the micro fl uidic diagnostics commercial landscape and discusses potential commercialization chal-
lenges and opportunities.  

  Key words:   Micro fl uidic diagnostics ,  Commercialization ,  Market ,  Industry ,  Immunoassays ,  Clinical 
chemistry ,  Nucleic acid detection ,  Point-of-care diagnostics    

 

 Micro fl uidic diagnostics have the potential to transform medicine, 
giving more information to the physician and patient that may 
allow faster, more effective treatment. Despite signi fi cant progress 
in academia and industry over the last two decades, fewer 
micro fl uidic products than expected have reached the market, and 
none to date has emerged as a clear “killer application”—yet. 
Though challenges exist, momentum is building with a growing 
number of start-ups, suppliers, foundries, and consortiums to sup-
port successful commercialization. 

 When considering the commercial perspective, one should be 
aware that the term “micro fl uidic” may be used more broadly in 
industry than in academia and could include many types of devices 

  1.  Introduction
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that manipulate various  fl uid volumes (e.g., a consumable cartridge 
handling relatively large milliliter-scale volumes may be considered 
a micro fl uidic device). Because many medical diagnostics are test-
ing some type of body  fl uid, diagnostics are a natural  fi t for 
micro fl uidic technology. In some devices, micro fl uidic properties 
and principles lie at the heart of the diagnostic technology, whereas 
other devices use micro fl uidic channels to simply route the sample 
to a sensor. In keeping with this commercial view, in this chapter 
we broadly de fi ne micro fl uidic diagnostics to include devices that 
manipulate and process small quantities of liquids, typically in the 
micro- and nano-liter volume range. 

 As seen in the examples in this chapter, there are many poten-
tial clinical and economic advantages of applying micro fl uidic tech-
nology to diagnostics. Micro fl uidics can offer lower reagent 
volumes, faster results, higher throughput, miniaturized instru-
ment formats, and/or increased automation, all of which can lower 
costs. In some cases micro fl uidics may enable reduced sample vol-
umes (e.g., low-volume blood samples that eliminate the need for 
a separate phlebotomy visit by reducing the skill level needed to 
collect blood). Finally, the microscale aspect of micro fl uidics can 
enable new types of diagnostics that are not possible or practical 
using other methods. The widespread popularity of lateral  fl ow 
diagnostics (e.g., home pregnancy tests) is an example of the 
potential power of micro fl uidic diagnostics to change medicine. 

 Diagnostics may be used not only for initial diagnosis but also 
for monitoring (potentially increasing the market size). Trends 
toward personalized medicine, more frequent monitoring, and a 
tighter link between diagnostics and therapeutics are also motivat-
ing the development of micro fl uidic diagnostic systems. Linking 
diagnostics to therapeutics is fundamental to personalized medi-
cine, using speci fi c information about the individual patient to cre-
ate a more effective, targeted therapeutic approach. For biotech 
and pharmaceutical companies facing increasing challenges (e.g., 
maturing markets increasingly dominated by generic drugs), per-
sonalized medicine and linking diagnostics to therapeutics may 
offer new business directions and opportunities. 

 With the prospect of personalized medicine and low-cost 
genome sequencing, the line between research tool vs. diagnostic 
is becoming blurred. While the needs of the research and medical 
markets are different, several companies developing micro fl uidic 
devices are applying them to both markets. Because there are no 
clinical regulatory requirements for lab instruments, some compa-
nies are generating initial revenue by  fi rst selling machines to 
researchers, but simultaneously planning clinical trials for eventual 
launch into medical markets. 

 To begin exploring these issues, this chapter  fi rst reviews the 
concept of a market, then gives an overview of current commercial 
development, and  fi nally concludes with a brief discussion of fac-
tors that may impact commercialization.  
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 First, to understand the commercial perspective it is important to 
understand the concept of a market. In business, a market is often 
thought of as the group of potential customers for a product. For 
example, lung cancer physicians and patients have related needs 
and problems—they form a market. These patients have needs that 
may be addressed by a corresponding array of products. A speci fi c 
technology like micro fl uidic diagnostics is just one of many tech-
nologies that may address these needs. 

 Because a speci fi c technology may have applications in multiple 
markets, it is important to identify which target markets to focus 
on since this can affect design decisions. For example, when devel-
oping a cancer diagnostic, a commercial team may need to  fi rst 
decide which target market(s) within cancer (e.g., lung, breast, 
prostate) is most attractive for initial development and launch. In 
parallel, estimating the size of the market(s) is critical for under-
standing the commercial viability of a new diagnostic. For example, 
how many patients are there with lung cancer? What kind of diag-
nostic tests do they need, and how often do they need them? How 
much money is currently spent on diagnostics for lung cancer? In 
2009 the in vitro diagnostic market was estimated at >$40 billion 
USD, and micro fl uidic technology is well positioned to capture a 
substantial portion of this market in the future  (  1  ) . 

 Thinking about the diagnostics market means thinking about 
not only patients but also the healthcare providers who will be 
delivering care. In many cases, healthcare providers would actually 
be the direct customers for a new diagnostic. What are the needs of 
the physicians, nurses, and technicians who may be using the 
device? What are the clinical and economic advantages of the new 
diagnostic, and who reaps these bene fi ts? Who will pay for the new 
instruments and tests? 

 Also, note that the choice of target market(s) helps determine 
the competitive landscape. For example, when thinking about aca-
demic competition, one may focus only on competing academic 
groups developing similar technologies. However, when thinking 
about the competition in a market, it is important to consider  all  
current and emerging competition, no matter what technology is 
employed. To succeed, micro fl uidic diagnostics will have to com-
pete against (and offer signi fi cant advantages over) conventional 
tests as well as emerging competitors. The main competitors may 
not be micro fl uidic at all. 

 All of these market-related questions must be considered when 
assessing the potential value of a new micro fl uidic diagnostic.  

  2.  Commercial 
Perspective: What 
is a Market?
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 The next section gives an overview of some of the main types of 
micro fl uidic diagnostics currently under commercial development. 
While some devices mentioned here are already on the market, 
many have not yet launched at the time of publication. With the 
large number of products in development and new start-up com-
panies constantly forming (Table  1 ), this situation is likely to 
change quickly in the next few years as more devices launch. The 
following summary is organized into some of the main types of 
diagnostics, including those for cell capture, clinical chemistry 
tests, tests based on immunoassays, and molecular diagnostics.   

  While conventional  fl ow cytometers can sort individual cells, 
because they operate in a serial fashion they are not ef fi cient enough 
for use in capturing very rare cells in the bloodstream. The ability 
of micro fl uidics to operate at the scale of individual cells has encour-
aged the commercial development of devices for capturing and iso-
lating speci fi c cell types. 

  Cancer detection is one application where identi fi cation of rare 
cells is important, and a handful of companies (e.g., On-Q-ity, 
Biocept, Cytoscale, and Superior Nanobiosystems) are developing 
micro fl uidic diagnostics to attack the problem. 

 Circulating tumor cells (CTCs) are cells that have separated 
from the primary tumor to circulate in the bloodstream. CTCs are 
critical because they enable cancer to spread throughout the body, 
eventually leading to death. The ability to detect rare CTCs may 
enable earlier diagnosis and allow the physician to predict a patient’s 
response to therapy. However, CTCs are dif fi cult to detect using 
conventional techniques because they are so rare; in the blood-
stream CTCs occur at a frequency of one in a billion cells. 
Conventional  fl ow cytometers (which operate serially) can sort up 
to ~50,000 cells per second  (  2  ) . Thus, using conventional  fl ow 
cytometry it could take over 5 h to capture a single rare cell. Clinical 
trials are under way investigating CTCs in many types of cancer, 
including breast, prostate, colorectal, and lung cancer  (  3,   4  ) . 

 On-Q-ity is a start-up developing cancer diagnostics for detect-
ing rare CTCs using micro fl uidic technology (the “CTC-chip”) 
commercialized out of the Massachusetts General Hospital  (  5,   6  ) . 
Whole blood  fl ows through the micro fl uidic device, which con-
tains a  fi eld of anti-Ep-CAM-coated pillars. The pillars capture live 
tumor cells of epithelial origin as they travel through the device 
(Fig.  1a ). Since some tumor cells are non-epithelial, On-Q-ity also 
uses size selectivity (by controlling the size and spacing of the pil-
lars) to capture Ep-CAM-negative CTCs. Once captured, the cells 
can be counted and analyzed using  fl uorescent labeling, genetic 

  3.  Overview 
of Commercial 
Development

  3.1.  Micro fl uidic 
Devices for Cell 
Capture

  3.1.1.  Rare Cell Capture 
in Cancer
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   Table 1 
  Key companies pursuing micro fl uidic diagnostics (listed alphabetically)   

  Company    Website (www.)    Company    Website (www.)  

 � Abaxis   abaxis.com  � LeukoDx  leukodx.com 

 � Abbott Point of Care 
(i-STAT) 

 abbottpointofcare.com  � Maxwell Sensors  maxwellsensors.com 

 � Achira  achiralabs.com  � Micro2Gen  micro2gen.com 

 � Akonni Biosystems  akonni.com  � MicroCHIPS  mchips.com 

 � Axis-Shield  axis-shield.com/A fi nion  � Micronics  micronics.net 

 � Biosite  biosite.com  � Micropointbio  micropointbio.com 

 � Biosur fi t  biosur fi t.com  � Mode Diagnostics  modedx.com 

 � Boehringer Ingelheim  boehringer-ingelheim.de  � Molecular Vision  molecularvision.co.uk 

 � Boston Micro fl uidics  bostonmicro fl uidics.com  � Mycrolab  mycrolab.com 

 � CapitalBio Corporation  capitalbio.com  � Nanobiosym  nanobiosym.com 

 � Celula  celula-inc.com  � Nanomix  nano.com 

 � Cepheid  cepheid.com  � Nanosphere  nanosphere.us 

 � Claros Diagnostics  clarosdx.com  � On-Q-ity  on-q-ity.com 

 � Cleveland Biosensors  clevelandbiosensors.com  � Pathogenetix  pathogenetix.com 

 � Clondiag  clondiag.com  � PerkinElmer  perkinelmer.com 

 � Crospon  crospon.com  � Philips Applied 
Technologies 

 apptech.philips.com 

 � Daktari Diagnostics  daktaridx.com  � Rheonix  rheonix.com 

 � DEOS Labs  deoslabs.com  � Samsung  samsung.com 

 � Diagnostics for All  dfa.org  � Sensivida  sensividamedical.com 

 � Diagnoswiss  diagnoswiss.com  � SensLab  senslab.de 

 � DNA Electronics  dnae.co.uk  � SFC Fluidics  sfc- fl uidics.com 

 � Epocal  epocal.com  � Siemens  siemens.com 

 � Fluidigm   fl uigent.com  � Siloam 
Biosciences 

 siloambio.com 

 � Fluidmedix   fl uimedix.com  � Smart holograms  smartholograms.com 

 � FocusDx  focusdx.com  � T2 Biosystems  t2biosystems.com 

 � Helicos Bioscences  helicosbio.com  � TearLab  tearlab.com 

 � Ingeneron  ingeneron.com  � TECAN  tecan.com 

 � IonTorrent (Life 
Technologies) 

 iontorrent.com  � Veridex  veridex.com 

 � Kumetrix  kumetrix.com  � Verinata Health  verinata.com 
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assays, or other measurements. The potential for further analysis is 
key to extracting information that would inform personalized can-
cer treatment. Cancer is currently one of the main focuses of per-
sonalized medicine due to the development of targeted therapies 
and progress in the cancer genomics  fi eld.  

 A competing start-up, Biocept, is also developing a micro fl uidic-
based cancer diagnostic to detect CTCs. Biocept’s proprietary 
approach also contains a  fi eld of microfabricated posts functional-
ized with antibodies (Fig.  1b )  (  7  ) . Similar to On-Q-ity, Biocept 
claims that captured cells may be analyzed using  fl uorescent tags or 
also processed via molecular analysis. It remains to be seen how the 
On-Q-ity and Biocept devices will differentiate themselves, both 
technologically and by their target markets within cancer. 

 In addition, CytoScale and Superior NanoBiosystems also 
report developing devices for rare cell capture, and there are many 
academic groups pursuing research in the  fi eld  (  3,   8,   9  ) . As of 
2006, Micronics was also reported to be developing a micro fl uidic 
device for CTC collection  (  10,   11  ) . However, the current state of 
their rare-cell-capture program is uncertain as it is no longer actively 
mentioned on their Web site  (  12  ) . 

  Fig. 1.    Competing devices for rare CTC capture. ( a ) On-Q-ity device operates based on posts that capture cells due to 
antibody labeling and size selectivity. Photo shows an intact cell captured between two posts. ( b ) Biocept device design 
has antibody-labeled circular posts of a different geometric con fi guration. ( c ) The Veridex CellSearch system uses immu-
nomagnetic beads rather than micro fl uidic structures to capture cells. Veridex recently announced a collaborative effort to 
also develop a micro fl uidic approach to CTC capture.       
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 All of these micro fl uidic approaches will have to contend with 
a non-micro fl uidic competitor, Veridex, which has already launched 
a CTC-counting system for the clinic (Fig.  1c ). The Veridex 
CellSearch system uses a different technical approach based on 
immunogenic beads  (  13  ) . Anticipating this competition, On-Q-ity 
has used data to claim that their technology is more sensitive. In 
comparison with the Veridex CellSearch, On-Q-ity’s technology 
allows capture of viable cancer cells for characterization. The ability 
to perform further analysis on the captured viable cells could offer 
a signi fi cant advantage against Veridex’s early lead in the market 
 (  14  ) . However, Veridex recently announced a collaboration with a 
group at the Massachusetts General Hospital (the same group that 
invented the On-Q-ity technology) to develop their own 
micro fl uidic approach  (  15  ) . As can be seen, the competitive 
dynamic is constantly shifting.  

  Prenatal diagnosis is another area where the ability to capture rare 
cells in the bloodstream would be valuable. Currently fetal cells are 
sampled using a variety of invasive approaches, including chorionic 
villus sampling and amniocentesis, which both present a small but 
 fi nite risk of miscarriage—an especial concern to pregnant women 
over 35 years old who have higher rates of miscarriage but are also 
the same patients recommended to undergo such procedures due 
to higher risk of birth defects. Simply counting the fetal cells is not 
enough—they must be processed further to yield test results. 

 Artemis Health is working on a noninvasive micro fl uidic 
approach to capture fetal cells circulating in maternal blood, 
enabling access to the entire fetal genome. The Artemis system 
uses size selectivity to distinguish between maternal and fetal cells, 
since fetal cells are larger than maternal red blood cells and plate-
lets. The fetal cell-enriched sample is then collected for further 
analysis  (  16  ) . 

 Superior NanoBiosystems is also considering the prenatal mar-
ket for a micro fl uidic rare cell capture device, although there is 
little information available on its approach  (  9  ) .  

  Another application where cell counting is important is HIV ther-
apy. Because CD4-positive lymphocytes are the main targets of 
HIV, CD4 counts are used to aid in diagnosis, assessment of the 
stage of HIV, evaluation of treatment ef fi cacy, and informing treat-
ment decisions. In the developed world CD4 counts are typically 
performed using  fl ow cytometry, which may not be available in 
resource-limited settings due to high instrument cost (typically over 
$25,000 per system) but also limited portability. Several companies, 
including Daktari Diagnostics and Alere, are developing micro fl uidic 
products to enable CD4 counts at the point of care (POC). In addi-
tion, others such as Zyomyx are developing alternate non-
micro fl uidic approaches. In 2009 the market for CD4 testing in 

  3.1.2.  Rare Cell Capture 
for Prenatal Diagnosis

  3.1.3.  Counting CD4 Cells 
in HIV
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sub-Saharan Africa was estimated at $150 million USD  (  17  ) , smaller 
than many US diagnostics markets but still a signi fi cant sum. 

 Daktari Diagnostics is developing a micro fl uidic CD4 count-
ing system for HIV patients in the developing world, where design 
goals include lowered costs, ease of use, stability under high tem-
peratures, and portability. A disposable cartridge employs 
micro fl uidic cell chromatography to capture and isolate CD4 cells 
from the rest of the material in the blood, automating what might 
otherwise be complex sample preparation steps. The captured CD4 
cells are then counted using an impedance-based electrical mea-
surement that helps lower the cost and size of the device when 
compared with bulky and expensive optics  (  18,   19  ) . The resulting 
instrument is a small, handheld system that is designed to mini-
mize energy consumption and prolong battery life while produc-
ing rapid CD4 counts within minutes. 

 While the Daktari approach is compelling, Zyomyx has devel-
oped a competing thermometer-like, readerless device that uses 
antibody-based methods to pull CD4 cells from a blood sample. 
The process is performed in a closed, disposable cartridge provid-
ing ease of use and cost bene fi ts, and requires no instruments to 
count the cells (Fig.  2a ). In 2009 Imperial College’s CD4 Initiative 
(funded by the Gates Foundation) chose Zyomyx as the most 
promising approach among three teams it had founded in 2007; 
competing teams were from Beckman Coulter and the Macfarlane 
Burnet Institute (Australia)  (  20  ) . The Gates Foundation is also 

  Fig. 2.    Competing devices for CD4 counting. ( a ) Readerless design from Zyomyx involves a thermometer-like tube where 
the CD4 count can be read with the naked eye. ( b ) The benchtop Alere Pima™ CD4 Test counts CD4 cells optically and 
uses a consumable cartridge with a viewing window.       
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helping to fund Daktari Diagnostics  (  21  )  (and many other 
micro fl uidic diagnostic efforts in global health).  

 Using yet another method, Alere has launched a benchtop CD4 
counting system, the Alere Pima™ CD4 Test, with an emphasis on 
POC use. The system uses static image analysis for cell counting and 
can deliver an absolute CD4 cell count in whole blood in 20 min 
(Fig.  2b ). Alere is also investigating the development of tests using 
whole blood samples for measuring viral load in HIV  (  22  ) . The 
Pima™ system has been tested by nurses and technicians in Zimbabwe 
and found comparable to standard  fl ow cytometry  (  23  ) . 

 Since many of these devices have not yet launched, it remains 
to be seen how the speci fi c combination of cost, sensitivity, ease of 
use, portability, and other factors will translate into eventual mar-
ket share for these competing technologies.   

  While many conventional diagnostics are currently available in a 
hospital’s central lab, physicians and patients must often wait hours 
or days to receive results. POC diagnostics enable physicians to 
make more informed diagnosis and treatment decisions, helping to 
converge on a correct diagnosis and appropriate treatment as early 
as possible. To address these needs, there are many devices on the 
market and under development which have adapted current assays 
to the POC setting. Further enabling POC, many of the tests based 
on more conventional clinical chemistry have electrical readouts, 
simplifying instrumentation. 

 The Abbott i-STAT is one of the oldest POC devices on the 
market, having launched in 1992  (  24  ) . The i-STAT consists of a 
consumable micro fl uidic cartridge which delivers a small-volume 
blood sample to bioelectronic sensors that are read when the car-
tridge is plugged into a handheld reader (Fig.  3a ). Tests cover a 
wide range of measurements, including blood gases, electrolytes, 
glucose, measures of coagulation, and cardiac markers including 
troponins and B-type Natriuretic Peptide (BNP) (different car-
tridges are required for different tests). According to Abbott, the 
i-STAT is now used in one out of three hospitals in the USA; how-
ever it has taken a long time to reach success. Before acquisition by 
Abbott in 2004 for $392 million USD, i-STAT was not pro fi table 
despite revenues of >$55 million USD  (  25  ) , illustrating some of the 
 fi nancial challenges of creating a commercially successful device.  

 Several other companies have since entered the space for POC 
clinical chemistry tests, including competitor Abaxis with their 
Piccolo system  (  26  ) . In 2009 Abaxis was chosen by Fortune Small 
Business Magazine as one of the top 100 fastest-growing small 
businesses with a reported revenue of $106 million USD in 2008 
 (  27  ) . Interestingly, in 2010 Abaxis began selling an Abaxis-branded 
version of the i-STAT for the veterinary market. 

 Roche Diagnostics is also a key player in the diagnostics space, 
with conventional-scale products for the clinical lab market as well 

  3.2.  Devices that 
Enable Point of Care 
Using Clinical 
Chemistry
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as newer, miniaturized products, such as the desktop Re fl otron 
instrument capable of POC blood analysis. Another major player 
in the micro fl uidic diagnostics market is Siemens, having a series of 
launched POC products, including blood gas and urinalysis instru-
ments  (  28  ) . 

 Even electronics manufacturer Samsung has entered the  fi eld 
with a countertop device that performs many of the same measure-
ments as the devices mentioned above, including cholesterol, glu-
cose, and 17 others  (  29  ) . It is not clear which markets Samsung 
will be targeting; however it appears that their device may have a 
signi fi cantly lower price point than competitors  (  30  ) . 

 Also note that it is not only large companies who have entered 
the market: recent start-up Claros Diagnostics has developed a 
benchtop system for POC prostate-speci fi c antigen (PSA) detection 
for monitoring of prostate cancer and will be marketing the system 
in Europe in 2011. The device will allow patients to get their results 
within minutes during the doctor’s of fi ce visit, allowing easier mon-
itoring of prostate cancer treatment and recurrence  (  31,   32  ) . 

 Finally, in the realm of global health, nonpro fi t Diagnostics for 
All has taken an innovative approach toward clinical chemistry tests 
by creating ultracheap paper-based micro fl uidic chips targeted at 
<$1 US per chip  (  33,   34  ) . Reagents are dried onto channels pat-
terned in the paper device. When a liquid sample wicks along the 
paper, conventional enzyme-based assays are performed with a 

  Fig. 3.    ( a ) Exploded view of consumable micro fl uidic cartridge in the Abbott i-STAT device. Simple micro fl uidic channels 
lead the sample and a calibrant solution to electronic sensors on the edge of the cartridge that interface with a handheld 
reader. ( b ) Abbott’s educational program for healthcare providers using the i-STAT is carefully planned to start with prepa-
ration and continue with follow-up support after users have been trained.       
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readerless colorimetric output. The hope is that the paper-based 
micro fl uidic format may make diagnostic testing more affordable 
in the developing world  (  33  ) . 

 Some may argue whether some of these devices are truly 
micro fl uidic, since the micro fl uidic component may simply be a 
channel delivering the sample to the sensor. However, most agree 
that the market for these devices will continue to grow. Some of 
the big players, such as Roche and Abbott, have already established 
a signi fi cant presence through acquisitions, but many smaller com-
panies continue to enter the  fi eld.  

  A number of companies are pursuing an immunoassay approach to 
micro fl uidic diagnostics, where the principle of detection is based 
on antibody–antigen binding. For the purposes of this section, 
these devices differ from the antibody-based cell capture described 
above because they trap only the analyte molecules, not cells. 
Arguments for taking immunoassays down to the microscale 
include reduced reagent volumes (and thus reduced costs), smaller 
sample sizes (in the case of blood samples), automation of assays 
that would otherwise require several labor-intensive steps (typical 
of conventional ELISAs), higher sensitivity compared with con-
ventional immunoassays, smaller POC instrument size, and faster 
results due to POC diagnosis as well as shorter reaction times. The 
potential applications for immunoassay-based methods span a wide 
range of disease areas, from infectious disease to prostate cancer to 
Alzheimer’s disease. 

 Lateral  fl ow tests are some of the most widespread examples 
of micro fl uidic immunoassay devices and have been on the mar-
ket for many years. Unlike typical academic micro fl uidics, lateral 
 fl ow tests do not contain a micro fl uidic  fl ow channel; instead 
 fl uid moves along a wicking strip that contains embedded 
reagents for a colorimetric immunoassay  (  35  ) . Tests are currently 
available for detecting pregnancy, diseases such as HIV, and bio-
markers such as troponin. These devices have had a huge impact 
because of their low cost, quick results, ease of use, and portabil-
ity. However, most lateral  fl ow tests have limited ability to pro-
vide quantitative results. 

 In addition to lateral  fl ow tests, there is much commercial 
activity in other types of immunoassays. Companies like Alere have 
been steadily acquiring micro fl uidic diagnostics, including immu-
noassay-based instruments developed at Biosite  (  36  ) . Acquired by 
Inverness/Alere in 2007 for $1.6 billion USD, Biosite’s immuno-
diagnostics were among the  fi rst micro fl uidic diagnostics on the 
market, dating back to 1990  (  37–  39  ) . Over the past 20 years 
Biosite has developed and launched tests in a variety of disease 
areas, including infectious disease, cardiovascular disease, and sub-
stance abuse  (  40  ) . At the time of acquisition, Biosite reported rev-
enues of $300 million USD. Although the micro fl uidic components 

  3.3.  Devices Using 
Immunoassays
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enable a disposable cartridge model, micro fl uidics is not a primary 
focus for Biosite, whose key proprietary technology includes pro-
tein biomarkers and  fl uorescent dyes for immunoassays. 

 In contrast, Quanterix is an example of an immunoassay where 
the microsystem component plays a large role. Quanterix is devel-
oping a micro fl uidic platform to measure very small quantities of 
proteins (down to single molecules) using high-sensitivity immu-
nodiagnostics  (  41,   42  ) . Detection of small numbers of protein 
molecules is signi fi cant, since there is no direct ampli fi cation pro-
cess for proteins as there is for DNA (although reverse translation 
is possible). Though not employing typical micro fl uidic channels, 
the Quanterix approach involves thousands of femtoliter-volume 
microfabricated wells. An ELISA measurement takes place inside 
each well; the small well volume allows detectable ampli fi cation of 
the signal from very small numbers of analyte molecules. Quanterix 
is interested in applying this technology to disease areas where a 
highly sensitive immunodiagnostic may be a good  fi t, for example 
measuring PSA to monitor for recurrence of prostate cancer, or in 
Alzheimer’s disease. 

 Using yet another approach, Boston Micro fl uidics is develop-
ing an ELISA-based diagnostic focusing on sexually transmitted 
illnesses. In this case, the micro fl uidic aspect enables automation of 
an assay (ELISA) that would normally require several steps  (  43  ) . 
The goal is to create a simple device where unskilled users could 
quickly and easily determine their infection status during their doc-
tor’s of fi ce visit, instead of having to wait for lab results. The small 
volume of blood required would also make a trip to a phlebotomist 
for a standard-volume blood sample unnecessary. 

 Finally, a number of companies are employing micro fl uidic 
methods for high-throughput, improved immunoassays. For exam-
ple, Akonni Biosystems is developing micro fl uidic gel-drop 
microarrays on chip (which can use antibody–antigen binding but 
also nucleic-acid binding). Instead of a conventional microarray 
where the probes are attached to a 2D substrate, Akonni’s system 
involves probes distributed throughout a 3D microdroplet, offer-
ing potential advantages of increased probes per area compared 
with a typical 2D array. Plexigen and Randox have also developed 
immunoassay arrays for the clinical laboratory to increase through-
put of traditional ELISA-type assays  (  44–  46  ) . Siloam Biosciences 
already has a micro fl uidic immunoassay product for the research 
market and is developing a micro fl uidic POC diagnostic; however 
it is not clear what speci fi c markets it is targeting  (  47  ) . 

 While micro fl uidic diagnostics based on immunoassays have 
already been successful commercially and offer considerable prom-
ise, as genetic-based tests mature there may be competition in cer-
tain areas where molecular diagnostics could offer higher sensitivity 
(depending on the situation) due to PCR-based ampli fi cation.  
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  Although the human genome project was completed in 2003, we 
are still awaiting signi fi cant impact of the genetic revolution on 
daily medical care. Part of this delay results from lack of instrumen-
tation that would allow affordable sequencing. Recognizing that 
the ability to sequence vast amounts of DNA will be in our futures, 
many companies are developing molecular diagnostics, ranging 
from those detecting a limited set of genes to whole genome 
sequencing. 

 The holy grail of molecular diagnostics is an instrument that 
can perform whole genome sequencing for under $1,000 USD (a 
threshold seen as enabling access and reimbursement for wide-
spread use). This extremely demanding requirement has made 
miniaturized, massively parallel assays an essential component. The 
potentially huge genome-sequencing market, estimated at over $1 
billion USD, has drawn a large number of companies  (  48  ) . The 
competition is  fi erce and some companies have already begun to 
withdraw from the  fi eld. Key contenders (past and present) include 
Illumina, Life Technologies, Paci fi c Biosciences, 454 Life Sciences 
(acquired by Roche), Helicos Biosciences, Complete Genomics, 
Applied Biosystems, Solexa (acquired by Illumina), and U.S. 
Genomics (now Pathogenetix). While these diagnostics do not all 
fall in the micro fl uidic realm, manipulation of small  fl uid volumes 
is important in many of these systems. 

 One example of a company where micro fl uidic technology is at 
the core of cheaper sequencing is GnuBio, a start-up out of the 
Weitz lab at Harvard. GnuBio is still in early-stage development, 
yet has made the bold claim that its picoliter-droplet technology 
may enable a $30 genome. Each droplet would contain sample 
DNA as well as a barcode and probe. The concept is that by using 
massively parallel picodroplets (e.g., 1,000 channels per device, 
one million droplets per second), lower reagent costs would be 
achieved  (  49,   50  ) . It is a tall order, and it will be interesting to see 
what GnuBio can demonstrate in the next few years. As of June 
2011, GnuBio press releases indicated it was ahead of schedule and 
hoped to be shipping production models as early as 2012  (  51  ) . 

 Whichever companies emerge as the winners will have some 
share of the human genome sequencing and cancer genomics 
markets. However, clinicians will still have to contend with a lack 
of scienti fi c understanding of what to do with these newly 
acquired, vast amounts of data. Depending on how quickly medi-
cal knowledge advances, actual use and adoption of genome 
sequencing may be initially limited to niche markets. In addition, 
a transition to personalized medicine may require a new way of 
conducting clinical trials. Regulatory hurdles are already 
signi fi cant, even for traditional drug development. Establishing a 
regulatory framework for personalized medicine could introduce 
further delays that indirectly affect the uptake of genome sequenc-
ing for the masses. 

  3.4.  Devices 
Incorporating Genetic 
Tests (Molecular 
Diagnostics)
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 In addition to genome sequencing of humans, molecular 
diagnostics for infectious disease is another large market of inter-
est. It has been well established which antibiotics can kill speci fi c 
bacterial strains. However, because conventional tests are slow, 
physicians currently treat infections using antibiotics empirically 
with their best guess antibiotic (usually a broad-spectrum antibi-
otic). In the short term, this practice can harm patients with rare 
infections not covered by standard antibiotics, because it delays the 
start of effective treatment. In the long term, empiric antibiotic 
prescription leads to overuse of antibiotics and contributes to the 
development of resistant bacterial strains. Rapid POC diagnostics 
could transform infectious disease, allowing rapid treatment with 
an antibiotic known to kill the identi fi ed infecting organism. 

 Cepheid, formed in 1996, has developed and launched a 
molecular diagnostic system called GeneXpert, which automates 
PCR-based DNA testing  (  52  ) . The system uses micro fl uidic car-
tridges, with each cartridge detecting a single pathogen (current 
offerings include MRSA, Vancomycin Resistant Enterococcus, 
Group B Streptococcus, and others). A recent study published on 
the use of GeneXpert in diagnosing tuberculosis has created much 
interest, because of its potential to signi fi cantly reduce tuberculosis 
in the developing world  (  53  ) . Unlike conventional smear tests 
which are only ~50% accurate, the Cepheid test can produce ~98% 
accurate results in 90 min, a potentially game-changing advance. 
However, it remains to be seen whether the cost of the instrument 
and consumables will allow widespread use in global health mar-
kets  (  54,   55  ) . Cost constraints are less stringent in the G7, and 
Cepheid has already started seeing promising revenues, reported at 
$44.8 million USD in 2008  (  56  ) . 

 In addition to Cepheid, many other companies are developing 
nucleic-acid-based approaches for infectious disease diagnostics. 
For example, Wave80 Biosciences is developing molecular diag-
nostics for viral infections (e.g., hepatitis C, hepatitis B, HIV/
AIDS). It is using nucleic acid tests to directly measure the amount 
of virus circulating in the blood. Norchip is developing a diagnos-
tic for human papillomavirus (HPV) based on nucleic-acid-based 
sequence ampli fi cation of RNA  (  57,   58  ) . Finally, Biolithic is devel-
oping a handheld POC molecular diagnostic device to rapidly 
detect sexually transmitted diseases using micro fl uidics highly inte-
grated with electronics  (  59  ) . 

 However, just as there are certain markets where PCR may 
prove superior to immunoassay, there are others where antibody-
based approaches might hold an advantage over PCR. For exam-
ple, in infectious disease the ampli fi cation of PCR can cause 
unwanted false positives (low speci fi city) if the sample contains a 
small amount of contaminating pathogen/DNA. In addition, 
some physicians dislike PCR-based approaches to detecting patho-
gens in the bloodstream, because pathogenic nucleic acid in the 
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bloodstream may not necessarily indicate the presence of live 
pathogens. Therefore, there may be some cases where direct detec-
tion of pathogens themselves (e.g., via antibody capture) may be 
desired. For example, Magna Diagnostics is a start-up using a com-
bined approach with immunomagnetic pathogen-cell-capture fol-
lowed by nucleic acid analysis for rapid pathogen identi fi cation in 
the sepsis market  (  60  ) . 

 Given the large number of companies vying for a share of the 
infectious disease diagnostics market, it is likely that improved patho-
gen detection will be available soon across a variety of disease areas.   

 

 Over the past several years, many articles and opinion pieces have 
bemoaned the slow progress in commercialization of micro fl uidics. 
The typical refrain is that commercialization has been much slower 
than anticipated  (  61–  65  ) . In 2009 one analyst even went so far as 
to blame the economic recession on the failure of innovation 
(speci fi cally mentioning MEMS technology)  (  66  ) . 

 However, is any of this unusual for a developing technology? 
The Gartner hype curve is a well-publicized analysis of the typical 
time course for adoption of new technologies, starting with ini-
tially overblown excitement that leads to a trough of disillusion-
ment, followed by a period of slow but steady growth. While the 
Gartner curve itself is controversial, many technologies, not just 
micro fl uidics, have experienced similar hurdles to adoption—for 
example, traditional MEMS. Holger Becker of micro fl uidic 
ChipShop believes that a period of steady growth may indeed be 
starting  (  65  ) . The increasing number of start-ups and successful 
acquisitions, with products  fi nally hitting the market, is a positive 
sign. Most new ventures will still fail due to the risky nature of 
start-ups; however as the  fi eld matures companies will begin con-
solidating and making incremental improvements as market leaders 
are established. 

 Many questions remain on exactly how and why adoption of 
these new tests will occur. For example, when is immunoassay a better 
 fi t, and when is genetic testing required or superior? How much 
would payers (whether they are national healthcare systems or private 
insurers) be willing to pay per test? How will improved availability of 
diagnostics change the way the diagnostics are used? Will diagnos-
tics save money on healthcare in the long run? In terms of miniatur-
ization, is there some limit beyond which smaller size is no longer 
bene fi cial? On the other hand, as society as a whole adapts to smart-
phones as a carry-everywhere multi-device, will there be a smart-
phone equivalent in the world of diagnostics? To what extent will 
medical diagnostics be incorporated into everyday life? 

  4.  Commer-
cialization 
Challenges and 
Opportunities
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 Additionally, one of the biggest hurdles may be physicians who are 
reluctant to adopt new diagnostics. A 2008 Medco market research 
study found that most physicians do not feel con fi dent enough to 
use genetic testing with their patients (although usage improved 
signi fi cantly when outreach programs were put in place)  (  67,   68  ) . 

 It is also important to be aware that there may be considerable 
institutional resistance to adopting POC tests in the hospital. 
Ironically, at the same time that academics and start-ups have been 
developing POC tests, over the past decade hospitals have actually 
been moving away from POC diagnostics. Motivations for central-
ized testing include improving standardization of results, enabling 
centralized billing and record keeping, and improving ef fi ciency. 
Thus, adoption of new, decentralized, POC devices within hospi-
tals may require signi fi cant institutional changes. Diagnostics com-
panies (especially those with POC devices) must prepare for 
extensive educational efforts and an uphill battle to encourage 
uptake (e.g.,  see  Fig.  3b  for an example of the educational program 
related to the i-STAT). 

 Although regulatory approval for diagnostics has historically 
been less burdensome than for pharmaceuticals, regulatory hurdles 
are becoming a growing challenge for diagnostics as well. In addition, 
new types of diagnostics such as genetic testing are motivating the 
FDA to reconsider its regulatory processes in a scramble to keep up 
with emerging technologies. For example, in June of 2010 the 
FDA cracked down on  fi ve companies selling direct-to-consumer 
genetic tests, saying that these needed to pass regulatory approval 
 fi rst  (  69  ) . 

 On the positive side, micro fl uidic diagnostics may enable new 
business models because they can potentially deliver results at low 
price points appropriate for emerging markets. Several micro fl uidic 
diagnostics companies (e.g., Claros diagnostics, Advanced Liquid 
Logic) are simultaneously pursuing projects both in the develop-
ing world as well as in the G7. While some of these cheaper tests 
offer lower resolution/sensitivity than typically found in the G7, in 
many cases technologies developed for low-resources settings could 
 fi nd additional customers in the G7 if they can offer signi fi cant cost 
savings or enable use in new settings (e.g., in the home)  (  70,   71  )  .  

 And companies are already starting to see commercial success 
with micro fl uidic diagnostics. Alere’s combined portfolio (which 
contains several micro fl uidic diagnostic technologies) brought in a 
reported $1.9B in 2009  (  72  ) . The companies discussed in this 
chapter are only a fraction of those developing new micro fl uidic 
diagnostics; by the time of publication many new companies will 
have started, and some will have closed due to the challenges of 
starting a company. As more devices are commercialized, 
micro fl uidic diagnostics could help deliver on the promises of 
increased prevention, evidence-based medicine, and personalized 
treatment to improve lives.  
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 For more on the commercialization of micro fl uidic diagnostics, see 
Holger Becker’s excellent “Focus” series in Lab on a Chip  (  73  ) . 
In addition, the LinkedIn group “Lab on a chip and Micro fl uidic 
Devices (a.k.a., Micro fl uidics)” contains many helpful discussions, 
often with contributions from leaders in the  fi eld  (  74  ) . Finally, 
Kevin Davies’s book, “The $1000 Genome,” gives an overview 
(including the commercial perspective) on the race for the genome 
sequencing market  (  48  ) .      
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    Chapter 6   

 Practical Aspects of the Preparation and Filing 
of Patent Applications       

     Fiona   Bessoth         

  Abstract 

 This chapter is intended to give a brief introduction into the most important patent basics. More importantly, 
it provides some practical advice to scientists on various considerations when contemplating and preparing 
the  fi ling of a patent application, irrespective of whether this is assisted by a patent professional or not.  

  Key words:   Intellectual property ,  Invention ,  European Patent Convention ,  Patent Cooperation Treaty    

 

 The most important step in the preparation of a patent application 
is a thorough analysis of the invention itself. “The invention” is 
typically a particular product or process that has been developed. 
The primary objective of the analysis is to identify whether there 
is a broader concept or a general principle that makes this particu-
lar product or process work, and that is applicable in a broader 
 fi eld. Once a concept is identi fi ed, the patent application can be 
drafted on the basis of the concept, rather than just the particular 
product or process that was actually developed, thus providing a 
greater scope of protection and more adequate reward for the 
inventor. A diligent analysis of the invention does not only pro-
vide a better basis for a patent application but can also provide 
valuable insights and incentives for future research. It is not a rare 
occurrence that discussions about inventions lead to further devel-
opments and inventions.  

  1.  Introduction 
to Patents
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 Before entering into the more practical aspects, some basic aspects 
of the patent system should be outlined. The fundamental idea 
behind the creation of a patent system was to reward an inventor 
by an exclusive right to the invention over a number of years (usu-
ally 20) in return for a disclosure of the invention to the public. 
Allowing the public access to information about new inventions 
was supposed to stimulate and promote further technological 
progress and innovation. 

 Patents are exclusive rights for inventions, granted by an 
authority of a country or a group of countries. Patents entitle their 
owners to prevent or stop others from making, using, offering for 
sale, selling, or importing a product or a process without their per-
mission (a license). It is important to note that a patent is a right 
to keep others from making use of the patented invention. It is not 
automatically a right to use one’s own invention. Rather, it is nec-
essary to respect other people’s protective rights when practicing 
the invention. For instance, a patented speaker of a mobile phone 
may make use of a material that is protected by the patent of a dif-
ferent owner. Therefore, a license for the use of said material would 
be necessary to avoid infringement of the patent on the material. It 
is also important to bear in mind that a patent is a territorial right, 
which is limited to the boundaries of the country or the group of 
countries granting it. There is no such thing as a “world patent.” 
Therefore, the  fi ling of a patent application necessarily involves a 
choice of the territory or the territories where patent protection is 
desired. This choice could be based on a country’s market poten-
tial, a competitor’s place of manufacture, sites of competing 
research centers, and various other factors. It is an integral part of 
the  fi ling strategy. 

 While some degree of harmonization of standards has been 
reached in patent systems worldwide, it is important to understand 
that different countries may have quite different requirements 
when it comes to the question of what is principally regarded as 
being patentable, as well as the patent granting procedure itself.  

 

 Patents are granted for inventions that are novel, inventive, and 
capable of industrial applicability. This principle is ingrained in 
practically all patenet systems. However, there are signi fi cant varia-
tions in what these terms are regarded as entailing and in the list of 
exemptions from this general principle. Within the framework of 

  2.  Some Patent 
Basics

  3.  What is 
Patentable?
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the various patent laws, an invention is generally understood as a 
solution to a technical problem. Most patent laws comprise a list of 
exemptions from what is regarded as an invention for the purpose 
of patenting, but these lists vary from one country or convention 
to another. 

 Under the European Patent Convention (EPC), for instance, 
discoveries, scienti fi c theories, and mathematical methods; play-
ing games or doing business; as well as presentations of informa-
tion are generally barred from patent protection, to name but a 
few    examples. However, while the discovery of a physical phe-
nomenon, such as centrifugal forces, for instance, cannot be pat-
ented, its application for a particular purpose may well be 
patentable. In the case of centrifugal forces, for instance, their use 
to drive  fl uids from one reservoir through a system of channels to 
another on a spinning disc-shaped microchip may be patentable. 
A similar principle applies to the discovery of substances that 
occur naturally. Whilst a compound naturally occurring in the 
leaf of a certain tree may not be patentable, its use in a medica-
ment would principally be. 

 It is worth noting that the patent world uses the word “inven-
tion” merely as a technical term, which does not say anything about 
the signi fi cance of the invention or its appreciation by the scienti fi c 
community. It is not uncommon for scientists to be under the 
impression that patents are granted only for groundbreaking inven-
tions—which is not true. An invention may be based on just an 
incremental improvement of a known device or a small “trick,” 
which has a certain technical or economic bene fi t. On the other 
hand, the technical or scienti fi c signi fi cance of the invention may 
have (or even should have) an impact on the obtainable scope of 
protection, with more far-reaching inventions generally entitling 
to broader protection. It may also be worth noting that it is prin-
cipally irrelevant to patentability whether the invention was made 
by chance or whether it is the outcome of years of painstaking 
research. Post-it ®  sticky notes are but one example of accidental 
inventions that turned out to be a huge commercial success. 

 As mentioned above, a fundamental patentability requirement 
for an invention is its susceptibility of “industrial application.” This 
requirement demands that the invention must be capable of being 
used for an industrial or a business purpose, as opposed to a merely 
private, purely intellectual, or aesthetic activity. “Industrial” is to 
be interpreted broadly and covers anything from agriculture to 
sanitary products (the latter not being regarded as private from a 
patent view at all). Put simply, an invention should have some prac-
tical use. It is one of the criteria that rarely present a stumbling 
stone to the patenting of inventions. One of the more intuitive 
requirements for an invention to be patentable is that it must be 
novel. This seems a simple enough statement, but it is quite 
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intriguing how differently an assessment of novelty may play out in 
the patent practices of the various countries. 

 One of the common denominators of the various patent laws 
is that an invention is regarded as novel if it does not form part 
of the prior art. In general, the prior art encompasses all relevant 
technical knowledge available to the public anywhere in the 
world prior to the effective  fi ling date of the patent application. 
The availability to the public may be in the form of a written 
document (most common scenario), an oral presentation or 
other verbal communication, or through prior public use. To 
give one of the less frequently occurring examples, a Donald 
Duck cartoon turned out to be a highly signi fi cant piece of prior 
art. The cartoon’s illustration of Donald’s nephews  fi lling a 
sunken ship with table tennis balls to make it resurface meant 
that a patent application directed to a method of salvaging a sub-
merged vessel by  fi lling it with  fl otation devices was not regarded 
as being    novel. 

 One of the basic differences between patent systems when it 
comes to novelty is the point in time that is taken as the starting 
point for the assessment of novelty, i.e., which decides what consti-
tutes part of the prior art and what does not. As indicated above, 
in most countries, the  fi ling date of a patent application constitutes 
the relevant date (the so-called  fi rst-to- fi le principle). The USA, 
however, currently still works on a  fi rst-to-invent principle, where 
the actual date when the invention was made is decisive. This is 
somewhat of an oversimpli fi cation, as there is a distinction between 
conception of an invention and its reduction to practice, and there 
are various requirements to be met, but this goes beyond the scope 
of this chapter. It was therefore common practice in the USA to 
have laboratory notebooks signed on a regular basis, so as to be 
able to furnish evidence of when an invention was made, if need 
be. In any case, there has been a recent change. The Leahy-Smith 
America Invents Act (AIA) converts the United States patent sys-
tem from a “ fi rst to invent” system to a “ fi rst to  fi le” system. The 
“ fi rst-inventor-to- fi le” provision will take effect March 16, 2013. 
The importance of the  fi ling date cannot be emphasized enough. 
It is particularly important in highly competitive areas where the 
lead in a certain  fi eld is fought over by several research groups. For 
instance, it is not uncommon for a large number of patent applica-
tions to be  fi led in the wake of a conference, where a new  fi nding 
was presented, with patent applications being directed to practical 
uses to which this new  fi nding can be applied. The disastrous 2010 
oil spillage in the Gulf of Mexico, for instance, provoked a surge in 
the  fi ling of applications directed to devices and processes to solve 
such leakage problems. 
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 It is this novelty requirement that makes it necessary (in most 
countries) for the invention to be kept secret before a patent appli-
cation is  fi led. In practice, this means that a patent application 
should be  fi led before publishing a scienti fi c paper, or presenting a 
new product, giving a presentation to potential investors or even 
talking about it down the pub (which generally does not involve a 
secrecy agreement). The prior art one accidentally creates oneself 
may well turn out to be the biggest obstacle to a patent applica-
tion. It is one of those acts that are sometimes designated to be one 
of the “seven deadly sins of the inventor” (  http://www.epo.org/
topics/patent-system/seven-sins.html    ). When submitting abstracts 
or posters to conferences, it should be borne in mind that at least 
some of their contents may be published before the actual opening 
of the conference, which could present a bar to their patentability. 
Therefore, the message is simple: Silence is golden. 

 Some countries are kinder to their inventors than others, at 
least concerning this aspect. The USA and Japan, for instance, pro-
vide for a novelty grace period, meaning that disclosure of the 
invention by the inventor does not count as prior art against the 
inventor’s own patent application directed to that invention, as 
long as this disclosure has occurred within a certain time frame of 
the  fi ling of that patent application (usually 6 or 12 months). 
However, it is important to note that this novelty grace period can 
turn out to be a false friend on an international level, as a disclosure 
prior to  fi ling constitutes a bar to patentability in all those coun-
tries where this rule does not apply. In particular US inventors, 
who are used to this generous rule, should be aware of this. They 
might be well advised to  fi le a patent application before disclosing 
anything in public, at least if patent protection outside the USA is 
not completely ruled out. On a plus side, this rule does not only 
concern inventions made in the USA. Thus, if an invention is acci-
dentally disclosed before a patent application was  fi led, all is not 
lost; obtaining patent protection in the USA and Japan would 
principally still be an option. 

 A further requirement for an invention to be patentable is that 
it must be inventive. This requirement is intended to eliminate 
changes to the prior art that would have been obvious or even 
trivial. Even though it may already be apparent from the above, it 
is noted that novelty and inventive step are assessed on an objective 
basis, namely, on the basis of all available prior art. The assessment 
does not take into account the actual starting point of the inventor, 
i.e., the knowledge the inventor may or may not have had of a 
certain piece of prior art. So, while an invention may be creative 
and nonobvious when considering the inventor’s knowledge and 
starting point, it may still fail the obviousness test when compared 
to a different piece of prior art.  

http://www.epo.org/topics/patent-system/seven-sins.html
http://www.epo.org/topics/patent-system/seven-sins.html


90 F. Bessoth

 

 It has been mentioned above what the patentability requirements 
are and that patent applications must be  fi led with the competent 
authority for a certain country or a group of countries. Before out-
lining what exactly happens to the application after its  fi ling, a quick 
look is taken at the necessary contents of a patent application. 

 A patent application usually comprises the following parts:

   A description of the invention   ●

  Claims   ●

  Drawings (where appropriate)   ●

  An abstract     ●

 The claims are the heart of the patent application/patent. A 
claim is a very short and concise description of the essential ele-
ments of an invention. The claims de fi ne the desired scope of pro-
tection. Therefore, the claims are of key importance both in patent 
prosecution (from the  fi ling of an application to the grant of a pat-
ent) and patent litigation (enforcing a patent). 

 The importance of careful claim drafting and careful review of 
the claims by the inventor cannot be emphasized enough. Practical 
advice concerning this aspect will be given further below. Generally, 
claims may be directed to the following subject-matter:

   Products (such as a device, compound, apparatus).   ●

  Methods/processes (e.g., a method for manufacturing, ana- ●

lytical methods, methods for altering/treating, etc.).  
  The use of a product or a process for a certain purpose (e.g., a  ●

new medical indication).    

 Often, an invention comprises several aspects that belong in 
different categories. An invention residing in a particular micro-
chip-based immunoassay could include a claim directed to the 
microchip itself and a claim to the immunoassay (i.e., analytical 
method, on chip if the immunoassay itself had been known 
beforehand)—always presuming both are novel, of course. If the 
microchip itself had been known beforehand, for instance, it would 
principally still be possible to claim the immunoassay (on chip) and 
the use of the chip for this particular immunoassay. 

 There is a further differentiation of claims, that of indepen-
dent claims and dependent claims. An independent claim is the 
broadest claim to any speci fi c subject-matter, that is, the one that 
de fi nes that particular aspect of the invention most broadly (e.g., 
microchip, analytical method, method of manufacture,  fl uorescent 
marker, etc.). It is usually followed by one or more dependent claims, 
which refer to the independent claim and optionally one or more 
preceding dependent claims, and are typically increasingly speci fi c. 

  4.  Anatomy of a 
Patent Application
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The subject-matter of a dependent claim is also de fi ned by the 
subject-matter of the independent claim to which it refers. The reference 
to another claim just avoids the necessity to repeat in its entirety 
the subject-matter de fi ned therein for any subsequent claim. 
Dependent claims are therefore directed to speci fi c embodiments 
of the invention. They may strengthen a patent infringement case, 
when more than one claim is infringed, rendering the infringe-
ment more obvious. If, for instance, an independent claim is 
directed to an electrophoretic microchip comprising a separation 
channel and an injector, dependent claims could de fi ne the dimen-
sions of the separation channel, the particular design of the injec-
tor, the material the chip is made out of, any surface coating, and 
the like. 

 The description, together with drawings, if present, must 
suf fi ciently disclose/enable the claimed subject-matter. Expressed 
differently, the description must put a person of average skill in the 
 fi eld in a position to put the invention into practice. For example, 
if a claim is directed to a hitherto unknown compound, the descrip-
tion must set out how to obtain, for instance synthesize, the com-
pound. Equally, if a claim is directed to a microchip, the description 
must describe how the microchip can be made, unless this belongs 
to the common general knowledge in the  fi eld. The description 
generally contains different subsections:

   An introductory sentence indicating the  fi eld of the invention,  ●

that is to say, the general category to which the invention 
belongs (e.g., “The present invention relates to a microchip 
for chemical analysis and a method for its manufacture”). This 
introductory sentence typically lists the beginning of the inde-
pendent claims.  
  An introduction in which related prior art and its drawbacks  ●

are typically mentioned and the task the inventors have sought 
to achieve by the invention is described (e.g., “The detection 
limits that current microchip-based analytical systems are able 
to provide are still unsatisfactory, in particular for the detection 
of absorption of UV/visible light … It is therefore an object of 
the present invention to provide a microchip for chemical anal-
ysis that provides better detection limits …”) 
 Care should be taken in formulating the problem to be solved  ●

or task to be achieved. It should be free from hindsight, that is 
to say, free from the inventive concept. In the above example, 
any reference to an “increased absorption path” in the prob-
lem would already contain one step toward the solution to the 
problem (other solutions could have been to go in an entirely 
different direction, i.e., choosing  fl uorescence, using a signal 
enhancer, etc.). The object or the task should be as general and 
abstract as the description of the problems associated to the 
prior art will permit, for example, “easier to manufacture,” 
“better resolution,” “higher speed,” etc.  
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  The introduction is usually followed by a description of the  ●

invention itself, starting with the general and subsequently 
increasing in speci fi city (e.g., “The object has been solved by a 
microchip comprising a detection cell that has at least one 
re fl ective surface arranged such that … The inventive  fl ow cell 
has the advantage that a light beam passing through has a lon-
ger absorption path as a result of the beam being re fl ected back 
… thus passing twice through the analyte … The re fl ective 
surface can be made of … by … be disposed such that …”).  
  A patent application should contain at least one speci fi c exam- ●

ple, otherwise referred to as “exemplary embodiment” in pat-
ent jargon. In the USA, there is a requirement to describe the 
best mode of carrying out the invention.  
  Both the general description and the description of the exem- ●

plary embodiment can be illustrated by one or more  fi gures, if 
appropriate. These  fi gures are typically schematic line drawings 
with reference numerals that are explained in the description, 
but could also be photos (e.g., microscope images), amino acid 
sequences, electropherograms, or other graphical representa-
tions of analytical data. Inventions relating to a method, such 
as a method of manufacture, for instance, could be illustrated 
by a  fl owchart or a sequence of schematic drawings illustrating 
the individual steps or the effect they are intended to achieve 
(e.g., a sequence of etching steps describing the fabrication of 
a microstructure).  
  Patent applications also typically contain an abstract, which is  ●

for information purposes only, i.e., its purpose is to give an idea 
of the contents of the patent application. It plays no part in 
patent prosecution or patent infringement. Often, the abstract 
just reiterates the independent claim considered as re fl ecting 
the invention best.    

 One of the most important things to bear in mind is that a pat-
ent application may not be supplemented by more information at 
a later date. There appear to be some minor exceptions to this rule 
in some countries, but even then the room for additions is minimal 
and certainly insuf fi cient to remedy fatal  fl aws.  

 

 Before going into more details concerning the drafting or checking 
of a patent application, an outline of the patent examination pro-
cedure is given below, as this will help clarify the role of the claims 
during the patent prosecution stage. 

 The most important steps of a typical patent prosecution pro-
cess are explained below by way of reference to the proceedings 

  5.  Patent 
Prosecution
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before the European Patent Of fi ce (EPO). There are some variations 
between different countries/conventions, but the following main 
elements are generally implemented in most countries at least 
roughly in the same manner.

   The applicant  fi les a patent application with the competent  ●

authority (paying attention to the  fi ling requirements, such as 
a completed of fi cial request form, etc.).  
  In a  fi rst step of the patent grant procedure before the EPO a  ●

formalities examination takes place, involving checking that 
the application documents are in order, the necessary fees are 
paid, etc.  
  In a second step, a search for related prior art is carried out  ●

order for the assessment of whether the subject-matter claimed 
in the application meets the patentability requirements, i.e., is 
novel, inventive, and liable to industrial application. The appli-
cant may amend the claims, if desired, in order to better distin-
guish the claims over the related prior art.  
  The patent application is published 18 months after its  fi ling  ●

date. Usually, the prior art search will be completed by then 
and the publication of the application also contains the Search 
Report, which provides a list of what prior art has been 
identi fi ed in relation to which claims. This publication of the 
patent application, in turn, makes the application prior art for 
later patent applications.  
  The next stage is that of substantive examination. An of fi cial  ●

communication is issued by an examiner, setting out any objec-
tions to novelty, inventive step, industrial susceptibility, as well 
as clarity and suf fi ciency of disclosure, if necessary. The appli-
cant can amend the claims in order to meet the examiner’s 
objections. The claims can be amended, for instance, by com-
bining an independent and a dependent claim, thus limiting 
the claimed subject-matter and thus the scope of protection. It 
is also possible to add limitations from the description.  
  If the examiner is then (after one or more exchanges with the  ●

applicant) satis fi ed that the independent claims are limited to 
patentable subject-matter and that the claims and the descrip-
tion are generally in order, a patent is granted. Otherwise, the 
patent application is refused.    

 As evident from the above, the dependent claims can provide 
fallback positions in case it should turn out that the subject-matter 
of the independent claim(s) does not meet the relevant require-
ments. Now that the claim structure and the purpose of the claims 
in patent prosecution have been explained, some considerations 
for the reviewing (and drafting) of patent applications, and in par-
ticular the claims, are outlined below. For completeness sake, it is 
noted that in some patent systems, the  fi ling of claims together 
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with the application is not necessary in order to be accorded a 
 fi ling date (for instance, under the EPC or in a US provisional 
application). However, in order to be granted a patent eventually, 
claims must be furnished at some stage of the procedure. These 
claims must then be taken from within the description, thus gener-
ally severely limiting the options for claim drafting, because there 
is then no more room for generalization. Therefore, it is generally 
strongly advisable to include claims from the outset.  

 

 As already mentioned before, it is usually a particular product or 
process (“embodiment” in patent jargon) rather than an abstract 
concept that provides the incentive for the  fi ling of a patent appli-
cation. It may be tempting to claim just that product, or possibly 
just a little bit around it; however, that might not do the invention 
justice. Therefore, in the preparation of a patent application and in 
particular in the drafting and reviewing of claims, it is important to 
understand what exactly the invention is. This understanding may 
be aided by answering the following questions:

   What does the invention achieve? What problem or task is  ●

solved by the invention? Think of all the advantages associated 
with the invention as well as the perimeter within which the 
invention was supposed to operate. For example, “A micro-
mixer is capable of delivering fast and ef fi cient mixing, even in 
high pressure applications, even having a volume of only …, 
allowing on-chip detection.” The advantages do not need to 
be scienti fi c or technical in a narrow sense, but can also encom-
pass concepts such as being more economical, more user 
friendly, better suited for application in the  fi eld, etc.  
  How is the problem solved or the task achieved? Is there a  ●

physical phenomenon that is taken advantage of? Is a correla-
tion or interplay between two factors/aspects required? Is 
there a synergy of multiple factors/aspects? In the micromixer 
example above, the general idea might be to split the  fl ows 
of the liquids up and arrange them in an alternating fashion, 
with the underlying fundamental explanation being the 
decrease of the diffusion distance.  
  Are there alternative ways to solve the problem by taking  ●

advantage of the same solution, for instance taking advantage 
of the same physical phenomenon? It may help to take a com-
petitor’s perspective by asking yourself, “What would I have to 
do to avoid the patent claim and still achieve the same or simi-
lar effect (some drawbacks being acceptable)?” One might 
even think of utterly unrealistic alternatives, just to work out 

  6.  Do the Claims 
Truly Re fl ect the 
Invention?
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what all the alternatives that are assumed to provide the same 
or similar effect have in common. Are there common functions 
or structures in these alternatives?  
  Are there other applications/ fi elds where the invention could  ●

be put to good use?  
  Are the claim features (contents of the claims, such as parts of  ●

a product or steps of a process) absolutely essential? Could 
they be de fi ned in a more general/functional manner, or even 
deleted from the independent claim altogether?    

 Working out all the above questions may seem to require much 
effort. However, identifying the heart of the invention does not 
only provide the best basis for a patent application and thus ade-
quate patent protection but often also furnishes valuable insights 
that might spark further development and inventions. So the time 
and energy spent is generally a good investment. Once the above 
questions are answered, it is worth thinking about the prior art 
known to you. Is the concept novel over the prior art? If not, which 
part of the concept is novel and can be claimed? 

 Sometimes, inventors receiving a draft set of claims from an 
attorney for review have dif fi culty understanding the claim and 
wonder whether it is actually still their invention de fi ned therein. 
No need to panic! The attorney may just have done an excellent 
job and taken the invention to a fairly high conceptual level that 
even the inventors had not recognized before. It is important that 
the inventor should understand the claim so as to be able to assess 
whether it does indeed re fl ect the invention/the inventive concept 
and excludes the known prior art. 

 Claims are, by their very nature, verbal de fi nitions of inventions. 
Therefore, it should also be questioned whether this de fi nition is 
suf fi ciently clear and unambiguous: That is, are the claim terms clear 
or at least clearly de fi ned within the description of the patent applica-
tion? Are they used in accordance with their usual meaning? Physical 
parameters present in the claims warrant particular attention. An 
average particle size, for instance, may have different values, depend-
ing on how it is measured. Therefore, the exact measurement 
method used should be indicated at least in the description.  

 

 The preparation of the patent application also involves a decision 
where patent protection would be desirable. As mentioned before, 
patents are territorial rights, such that, principally, the  fi ling of a pat-
ent application is necessary for each country or region where grant of 
a patent and thus patent protection is sought. Of course, the simulta-
neous  fi ling of patent applications in numerous countries would be 

  7.  Patent Filing 
Strategy and Tools 
Designed to Make 
Life Easier
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associated with a high investment of organizational and  fi nancial 
resources, which may be rendered even more dif fi cult by a possible 
uncertainty of the potential success of the invention underlying the 
patent application. Several instruments are available to facilitate the 
decision concerning which countries to seek patent protection, on 
the one hand, and to facilitate the practical  fi ling of patent applica-
tions with effect in numerous countries, on the other hand. 

 The  fi rst instrument is the so-called priority claim ( see  Fig.  1 ). 
If an applicant (or its predecessor in title) has  fi led an application 
for a patent (or utility model/certi fi cate) in or for any state that is 
party to the Paris Convention (PC) for the Protection of Industrial 
Property or any member of the World Trade Organization (WTO), 
then this applicant may claim priority when  fi ling a patent applica-
tion for the same invention within 12 months after the  fi ling date 
of the  fi rst application (in any of the PC/WTO member coun-
tries/conventions). If the claim to priority is valid, i.e., if the for-
mal requirements were ful fi lled, the later application was  fi led in 
time, and the inventions in the two applications are indeed the 
same, then the priority claim has the effect that the date of the 
priority application (rather than the  fi ling date of the later applica-
tion) determines the prior art that can be cited against the later 
application. Thus, by  fi ling a patent application in one country, the 
applicant effectively gains one year without any negative impact on 
patentability (because it is the  fi ling date of that priority application 
that determines the prior art). During that year, the applicant has 
the chance to gather more information on the potential value of 
the invention,  fi nd potential investors, check market potentials, 
etc. to assist the decision as to if and where to pursue further patent 
applications. Depending on where the priority application was 
 fi led, the applicant may have a prior art search carried out and be 
in receipt of the search results. These search results give an idea 
whether and to what extent the claimed subject-matter is patent-
able, thus providing a further piece of information to assist in tak-
ing the decision if and where to pursue the patent application 
further. Thus, a bigger  fi nancial investment can be postponed until 
there is some indication of the prospects of success of the patent 
application on the one hand, and the invention itself on the other. 
Also, the priority application does not affect the lifetime of the later 

  Fig. 1.    Priority claim timeline.       
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patent application, because the  fi ling date of the later application is 
still the starting date for the patent life, irrespective of any priority 
claim. It may be added that if a priority is claimed, publication of 
the (later) application will be effected 18 months after the priority 
date, not the  fi ling date of the later application.  

 The later application is an independent application; thus it is 
principally possible to add subject-matter, such as examples and 
experimental details, etc., and to remedy any de fi ciencies in the 
earlier (priority) application. However, care must be taken, because 
the claim to priority can only be valid if the later application is 
directed to the same invention. Expressed differently, the subject-
matter claimed in the later application must have already been con-
tained (in the same degree of generality or speci fi city) in the earlier 
(priority) application. The standards, according to which the prior-
ity claim is scrutinized, are rather strict. After all, it would be unfair 
to award an earlier effective  fi ling date to an invention (and exclude 
prior art based on that assumption) if it was not absolutely certain 
that the invention had indeed already been made (and disclosed) at 
the  fi ling date of the priority application. 

 Secondly, a number of patent conventions are in place, which 
facilitates the patent prosecution in more than one country. The 
EPC, for instance, allows the grant of a patent by the EPO for all 
or any of its Member States (consisting of 38 Contracting States as 
of 1st January 2011). The  fi ling, search, and examination of the 
patent application all take place centrally with/by one authority, 
the EPO. However, once granted, a European patent is a “bundle” 
of individual national patents, rather than a patent that would be 
automatically valid for all member states. Currently, a patent must 
be enforced in each member state of the EPC individually, just like 
a national patent (i.e., a patent granted by the national authority of 
that member state). A true Community patent, which would auto-
matically take effect across the entire European Community, has 
been planned for years but has so far failed to be implemented. 

 Thus, in order to obtain a patent in France, the United 
Kingdom, Italy, and Turkey, for instance, one may  fi le patent appli-
cations with the national authorities of each of those states to 
obtain patents via the national route (potentially involving the 
need to provide translations into the national language for the 
 fi ling or shortly after the  fi ling), thus going through the patent 
search and examination process in each of these countries. In the 
alternative, one may  fi le one patent application with the EPO des-
ignating France, the United Kingdom, Italy, and Turkey as the 
states in which the patent should    apply. This has the advantage of 
only one central search and examination procedure, which can lead 
to the grant of a patent for all of these countries. For a European 
patent to take effect in the various states, the individual states may 
have speci fi c requirements, such as the  fi ling of a translation of the 
granted patent into the national language, the payment of a fee, etc. 
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Thus, in addition to an administrative simpli fi cation of the procedure 
by having only one central search and examination procedure, 
costs for translations arise only after grant. 

 There is a further tool that provides for a signi fi cant 
simpli fi cation, especially when seeking patent protection in various 
countries worldwide: the Patent Cooperation Treaty (PCT). The 
PCT makes it possible to seek patent protection for an invention 
simultaneously in each of a large number of countries (142 
Contracting States as of 1st January 2011) by  fi ling an “interna-
tional” patent application. Such an international patent application 
may be  fi led by anyone who is a national or a resident of a 
Contracting State of the PCT. It may generally be  fi led with the 
national patent of fi ce of the Contracting State in which the appli-
cant is a national or a resident. If that Contracting State is party to 
a Convention (e.g., EPC, Eurasian Patent Convention) it may also 
be  fi led with the competent patent of fi ce for that Convention, or 
with the International Bureau of the World Intellectual Property 
Organization (WIPO) in Geneva. What then follows is  fi rst the so-
called international phase including:

   Formalities examination   ●

  “International search”: Search for prior art and issuance of an  ●

“international search report,” as well as a written opinion on 
patentability  
  Publication of the application by the International Bureau   ●

  Optionally, a supplementary search or a preliminary examina- ●

tion of the application    

 The search and optional preliminary examination are carried 
out by one of the major patent of fi ces for the PCT, and are there-
fore no different from any search carried out by a national of fi ce. 
(“International” stands for the search being carried out during the 
international phase, not the nature of the search—every prior art 
search is international in the sense that prior art from all over the 
world is searched.) 

 After this “international phase,” the applicant may enter into 
one or more “national phases.” The national (or regional) of fi ces 
then examine the application and grant or refuse the national (or 
regional) patent on the basis of their national laws. Further action 
is required before proceeding into the “national phase,” including 
payment of the required national (or regional) fees, and possibly 
translation of documents and appointment of a local representa-
tive, to each of the national (or regional) of fi ces from which the 
applicant wishes to be granted a patent on the basis of his or her 
international application. These actions must be completed within 
a certain time limit, which varies from country to country, of 
between 20 and 42 months after the priority/ fi ling date, but 
amounts to 30–31 months for most countries. 
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 The PCT offers a number of advantages, compared to individually 
 fi ling patent applications in various countries, amongst which the 
following are to be mentioned:

   Only one application in one language must be  fi led with one  ●

patent of fi ce (even if patent protection in numerous countries 
is desired).  
  The applicant can consider the outcome of the prior art search  ●

and thus evaluate the chances of his or her invention being 
patented before taking a decision in which countries to pursue 
the application further (thus potentially saving expenses and/
or postponing the associated expenses until—on aver-
age—30 months after the priority date).    

 Fig.  2  compares the different ways to obtain patent protection 
in the USA, Japan, France, the United Kingdom, and Germany via 
national patent of fi ces. Figures  3  and  4  illustrate the routes via the 
national patent of fi ces/EPC, and via the PCT, respectively.     

  Fig. 2.    Patent protection via national patent of fi ces.       
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  Fig. 3.    Patent protection via national patent of fi ces or European Patent Convention.       

  Fig. 4.    Patent protection via the Patent Cooperation Treaty.       
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 A thorough analysis of the invention provides an invaluable basis 
for the drafting of a patent application and the scope of patent 
protection to be gained from it. This is where the scientist or the 
engineer can provide the most signi fi cant input. 

 This chapter could only provide a rough outline of the various 
cornerstones of the patent system and mention some practical con-
siderations when reviewing (and possibly even drafting) patent 
applications and particularly    claims. More detailed information on 
the  fi ling of patent applications, including the particular require-
ments in the various countries, can be gathered from various online 
sources, some of which are mentioned below.  

 

    The   ● EPO  provides the guides “How to get a European patent. 
Guide for applicants. Part 1” (including information on exactly 
what must be  fi led in what form with whom and by when, as 
well as examples of patent applications and claims) and “How 
to get a European patent EURO-PCT. Guide for applicants. 
Part 2” and a plethora of further information material online: 
   ●  www.epo.org     (for the applicant’s guides, go via “Quick access,” 
section “Grant procedure” and choose “Guide for applicants”)  
  The WIPO operates a Web site with information on the   ● PCT , 
such as a very detailed Applicant’s Guide, a document provid-
ing answers to frequently asked questions, and a site with links 
to national patent of fi ces:   www.wipo.int     (for the applicant’s 
guide:   http://www.wipo.int/pct/en/appguide/index.jsp     or 
choose “IP Services,” “Patents,” “PCT Resources,” “Filing,” 
and then the “PCT Applicant’s Guide”; the directory of IP 
of fi ces is accessible via www.wipo.int/directory/en/urls.jsp) 
 A list of the members of the Paris Convention can be accessed  ●

via   http://www.wipo.int/treaties/en/ip/paris/      
  The members of the WTO can be accessed via   ●  http://www.
wto.org/      
  The   ● USPTO  equally provides a host of information in the sec-
tion on “Patents”:   www.uspto.gov      
  “  ● Espacenet ” is a European network of databases that provides 
a facility (free of charge) to search patent applications and pat-
ents (i.e., carry out a prior art search or search for patents that 
could be relevant for the freedom to operate one’s own inven-
tion):   www.espacenet.com      

  8.  Summary

  9.  Exemplary 
Online Sources 
of Information

http://www.epo.org
http://www.wipo.int
http://www.wipo.int/pct/en/appguide/index.jsp
http://www.wipo.int/treaties/en/ip/paris/
http://www.wto.org/
http://www.wto.org/
http://www.uspto.gov
http://www.espacenet.com
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  The   ● Japanese Patent Of fi ce  provides information on procedures 
to obtain a patent and other aspects also in the English lan-
guage:   www.jpo.go.jp      
  There is also English information available on the Web site of  ●

the  State Intellectual Property Of fi ce of the People’s Republic of 
China :   www.sipo.gov.cn            

http://www.jpo.go.jp
http://www.sipo.gov.cn
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    Chapter 7   

 Introduction to In Vitro Diagnostic Device 
Regulatory Requirements       

     Jonathan   Day         

  Abstract 

 A common application for micro fl uidics can be found in medical devices where the advantages of small 
volume measuring equipment can be exploited for In Vitro Diagnostics. This chapter focuses on the US 
and the EU regulations, explaining the broad landscape and regulatory pathways of each market.  

  Key words:   In vitro diagnostic device ,  FDA regulations ,  510K ,  EU regulations ,  CE marking ,  Quality 
management systems    

 

 The USA regulates in vitro diagnostic devices (IVD) through the 
Food and Drug Administration (FDA) which includes, but is not 
limited to, medical, veterinarian, cosmetic, and food products. 
IVDs are regulated as medical devices which fall under the jurisdic-
tion of the Of fi ce for In Vitro Diagnostics (OIVD), which in turn 
comes under the control of the Center for Devices and Radiological 
Health (CDRH), all of which fall under the vast umbrella of the 
FDA. It is important to note that many IVDs may be combined 
with nondiagnostic products; therefore, an awareness of other 
of fi ces/departments within the FDA that may be consulted as part 
of the approval process for IVDs is highly desirable. An example of 
a product that may require review from a different FDA depart-
ment could be a diagnostic test intended for HIV diagnosis regu-
lated by the FDA’s Center for Biological Evaluation and Research 
(CBER). Although beyond the scope of a micro fl uidic IVD devel-
oper it is prudent for the would-be manufacturer to be aware that 
the regulatory control of IVDs is also covered by the Clinical 
Laboratory Improvement Amendments. 

  1.  US Regulatory 
Structure
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 The FDA de fi nes an IVD as: “… those reagents, instruments, 
and systems intended for use in diagnosis of disease or other condi-
tions, including a determination of the state of health, in order to 
cure, mitigate, treat, or prevent disease or its sequelae. Such prod-
ucts are intended for use in the collection, preparation, and exami-
nation of specimens taken from the human body (Code of Federal 
Regulations, Title 21, Section 809.3) (21 CFR 809.3).” 

 The FDA also de fi nes a regulatory authority as: IVDs are  medi-
cal devices  as de fi ned in section 210(h) of the Federal Food, Drug, 
and Cosmetic Act, and may also be  biological products  subject to 
section 351 of the Public Health Service Act. Like other medical 
devices, IVDs are subject to premarket and postmarket controls. 
IVDs are also subject to the Clinical Laboratory Improvement 
Amendments (CLIA  ¢ 88) of 1988.  

 

 The FDA’s IVD regulations are de fi ned in the Code of Federal 
Regulations (21 CFR), which categorizes IVDs on a risk basis with 
three categories, namely, Class I, Class II, and Class III, with a 
higher class related to higher risk. The CFR is a codi fi cation of the 
general and permanent rules published in the Federal Register by 
the Executive departments and agencies of the Federal Government. 
Title 21 of the CFR is reserved for rules of the FDA. Each title (or 
volume) of the CFR is revised once each calendar year. In order to 
legally market your device in the USA it may require either clear-
ance or approval from the FDA. In the case of class III devices this 
will require approval through the Pre-Market Application (PMA) 
process, whereas for most class II and some class I devices a pre-
market noti fi cation (also known as a 510K after the section 510(k) 
of Federal Food Drug and Cosmetics Act) will be required. 

  Many class I devices and some class II devices are 510K exempt, 
meaning that subject to limitations on exemptions covered under 
parts of 21 CFR, a pre-market noti fi cation is not required before 
placing your device on the market. For IVDs this can be found in 
21 CFR 862.9, although this does not include near-patient testing 
devices of an IVD that would otherwise be exempt if performed in 
a laboratory. In the section “Limitations of exemptions from sec-
tion 510(k) of the Federal Food, Drug, and Cosmetic Act” it is 
stated, “The exemption from the requirement of premarket 
noti fi cation (section 510(k) of the act) for a generic type of class I or 
II device is only to the extent that the device has existing or reasonably 

  2.  US FDA 
Regulations; 510K 
and PMA

  2.1.  Low-Risk Devices
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foreseeable characteristics of commercially distributed devices 
within that generic type or, in the case of in vitro diagnostic devices, 
only to the extent that misdiagnosis as a result of using the device 
would not be associated with high morbidity or mortality.”  

  Medium-risk devices currently require pre-market noti fi cation 
following section 510(k) of the Food Drug and Cosmetics act. 
A 510K submission is required for the following three scenarios:

    1.    Introducing a device to the market for the  fi rst time.  
    2.    Change in indications for use for a previously cleared device.  
    3.    Making signi fi cant modi fi cation to a previously cleared device.     

 A 510K itself is not a form but evidence to prove substantial 
equivalence to a device already legally marketed in the USA (also 
known as a predicate) where evidence is created by the sponsor/
manufacturer of the device and presented to the FDA to allow the 
determination of whether their substantial equivalence to the pred-
icate. Some devices may go through a pre-market noti fi cation by 
using special controls prescribed by the FDA. Special controls may 
include special labeling and/or performance requirements that can 
be seen as prescribed design controls (part of 21 CFR 820), 
described later in the chapter.  

  High-risk devices require a PMA from the FDA before legal mar-
keting of the product can occur in the USA. If an IVD is not 510K 
exempt and is also not deemed to be a medium-risk device it will 
require a PMA. For IVDs this may be due to a high risk intended 
use such as for HIV/AIDS diagnosis (note that HIV diagnostic 
assays are types of devices that are also regulated by the Center for 
Biologics Evaluation and Research). PMAs are expensive and 
lengthy processes, prompting the FDA to promote the modular 
PMA, a module-based submission process suitable for some, 
although not all, sponsors/applicants.  

  IVDs have a unique characteristic compared to other medical 
devices in that they can be made available to the market under the 
labeling and controls of the “Investigational Use Only” device. 
Requirements for this include, but are not limited to, that tests 
must be con fi rmed by an approved test (i.e., gold standard) and 
that speci fi c labeling accompanies the product. “Research Use 
Only” devices by de fi nition cannot be considered to be medical 
devices as their intended use is beyond the scope of IVD and as 
long as the intended use does not fall under the IVD medical device 
de fi nition they are not regulated by the FDA.   

  2.2.  Medium-Risk 
Devices

  2.3.  High-Risk Devices

  2.4.  Research Use Only 
and Investigational 
Use Only
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 The European Union developed the CE marking process for many 
groups of products including toys, measuring devices, and medical 
devices. Medical devices are regulated by three separate directives: 
the medical device directive (MDD 93/42/EEC), the Active 
Implantable Medical Device Directive (AIMD 90/385/EEC), 
and the In Vitro Diagnostic Directive (IVDD 89/79/EC). The 
CE marking process is based upon the Conformity Assessment 
procedure which is de fi ned in the Council Decision 93/465/EEC 
with eight conformity assessment modules:  

 Module A  Internal production control 

 Module Aa  Internal production control with 
supplementary requirements 

 Module B  EC type-examination 

 Module C  Conformity to type 

 Module D  Production Quality Assurance 

 Module E  Product quality assurance 

 Module F  Product veri fi cation 

 Module G  Unit veri fi cation 

 Module H  Full quality assurance 

 The EU regulating structure is different to that of the USA 
where the FDA has the ability to oversee not only the approval of 
submissions but also the compliance of manufacturers and devel-
opers through auditing and other activities. In comparison the EU 
could appear to be fragmented with the legislation coming from a 
central European commission and individual member states main-
taining Competent Authorities (e.g., Medicines Healthcare 
Products Regulatory Agency or MHRA in the UK) to ensure com-
pliance with the EU regulations/directives through the approval 
of Noti fi ed Bodies, who in turn are able to certify and where appli-
cable execute the relevant CE marking modules to approve prod-
ucts for CE marking. A recent change to the directives requires a 
manufacturer who does not have a place of business within the EU 
to appoint a legal representative or Authorized Representative to 
make available information requested by the competent authority 
when required. 

 The IVD Directive has 24 Articles and 10 Annexes; com-
bined they provide seven possible routes for CE marking depend-
ing on the device. As with the US regulations the intended use of 
the device determines which risk category the IVD is likely to 
come under. 

  3.  European 
Regulations 
and CE Marking
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  Annex II list A de fi nes the highest risk category IVDs as either: 
“Reagents and reagent products, including related calibrators and 
control materials, for determining blood groups: ABO system, 
rhesus (C,c,D,E,e) anti Kell” or as “Reagents and reagent prod-
ucts, including related calibrators and control materials, for the 
detection, con fi rmation and quanti fi cation in human specimens of 
markers of HIV infection (HIV 1 and 2), HTLV I and II and hepa-
titis B, C and D.” As this is the highest risk category the regulatory 
pathway for approval requires the intervention of a noti fi ed body. 
Additionally, as this classi fi cation offers signi fi cant risk there is a 
requirement to prepare a technical  fi le, known as the Design 
Dossier, to ensure that the product meets essential common tech-
nical speci fi cations as outlined by the Commission Decision of the 
7 May 2002. 

 Regulatory approval for this classi fi cation of device can be in 
the form of either:

   EC Declaration of conformity/full quality assurance, design  ●

examination, veri fi cation of manufactured products following 
Annex IV of the directive (Module H) or  
  EC type-examination (Annex V, Module B) plus EC declara- ●

tion of conformity/production quality assurance/veri fi cation 
of manufactured products (Annex VII, Module D).     

  A full list of Annex II products can be found in Directive 98/79/
EC, which includes reagents and reagent products for the detec-
tion and quanti fi cation in human samples of rubella and toxo-
plasma, or determining Chlamydia or the tumoral marker PSA, as 
a few examples. Annex II List B devices also require the interven-
tion of a noti fi ed body. 

 Regulatory approval for this classi fi cation of device can be any 
of the following:

   EC declaration of conformity/full quality assurance (Annex IV  ●

minus points 4 and 6, Module H),  
  EC type-examination (Annex V, Module B) plus EC veri fi cation  ●

(Annex VI, Module F), or  
  EC type-examination (Annex V, Module B) plus EC declara- ●

tion of conformity/production quality assurance (Annex VII 
minus point 5, Module D).     

  This IVD group covers the vast majority of IVDs. Providing the 
manufacturer complies with the requirements set out in Annex 
III of the IVD Directive and maintains a technical  fi le showing 
compliance with the essential requirements of the directive, the 
manufacturer or authorized representative can “self-declare” 
conformity. This process is also known in the industry as self-
certi fi cation, and although this sounds like an attractive route to 

  3.1.  Annex II List A

  3.2.  Annex II List B

  3.3.  General IVD
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launch a  fi rst product it also provides the most opportunities for 
errors and misinterpretation of the directive, as there is no 
requirement for the involvement of a noti fi ed body. Regulatory 
approval for this classi fi cation of device entails EC declaration of 
conformity (Annex III minus point 6, Module A).  

  When an IVD which does not fall under the Annex II list A or B 
categories and is intended for self-testing it requires the assessment 
of a noti fi ed body and cannot go through the self-certi fi cation EC 
declaration of conformity route. Regulatory approval for this 
classi fi cation of device is as follows:

   EC declaration of conformity (Annex III including point 6,  ●

Module Aa).  
  EC declaration of conformity/full quality assurance (Annex IV  ●

minus points 4 and 6, Module H).  
  EC type examination (Annex V, Module B) plus EC veri fi cation  ●

(Annex VI, Module F)  
  EC type examination (Annex V, Module B) plus EC declaration  ●

of conformity/production quality assurance (Annex VII minus 
point 5, Module D).      

 

 Both the USA and the EU require certain criteria to be met when 
developing, manufacturing, marketing, and postmarketing a device. 
The USA de fi nes its regulations in 21 CFR 820 whereas the EU 
requires certain essential requirements to be satis fi ed. Both markets 
require high-risk devices to be tested by a third party either concur-
rently with a batch release or for the quality assurance system to be 
examined and approved before and while a device is marketed. 

  Quality system regulation (QSR) requires a developer and manu-
facturer to provide a Quality Management System (QMS) that 
provides transparency and traceability of its design, manufacturer, 
and postmarket vigilance (complaint handling) activities, the main 
criteria of which are listed in Table  1 .   

  Although not a prerequisite in the EU but widely employed, the 
international standard ISO 13485 can be used to ensure that essential 
requirements are met. The standard is based on ISO 9000, a com-
mon QMS for many businesses and has many parallels to the US 
QSR; however, while there is a voluntary accreditation to the QSR 
(i.e., there is no requirement to be assessed before claiming a com-
pany is operational under a QSR management system) there is a 
requirement to be ISO 13485 certi fi ed by a noti fi ed body, to say that 

  3.4.  Home Use IVD

  4.  Quality 
Management 
Systems

  4.1.  Medical Devices 
21 CFR 820; Current 
Good Manufacturing 
Practice

  4.2.  International 
Standard ISO 13485
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   Table 1 
  Main criteria for quality system regulation   

 Subpart  Criteria 

 Subpart A General Provisions  820.1 Scope (of requirements) 
 820.3 De fi nitions 
 820.5 Quality system 

 Subpart B Quality System Requirements  820.20 Management responsibility 
 820.22 Quality audit 
 820.25 Personnel 

 Subpart C Design Controls  820.30 Design controls 

 Subpart D Document Controls  820.40 Document controls 

 Subpart E Purchasing Controls  820.50 Purchasing controls 

 Subpart F Identi fi cation and Traceability  820.60 Identi fi cation 
 820.65 Traceability 

 Subpart G Production and Process Controls  820.70 Production and process controls 
 820.72 Inspection, measuring, and test equipment 
 820.75 Process validation 

 Subpart H Acceptance Activities  820.80 Receiving, in-process, and  fi nished device 
acceptance 

 820.86 Acceptance status 

 Subpart I Nonconforming Product  820.90 Nonconforming product 

 Subpart J Corrective and Preventative Action  820.100 Corrective and preventative action 

 Subpart K Labeling and Packaging Control  820.120 Device labeling 
 820.130 Device packaging 

 Subpart L Handling, Storage, and Distribution  820.140 Handling 
 820.150 Storage 
 820.160 Distribution 
 820.170 Installation 

 Subpart M Records  820.180 General requirements 
 820.181 Device master record 
 820.184 Device history record 
 820.186 Quality system record 
 820.198 Complaint  fi les 

 Subpart N Servicing  820.200 Servicing 

 Subpart O Statistical Techniques  820.250 Statistical techniques 

a company is operating under a 13485 quality system. Similar to the 
QSR, the main sections of the standard are summarized in Table  2 .   

  Although compliance to each part of the standards or regulations 
is necessary to have compliant QMS, in the context of this publica-
tion product development is worth expanding upon. Product 
development in both the US QSR and ISO 13485 is very similar 

  4.3.  Design Controls
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   Table 2 
  Main sections of the international standard ISO 13485   

 Section  Criteria 

 Quality Management System  General requirements 
 Documentation requirements 

 Management Responsibility  Management commitment 
 Customer focus 
 Quality policy 
 Planning 
 Responsibility, authority, and communication 
 Management review 

 Resource Management  Provision of resources 
 Human resources 
 Infrastructure 
 Work environment 

 Product Realization  Panning of product realization 
 Customer-related processes 
 Design and development 
 Purchasing 
 Production and servicing provision 
 Control of monitoring and measuring devices 

 Measurement, Analysis, and Improvement  Monitoring and measurement 
 Control of nonconforming product 
 Analysis of data 
 Improvement 

and can be broken down into several phases often described by the 
US QSR terminology “Design Controls.” 

  A documented plan that describes or references the design and 
development activities, and personnel responsible for implementa-
tion of the development. The plan must be reviewed, updated, and 
approved as the design and development procedure evolves.  

  Design requirements that are appropriate for both the intended 
use of the device and the end user requirements. These must be 
reviewed and approved by appropriate individuals. Examples of 
design inputs for an IVD may include the sensitivity and speci fi city 
of Enzyme-Linked Immuno assay and may go so far as to include 
the incubation times.  

  Outputs are measures to ensure that your inputs have been met 
which include acceptance criteria for determining the proper func-
tioning of the device.  

  4.3.1.  Design and 
Development Planning

  4.3.2.  Design Inputs

  4.3.3.  Design Outputs
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  Documented reviews are required which involve participants from 
all functions involved in the development process and an individual 
who does not have direct responsibility for the development pro-
cess. Each documented review must be signed by all persons per-
forming the review with the date of the review and shall be 
documented in the Design History File (DHF).  

  Design veri fi cation can be described as making sure that the design 
outputs meet the design inputs and is usually performed during 
the documented design review, i.e., the device has been developed 
according to the plan; this should not be confused with design 
validation.  

  Under initial production lots (or simulated production lots) prod-
uct may be validated against its intended use and end user require-
ments; this includes software validation and a risk analysis; again 
this may be covered in a documented design review.  

  Transfer of the product can be viewed as the scale-up of the prod-
uct into full manufacturing, ensuring that the product design is 
effectively transferred to the manufacturing process.  

  Process for documenting changes to the design (may occur after 
product release).  

  The documented history of all design control activity.    

 

 When planning for commercialization of a micro fl uidic IVD medi-
cal device, wherever possible you must keep in mind the regulatory 
implications in relation to the intended use and end user require-
ments. Risk analysis is now a major part of regulatory requirements 
and outlining the risk and cost bene fi t when in early development 
phases can greatly increase the likelihood of a project’s success. 
Many of the regulations require an effective quality system, which 
requires the thorough examination of the design of a product to 
guarantee successful validation of a product to end user require-
ments. As with all legislation change is inevitable; therefore the 
landscape above is likely to be occasionally reshuf fl ed. At the time 
this chapter is being written there are plans to modify the In Vitro 
Diagnostic Directive and also the US FDA pre-market noti fi cation, 
which has recently received criticism. Therefore, an awareness of 
the shifts in legislation and how it may affect a product already 
released to the market is as important as placing a product on the 
market itself.  

  4.3.4.  Design Review

  4.3.5.  Design Veri fi cation

  4.3.6.  Design Validation

  4.3.7.  Design Transfer

  4.3.8.  Design Changes

  4.3.9.  Design History File

  5.  Conclusions
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    The CFR 21, both current and historical versions, can be  ●

downloaded from the  fi les of the Government Printing Of fi ce 
and can also be searched directly at   http://www.gpoaccess.
gov/cfr/index.html1    . A revised 21 CFR is issued on approxi-
mately 1 April of each year. There are three types of searches 
that can be done on the CFR Title 21 database: (a) Search by 
Part and Section Number; (b) Select a CFR Part Number; 
and (c) Full Text Search—you may enter a single word (exam-
ple DEVICE), an exact phrase (example DEVICE 
TRACKING), or multiple words connected by AND (example 
import AND export).  
  Link to 21 CFR 809.3:   ●  www.accessdata.fda.gov/scripts/cdrh/
cfdocs/cfcfr/CFRSearch.cfm?FR=809.3    .  
  Link to the CLIA Database lists records of all commercially  ●

marketed in vitro test systems that FDA has categorized under 
the CLIA ( ¢ 88) since 31 January 2000:   www.fda.gov/
Medica lDev i ce s/Dev i ceRegu la t ionandGuidance/
IVDRegulatoryAssistance/ucm124103.htm    .  
  Link to 21 CFR 862.9:   ●  www.accessdata.fda.gov/scripts/cdrh/
cfdocs/cfcfr/CFRSearch.cfm?fr=862.9    .  
  Link to 21 CFR 820:   ●  http://www.accessdata.fda.gov/scripts/
c d r h / c f d o c s / c f c f r / C F R S e a r c h . c f m ?
CFRPart=820&showFR=1    .  
  Link to directive 98/79/EC of the European parliament and  ●

of the council of 27 October 1998 on in vitro diagnostic medi-
cal devices:   http://eur-lex.europa.eu/LexUriServ/LexUriServ.
do?uri=OJ:L:1998:331:0001:0037:EN:PDF    .        

  6.  Exemplary 
Online Sources 
of Information
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    Chapter 8   

 Micro fl uidic Device Fabrication by Thermoplastic 
Hot-Embossing       

     Shuang   Yang    and    Don   L.   DeVoe         

  Abstract 

 Due to their low cost compatibility with replication-based fabrication methods, thermoplastics represent an 
exceptionally attractive family of materials for the fabrication of lab-on-a-chip platforms. A diverse range of 
thermoplastic materials suitable for micro fl uidic fabrication is available, offering a wide selection of mechan-
ical and chemical properties that can be leveraged and further tailored for speci fi c applications. While high-
throughput embossing methods such as reel-to-reel processing of thermoplastics is an attractive method for 
industrial micro fl uidic chip production, the use of single chip hot embossing is a cost-effective technique for 
realizing high-quality micro fl uidic devices during the prototyping stage. Here we describe methods for the 
replication of microscale features in two thermoplastics, polymethylmethacrylate (PMMA) and polycarbonate 
(PC), using hot embossing from a silicon template fabricated by deep reactive-ion etching.  

  Key words:   Hot embossing ,  Imprinting ,  Replication ,  Polymethylmethacrylate ,  Polycarbonate , 
 Thermoplastics    

 

 An oft-cited advantage of micro fl uidic technology is the ability to 
realize low-cost disposable platforms for chemical and biochemical 
analysis. Compared to traditional micro fl uidic platforms based on 
silicon or glass, devices fabricated from thermoplastics can be real-
ized at signi fi cantly lower unit cost. This is due to a combination of 
lower material costs for thermoplastics, as well as compatibility 
with low-cost replication methods. A particularly effective replica-
tion method for low-volume chip fabrication is hot embossing. In 
a typical hot embossing process, a thermoplastic substrate is placed 
in contact with a rigid template containing the inverse features 
desired in the  fi nal device. Unlike elastomers, thermoplastics soften 
and  fl ow above their characteristic glass transition temperature ( T  g ). 
By applying pressure between the template and substrate while 

  1.  Introduction
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maintaining the substrate above glass transition temperature, the 
desired microchannel features can be transferred to the thermo-
plastic material. 

 Polymethylmethacrylate (PMMA) and polycarbonate (PC) are 
two thermoplastic materials commonly used for micro fl uidic appli-
cations. An advantage of PMMA is its high optical transparency 
into the ultraviolet range, while PC offers a compatibility with a 
wider range of solvents and a higher glass transition temperature 
well suited to applications such as polymerase chain reaction for 
nucleic acid ampli fi cation. The methods described here take advan-
tage of a low-cost industrial hot press to achieve high-quality 
embossing results with the addition of a simple substrate holder. 
The methods may also be extended to other thermoplastic materi-
als by suitably modifying the various process parameters.  

 

     1.    Float glass, 125 mm 2  and 6 mm thick (Precision Glass and 
Optics, Santa Ana, CA, USA) ( see   Note 1 ).  

    2.     S ilicon wafers, 10 cm diameter, 550  μ m thick (Silicon Quest 
International, Inc., Santa Clara, CA, USA).  

    3.    PMMA sheet,  T  g  ~ 105°C, 1.6 mm thick (Acrylite FF; Evonik 
Rohm GmbH, Darmstadt, Germany).  

    4.    Polycarbonate sheet,  T  g  ~ 150°C, 1.6 mm thick (McMaster 
Carr, Robbinsville, NJ, USA).  

    5.    Deburring tool (WEL-DB-4, 90°; Reid Tool Supply, 
Muskegon, MI).  

    6.    Stainless steel plate, Type 304, 2.0 mm thick, 200 mm × 200 mm 
(McMaster Carr, Robbinsville, NJ, USA).  

    7.    Pyralux ®  FR0001 thermal adhesion  fi lm, 25  μ m thick 
(DuPont Electronic Materials, Research Triangle Park, 
NC, USA).  

    8.    Custom aluminum  fi xture (described in Subheading  3 ).  
    9.    Acetone, methanol, isopropanol (IPA), deionized (DI) water, 

and dry nitrogen for rinsing sequences.  
    10.    Hot press. Here we use a Carver Auto Four hot press (Carver, 

Inc. Wabash, IN, USA).  
    11.    Bandsaw or circular coring tool for cutting PMMA and PC 

sheets.  
    12.    Vacuum oven to dehydrate the PMMA and PC sheets and for 

storage of PMMA and PC chips.      

  2.  Materials
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  Effective embossing, particularly of high-aspect ratio features, 
requires that the template be rigidly  fi xed to the embossing tool. 
This is necessary to ensure that the template can be removed from 
the embossed substrate at an elevated temperature to prevent ther-
mal expansion mismatch from breaking the template, and to ensure 
that the template and substrate are separated by normal rather than 
shear forces when the embosser platens are opened. There are sev-
eral available methods to this end. For example, the template may 
be  fi xed to the platen by a vacuum plate or by using a temporary 
adhesive layer to bond the template directly to the platen. A rec-
ommended alternative is to use a simple mechanical  fi xture, such as 
the system depicted in Fig.  1 . The  fi xture consists of two layers of 
aluminum, with one layer smaller than the other to provide space 
for small stainless steel clips to be mounted to the larger plate. 
These clips serve to hold in place the steel-mounted silicon template 
as in Fig.  1b , which is mounted to the lower platen of the hot press. 

  3.  Methods

  3.1.  Substrate Fixture 
Preparation

  Fig. 1.    Schematic diagram of a custom substrate  fi xture. ( a ) Fixture base: A 150 mm 2  aluminum plate is bolted to a 
200 mm 2  aluminum base, with thin stainless steel clips around the periphery of the base. ( b ) Lower  fi xture with silicon 
template: Fixture holds the silicon template bonded to a steel plate. ( c ) Upper  fi xture with glass plate.       
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A second  fi xture is used to mount a glass plate to the upper platen. 
Details of  fi xture geometry depend on the speci fi c process demands, 
but the schematic diagram shown in Fig.  1  serves as a suitable 
guideline for the basic design. Note that the aluminum plate must 
be thick enough to resist bending during demolding, but thin 
enough to avoid introducing a large thermal resistance and thermal 
sink to the embossing system. A total plate thickness of 6 mm is 
generally suitable. A set of custom  fi xtures can be made by a skilled 
machinist with several hours of labor.   

  A variety of silicon microfabrication techniques may be used for 
template fabrication, including both isotropic and anisotropic etch-
ing methods. A preferred method for template fabrication is deep 
reactive-ion etching (DRIE), a highly anisotropic silicon etching 
process capable of routinely generating aspect ratios up to ~20:1, 
and in some cases up to ~100:1  (  1  ) . DRIE template patterning 
follows standard microfabrication techniques including mask pro-
duction, photolithography, DRIE etching, and photoresist removal. 
Details of these processes are beyond the scope of this chapter, but 
it is worth noting that researchers lacking access to appropriate in-
house microfabrication facilities can take advantage of various com-
mercial foundry services for this step. An example of a DRIE 
template designed for imprinting a chip used for multidimensional 
electrokinetic bioseparations  (  2  )  is shown in Fig.  2 .   

      1.    Cut a PMMA or a PC sheet to the desired chip size, which 
must be smaller than the 10 cm diameter silicon wafer tem-
plate. The sheet may be cut using a bandsaw or circular coring 
tool mounted on a drill press.  

  3.2.  Silicon Template 
Fabrication

  3.3.  Thermoplastic 
Chip Preparation

  Fig. 2.    Example silicon template fabricated by DRIE.       
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    2.    Remove all debris from the edges of the thermoplastic using a 
deburring tool.  

    3.    For PMMA imprinting, clean the cut PMMA chip by rinsing 
with IPA and DI water prior to nitrogen drying, and dehydrate 
the PMMA sheet in a vacuum oven at 70°C overnight. Do not 
use methanol or acetone to clean PMMA ( see   Note 2 ). Storage 
in a vacuum oven is recommended ( see   Note 3 ).  

    4.    For PC imprinting, clean the cut PC chip by methanol, IPA, 
and DI water in sequence, followed by nitrogen drying, and 
dehydrate the PC sheet in a vacuum oven at 100°C overnight. 
This dehydration step is particularly important for PC to mini-
mize bubble formation during imprinting and to ease the 
demolding process.      

  While dedicated imprinting tools for thermoplastic embossing are 
commercially available, excellent imprinting results may be achieved 
using a low-cost industrial hot press. Here the use of a Carver Auto 
Four hot press is described. An image of the hot-press is shown in 
Fig.  3 . The system consists of an adjustable upper platen, a lower 
platen positioned above a hydraulic actuator, and a digital control-
ler allowing programming of force, temperature, and dwell time. 
Thermocouples in each platen monitor the working temperature.  

      1.    Bond the silicon wafer to a 2 mm thick stainless steel plate 
using thermal adhesive  fi lm by pressing the materials together 
at 188°C for 3 h.  

    2.    Fix the steel plate bonded to the template into a custom holding 
 fi xture using the  fi xture clips as shown in Fig.  1b . The silicon 

  3.4.  Device Imprinting

  3.4.1.  Template Installation

  Fig. 3.    ( a ) Carver Auto Four hot-press used for hot embossing. ( b ) Details of the platens showing con fi guration of the upper 
glass and lower template  fi xtures.       
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surface should be higher than the upper surface of the clips. 
Bolt the  fi xture onto the lower platen of the hot press.  

    3.    Clean a 125 mm 2  and 6 mm thick  fl oat glass plate by sequential 
rinsing with acetone, methanol, IPA, and DI water, followed 
by nitrogen or air drying. Cleaning the glass is required to 
ensure good adhesion between the glass and thermoplastic 
during demolding from the template.  

    4.    Fix the glass plate to the second holding  fi xture, Fig.  1c , and 
bolt this  fi xture to the upper platen of the hot press.  

    5.    Blow each surface clean using a nitrogen gun before initiating 
the hot embossing process.      

  Table  1  describes embossing parameters for 1.6 mm thick PMMA 
and PC purchased from speci fi c suppliers. Other thicknesses, 
grades, or brands of thermoplastics may have different properties 
such as glass transition temperature, thickness, stabilizers, etc. 
Therefore, the optimal imprinting recipe for speci fi c materials 
should be experimentally determined, using these recipes as start-
ing points. Images of various features imprinted into PMMA and 
PC chips following these recipes are shown in Fig.  4 .  

    1.    Set the target embossing temperature using the hot press con-
trol panel, with the temperature monitored by thermocouples 
mounted to each platen. The optimal embossing temperature 
is typically 20°C to 30°C higher than the glass transition tem-
perature of the imprinted substrate materials. Note that the 
thermal resistance introduced by the various layers in the 
imprinting stack can result in temperature variations between 
the platen surfaces and thermoplastic chips, on the order of 
4°C to 5°C. If higher variations are encountered for a particu-
lar arrangement, higher embossing temperatures than those 
reported here may be required.  

    2.    Close the upper and lower platens of the hot press to bring the 
surfaces into contact, using the lowest force setting allowed by 
the embossing tool (~3 kN for a Carver Auto Four hot press).  

  3.4.2.  Hot Embossing 
Process

   Table 1 
  PMMA and PC hot embossing recipes   

 PMMA  PC 

 Embossing temperature  128°C  168°C 

 Embossing pressure  1.38 MPa  1.72 MPa 

 Embossing time (nominal)  5 min  5 min 

 Demolding temperature  100°C  140°C 
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    3.    Hold the embossing force at the minimum level until the 
measured temperature reaches the desired embossing temper-
ature (typically 10–15 min).  

    4.    Apply the desired embossing pressure for a  fi xed embossing time 
as dictated by the appropriate thermoplastic recipe. Longer 
imprinting times are typically required for the embossing of 
large substrates, deep features, or complex patterns.  

    5.    At the completion of the embossing time, adjust the tempera-
ture setting to room temperature and monitor the temperature 
readings.  

    6.    When the hot press reaches the demolding temperature, open 
the platens. The thermoplastic should temporarily adhere to 
the upper glass plate and be smoothly separated from the sili-
con template.  

    7.    Allow the platens to cool to the set end point temperature ( see  
 Notes 4  and  5 ).  

    8.    After cooling, use a nitrogen gun to blow the imprinted ther-
moplastic chip away from the upper glass surface.  

    9.    Store the imprinted chip in a vacuum environment prior to 
bonding to a cover plate, which may be performed by thermal 
bonding, solvent bonding, or other related techniques. For 
example, details for low-temperature bonding of thermoplas-
tics including PMMA have been reported  (  3  ) , together with a 
broader review of thermoplastic bonding techniques for 
micro fl uidic sealing  (  4  ) .  

    10.    A number of problems may occur during the hot embossing 
process including incomplete pattern transfer ( see   Notes 6 
and 7 ), uneven pattern transfer ( see   Note 8 ), thermoplastic 
remaining on the template ( see   Note 9 ), and chip warping ( see  
 Note 10 ).        

  Fig. 4.    SEM images of ( a ) PMMA and ( b ) PC microchannel structures imprinted from a DRIE silicon template using the 
reported recipes.       
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     1.    Large glass plates may be used for imprinting thermoplastic 
chips up to 10 cm 2 . The thickness of glass is critical to transfer 
mechanical force and thermal heat to the imprinted materials. 
A thick glass will take a longer time for plastic heating-up and 
softening. The temperature difference between the plastic and 
the hot-press platen increases.  

    2.    Do not use strong solvents to clean PMMA, such as acetone or 
methanol, which will dissolve PMMA and signi fi cantly damage 
its surface and decrease transparency.  

    3.    Plastic should be stored in a vacuum oven prior to use. Absorbed 
moisture can result in bubble-like formations on the imprinted 
plastic surfaces. The storage temperature should be around 
70% of the glass transition temperature, e.g., ~70°C for PMMA 
and ~100°C for PC.  

    4.    Different end point temperature can be used for multiple 
cycle imprinting. Use a higher end point temperature, instead 
of room temperature, to reduce the time to heat the hot-
press.  

    5.    Many commercial hot presses allow water cooling of the tem-
plates. For imprinting temperatures of above 170°C, it is rec-
ommended to use only natural convective air cooling until the 
temperature drops below 170°C, at which point water cooling 
may be used to speed the process.  

    6.    Incomplete pattern transfer: When the imprinting pressure or 
temperature is too low, template features cannot be completely 
transferred to the thermoplastic. In this instance, pressure 
should be increased while holding temperature constant. If a 
moderate (15–20%) increase in pressure does not improve pat-
tern transfer, raise the temperature in 5% increments and repeat 
the pressure cycling to evaluate its impact on pattern transfer. 
Note that excessive pressure can damage the template, while 
excessive temperature can result in extremely dif fi cult demold-
ing. Note further that when adapting the reported recipes for 
other thermoplastics such as cyclic ole fi n copolymer (COC), 
different temperature and pressure values are generally required 
( see   Note 7 ).  

    7.    A recipe for imprinting COC previously reported in summary 
form refs.  2,   5  is similar to the PMMA recipe detailed here, 
although it must be noted that different grades of COC can 
have very different imprinting parameters due to variations 
in glass transition temperature and  fl ow characteristics dur-
ing embossing.  

  4.  Notes
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    8.    Uneven pattern transfer: When template patterns are not 
transferred evenly across the full wafer diameter, it is most 
likely due to poor parallelism of the hot-press platens. In this 
case the platens should be carefully adjusted using a dial gauge 
to make them as parallel as possible.  

    9.    Thermoplastic remains on the template. If the demolding tem-
perature is too low, or if the glass surface is not suf fi ciently 
clean, the thermoplastic chip may remain on the template fol-
lowing imprinting rather than sticking to the glass plate 
attached to the upper platen. In this event, immediately blow 
it off the template using a nitrogen gun. Failure to remove the 
chip may result in damage to the template.  

    10.    Chip warping: If the demolding temperature is too high, the 
temperature gradient induced during removal of the chip from 
the glass by blowing with a nitrogen gun may result in warping 
of the chip. In this event, simply decrease the demolding tem-
perature during the next fabrication cycle, keeping in mind 
that if the temperature is lowered excessively the thermoplastic 
may stick to the template.          
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    Chapter 9   

 Introduction to Glass Microstructuring Techniques       

     Radoslaw   Mazurczyk       and    Colin D.   Mans fi eld      

  Abstract 

 In this chapter an overview of manufacturing methods, leading to the fabrication of microstructures in 
glass substrates, is presented. Glass is a material of excellent optical properties, a very good electric insula-
tor, biocompatible and chemically stable. In addition to its intrinsic qualities, glass can be processed with 
the use of manufacturing methods originating from the microelectronic industry. In this text two complete 
manufacturing protocols are described, each composed of standard microfabrication steps; namely, the 
deposition of masking layers, photolithographic patterning and pattern transfer via wet or dry etching. As 
a result, a set of building blocks is provided, allowing the manufacture of various micro fl uidic components 
that are frequently used in the domain of micro-total analysis system technology.  

  Key words:   Micro-total analysis system ,   μ -TAS ,  Lab-on-a-chip ,  Glass etching ,  Micro fl uidics    

 

  A microfabricated gas chromatography instrument  (  1  )  is widely con-
sidered as the earliest example of a micro-total analysis system ( μ -TAS). 
The concept of miniaturization of bulk laboratory equipment into a 
compact, microchip format has grown and expanded enormously ever 
since this pioneering work and has been presented in a number of 
handbooks and review articles  (  2–  10  )  .  This chapter describes the fab-
rication technologies that bring these devices to life. 

 Essentially, the  μ -TAS manufacturing technologies may be 
grouped along three axes, de fi ned with respect to the source mate-
rial exploited, namely:

   Silicon and related materials (silicon oxide, silicon nitride etc.)   ●

  “Plastics” e.g., polymers—PMMA, PDMS etc.   ●

  Glasses (SiO  ●

2 -based only), quartz.    

  1.  Introduction

  1.1.   m -TAS Fabrication 
Technologies
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 Each of the above options features its own particular advantages 
and disadvantages, which determines its  fi eld of applications. Silicon 
technology bene fi ts, on the one hand, from the well-established 
know-how and huge fabrication base originating from the inte-
grated circuit industry. On the other hand, however, being a semi-
conductor, silicon cannot easily be used in applications where high 
voltages are involved; for example, on-chip electrophoretic separa-
tions. “Plastic” microchips can be fabricated at low cost, employing 
methods such as injection molding or hot embossing. Unfortunately, 
polymer materials are usually hydrophobic by nature, which largely 
complicates handling of aqueous solutions in polymer-based 
devices. Glasses and quartz, being hydrophilic materials, are well-
suited for use in micro fl uidic systems dedicated to biomedical 
applications, where aqueous solutions are ubiquitous. Excellent 
dielectric properties and the high optical transmission of this class of 
materials make them particularly attractive for wherever electroos-
motic liquid manipulations coupled with photoluminescence 
excitation/detection are required. Essentially, glasses/quartz can 
be processed using standard microfabrication methods—layer 
deposition, photolithography and etching—originating from the 
semiconductor industry. Unfortunately, the transfer of technology 
is not straightforward and usually requires re fi nements, such as the 
development of special methods of surface treatment, the use of 
speci fi c etching agents and masks. Nevertheless, on the whole glass 
technology is quite suitable for laboratory-scale fabrication and fast 
prototyping of a wide range of microsystems, including micro fl uidic 
devices. It should be noted, however, that in order to proceed 
with the experimental protocol described both access to micro-
fabrication facilities and at least medium-level knowledge of the 
 fi eld is required. Readers who are novices in this domain are 
encouraged to refer to the appropriate textbooks, for instance, 
Introduction to Microfabrication by Franssila  (  11  ) . In addition, 
subsequent hands-on training and/or support from personnel 
familiar with microfabrication is indispensable.  

  As mentioned earlier, to a certain extent the processing of glasses 
bene fi t from the technological base developed for silicon micro-
technology. The common denominator for both is silicon dioxide, 
SiO 2 , being the main chemical constituent of glasses, and ubiqui-
tous insulating and masking material used in semiconductor pro-
cessing. In the  fi rst approximation one can expect that the higher 
the SiO 2  content of a given type of glass, the simpler it becomes to 
exploit the “silicon technology pool.” Let us then classify selected 
types of glasses, in the descending order with regard to the SiO 2  
concentration. Quartz/fused silica are composed of pure SiO 2  by 
de fi nition. Unfortunately, despite excellent optical and insulating 
properties, the prohibitive cost of substrates limits the use of these 
materials in micro fl uidics. This is due to the fact that in many 

  1.2.  Glass 
Microstructuring
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applications micro fl uidic systems are conceived of as disposable 
devices; hence, a competitive price is one of the decisive factors. 
Apart from the economic aspect, high processing temperatures of 
quartz/fused silica (melting/softening point above 1,600°C) may 
pose an important technological obstacle. Borosilicate glass con-
tains, apart from the SiO 2 , at least 5% of boric oxide, B 2 O 3 —hence 
the name. For example, commercially available Pyrex 7740 glass is 
composed of: SiO 2  80.6%, B 2 O 3  13%, Na 2 O 4%, Al 2 O 3  2.3% (per-
centage given by weight). The glass substrate least rich in SiO 2  is 
soda lime glass, which contains: SiO 2  60–75%, Na 2 O (soda) 
12–18%, CaO (lime) 5–12%, and Al 2 O 3 , SO 3 , K 2 O, MgO, Fe 2 O 3 , 
TiO 2  at less than 1% each. 

 Of the basic fabrication steps mentioned previously, the com-
position of substrate determines both the selection of masking 
layer and the etching agent. Whatever the etching method—dry or 
wet—the etching medium is supposed to remove the substrate 
material in the exposed areas only. Any damage to the masking 
material, leading to the penetration of etching medium through 
(or under) the masking layer, has a highly negative impact on the 
quality of the  fi nal device. Complex chemical composition of the 
substrate requires the use of multicomponent etching agents to 
target all the substrate’s constituents. For example, the wet etching 
of quartz/fused silica follows the reaction: SiO 2  + 6HF → H 2 SiOF 6  
(aqueous) + H 2 O, with hydro fl uoric acid, HF, as the SiO 2  etching 
agent (ref.  11  p. 120). 

 However, if we look at the composition of soda lime glass, it 
becomes clear that such a scheme may not necessarily work in this 
case. Indeed, it turns out that non water-soluble deposits, originat-
ing from CaO, MgO, and Al 2 O 3 , are formed  (  12  )  during the etching 
in HF (or buffered HF). These deposits hinder the etching mixture 
from the full and uniform access to the structured substrate, hence 
resulting in a rough surface of the processed microdevice. Adding 
HCl to the etching mixture is a solution for this problem  (  12  )  .  
A similar reasoning applies to dry, plasma etching, except that a gas-
eous environment is the etchant in this case. Plasma based on any 
 fl uorine-containing gas (CF 4 , SF 6 , CHF 3 , or C 4 F 8 ), usually mixed 
with Ar, or O 2 , etches SiO 2   (  11,   13  )  .  Once again, in the case of soda 
lime glass, nonvolatile species (NaF, AlF 3 ) are left behind, deteriorat-
ing the surface quality of etched features  (  14–  16  )  .  

 Obviously,  fi nding the appropriate mask material, chemi-
cally resistant against all species in the etching environment, 
becomes more of a challenge as the number of these species 
increase. A number of strategies exist for both wet  (  17–  25  )  and 
dry etching  (  13–  16,   26–  31  )  ,  with masking layers made of pho-
toresists, metals, polysilicon layers, silicon, and combinations of 
the above. Not only does the chemical resistance of the mask 
material need to be taken into account but also its internal 
mechanical stress and adhesion to the substrate. These two factors, 
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if not properly tailored, lead to the deterioration of the mask 
during the course of etching, which results in numerous defects 
in the  fi nal device  (  23,   25  )  .  

 In view of the above-mentioned problems, it is evident that the 
SiO 2  rich, borosilicate glasses are easier to process as compared 
with soda lime. Nevertheless, soda lime glasses have another, pos-
sibly crucial property in that it is possible to modify locally the 
optical properties of soda lime glass using the process of ion-
exchange. This phenomenon paves the way for the fabrication of 
monolithically integrated, compact micro fl uidic–micro-optic 
devices  (  32–  35  )  .  Bearing in mind the remarkable potential of this 
technology, the effort required to develop an etching method of 
the soda lime glass, will pay off. The two experimental protocols 
presented below are dedicated to realizing this task. Both methods 
share a common sample preparation step, after which the method 
bifurcates in two directions. The  fi rst one is wet etching in a liquid 
agent and the second method is dry etching in a reactive ion etch-
ing (RIE) system. In choosing which protocol is best suited to 
your needs it is worth mentioning that although wet etching has to 
date been better optimized for soda lime glass, dry etching is an 
interesting alternative because with no HF-based chemicals 
involved it is a much safer technique.  

  Although not explicitly covered by this protocol it will be necessary 
to inspect and characterize the dimensions of the  fi nal fabricated 
devices, and for best practice such inspection can also be performed 
during the process. In general, there are three basic questions 
addressed by this process: (1) What is the geometry of the chan-
nels? (2) Are there any solid precipitates or roughness of the etched 
features? (3) What does the device “look” like? 

 As a means to investigate the geometry of the channel, the use 
of an optical microscope (with Nomarsky effect if available) and a 
surface pro fi ler are recommended. The optical microscope is 
suf fi cient to reveal the presence of any solid debris in the features. 
In addition, the surface pro fi ler allows the characterization of the 
surface roughness at the channel’s bottom. In certain cases (pub-
lic presentations, journal papers) it is useful and attractive to pres-
ent a perspective view of the fabricated device, i.e., a 2D surface 
image. Optical pro fi lers (Wyko) and certain mechanical pro fi lers 
(Dektak 150) allow the realization of such imagery; however, our 
preference is for SEM images. For this latter technique, the fabri-
cated device must be metalized prior to the observation and con-
nected to the ground potential of the SEM. This is to prevent 
accumulation of electric charge on the chip’s surface, which will 
distort the image.   

  1.3.  Inspection and 
Characterization of the 
Fabricated Devices
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  It is assumed that manufacturing will be carried out in a microfabri-
cation laboratory, class 10000 (ISO Class 4) or better ( see   Note 1 ). 
The following processing and characterization tools are required:

    1.    Sputtering deposition system, equipped with a chrome (Cr) target.  
    2.    UV lithography facility ( see   Note 2 ).  
    3.    Wet processing post.  
    4.    Characterization tools:

   (a)    1D surface pro fi ler (for example, Alphastep from Kla 
Tencor, Dektak from Veeco or equivalent).  

   (b)    Optical microscope (resolution down to 1  μ m).  
   (c)    Scanning electron microscope or 2D surface pro fi ler 

(mechanical or optical, Dektak 150 or Wyko series from 
Veeco for example).      

    5.    Small benchtop equipment and typical cleanroom consumables: 
oven, hot plate, stirring plate, laboratory glassware (made of 
Schott Duran or equivalent, PTFE, PP), wash bottles, PTFE 
(CTFE) tweezers, lint-free tissues, and cotton swabs.  

    6.    Deionized water or double distilled water (henceforth named 
simply water).  

    7.    Dry compressed nitrogen.  
    8.    Soda lime glass slides 75 × 25 mm, thickness 0.9–1.1 mm (e.g., 

Corning product number 2947-75X25, or other suppliers).  
    9.    Standard chemicals: acetone, ethanol, sulfuric acid 96–98%, 

hydrogen peroxide 30%, purity  ³ 95%.  
    10.    Specialty chemicals:

   (a)    AZ5214E photoresist (AZ Electronic Materials GmbH).  
   (b)    MIF 726A developer (AZ Electronic Materials GmbH).  
   (c)    Chromium etch: (e.g., 1020 series from Transgene 

Company Inc., etch rate 3.2–4 nm/s at 40°C, or Chrome 
etch 18 from Microresist Technology GmbH, etch rate 
150 nm/min at 22°C).          

      1.    Buffered oxide etch (BOE, also known as buffered HF, BHF) 
7:1 (Transene Company Inc. or BASF for example).  

    2.    Hydrochloric acid, 35–37%.  
    3.    PTFE or PP beakers, size (diameter × height) 8 × 5 cm.      

      1.    Reactive ion etching system (frequency 13.56 MHz), equipped 
with Ar and SF 6  process gases.       

  2.  Materials

  2.1.  Materials 
Common for All 
Protocols

  2.2.  Materials and 
Equipment for Wet 
Etching Method

  2.3.  Materials and 
Equipment for Dry 
Etching Method
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 Figure  1  shows a generic technology  fl owchart for both wet and 
dry etching protocols. The following steps constitute the proce-
dure: (a) substrate cleaning; (b) chromium (Cr) layer deposition; 
(c) UV lithography; (d) pattern transfer, i.e., exposing areas in the 
Cr layer; (e) etching (wet or dry); (f) mask removal; (g)  fi nal cleaning. 

  3.  Methods

  Fig. 1.    Flowchart of the fabrication protocols: ( a ) initial substrate cleaning; ( b ) chromium 
layer deposition; ( c ) UV lithography; ( d ) pattern transfer; ( e ) etching; ( f ) mask removal; 
( g )  fi nal cleaning. The scheme applies directly to the wet etching method. In the case of the 
dry etching, the photoresist layer is removed before the etching step (explanation in text).       
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The scheme applies directly to the wet etching protocol. In case of 
the dry etching, however, the photoresist layer is removed between 
steps (d) and (e), i.e., only the Cr masking layer protects the sub-
strate during the etching step (e). Both protocols share the 
initial/ fi nal cleaning steps, which are essentially the same.  

  The cleaning procedure should be suf fi ciently thorough as com-
pared to the initial cleanliness of the slides. Here the worst case 
scenario is assumed, i.e., that the substrates are covered with solid 
particles (dust,  fi bers etc.), and stained with organic contaminants.

    1.    Remove any loose particles by blowing them off with nitrogen 
and washing the slides with ethanol or deionized water (simply 
referred to as water henceforth). If contamination is still notice-
able to the naked eye the slides should be wiped with lint-free 
tissue or a swab soaked with acetone and then repeated with 
ethanol. Care must be taken not to scratch the surface with any 
hard solid particles, which might be left after the previous treat-
ment. Already after such preliminary cleaning, the slides should 
have a glossy appearance, without visible smears or traces.  

    2.    Wash the slides for 5 min in stirred acetone and subsequently 
for 5 min in stirred ethanol. Use two separate crystallization 
dishes for this operation.  

    3.    Repeat  step 2  by simply rinsing the slides using wash bottles, in 
the same sequence: acetone, then ethanol ( see   Note 3 ).  

    4.    Dry the substrates under a stream of compressed nitrogen.  
    5.    Wash the slides in water. For this, place them in a beaker of a 

shape and size, such that free access to both sides of the sub-
strates is provided ( see   Note 4 ). Allow the water  fl ow through 
the beaker for approximately 10 min.  

    6.    Dry the substrates again under a stream of nitrogen.  
    7.    Next the substrates are to be cleaned in the “piranha” mixture, 

which is very effective at removing organic contaminants. As 
this is one of the typical procedures used in microfabrication, only 
essential aspects will be explained here. In particular, please note 
that the mixture is hot, highly corrosive and potentially explo-
sive. Hence, adequate safety precautions are essential, i.e., acid 
resistant gloves and apron, goggles or face mask should be worn 
at all times when handling the piranha solution.  

    8.    Place the slide into a clean and dry crystallization dish.  
    9.    Put the dish on a stirrer plate and pour 10 ml of hydrogen 

peroxide  fi rst and then, 30 ml of sulfuric acid. Depending on 
the total volume required, you can modify the amount of each 
product whilst maintaining the v/v ratio of 3:1 ( see   Note 5 ). 
Stir gently for approximately 10 min until the reaction is 
complete.  

  3.1.  Substrate 
Cleaning: Common 
to Both Protocols
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    10.    Prepare a beaker  fi lled with 200 ml of water. Retrieve your 
slide from the piranha solution using the PTFE (CTFE) twee-
zers and dip it in water.  

    11.    Take the slide out of the beaker and rinse both sides with water 
for approximately 5 min.  

    12.    For the  fi nal rinsing, place the slide again into a beaker  fi lled 
with water and let the water  fl ow through the beaker for at 
least 15 min ( see   Note 6 ).  

    13.    Dry the slide either under the nitrogen stream or by utilizing a 
spin-drying method (e.g., by spinning in a centrifuge with slide 
holders at 200 ×  g  for 5 min). The latter method is recom-
mended as drying with a nitrogen gun is not always ef fi cient on 
relatively large microscope slides. Please note that this drying 
step is essential to remove solid particles suspended on the sur-
face layer of water ( see   Note 7 ).      

  According to the  fl owchart (Fig.  1b ), a Cr masking layer is depos-
ited at the  fi rst stage of the actual fabrication process. Chromium 
coated microscope slides can be purchased commercially although 
many research facilities choose to perform this step in-house, in 
which case the sputtering method is recommended as it allows uni-
form deposition of relatively dense layers of chromium. From 
experience, a layer of 150 nm provides good adhesion and integrity 
during further processing ( see   Note 8 ). In the next steps, a stan-
dard positive photolithography process is utilized with a dark- fi eld 
mask to de fi ne features in the photoresist ( see   Note 2) . In our case 
the features were two intersecting lines 30  μ m wide, correspond-
ing to the desired micro fl uidic channels in the  fi nished device. 
The details of the process are as follows:

    1.    Ensure cleaned slides are dry before processing ( see   Note 9 ).  
    2.    Spin coat a layer of AZ 5214E resist onto the glass slide. Spin 

coating parameters: rotation speed 5,000 rpm, acceleration 5, 
duration 30 s, resulting in a photoresist thickness of 1.5  μ m.  

    3.    Pre-bake: 2 min at 120°C, on the hot-plate.  
    4.    Exposure using UV lithography system: 8 s.  
    5.    Develop for 40 s using AZ726MIF developer.  
    6.    Post-bake: 15 min, at 100°C, in oven.  
    7.    Transfer the pattern from photoresist to the Cr layer 

(Fig.  1d ). For this, immerse the sample in the Cr etching 
mixture and stir gently. Follow the data from the manufac-
turer for details on etching conditions, but in general it 
takes about 1–2 min to remove 150 nm of chromium 
depending on the etching agent.  

    8.    Wash the slide for a few minutes under running water and dry 
with compressed nitrogen.  

  3.2.  Pattern De fi nition 
and Transfer via Wet 
Etching Method
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    9.    Protect the backside of the substrate with sticky-tape (i.e., 
Scotch tape). This step is optional but extends the lifetime of 
the glass etching mixture. As only the features on the front side 
will be etched, the mixture will be saved from premature deg-
radation from the etching by-products originating from the 
comparatively large backside.  

    10.    Prepare the mixture of buffered oxide etch (BOE), hydrochlo-
ric acid and water. In our experiments, two compositions were 
tested: BOE–HCl–H 2 O 1:2:4 or 1:2:2 (v/v ratios). The mix-
tures differed in etching rates: 0.45  μ m/min and 0.75  μ m/
min at 20°C, respectively ( see   Note 10 ). Important: when 
mixing, always start with the chemical of the lowest speci fi c 
gravity, i.e., H 2 O followed by BOE and HCl. Note that the 
BOE is based on HF acid, which is toxic and corrosive. Do 
refer to the MSDS  fi le s  of both HF and HCl and follow all the 
safety precautions !   

    11.    Glass etching (Fig.  1e ): put the slide into a PTFE or polypro-
pylene beaker (not glass!) and pour in 50 ml of the glass etchant 
mixture. Use a beaker approximately 8 cm in diameter and 
5 cm in height. This will protect your experiment from danger-
ous spills when stirring ( see   Note 11 ).  

    12.    Before proceeding to the etching of the actual device, it is 
advisable to perform a few test runs for different etching times 
and measure the respective etched depths with a surface pro fi ler. 
This series of tests allows establishing the kinetics of etching. 
Before each measurement, the sample should be plunged into 
a beaker  fi lled with water, then rinsed thoroughly under run-
ning water for approximately 5 min and  fi nally dried with 
nitrogen. For handling use tweezers made of PTFE or other 
materials chemically resistant to the etching mixture. All these 
precautions are aimed at protecting the operator and the equip-
ment against contamination from the mixture.  

    13.    The  fi nal etched depth is determined by the process duration 
(assuming that the process temperature and mixture composi-
tion are stable), which is straightforward to calculate. It is rec-
ommended, however, to interrupt the etching a few times 
before reaching the desired depth and check its actual value 
with a surface pro fi ler. Such intermediate measurements allow 
veri fi cation of whether the process is stable and allow reaching 
the target depth with a precision of a few tenths of micron.  

    14.    Once the etching has been  fi nished, proceed to the stage “f” 
(Fig.  1 ) of the process  fl ow. Remove the Scotch tape from 
the backside of the slide and remove the photoresist layer 
with acetone.  

    15.    Rinse the slide with ethanol and water.  
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    16.    Remove the Cr layer using the Cr etchant as explained in  step 
3 . If there are any spots of Cr left (most probably due to incom-
plete removal of photoresist residues), repeat the step. 
 Final cleaning is as described in Subheading  3.1  but some of 
the initial rough cleaning steps can be omitted. Typically, 
piranha treatment plus rinsing plus drying should suf fi ce.  

    17.    Carry out inspection and characterization of the fabricated 
devices ( see   Note 12 ).      

      1.    Clean a glass slide following the protocol described in 
Subheading  3.1 . If the slide is not pre-coated with a Cr mask-
ing layer then this Cr layer must be deposited as described at 
the start of Subheading  3.2 ; however, the Cr layer is much 
thicker in this case: 2  μ m instead of 150 nm.  

    2.    The photolithography and window opening steps are realized 
as in the case of the wet etching protocol ( see  Subheading  3.1 , 
 steps 1 – 8 ). Obviously, it takes more time to remove the thicker 
layer of Cr.  

    3.    Having transferred the pattern to the Cr layer, remove the 
photoresist with acetone. Rinse the sample with ethanol and 
water, and dry.  

    4.    Place the sample in your RIE etching machine. It is desirable 
that your set-up is equipped with a laser interferometry end-
point-detection system. If this is the case, position the laser 
spot onto the surface of the Cr.  

    5.    Start etching using the following process conditions:
   (a)    SF 6 /Ar gas mixture, gas  fl ows: 32.6 sccm/25 sccm respec-

tively ( see   Note 13)   
   (b)    Working pressure: 15 mTorr  
   (c)    R.F. power: 200 W  
   (d)    Self-bias voltage: −300 V      

    6.    During the process, the Cr masking layer is etched along with 
the glass substrate (roughly twice as slowly). Our goal is to 
etch the features as deep as possible, i.e., until the protective 
layer has been “consumed” completely. This moment is marked 
by the rapid drop of the intensity of laser light re fl ected from 
the sample—stop your etching when it occurs.  

    7.    Retrieve the sample from the RIE machine.  
    8.    Remove remaining traces of Cr mask (if any) as explained in 

Subheading  3.2 ,  step 7 .  
    9.    Rinse the sample with water and dry with compressed 

nitrogen.  
    10.    Inspect and characterize the fabricated device using ( see   Note 14 ).       

  3.3.  Pattern De fi nition 
and Transfer via Dry 
Etching Method
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     1.    It is assumed that the operator, who will execute the experi-
mental protocols presented here, will receive standard health 
and safety cleanroom training. Therefore, these issues are not 
discussed in the text, apart from the exceptionally risky elements 
at certain stages of the experimental protocol.  

    2.    Mask pattern and resolution are application-speci fi c issues and 
as such, are beyond the scope of this text. The protocols pre-
sented here were elaborated for the pattern consisting of two 
intersecting channels, each 30  μ m wide.  

    3.    When the substrate is washed with acetone only, traces of solid 
contamination are left behind. In order to remove this con-
tamination it is essential to rinse the substrate with ethanol 
immediately after the acetone rinsing.  

    4.    The simplest way to assure the free access of water to the entire 
surface of the slide is to place it in a beaker of the right size, in 
which the slide shall rest spontaneously in tilted position. For a 
standard microscope slide a beaker 6.5 cm in height and 9.5 cm 
in diameter will do just  fi ne.  

    5.    For the “piranha” cleaning step the 3:1 v/v ratio of sulfuric 
acid and hydrogen peroxide is recommended. However, other 
ratios, such as 5:1, are also reported.  

    6.    As glass is a hydrophilic material by nature, once the slide is 
removed from the beaker it should be uniformly covered with 
a  fi lm of water. If any dry spots are noticed, indicating hydro-
phobic areas, the cleaning procedure should be repeated.  

    7.    It is advisable that any further processing/characterization 
steps are carried out immediately after the  fi nal drying. If it is 
necessary to prepare and stock a certain number of slides, they 
may be stored in water for a few hours, after the  fi nal rinsing 
but before drying. Dry substrates can be also stored in a clean 
vacuum environment.  

    8.    Intuitively, the thicker the Cr layer, the better protection against 
penetration of the etching agents. On the other hand, however, 
as the thickness of the Cr layer increases, so does the mechanical 
stress con fi ned within. This stress may be relaxed upon etching, 
resulting in formation of defects in the masking layer. The thick-
ness of 150 nm was chosen as a compromise between the 
described constraints. The reader is encouraged to refer to the 
papers  (  21,   23  )  ,  where the subject is treated in more detail.  

    9.    Prior to the photolithography process, it is recommended to 
dehydrate the samples by annealing them at 120°C on the hot 
plate for 5–10 min and afterwards, cool them down to room 
temperature before spin coating of the photoresist.  

  4.  Notes
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    10.    The etching rates given here are indicative and may vary 
depending on the composition of your glass. It is possible to 
etch faster by increasing the temperature of the mixture. 
However, at elevated temperatures both HF and HCl, (which 
are actually gases), are released from the mixture at a higher 
rate. As a result, the composition of the mixture may be per-
turbed in a rather uncontrollable manner. Nevertheless, the 
etching rates as high as 5.5  μ m/min at 55°C can be achieved, 
which is useful for etching of rather large (~1 mm in lateral 
size) and deep (~100  μ m) features  (  36  )  .   

    11.    Stirring is important to remove the by-products of etching 
from the features. In our experiments a “Thermomixer com-
fort” apparatus (from Eppendorf) was used at 500–600 rpm. 
Apart from vigorous stirring, the machine also ensures the 
equilibration of process temperature (if different from the 
ambient temperature) at the same time.  

    12.    Regarding channel geometry following wet etching: in theory 
channel width at the top,  W , obeys the simple relation: 
 W  = 2 ×  D  +  X ; where  D  is the depth of the channel and  X  is the 
width of the window in the photoresist layer. For example, in 
our case:  X  = 30  μ m and  D  = 30  μ m, hence  W  = 90  μ m should 
be obtained; in practice, however, an additional lateral under-
etching of ~5  μ m is typically observed. This effect probably 
resulted from the use of HCl in the etching mixture, which 
attacks chromium to a certain extent. Nevertheless, for this 
application a defect of such a size was acceptable. Alternatively, 
a method where HCl is replaced by HNO 3  has been reported 
to give less under-etching,  (  37  )  but the procedure was carried 
out at an elevated temperature of 45°C, which is more dif fi cult 
to control and too risky for inexperienced users. The problem 
of the under-etching becomes more pronounced when adhe-
sion of the masking layer to the substrate is poor, in which 
case, the etching agent penetrates between them, resulting in 
extensive surface damage and jagged channel walls. An exam-
ple of this highly harmful defect is presented in Fig.  2 . Regarding 
solid precipitates and roughness of the etched features, the 
composition of etching mixture is devised so as to effectively 
dissolve and remove all the components of the substrate mate-
rial. If, however, the concentrations of the constituents in the 
mixture are not optimized versus the composition of glass, 
insoluble precipitates are left behind in the etched features. 
This unwanted phenomenon is illustrated in Fig.  3 . For a well-
tailored etching agent, it is possible to achieve a surface rough-
ness as low as 5 nm  (  36  ) . A SEM image of a device fabricated 
via wet etching is shown in Fig.  4 .     

    13.    The SF 6  gas in the process atmosphere is aimed at removing 
the SiO 2  from the soda lime glass, whereas our solution to 
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  Fig. 2.    Problem of under-etching: ( a ) micro fl uidic channel with well-de fi ned and smooth 
edges; ( b ) micro fl uidic channel with irregular edges and extensive surface damage due to 
the poor mask adhesion.       

  Fig. 3.    Insoluble deposits accumulated in the microchannel.       

  Fig. 4.    SEM image of the microchannel fabricated according to the wet etching protocol.       
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eliminate the nonvolatile compounds is to pulverize them with 
energetic Ar +  ions. Standard cm 3 /min = sccm.  

    14.    Regarding channel geometry following dry etching: the prin-
cipal advantage of dry plasma etching over wet processing is 
the anisotropy of the former—the substrate material is removed 
more ef fi ciently in the vertical than the horizontal direction. As 
an example of a  fi nished dry-etched device, the following 
results were achieved after 40 min of etching: channel depth, 
4.5 ± 0.2  μ m; channel width at the top, 39 ± 1  μ m; channel 
width at the bottom, 35 ± 1  μ m. Taking into account that the 
initial channel width (the window in the masking layer) was 
30  μ m, it is clear that the effect of lateral etching is still 
signi fi cant in this protocol. Regarding solid precipitates and 
roughness of the etched features then in the example above a 
roughness of 50 nm was found at the bottom of the micro-
channel, which is considerably higher compared to the results 
of the wet etching. Most probably a certain amount of non-
volatile by-products are formed in course of the process, per-
turbing the access of etching species to the substrate. This 
phenomenon is called a micromasking effect  (  30  )  .  A SEM 
image of the microchannel is presented in Fig.  5 .           
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  Fig. 5.    SEM image of the microchannel fabricated according to the dry etching protocol.       
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    Chapter 10   

 Glass Microstructure Capping and Bonding Techniques       

     Radoslaw   Mazurczyk      ,    Colin D.   Mans fi eld   , and    Marcin   Lygan      

  Abstract 

 The capping of micro fl uidic features fabricated in glass substrates is achievable by various technological 
methods. Of the entire spectrum of possibilities (gluing, glass bonding via intermediate layers, pressure or 
plasma-assisted glass bonding, etc.) a detailed description of three techniques is presented here. The  fi rst 
is a low temperature PDMS-glass adhesion bonding, the second is medium temperature pressure assisted 
glass–glass bonding, and  fi nally, high temperature glass–glass fusion bonding. All these protocols allow 
completion of the manufacturing process for a fully enclosed micro fl uidic chip. Nevertheless, as they are 
complementary rather than competing methods, they effectively extend the range of tools available to 
fabricate lab-on-a-chip microdevices. Each has its own merits and each could feasibly be used at different 
developmental stages of a given micro fl uidic device.  

  Key words:   Glass fusion bonding ,  PDMS bonding ,  Direct wafer bonding ,  Micro fl uidics ,  Lab-on-a-chip    

 

 With the application of standard microfabrication methods (pho-
tolithography and etching), we are able to manufacture a variety of 
micro fl uidic components in glass substrates. However, the use of 
such manufacturing techniques implicates that the resulting fea-
tures (channels, cavities, etc.) are open from the top; thereby pre-
venting realization of many functions (mixing, separations,  fi ltering) 
for which entirely enclosed micro fl uidic channels are a prerequi-
site. This necessitates the development of appropriate capping 
methods; in other words, a suitable cover material has to be selected 
and a bonding process performed to integrate it with a substrate 
that possesses microfabricated features. Three approaches to the 
problem can be distinguished. 

  Adhesion bonding refers here to a plastic (polymer) or glass 
cover, glued onto a glass substrate, which possesses prefabricated 

  1.  Introduction

  1.1.  Adhesion Bonding
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micro fl uidic features, with the use of intermediate polymer layers 
 (  1  )  or adhesives  (  1–  5  ) . On the positive side, these are low-temperature 
methods, which eliminate the risk of thermal deformation of 
micro fl uidic features. However, channels may easily become 
clogged if excessive amounts of glue penetrate inside them. As 
an alternative and a remedy to the problem, self-sustained 
polydimethylsiloxane (PDMS) polymer layers are a viable solu-
tion. They adhere spontaneously to glass substrates, providing 
leak-tight, glue-free capping  (  6  ) , even onto non- fl at surfaces. 
PDMS is transparent to visible light and can be fabricated in the 
form of sheets as thin as 50  μ m. These qualities prove particu-
larly valuable for fabrication of integrated micro fl uidic–microoptic 
systems as delivery/collection of light can be performed via an 
optical  fi ber positioned in very close proximity to the microchan-
nels  (  6  ) . Unfortunately, in all examples of this capping approach, 
the  fi nal device contains more than just one material in its struc-
ture. As a result, liquid–surface interactions in the channels gain 
in complexity and liquid manipulation becomes more problem-
atic than in the case of purely glass devices. If we take a glass/
PDMS micro fl uidic device as an example, the following prob-
lematic phenomena are observed  (  6,   7  ) :

   Plug  fl ow is distorted at the glass/PDMS interface, deteriorat- ●

ing the performance of electrophoretic separation.  
  Proteins are prone to adsorption by the PDMS, hindering the  ●

detection of trace proteins.     

  Low temperature, glass–glass fusion bonding can be realized 
through various cleaning and/or surface processing steps, via wet 
chemistry or dry plasma treatment  (  8–  11  ) . Also, the application of 
external pressure can be used as a factor for promoting bonding 
 (  12  ) . Again, these are low (or medium) temperature bonding 
methods and, usually, no additional material is incorporated into 
the device structure, with all the advantages this brings. 
Unfortunately, their application frequently involves manipulation 
with hydro fl uoric acid, which is a highly dangerous chemical  (  13  ) . 
Also, speci fi c equipment is often required—a plasma processing 
setup or a hydraulic press  (  10,   12  ) . Needless to say that specialized 
training of the personnel is indispensable for the realization of such 
processing.  

  High temperature, glass–glass fusion bonding  (  12,   14–  17  )  provides 
us with high quality, monolithic integration of glass components 
and no material other than glass is present in the structure of the 
 fi nal device. Essentially, fusion bonding involves contacting two 
surfaces together, under slight pressure and at temperatures around 
the substrate’s softening point. Under such circumstances, surface 
material from both substrates intermixes resulting in the formation 
of a strong joint once cooled; bond strength is signi fi cantly higher 

  1.2.  Low Temperature, 
Glass–Glass Fusion 
Bonding

  1.3.  High Temperature, 
Glass–Glass Fusion 
Bonding
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than in the case of low temperature methods  (  12  ) . The processing 
can be performed by someone possessing basic laboratory skills and 
experience—even though certain safety precautions must be strictly 
followed throughout the experiments. However, as noted earlier, 
high temperature processing has an inherent risk of damaging the 
chip’s micro fl uidic structures  (  13,   14,   16  ) .  

  The common element to all these techniques is glass and it is there-
fore valuable to give a brief overview of glass composition, struc-
ture and selected properties, in particular those pertinent to the 
subject of fusion bonding. Glass is a state of matter, which com-
bines some properties of crystals and some of liquids but is dis-
tinctly different from both. Under room temperature, glasses have 
the mechanical rigidity of crystals, but the random disordered 
arrangement of molecules characteristic of liquids. The important 
consequence of such particular properties of glasses is that the term 
“melting point,” de fi ned as the temperature of phase transition 
between solid and liquid, does not really apply here. Instead, if we 
consider glass as a liquid of very high viscosity, we can use the 
notion of “softening” and “softening point” as the temperature 
(or the range of temperatures), at which glass starts losing its solid 
character. Evidently, this parameter varies with the type of glass, 
i.e., its structure and chemical composition. From numerous types 
of glass, two are most commonly used in micro fl uidic applica-
tions—namely soda lime and borosilicate glass. Their composition 
(by weight) is as follows:

   Soda lime glass contains: SiO  ●

2  (silica) 60–75%, Na 2 O (soda) 
12–18%, CaO (lime) 5–12%, Al 2 O 3 , SO 3 , K 2 O, MgO, Fe 2 O3, 
TiO 2 —less than 1% each.  
  Borosilicate glass is any silicate glass having at least 5% of boric  ●

oxide, B 2 O 3 , in its composition. For example, borosilicate glass 
known under the brand name of Pyrex 7740 contains SiO 2  
80.6%, B 2 O 3  13%, Na 2 O 4%, and Al 2 O 3  2.3%.    

 It is clear that softening temperatures of these two classes of 
glass must differ, re fl ecting dissimilarities in their composition. 
Moreover, in the case of soda lime glass, a signi fi cant variation of 
composition occurs within its own material type. Hence, the soft-
ening of soda lime glass may take place over a rather wide range 
of temperatures, from approximately 570°C to 730°C. For the 
borosilicate glasses (Pyrex and alike) a much narrower range of 
815°C to 820°C is usually quoted. Taking into account the values of 
softening points for the soda lime and borosilicate glasses, it becomes 
clear that the former is more favorable for fusion bonding applica-
tions. In consequence, the two fusion bonding procedures described 
later in the text concern this particular type of glass. 

 Having successfully completed your bonding process, one might 
want to know how well it is bonded, or whether a consistent bond 

  1.4.  Glass Properties 
and Characteristics
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quality is achieved for a series of chips. The two principal features 
that de fi ne bond quality are leak-tightness and bond strength. The 
 fi rst parameter can be simply assessed via visual inspection under an 
optical microscope. If possible, it is preferable to  fi ll the channels 
with dyed liquid as it improves the optical contrast. In a more 
advanced approach, a  fl uorescence microscope and  fl uorescent liq-
uid could be used for detailed inspection of the chip. The quantita-
tive characterization of the bond strength is particularly important 
for those devices in which pressure is exerted from within the micro-
channels, imposing the risk of debonding, e.g., microsystems for 
on-chip high-performance liquid chromatography (HPLC) chro-
matography. The problem of bond strength measurements is, how-
ever, beyond the scope of this text and the reader can refer to review 
papers treating the subject in detail  (  17,   18  ) . 

 This chapter details three bonding/capping protocols, one 
representative of the three approaches described above:

   Low temperature, glass/PDMS adhesive bonding, which we  ●

 fi nd particularly useful for fast prototyping and preliminary 
testing of temperature-sensitive micro fl uidic chips. This 
approach also lends itself well to training applications, being 
cheap, safe, and reversible, as well as facilitating cleaning of the 
glass substrate’s micro fl uidic features for storage and reuse.  
  Medium temperature, pressure assisted glass–glass fusion  ●

bonding, which allows the fabrication of a full-glass microde-
vice at temperatures of 300°C and therefore below the soften-
ing-point.  
  High temperature, glass–glass fusion bonding, which provides  ●

the highest bond quality but is applicable under the condition 
that the processing at 600°C (approximately) is not detrimen-
tal to the chip’s prefabricated microstructures.      

 

      1.    Soda lime glass slides 75 mm × 25 mm, thickness 0.9–1.1 mm 
(Corning Glass, Corning, NY USA; product number 2947-
75×25).  

    2.    Acetone, ethanol, sulfuric acid 95–98%, hydrogen peroxide 
30–35%; purity 95% or better.  

    3.    Deionized (DI) or double-distilled water (henceforth, referred 
to as “water”).  

    4.    Dry compressed nitrogen.  
    5.    Paper towels, lint-free cleanroom tissues and cotton swabs 

(optional but recommended)—for example, Sontara ®  

  2.  Materials

  2.1.  Materials 
Common for All 
Protocols
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MicroPure SV tissue (DuPont) and Alpha ®  Swab TX761 (ITW 
Texwipe).  

    6.    Glassware made from Duran ®  (Schott) or equivalent material 
(dimensions given are approximate):
   Crystallization dishes (×2): diameter 9.5 cm, height 5.5 cm.  
  Beakers (×2): diameter 6.5 cm, height 9.5 cm.  
  Measuring cylinders: 20 and 100 ml.     

    7.    Wash bottles for acetone, ethanol, and water.  
    8.    Tweezers, one set of tweezers made from polytetra fl uoroethylene 

(PTFE), chlorotri fl uoroethylene (CTFE), or other 
 fl uoropolymer of equivalent chemical resistance for chemical 
processing use; and another set made of stainless steel for 
manipulating samples in the furnace.  

    9.    Laboratory stirrer plate.  
    10.    Spinner (optional,  see   Note 1 ).      

      1.    Sylgard 184 silicone elastomer kit (Dow Corning, Midland, 
MI, USA).  

    2.    Xylene.  
    3.    Flat glass support, preferably with raised edges.  
    4.    Cutter, ruler, print-off of device geometry, hole punch.  
    5.    Oven (processing temperatures between 100°C and 200°C).      

 1.   Hydraulic press with heated plates (up to 300°C), capable of 
delivering pressures up to 30 MPa (Rondol Technology 
Limited, Stoke on Trent, UK).  

      1.    Programmable furnace, capable of providing temperatures up 
to 800°C approximately, with the possibility of de fi ning vari-
ous temperature pro fi les (ramps). The processing chamber 
should be large enough to accommodate the assembly of sam-
ples and weights pressing them together.  

    2.    Weight made of stainless steel or brass, of approximately 3 kg 
( see   Note 2 ). It is assumed that the external pressure in fusion 
bonding should not exceed 0.1 MPa  (  13  ) . For the standard 
microscope slide, this value corresponds to the weight’s mass 
of approximately 19 kg.  

    3.    Separation plates made of vitreous carbon, alumina or other 
ceramic. The plates have to be smooth and  fl at, otherwise they 
will leave imprints in the bonded glass slides.       

  2.2.  Materials Speci fi c 
for Low Temperature, 
Glass/PDMS Adhesive 
Bonding

  2.3.  Materials Speci fi c 
for Medium 
Temperature, Pressure 
Assisted Glass–Glass 
Fusion Bonding

  2.4.  Materials Speci fi c 
for High Temperature, 
Glass–Glass Fusion 
Bonding
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 As all the devices described consist of at least one glass substrate 
into which micro fl uidic features have been fabricated, the glass 
substrate cleaning process prior to bonding is common to all three 
protocols described. Afterwards, the speci fi c processing steps will 
be described for each method separately. 

      1.    The appropriate cleaning procedure is strongly dependent on 
the initial cleanliness of the slides. First, if the presence of loose 
particulate matter has been observed on the slides, it should be 
washed off with either ethanol or under the stream of water 
and then dried with compressed nitrogen. This will prevent 
scratching the samples in the subsequent cleaning steps. If sur-
face contamination is still visible to the naked eye, it is advis-
able to wipe the slides  fi rst with a lint-free tissue or a swab 
soaked with acetone and then again with ethanol. After this 
rough cleaning, the slides should have a mirror-like appear-
ance, without any visible stains.  

    2.    Place each slide, one by one, into a crystallization dish  fi lled 
with acetone (make sure that the slide is entirely submerged in 
the liquid). Place the dish onto the stirrer plate for 5 min.  

    3.    Repeat the above step with ethanol instead of acetone, using 
the PTFE (CTFE) tweezers to transfer slides between crystal-
lization dishes ( see   Note 3 ).  

    4.    Using the wash bottles, rinse the slides with acetone  fi rst and 
then ethanol.  

    5.    Dry the substrates under the nitrogen stream.  
    6.    Place the slides into the beaker  fi lled with either DI or double 

distilled water. Make sure that the water has free access to both 
sides of the slides ( see   Note 4 ). Rinse the samples under a 
stream of water running through the beaker for 10 min.  

    7.    Dry the substrates under the stream of nitrogen.  
    8.    Prepare the “piranha” cleaning solution according to the recipe 

presented below. At this point and throughout the entire pro-
cessing using this mixture, the operator should wear: acid resis-
tant gloves and apron, safety glasses or, preferably, a face mask 
( see   Note 5 ).  

    9.    Pour 30 ml of sulfuric acid and 10 ml of hydrogen peroxide 
into the measuring cylinders ( see   Note 6 ).  

    10.    Place the slide into the clean and dry crystallization dish. 
Preferably, only one slide should be cleaned at a time.  

    11.    Put the dish on the stirrer plate and pour the hydrogen per-
oxide  fi rst and then the sulfuric acid ( see   Note 7 ). This will 

  3.  Method

  3.1.  Glass Substrate 
Cleaning: Common 
to All Protocols
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initialize a very rapid, exothermic chemical reaction with a 
temperature that may exceed 100°C. The resulting piranha 
solution is highly ef fi cient in removing organic contaminants. 
Obviously, it is also very corrosive, so this step has to be per-
formed with extreme care. The reaction extinguishes sponta-
neously after approximately 10 min. The dish should be stirred 
gently throughout the cleaning process.  

    12.    Prepare a beaker  fi lled with approximately 200 ml of water.  
    13.    Using the PTFE (CTFE) tweezers, retrieve the slide from 

the piranha solution and immerse it immediately into water 
( see   Note 8 ).  

    14.    After this rough removal of the piranha solution, rinse the slide 
under running water for about 5 min.  

    15.    For the  fi nal rinsing, place the slide again into a beaker  fi lled 
with water and let the water run through the beaker for at least 
15 min.  

    16.    Retrieve the slide after the  fi nal rinsing. As glass is by nature a 
hydrophilic material, the slide should be uniformly covered 
with the layer of water. If this is not the case, the slide should 
be dried and the cleaning procedure repeated.  

    17.    Dry the slide either under the nitrogen stream or by utilizing a 
spin-drying method (if a spinner is available). This drying step 
is critical as it should remove any solid particles  fl oating on the 
water layer that would otherwise remain on your slide.  

    18.    Dry the slide in the furnace at 120°C for 15 min to remove any 
traces of moisture, which could negatively affect the bonding 
procedure ( see   Notes 9  and  10 ).      

       1.    Mix the base polymer and curing agent in a ratio of 10:1 (v/v) 
and stir vigorously for 5 min to obtain a homogenous solution. 
For a 15 cm × 15 cm glass support, approximately 16.5 and 
55 ml total volume produces sheets of thickness 0.75 and 
2.5 mm, respectively ( see   Note 11 ).  

    2.    Pour this mixture evenly onto the glass support and let it rest 
for 1 h to degas and  fl ow ( see   Notes 12  and  13 ).  

    3.    Place the glass support onto a  fl at surface in the oven and bake 
for 1 h at 100°C. (Alternatively, 24 h at room temperature or 
30 min at 120°C also work well.)  

    4.    Once cooled, place the glass support over your template and 
scribe around the chip’s perimeter. If access ports are required, 
use the punch (e.g., 2 mm outer diameter) to cut out holes, 
taking care not to leave any shreds.  

    5.    Remove the PDMS cover with plastic tweezers and place it 
over your prepared glass chip, ensuring that the side in contact 
with the support’s surface is facedown. Any trapped air is easily 

  3.2.  Bonding

  3.2.1.  PDMS Layer 
Preparation and Glass/
PDMS Adhesive Bonding
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expelled by applying light pressure to the PDMS and pushing 
it towards the edge. If you are unhappy with the  fi nal align-
ment or cannot remove some trapped air, simply peel off the 
PDMS layer and repeat this step.      

      1.    Preheat both slides at 150°C for 5 min by placing them on the 
lower plate of the press.  

    2.    Put the slides in contact and apply slight pressure of 0.5–1 MPa, 
still at the temperature of 150°C.  

    3.    Increase the temperature up to 250°C.  
    4.    Apply pressure of 30 MPa ( see   Notes 14  and  15 ).  
    5.    Maintain the sample under the above conditions for 4 h.  
    6.    Release the pressure and switch the heating off.  
    7.    Retrieve the sample once cooled down to room temperature.      

      1.    Once cleaned and dried, put the slides into contact with one 
another and place them between two separation plates.  

    2.    Place the entire assembly into the furnace and put the weight 
on top of it ( see   Note 2 ). The weight’s footprint should be 
slightly larger than the sample to ensure that the pressure is 
applied uniformly.  

    3.    Start the  fi ring sequence, which in our case was as a follows 
 (  19  ) :
   (a)    Heating from room temperature to 400°C, with a ramp of 

280°C/h.  
   (b)    Incubation at 400°C for 4 h.  
   (c)    Heating up to 590°C, ramp 280°C/h.  
   (d)    Incubation at 590°C for 6 h.  
   (e)    Slow, spontaneous cooling to room temperature—overnight.      

    4.    Having cooled down, the bonded sample can be retrieved from 
the furnace.        

 

     1.    For relatively large samples such as microscope slides, the spin 
drying method usually provides better results than blowing 
surface liquid off with compressed nitrogen.  

    2.    From our experience, a weight of a few kilograms should 
suf fi ce. Some authors  (  19  )  used a weight as small as 40 g, 
but in their case the bonding process had to be repeated a 
number times—each time moving the weight from one area 
to the next.  

  3.2.2.  Medium 
Temperature, Pressure 
Assisted Glass–Glass 
Fusion Bonding

  3.2.3.  High Temperature, 
Pressure Assisted 
Glass–Glass Fusion 
Bonding

  4.  Notes



14910 Glass Capping and Bonding

    3.    It is essential to wash the slide with ethanol immediately after 
acetone rinsing. Acetone itself leaves traces of solid contamina-
tion behind, which are otherwise dif fi cult to eliminate.  

    4.    When a standard microscope slide is placed in a 6.5 cm × 9.5 cm 
beaker, it simply rests in a tilted position, with its corners 
touching the beaker’s bottom and wall, and with both its facets 
well-exposed to the water  fl ow.  

    5.    Safety issues and waste disposal: it is assumed that all the 
experiments involving chemical processing will be carried out 
on a wet bench, under a fume hood. The operator must wear 
an apron, acid resistant gloves, protective goggles or a face 
mask—in particular, when dealing with the piranha solution. 
For details concerning manipulation and disposal of the chem-
ical products used, please refer to their respective material 
safety data sheet (MSDS)  fi les and consult your local health 
and safety of fi cer.  

    6.    In the cleaning step, a 3:1 volume/volume ratio of sulfuric 
acid and hydrogen peroxide was used to prepare the piranha 
solution. However, other ratios, such as 5:1, can also be found 
in the literature  (  12  ) .  

    7.    It is the common knowledge of chemists that acids must be 
added to water, not the other way round, and this rule also 
applies to mixing hydrogen peroxide with sulfuric acid. If you 
add hydrogen peroxide to concentrated sulfuric acid, it can 
boil and spit. This occurs as hydrogen peroxide is less dense 
than sulfuric acid, so if you pour hydrogen peroxide on the 
acid, the reaction occurs on top of the liquid. If you add the 
acid to the hydrogen peroxide—i.e., in the correct order—it 
sinks and any reactions take place in the bulk of mixture.  

    8.    Please note that the slide covered with the layer of piranha 
solution is very slippery and dif fi cult to handle—proceed with 
caution!  

    9.    The bond quality is extremely sensitive to surface contamina-
tion  (  17,   20  ) . Even though the cleaning recipe described is 
very effective in removing organic contamination, the slides 
have to be protected against airborne solid particles. Hence, 
once the slides are taken out from the liquid environment and 
until they are put in intimate contact and bonded, they should 
be manipulated in the low-particle environment, i.e., in the 
cleanroom laboratory or under the laminar  fl ow hood.  

    10.    It is recommended that the  fi nal drying is followed immedi-
ately by the actual bonding. If it is necessary to prepare and 
stock a certain number of slides, they may be stored in water 
for a few hours, after the  fi nal rinsing but before drying.  

    11.    PDMS is messy stuff, so  fi rst cover the working area with paper 
towels to catch any spills.  
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    12.    Outgassing of the mixture can be accelerated by placing it into 
an ultrasonic bath for 5 min before pouring.  

    13.    For cleanup of PDMS pre-polymer liquid, we have found the 
solvent xylene works well.  

    14.    It is important that the temperature—pressure treatment is 
carried in the right order, i.e., the temperature is always 
increased prior to raising the pressure. If the sequence were 
reversed, the sample would almost certainly fracture.  

    15.    The described cleaning and bonding protocols should be con-
sidered as a guideline. The reader is encouraged to modify 
them if necessary. For example, the cleaning procedure may be 
altered depending on the initial contamination level of the 
slides used. Also, as the composition and thermal properties of 
the soda lime glass may vary between suppliers, the pressures, 
temperatures, and  fi ring sequence described in these protocols 
may need to be accordingly adapted.     
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    Chapter 11   

 Rapid Prototyping of PDMS Devices Using SU-8 Lithography       

     Gareth   Jenkins         

  Abstract 

 This protocol describes the fabrication of single and multi-layer SU-8 microstructures for generating 
micro fl uidic devices via PDMS (polymethyldisiloxane) casting. SU-8 is a negative, thick- fi lm, epoxy based 
photoresist that has become widespread in the MEMS industry for producing durable, high aspect ratio 
microstructures for a variety of applications. It has become especially popular with micro fl uidics research-
ers to produce molds for PDMS casting since such molds allow for the rapid replication of prototype 
micro fl uidic structures made from PDMS. Although SU-8 processing does allow for rapid and straightfor-
ward development of devices it is prone to numerous pitfalls which have gained it a reputation of being 
somewhat of a “black art.” This protocol attempts to give as full an account as possible of all the tricks and 
tips the author has learned over the years for processing SU-8. It also describes the casting of PDMS and 
plasma bonding for the generation of complete micro fl uidic devices ready for use in the lab.  

  Key words:   SU-8 ,  PDMS ,  Polymethyldisiloxane ,  Soft-lithography ,  Plasma bonding ,  Micro fl uidics    

 

 PDMS (polymethyldisiloxane) has risen in popularity in recent 
years as a useful material for the rapid production of micro fl uidic 
devices. It bene fi ts from being optically transparent (down to 
~280 nm) with a low auto- fl uorescence and can easily be cast over 
a mold to replicate features with exceptional  fi delity. Its  fl exible 
nature gives it unique properties, allowing it to be cut and shaped 
remarkably easily and also enables it to be used for novel valve and 
pumping mechanisms. Being gas permeable allows it to be used for 
cell culturing applications and it is largely biocompatible although 
nonspeci fi c protein binding can be an issue. 

 Early work was pioneered in the laboratory of George 
Whitesides at Harvard University and much of the early techniques 
developed remain relatively unchanged and used in many laborato-
ries across the globe  (  1,   2  ) . One of its major applications is its use 
for “soft-lithography” in which a microstructured PDMS stamp is 

  1.  Introduction
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used to pattern and transfer various materials via micro-contact 
printing  (  3  ) . Similar techniques are used to create micro fl uidic 
devices by casting PDMS over a microstructure mold and then 
bonding the resultant, cured PDMS structure to a second, planar 
substrate to achieve enclosed microchannels. 

 SU-8 is an epoxy based, negative, thick  fi lm photoresist that 
has become common as a micro-molding material for PDMS 
micro fl uidic structures. It is able to generate high aspect ratio 
structures from a few microns up to several millimeters in height. 
This ability is due to the low optical absorption at the wavelength 
to which the resist is photosensitive (365 nm). SU-8 was initially 
developed by IBM and consists of three main components:

    1.    EPON SU-8 Epoxy (Shell Chemicals). This contains, on aver-
age, eight epoxy groups (hence the “8” in SU-8). Figure  1  
shows the chemical structure.   

    2.    Solvent: Gamma-Butyrolactone GBL (used in the standard 
formulation—the more recent formulations use different sol-
vents—e.g., cyclopentanone for SU-8 2000).  

    3.    Photo initiator: A triarylium–sulfonium salt.     

 SU-8 is sensitive to broad band UV exposure (350–400 nm, 
optimized for 365 nm) and upon exposure a Lewis photoacid is 
generated that catalyzes the cross-linking reaction between the 
epoxy groups to form a dense, solid network. Unexposed material 
remains uncross-linked and soluble in the developer solvent (usu-
ally PGMEA). 

 Figure  2  shows an overview of the process for fabricating a 
SU-8 master mold for generating PDMS micro fl uidic structures. 

  Fig. 1.    Chemical structure of the SU-8 molecule.       
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Process guidelines for SU-8 may be found in the relevant 
MicroChem datasheet  (  4  ) . The steps needed for a photolitho-
graphic fabrication of the SU-8 mold are photomask design and 
preparation, wafer preparation, spin-coating of SU-8, softbake, 
UV exposure, post-exposure bake, and development. Using the 
generated mold, PDMS casting, and plasma bonding is then used 
to form a completed micro fl uidic device.  

  To lithographically transfer the desired design to the SU-8 photo-
resist, a photomask is required. For low resolution structures, it is 
possible to use a desktop printer to print the design onto a trans-
parency foil. However, some issues concerning mask contrast may 
be encountered for thick layers and good optimization of the print 
settings are required. 

 In our experiments we use a commercial, high resolution pho-
toplotting service (JD Photo-Tools, Oldham, Lancs, UK) to plot 
masks onto transparent  fi lm enabling features of 5–10  μ m with 
some optimization. Although the cost is higher, a large number of 
designs can be included on the same  fi lm and the quality is far bet-
ter than can be achieved with a high resolution desktop printer. 
Commercial vendors of high resolution chrome masks may be used for 
even higher resolutions but at increased cost and decreased mask area. 

  1.1.  Photomask Design 
and Preparation

  Fig. 2.    Overview of the process for making a PDMS micro fl uidic device using a microfabricated SU-8 mold.       
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A further advantage of chrome masks is the higher contrast, dura-
bility and dimensional stability. 

 Polarity of the mask is important to achieve the desired results 
and it should be remembered that SU-8 is a negative photoresist, 
such that areas exposed (through apertures in the mask) will be 
cross-linked to form a positive relief structure on the SU-8 mold. 
When casting the PDMS, this positive relief structure translates 
into a recess in the  fi nal PDMS structure. Hence, to create a simple 
micro fl uidic channel in the PDMS, a dark fi eld mask is required 
with a clear, thin line through which light can pass. This will gener-
ate a positive ridge structure in the SU-8 which then translates to 
a microchannel in the cast PDMS. 

 Mask design requires the use of a suitable CAD package. 
Perhaps the most common  fi le format is DXF (Design eXchange 
Format) which can be created and edited using AutoCAD or other 
software packages. Gerber, GDSII and CIF are other common 
formats. It is important to consider the correct design rules depend-
ing on how the mask will be produced. If using a commercial 
vendor, determine their individual design rules prior to starting the 
design to avoid lengthy reworking or extra setup fees. 

 In DXF, polylines are the most commonly used element in 
designs. Giving a polyline width will enable channel features to be 
easily de fi ned whereas a zero-width closed polyline can be used to 
de fi ne a more complex shape with all the enclosed area being  fi lled 
(note: avoid self-intersecting polylines and do not use the Hatch 
function in AutoCAD for  fi lling—this will not appear in the DXF 
 fi le). Drawing island features or holes in solid shapes can be achieved 
in several ways depending on the design rules. Often, shapes can be 
drawn in different layers such that cut/subtract and even more 
complex Boolean operations may also be performed. Alternatively 
the shape may be split up into two or more sections and joined 
together. Simple text is usually possible, although Truetype fonts 
may not be supported. 

 Naturally, for multiple layers, a separate mask will be required 
for each layer. To ensure accurate registration between different 
layers it is necessary to include alignment features in each mask. 
A simple cross structure is  fi ne when using a bright fi eld mask but 
for dark fi eld masks (which are more common for SU-8 molding of 
micro fl uidic structures) it can become virtually impossible to  fi nd the 
alignment features since most of the visual  fi eld is blocked by the 
mask. Hence, a large box should be used to de fi ne an open 
bright fi eld region in which alignment crosses can be placed ( see  
Fig.  3 ). Several alignment features, preferably in each corner of the 
design, should be included to ensure good rotational alignment.  

 Once a  fi lm photomask has been printed, it needs to be 
mounted onto a glass substrate to allow insertion into the mask 
aligner (unless a collimated UV lamp is being used, in which case 
the  fi lm mask may placed face down, directly onto the wafer being 
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exposed—good contact must be ensured during exposure). Film 
masks may be mounted onto the glass using adhesive tape. It must 
be ensured that the tape does not interfere with the contact between 
the mask and the SU-8 wafer otherwise a gap will exist leading to 
poor results. It should also be ensured that the printed side will 
contact the wafer, otherwise a gap equal to the  fi lm thickness will 
exist allowing diffraction and poor resolution  (  5  ) .  

  A 4 in. silicon wafer is used as a substrate for depositing the layers of 
SU-8. Other sizes may be used depending on the size require-
ments of the design and compatibility with the mask aligner and 
other tools used. To achieve good adhesion of the SU-8 to the 
wafer surface requires careful attention to the preparation of the wafer 
surface. The surface should be hydrophilic after treatment and free 
from contaminants including adsorbed water and particulate matter. 
Use of HMDS as an adhesion promoter is not generally recom-
mended. Adhesion can be made worse if not done in a dry environ-
ment with a good dehydration bake.  

  Spin-coating the SU-8 onto the silicon wafer allows the de fi nition 
of the  fi nal layer thickness. This performed in a two-step process: 
(1) a short spin, low speed spin to spread the SU-8 evenly across 
the wafer; (2) immediately followed by a longer higher speed spin 
to de fi ne the  fi nal thickness. Due to the high viscosity of the thicker 
formulations of SU-8, this step can be problematic particularly 
with bubble entrapment during resist deposition. This is a com-
mon source of problems observed during the softbake step.  

  The softbake step is necessary to drive the solvent out of the resist 
and densify the  fi lm prior to exposure. Insuf fi cient softbake can 
lead to problems with the mask sticking to the wafer during expo-
sure, whereas over-baking can lead to brittleness. Hence, careful 

  1.2.  Wafer Preparation

  1.3.  Spin-Coating 
of SU-8

  1.4.  Softbake

  Fig. 3.    Comparison of alignment structures for use with bright fi eld and dark fi eld masks. ( a ) Shows simple bright fi eld 
alignment structure, ( b ) Shows good and bad examples for dark fi eld alignment structures.       
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optimization is required. The softbake can also in fl uence the  fi nal 
thickness of the  fi lm and it is critical to ensure even temperature 
uniformity and to avoid air fl ows over the surface which can lead to 
poor uniformity of solvent evaporation  

  SU-8 is optimized for I-line exposure (at 365 nm). Its optical 
transparency in this region allows for highly vertical sidewalls even 
for very thick layers. Above 400 nm the resist becomes too trans-
parent for ef fi cient cross-linking to occur and below 350 nm, the 
resist becomes opaque which can lead to excessive cross-linking in 
the top of the  fi lm compared to the bottom. Hence, for thicker 
layers,  fi ltering out the deep UV can be critical to avoid an exces-
sive negative sidewall slope and also to avoid the “T-topping” phe-
nomenon in which features in the top layer are much wider than 
the bottom. This can be achieved by inserting a high-pass  fi lter 
into the optical path to cut out wavelengths below 350 nm. 

 Good mask contact is also critical for good results. A gap 
between the mask and SU-8 layer will cause poor resolution and 
“T-topping”  (  5  ) . Figure  4  is a microscope image of a PDMS sec-
tion from a thick SU-8 mold showing an extreme case of negative 
sidewall slope and “T”-topping. ( See   Note 1  for further tips on 
avoiding T-topping.)  

 Exposure dosage is dependent on  fi lm thickness and must be 
optimized for best results as a wide variety of factors can in fl uence 
the  fi nal result. In particular, UV can be absorbed by the polymer 
 fi lm used for the mask which can considerably increase the required 
exposure time. 

 Over exposure can lead to poor resolution with increased fea-
ture dimensions and can also result in a  fi lm over the top of masked 

  1.5.  Exposure

  Fig. 4.    Microscope image showing cross section of PDMS cast on a SU-8 mold exhibiting 
extreme “T-topping” and negative sidewall slope.       
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regions if the mask contrast is too low. Under exposure can result 
in poor adhesion and delamination of the exposed features. If reso-
lution is not critical, it can be advisable to slightly over expose the 
resist to improve the adhesion. If features are visible immediately 
after exposure, this generally indicates a more than adequate dose. 
In a process optimized for the highest resolution, structures may 
only become visible during the post exposure bake.  

  After exposure, the photoresist should be baked to further induce 
cross-linking. In this step it is particularly important to avoid rapid 
temperature changes which can increase the stress in the SU-8  fi lm 
and lead to delamination ( see   Note 2  for further tips to reduce the 
effects of stress). 

 If you are looking to generate SU-8 structures with multiple 
layers, additional layers may be spun and processed according to 
the datasheet parameters used for each single layer,  after  the post 
exposure bake of the previous layer but  before  the development of 
the  fi nal structure. Also note it is important to use the same series 
of SU-8 for each layer. Differences in the solvent system used for 
different formulations (e.g., SU-8 2000 series and SU-8 3000) will 
lead to poor results due to different rates of solvent evaporation. 
Also take note of the previously mentioned tips for the mask design 
of each layer to allow alignment of additional layers to assist good 
registration between each layer.  

  After processing all of the required SU-8 layers, all of the layers are 
developed in a single step. Dissolution rates are given in the 
datasheets, but as with all the parameters, environmental and other 
factors will in fl uence the actual time required. However, if all layers 
have been well enough exposed, over developing tends not to pro-
duce any problems. Additional development time will also be 
required for deep trench or well features which limit the rate at 
which fresh developer can remove the unexposed resist. Such fea-
tures may also be better developed using an ultrasonic bath. Note 
also that the hardbake step mentioned in the datasheets is not gen-
erally required for PDMS casting and can actually increase the risk 
of delamination if not well optimized. The hardbake step can, 
however, be effective in annealing stress cracks which commonly 
appear on the surface of the SU-8 after development. Such cracks 
tend to be quite shallow and hence rarely affect  fl uidic performance 
of the  fi nal PDMS structure  

  After preparation of the SU-8 mold, it can then be used for PDMS 
casting. During this step, the two component mixture of base mono-
mer and curing agent are mixed and cast on to the mold. Generally, 
release from the untreated mold should be OK but in some cases 
sticking can occur. Hence, it is advisable to treat the mold with 
trichloro-(1H,1H,2H,2H-per fl uorooctyl)silane vapor by placing a 

  1.6.  Post-exposure 
Bake

  1.7.  Development

  1.8.  PDMS Casting 
and Plasma Bonding
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small amount in an open container in a vacuum desiccator together 
with the mold. This will allow smooth release from and increase the 
usable lifetime of the mold. 

 Oxygen plasma bonding may be used to seal the PDMS device 
with a glass (or PDMS) cover lid. This works by creating silanol 
groups on the glass and PDMS surfaces such that when they are 
brought into contact, a covalent bond is formed between the silicon 
and oxygen atoms with water evolved during the reaction 
(SiOH + SiOH → Si–O–Si + H 2 O). Optimizing the plasma parame-
ters (mainly pressure, power, and time) is key to achieving good 
bonding. An easy way to optimize such parameters is to perform a 
series of tests on PDMS to measure the resultant contact angle with 
water as a function of the plasma power and treatment time  (  6  ) . 
Just enough treatment to make the surface hydrophilic is required 
but over treatment leads to microscopic cracks in the PDMS surface 
which prevents good bonding  (  6,   7  ) . Since water is evolved during 
the bonding reaction, moisture may affect the bonding process; 
hence, it is important for both surfaces to remain dry.   

 

      1.    PC with suitable CAD program (e.g., AutoCAD).  
    2.    Photomask: High resolution plotted transparency  fi lm (JD 

Photo-Tools, Oldham, Lancs, UK).  
    3.    Glass plate: For mounting  fi lm photomask (e.g., 5 in. 2  soda-

lime glass, Nano fi lm, CA, USA).  
    4.    Adhesive tape.  
    5.    Silicon wafers: 4 in. (100 mm) and approximately 500  μ m 

thick. Reclaim grade is  fi ne and Miller Index is not important.  
    6.    Wafer handling tweezers.  
    7.    Dry nitrogen supply: With gun for drying.  
    8.    Cleaning solvents: Acetone and isopropanol (IPA).  
    9.    Concentrated H 2 SO 4.   
    10.    Ultrasonic bath.  
    11.    SU-8: e.g., Microchem SU-8 50. Select grade depending on 

depth requirements. Should be stored in the dark and at room 
temperature—ideally in the same room as used for processing.  

    12.    Spin coater.  
    13.    Hotplate (must be level and have uniform temperature pro fi le).  
    14.    Mask aligner: Suss MA6/BA6 (Suss, GmbH, Germany). Or if 

accurate alignment of multiple layers is not required, a well 
collimated UV mercury lamp is suitable. I-line  fi lter is advis-
able for thick layers.  

  2.  Materials

  2.1.  SU-8 
Photolithography for 
Mold Fabrication
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    15.    Phase contrast microscope/differential interference contrast 
microscope: for alignment of multiple layers—optional depend-
ing on requirements, e.g., Nikon L150 Eclipse.  

    16.    Developer solution: PGMEA (or MicroChem EC Solvent). 
Ethyl lactate may also be used.      

      1.    Release agent: Trichloro-(1H,1H,2H,2H-per fl uorooctyl)
silane (CAS no.: 78560-45-9, Sigma-Aldrich, UK).  

    2.    PDMS kit: Sylgard 184 Silicone Elastomer kit (base and curing 
agent, Dow Corning).  

    3.    Vacuum pump and desiccator.  
    4.    Oven.  
    5.    Plastic/glass Petri dish: For casting—ensure size big enough 

for wafer and material will withstand curing temperature.  
    6.    Scalpel.  
    7.    Hole punching tool: e.g., biopsy punch or wide bore, syringe 

needle which has been cut to form a  fl at end.  
    8.    Oxygen plasma: e.g., Diener Nano UHP 40 kHz/300 W.  
    9.    Microscope slides.       

 

      1.    Solvent cleaning of silicon wafer (optional if wafer is new and 
straight from the box): immerse in acetone and sonicate for 
5 min. Rinse in deionized (DI) water and dry under nitrogen. 
Immerse in IPA and sonicate for 5 min. Rinse in DI water and 
dry under nitrogen.  

    2.    Wafer surface oxidization:  EITHER  immerse wafer in concen-
trated H 2 SO 4  ( see   Note 3 ) for >1 h  OR  perform O 2  plasma 
 after  dehydration  step 3 .  

    3.    Dehydration bake: Place wafer on hotplate at 250°C for 
30 min. Cool under dry nitrogen stream.  

    4.    Optional instead of  step 2 : Treat with oxygen plasma for 5 min 
at~250 W RF power, at 0.8 mbar.  

    5.    Spin coat immediately: Place wafer onto spin-coater and deposit 
~4 ml SU-8. Ensure sure wafer has cooled from dehydration 
bake. Deposit enough SU-8 to cover ~70% of wafer surface. 
 See   Note 4 .  

    6.    Any bubbles observed on the surface should be removed using 
a disposable plastic pipette.  

    7.    Spin-coat according to MicroChem datasheets depending 
upon desired thickness. Typically, a two step process is employed 

  2.2.  PDMS Casting 
and Plasma Bonding

  3.  Methods

  3.1.  SU-8 Lithography 
and Mold Preparation
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with the  fi rst step ensuring adequate spreading of the resist at 
500 rpm for 5 s with a ramp rate of 100 rpm/s. The second 
step de fi nes the  fi nal thickness e.g., 3,000 rpm for 30 s with a 
300 rpm/s ramp rate. ( See   Note 5 .)  

    8.    Relaxation step. Allow the wafer to rest on a leveled surface at 
room temperature (in a clean environment and covered to 
avoid particle contamination/excessive solvent evaporation). 
This step is particularly important for thicker layers to reduce 
the edge-bead effect which can lead to poor mask contact but 
may be omitted for thinner layers (e.g., <10  μ m).  

    9.    Softbake: Place the wafer on a leveled hotplate and ramp up to 
65°C. Hold at 65°C for the time speci fi ed by the data sheets 
(or as optimized). Ramp hotplate up to 95°C. Hold at 95°C 
for the time speci fi ed by the data sheets (or as optimized).  See  
 Notes 6 – 8  for common problems observed during the 
softbake.  

    10.    Allow to cool to <50°C before removing from hotplate.  
    11.    Lithography: Cut out the photoplotted  fi lm mask and using 

Scotch tape attach to a 5 in. 2 , glass plate (depending on mask 
aligner). Ensure that the mask has the printed emulsion side 
facing such that it will contact the wafer and also ensure that 
the tape used to attach the mask does not contact the wafer. 
Otherwise a gap will exist between mask and SU-8 which will 
lead to poor results ( see   Note 1 ).  

    12.    Insert the mask in to the aligner and load the silicon coated 
with SU-8. If aligning to a previous layer, align exposed SU-8 
reticule features with mask reticules. Exposed SU-8 features on 
thin layers (<10  μ m) can be hard to see on the aligner. In this 
case, a phase contrast microscope may be used to  fi nd the 
exposed features and a scalpel blade can be used to carefully 
scribe a mark in the resist which may then be used for align-
ment. Take care not to expose critical regions with excessive 
light from the microscope.  

    13.    Expose in vacuum contact mode. The exposure dose will 
depend on layer thickness. For long exposures, it may be desir-
able to break it into multiple exposures. This is especially 
important if using an un fi ltered light source as this may cause 
heating and sticking of the mask to the resist. However, prob-
lems with the mask sticking are usually an indication of 
insuf fi cient soft bake.  

    14.    Post-exposure bake: Place on a level hotplate at room tem-
perature. Ramp up to 65°C and hold for the time speci fi ed in 
the datasheet (e.g., 1 min). Ramp up to 95°C and hold for the 
time speci fi ed in the datasheet (e.g., 10 min). Allow to cool 
slowly on the hotplate (do not remove until <40°C).  See  
 Notes 2 ,  9  and  10 .  
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    15.    If you are looking to generate SU-8 structures with multiple 
layers, additional layers may be spun and processed according 
to the datasheet parameters used for each single layer. Return 
to  step 5  and process the additional layers  before  the  fi nal devel-
opment step.  

    16.    Development: Immerse wafer into a dish containing developer 
solution. (PGMEA, or MicroChem’s EC Solvent). Agitation is 
recommended for faster, more complete development. Using 
an ultrasonic bath may assist with deep trenches or wells.  See  
 Note 11 .  

    17.    After the recommended development time, remove from the 
dish and rinse with IPA straight from a solvent wash bottle 
(over an empty dish). If white residues are observed, place back 
in the developer solution and continue developing.  

    18.    Repeat development and IPA rinse steps until no further white 
deposits are visible. If many repeats are required better results 
may be obtained by replacing with fresh developer solution.  

    19.    Dry under nitrogen (do not use water to rinse). Check under 
microscope (taking care not to expose to too much light). If unde-
veloped resist is still observed, place back in developer. Figure  5  
shows a microscope image of a fully developed SU-8 mold.   

    20.    Optional hardbake.      

      1.    Treat the mold with release agent by placing in a vacuum 
chamber/desiccator with an opened bottle of the release agent. 
Apply vacuum and leave for approximately 1 h.  

    2.    Mix PDMS monomer base and curing agent in a 10:1 ratio 
(by weight). For example, if using a 5 in. diameter Petri dish, 
approximately 30 g of monomer base plus 3 g curing agent 
is typical. Adjust for desired thickness. Mixing must be very 

  3.2.  PDMS Casting 
and Plasma Bonding

  Fig. 5.    Microscope image of developed SU-8 mold.       

 



164 G. Jenkins

thorough or curing will not be complete. Inevitably many 
bubbles will become entrapped giving an opaque appearance.  

    3.    Degas in a vacuum chamber/desiccator. This can take 30 min 
to 1 h depending on strength of vacuum and volume of PDMS. 
The mixture may froth up so ensure it does not spill over.  

    4.    When the mixture is clear and bubble free, remove from vac-
uum and pour carefully over the SU-8 mold. Avoid trapping 
bubbles. Bubbles are easily removed by popping with a scalpel 
or by using a pipette. The whole molding dish may be returned 
to the vacuum if required.  

    5.    Place dish on a level surface in an oven and cure at 60°C for 
1 h ( see   Note 12 ).  

    6.    Once cured, allow to cool fully ( see   Note 13 ) and cut out the 
device using a scalpel and place face down onto a well cleaned 
glass surface in order to punch holes without contaminating 
the surface to be bonded.  

    7.    Punch holes using a biopsy punch of the desired size or other 
sharpened metal cylindrical tool.  

    8.    Bond immediately (the PDMS surface will quickly attract dust 
and debris affecting the bonding capability).  

    9.    Plasma bonding: Place the PDMS structure and a clean, dry, 
glass slide into the plasma chamber (with the surfaces to be 
bonded face up).  

    10.    Pump down to 0.2 mbar pressure and  fl ush with oxygen at 
0.8 mbar.  

    11.    Apply plasma (for a 300 W total power, use 20% RF power for 
1 min).  

    12.    Remove from chamber and immediately place the treated side 
of the PDMS onto the treated surface of the glass slide. Handle 
both pieces by the edges to avoid touching the activated sur-
faces and avoid entrapping air by placing the PDMS down in a 
“rolling” motion.  

    13.    Place the bonded device onto a hotplate at 85°C for 1 h. 
(This helps to drive out the moisture generated in the bonding 
reaction and improves bond strength.)  

    14.    The device is now ready for use.     
 The notes section below contains a number of troubleshooting 
tips detailing a few commonly experienced problems with pos-
sible causes and solutions. For other issues, there is the excellent 
MEMS-talk mailing list group which is populated by many help-
ful experts  (  8  ) . Another excellent resource is the MEMScyclopia 
which contains a comprehensive collection of practical tips from 
many sources in the MEMS community  (  9  ) .   



16511 Rapid Prototyping of PDMS Devices

 

     1.    T-topping is where an intended rectangular cross-sectional 
structure appears more like a “T” shape or mushroom. Three 
possible causes are as follows:
   Poor  fi ltering of deep UV (<350 nm). Use an I-line optical 
 fi lter in UV source.  
  Poor mask contact. Often due to the edge bead effect. Increase 
relaxation step before soft-bake. Check mask is being placed 
with the printed side in contact with wafer. Check tape or other 
materials are not creating a gap between mask and wafer. A 
drop of glycerol may also be used between the mask and SU-8 
wafer during exposure. This reduces the effects of diffraction 
by matching the refractive index. Blow the glycerol off with a 
stream of nitrogen before the post-exposure bake  (  4  ) .  
  Over exposure. If cross section shows exposed features are 
wider than the mask, even at the base of this structure, this 
could indicate over-exposure. Reduce dose.     

    2.    During cross-linkage, the SU-8 contracts slightly which results 
in stress within the  fi lm. Stress can be reduced by ensuring that 
the  fi lm does not experience rapid heating or cooling during 
the post-exposure bake. Wait until the hotplate has cooled to 
below 40°C prior to removal. Stress becomes more acute for 
structures with large areas of exposed SU-8. A fully exposed, 
100  μ m thick SU-8 layer will cause a silicon wafer to visibly 
bow and highly stressed structures have been known to eject 
fragments of SU-8 at high speed (goggles must be worn). 
Avoid unnecessarily large areas in the design. Incorporating 
“stress relief” structures can help (i.e., surrounding critical fea-
tures with a border of unexposed resist). Another technique to 
minimize stress is to perform longer but lower temperature 
post-exposure bakes. A post exposure bake at 55°C (below the 
glass transition temperature of uncross-linked SU-8) has shown 
to decrease stress substantially  (  7  ) .  

    3.    Piranha solution is also sometimes used for silicon wafer oxida-
tion. This typically consists of 3:1 conc. H 2 SO 4 :30% H 2 O 2 . 
However, care must be taken when preparing piranha due to 
the heat evolved which can lead to explosion. And it is advisable 
to wait 30 min after preparing before use to reduce this risk. 
Also the solution degrades after 12 h rendering it useless for 
further use. Use of concentrated H 2 SO 4  seems to work equally 
well and can be reused which reduces the associated waste and 
safety concerns. However, fresh acid should be used if discolor-
ation is observed as impurities can affect resist adhesion.  

  4.  Notes
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    4.    Use of a pipette for dispensing can be problematic due to the 
viscosity of SU-8. It is often easier to pour direct from the 
bottle. However, this can lead to a buildup of particulate mat-
ter around the neck of the bottle which may then contaminate 
the SU-8 resulting in “divots” during the softbake ( see   Note 
7 ). Additionally, repeated pouring leads to bubble entrapment 
within the bottle which also leads to “divots” ( see   Note 6 ). 
Decanting a smaller quantity  fi rst into a smaller bottle is there-
fore advisable. Wait ~1 h after decanting to allow bubbles to 
rise to the surface. The use of a small bottle also allows the user 
to minimize the height above the wafer surface enabling 
smoother pouring with less bubble entrapment.  

    5.    Achieving the correct thickness often requires some optimiza-
tion. Although the main parameter which determines  fi lm 
thickness is the  fi nal spin speed, other effects also can be major 
factors. These factors include air fl ows both over the spin-coater 
and the hotplate (during softbake) since it will affect the rate of 
solvent evaporation. Having a cover over the spin-coater can 
help reduce such air fl ows.  

    6.    During softbake, large depressions in the SU-8 layer may 
appear (commonly referred to as “divots” or “dimples”). Three 
possible causes of such divots are:
   Particulate contamination in the SU-8 or on the wafer (often 
falling from the neck of the SU-8 bottle). Use fresh SU-8 and 
take steps to prevent contamination.  
  Small microscopic bubbles in the SU-8 (often not visible) 
which may have become entrained from repeated pouring from 
the bottle or inversion (e.g., during shipping). Place the  closed  
bottle in an oven and heat to 60°C for 1 h and allow to cool. 
This helps bubbles rise to the surface and come out.  
  Contamination of the wafer surface (e.g., from contaminated 
sulfuric acid used during wafer prep). Replace chemicals and 
takes steps to reduce contamination.     

    7.    Wrinkles may appear during softbake. This can due to poor 
hotplate uniformity or uneven evaporation of solvent. Cover 
wafer with dish (ensuring a gap for solvent to escape). Check 
temperature uniformity of hotplate.  

    8.    If the SU-8 recedes from the edges of the wafer towards the 
center during softbake, this is an indication that the wafer has 
not been properly treated during the preparation stage. The 
sulfuric acid used may have become neutralized over time or 
plasma treatment may not have been suf fi cient.  

    9.    Wrinkles maybe observed across whole wafer during post expo-
sure bake. Such wrinkles may appear around 55°C and then dis-
appear during the higher temperature step. This normally indicates 
insuf fi cient softbake. In this case, revise the softbake parameters.  
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    10.    Wrinkles may also be observed in the UV exposed regions only 
during post-exposure bake. This is normally due to insuf fi cient 
UV exposure dose.  

    11.    If delamination occurs after development, possible causes are:
   Insuf fi cient UV exposure dose preventing cross-linking at the 
wafer interface. This can be checked by looking at the cross-
sectional pro fi le (take a PDMS cast and slice a section to view). 
If features have a very negative sidewall slope and are less wide 
than expected near the base, exposure dose could be an issue.  
  Excessive stress in  fi lm and/or thermal shock— see   Note 2  for 
steps to reduce stress.  
  Poor adhesion to wafer due to poor wafer preparation or 
contamination. Avoid contamination and improve wafer 
preparation.     

    12.    Curing at higher temperatures for shorter times is also possible 
(a glass Petri dish may be required). Curing at room tempera-
ture is also possible but may take 24 h or more. The Young’s 
Modulus of the  fi nal cured PDMS is somewhat dependent on 
the curing parameters. A high temperature cure will give a 
more rigid result whereas a lower temperature cure results in a 
more  fl exible device. Punching holes in room temperature 
cured PDMS can be more problematic compared to higher 
curing temperatures as achieving a “clean” punched hole in 
the softer PDMS is more dif fi cult. Adjusting the ratio of base 
to curing agent can also be used to vary the  fi nal rigidity of the 
PDMS. Note also that PDMS shrinks slightly on curing and 
that this shrinkage is also dependent on curing temperature. 
This can be compensated for in the mask/mold design. A room 
temperature cure generally results in no observable shrinkage 
whereas 60°C may yield about 1% shrinkage.  

    13.    A common mistake is to attempt to peel of the PDMS before 
the PDMS and mold has had suf fi cient time to cool. This can 
lead to poor release from the mold. Conversely, lowering the 
temperature by placing the molding dish in the fridge may also 
improve release from the mold.          
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    Chapter 12   

 Micro fl uidic Interface Technology Based on 
Stereolithography for Glass-Based Lab-on-a-Chips       

     Song-I   Han    and    Ki-Ho   Han         

  Abstract 

 As lab-on-a-chips are developed for on-chip integrated micro fl uidic systems with multiple functions, the 
development of micro fl uidic interface (MFI) technology to enable integration of complex micro fl uidic 
systems becomes increasingly important and faces many technical dif fi culties. Such dif fi culties include the need 
for more complex structures, the possibility of biological or chemical cross-contamination between func-
tional compartments, and the possible need for individual compartments fabricated from different sub-
strate materials. This chapter introduces MFI technology, based on rapid stereolithography, for a glass-based 
miniaturized genetic sample preparation system, as an example of a complex lab-on-a-chip that could 
include functional elements such as; solid-phase DNA extraction, polymerase chain reaction, and capillary 
electrophoresis. To enable the integration of a complex lab-on-a-chip system in a single chip, MFI technol-
ogy based on stereolithography provides a simple method for realizing complex arrangements of one-step 
plug-in micro fl uidic interconnects, integrated microvalves for micro fl uidic control, and optical windows 
for on-chip optical processes.  

  Key words:   Micro fl uidic interfaces ,  Stereolithography ,  Lab-on-a-chip ,  Micro fl uidic interconnects , 
 Microvalves ,  Optical windows ,  Genetic sample preparation system    

 

 For more than two decades, analytical micro fl uidic devices  (  1–  3  )  have 
been developed for manipulating and analyzing biological/chemical 
samples. Micro fl uidic devices, when compared to macroscale 
devices, have advantages such as smaller geometrical size, shorter 
analysis times, less sample/reagent consumption, and disposability. 
Many researchers have successfully demonstrated singular func-
tional micro fl uidic devices  (  4–  6  )  and transducers  (  7–  9  )  for  fl uid 
manipulation. However, the development of lab-on-a-chips (LOCs) 
has shown relatively modest growth. The reasons for this are at least 
partially rooted in the fact that integration of sample processing 
steps and analytical functions into a LOC has numerous technical 

  1.  Introduction
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dif fi culties, such as the need for more complex packaging, the 
possibility of biological/chemical cross-contamination between 
functional compartments, and the possible need for different sub-
strate materials for the individual compartment functionalities. 

 One of the major technical dif fi culties in developing LOCs is 
realizing complex arrangements of micro fl uidic interconnects for 
sample/reagent/buffer introduction, for interconnection between 
multiple chips, and for interconnection between the microsystem 
and the macro world. Several micro fl uidic interconnection tech-
nologies have been demonstrated  (  10  ) , including adhesive bond-
ing of miniaturized connectors  (  11–  14  ) , assembled interconnection 
blocks  (  15,   16  ) , silicone rubber O-ring couplers  (  17,   18  ) , silicon 
connectors fabricated by deep reactive ion etching (DRIE)  (  19, 
  20  ) ,  fl anges  (  21  ) , injection molded components  (  14  ) , and socket-
type multi-connectors  (  22  ) . Adhesive bonding of miniature  fi ttings 
over through-holes in the substrate or coverplate has several inher-
ent problems including large dead volumes, a large footprint, labor 
intensive assembly, and clogging/contamination by the adhesive. 

 The micro fl uidic interface (MFI) technology based on stereo-
lithography (SLA) provides a practical method for realizing com-
plex arrangements of micro fl uidic interconnects. The primary 
advantage of the SLA technology is that it allows for the fabrica-
tion of arbitrary three-dimensional (3D) structures with very few 
design constraints. In addition, it can be used to fabricate various 
3D structures within minutes to a few hours with 25  μ m vertical 
resolution and ~1  μ m horizontal pattern resolution  (  9  ) . 
Furthermore, it allows integration of other component functional-
ities such as the incorporation of electrical, mechanical, and optical 
components as part of the build process  (  9  ) . The MFI can easily be 
aligned onto complex micro fl uidic systems using tooling holes 
and/or edge alignment. Additionally, the use of O-rings to imple-
ment tight  fl uidic seals avoids  fl uid leakage and prevents clogging 
of the microchannel by the bonding adhesive when the MFI is 
assembled to the underlying LOC. 

 One of the advantages of the MFI technology is the ability to 
integrate elastomeric microvalves into the MFI along with com-
plex arrangements of micro fl uidic interconnects and optical win-
dows. The integrated microvalves are essential  fl uid control 
elements for sequential processing and manipulation of  fl uids 
within LOCs. A large number of microvalves have been reported 
using silicon/glass material  (  23  ) . While such microvalves have 
demonstrated good performance, many were realized using hybrid 
manufacturing approaches, leading to relatively large  fl ow/dead 
volumes. To overcome this geometrical scaling limitation, elastomeric 
microvalves have been realized. The microvalves were fabricated 
using an elastomer substrate of polydimethylsiloxane (PDMS)  (  8, 
  24–  26  ) . While PDMS based micro fl uidic devices with integrated 
microvalves were successfully demonstrated, the hydrophobicity 
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and porosity of PDMS remains an issue  (  27,   28  ) . In addition, 
PDMS has signi fi cant auto- fl uorescence  (  8  ) , thus limiting its use in 
applications requiring high sensitivity  fl uorescence detection. In 
contrast, glass-based micro fl uidic devices have demonstrated 
advantages in applications for which highly sensitive  fl uorescence 
detection was required  (  29–  31  ) . Since LOCs fabricated by glass-
to-glass bonding technology result in a permanent mechanical 
bonding between adjoining layers, the technology lends itself to 
micro fl uidic applications requiring mechanical rigidity, high  fl uid 
pressures, or relatively high operating temperatures. Furthermore, 
the development of integrated microvalves for glass-based LOCs is 
critical as a method for controlling  fl uid  fl ow within these LOCs. 

 This chapter introduces the micro fl uidic interface (MFI) tech-
nology based on the stereolithography (SLA), which is a practical 
interface/packaging methodology for glass-based LOCs requiring 
complex arrangements of micro fl uidic interconnects and  fl uidic 
control elements such as microvalves and optical interfaces for 
functions such as thermocycling and  fl uorescence detection. To 
demonstrate the usefulness of the MFI for glass-based LOCs, the 
MFI is applied to a miniaturized genetic sample preparation system 
(Fig.  1 ), including genetic functional components, such as a DNA 
solid phase extraction system, a PCR thermocycler, and a capillary 
electrophoresis device.   

  Fig. 1.    Schematic of a miniaturized genetic sample preparation system with a MFI.       
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      1.    Boro fl oat glass slides (0.7 mm thick, Boro fl oat33 Pyrex, Schott 
AG, Germany), coated on both sides with chrome (100 Å) and 
gold (1,000 Å) layers by evaporation ( see   Note 1 ).  

    2.    Mask aligner/UV light source (MDA-4000B, MIDAS System 
Co., Republic of Korea).  

    3.    The photomask for the bottom glass structure with patterns of 
micro fl uidic channels and chambers ( see   Note 2 ).  

    4.    Spin coater (SPIN-3000D, MIDAS System Co.).  
    5.    Hotplate with stirrer (WiseStir ®  MSH-20D, DAIHAN 

Scienti fi c Co., Republic of Korea).  
    6.    Metallurgical microscope (LV 100, Nikon).  
    7.    Convection oven (OV-11, JEIO TECH. Co., Republic of 

Korea).  
    8.    Surface pro fi ler (Alpha-Step IQ, KLA-Tencor Corp., USA).  
    9.    Magnetic stirrer bar (size: 1/2″ × 5/16″ Octagon Spinbar ®  

Magnetic Stir Bar, Bel-Art products, USA).  
    10.    Hexamethyldisilazane (HMDS; C40602, J. T. Baker, NJ, USA).  
    11.    Photoresist (AZ1512, AZ Electronic Materials Corp., USA).  
    12.    Developer (AZ400K, J. T. Baker).  
    13.    Gold etchant, which is prepared by mixing 4 g of iodine (I) 

and 16 g of potassium iodide (KI) in 160 mL of deionized 
(DI) water.  

    14.    Chrome etchant (CR7, Cyantek Corp., USA).  
    15.    Hydro fl uoric acid (HF, Electrical grade).  
    16.    Nitric acid (HNO 3 , Electrical grade).  
    17.    Acetone ((CH3) 2 CO, Electrical grade).  
    18.    Sulfuric acid (SO 4 , Electrical grade).  
    19.    Hydrogen peroxide (H 2 O 2 , Electrical grade).      

      1.    Photomask for the top glass structure with patterns of holes to 
act as microvalves.  

    2.    Vinyl tape (471 Green, 3M Co., USA) for passivation of the 
top glass, when the microvalve holes are etched through 
using HF.  

    3.    A drilling machine (Dremel 220, Robert Bosch Tool Corp., 
USA) for making reservoirs in the top glass.  

    4.    Diamond drill bits (0.5 mm in diameter, MCDU20, UKAM 
Industrial Superhard Tools, Valencia, USA).  

    5.    Glycerol.      

  2.  Materials

  2.1.  Fabrication 
of the Bottom Glass 
Substrate

  2.2.  Fabrication of the 
Top Glass Substrate
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      1.    Two ceramic plates (size: 15 × 15 × 1 cm 3 , Macor ®  Machinable 
Glass Ceramic, Professional Plastics Inc., USA).  

    2.    Boron nitride (BN) powder (08816LD, Sigma Aldrich).  
    3.    Programmable box furnace (BLF-15, 0–1,050°C, Shin Sung 

Youl Yeun Ind Co., Republic of Korea).      

      1.    Three-dimensional computer-assisted design (3D CAD) software 
(Solid Edge, Siemens PLM Software Inc., USA) for drawing 
the MFI and clamping jig (Fig.  2a, b ).   

    2.    A rapid stereolithography (SLA) machine (Viper SI2, 3D 
Systems Corp., CA, USA).  

    3.    Photosensitive polymer (SL5510™, 3D Systems Corp.).  
    4.    Ultrasonic bath (JAC-1505, KODO Technical Research Co., 

Republic of Korea).  
    5.    Isopropanol (Electrical grade).  
    6.    UV oven (ProCure™ 350 UV Chamber, 3D Systems Corp.).      

      1.    A 120  μ m-thick latex sheet (85995K12, McMaster-Carr, GA, 
USA) for elastomeric membrane for the microvalves.  

    2.    Punching tool (6 mm in diameter, Leather Hole Punch Tool, 
CVF Supply Company, CA, USA).  

    3.    Instant glue (Perfect-glue™ (PG-00), Akzonobel paints LLC, 
OH, USA).  

    4.    Nitrile rubber (Buna-N) O-ring (Size-001-1/2, McMaster-
Carr).  

    5.    3 mm-thick glass plate (10 × 15 cm 2 ).  
    6.    Binder clips (size: 5/4″, Of fi ce Depot Corp., FL, USA).  
    7.    UV adhesive (1187-M, DYMAX Co., CT, USA).  
    8.    UV light source (HBO ®  350 W/S, OSRAM, Germany).      

  2.3.  Glass-to-Glass 
Thermal Bonding of 
the Top and Bottom 
Glasses

  2.4.  Fabrication of MFI 
and a Clamping Jig 
Using Rapid 
Stereolithography

  2.5.  Assembly of the 
Glass Chip and MFI

  Fig. 2.    Perspective views of 3D CAD drawings of: ( a ) the micro fl uidic interface, and ( b ) clamping jig.       
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      1.    Nitrile rubber (Buna-N) O-ring (Size-001, McMaster-Carr).  
    2.    Capillary tubing (1/16″ OD, Te fl on  fl uorinated ethylene 

propylene (FEP) tubing, Upchurch Scienti fi c, WA, USA).  
    3.    Sandpaper (grade: P50).      

      1.    Tapper (5.5 mm in diameter, M5 × 0.8, Super Tools Co., 
Republic of Korea).  

    2.    FlushNut (F-354 for 1/16″ OD tubing, Upchurch Scienti fi c).  
    3.    Lock Ring (LT-100 for 1/16″ OD tubing, Upchurch Scienti fi c).  
    4.    A three-way solenoid valve (ST2352, DKC, Republic of Korea).  
    5.    A compressed air source, such as a nitrogen tank.  
    6.    Gas regulator (825, Harris Calori fi c Co., OH, USA).  
    7.    LabVIEW™ application software (LabVIEW™, National 

Instrument Co., TX, USA).  
    8.    Relay module (NI9481, National Instrument Co.).       

 

      1.    A Boro fl oat glass slide with chrome (100 Å) and gold (1,000 Å) 
layers (Fig.  3a ) is spin-coated with HMDS at 2,000    rpm for 
30 s (optional).   

    2.    Spin-coat with photoresist (PR; AZ 1512) at 4,000 rpm for 
30 s. The PR layer is about 1.2  μ m thick (spin coating).  

    3.    Place the bottom glass slide, coated with PR, on a hot plate at 
95°C for 1 min (soft bake).  

  2.6.  Micro fl uidic 
and Microvalve 
Interconnects

  2.7.  High-Pressure 
Microvalves

  3.  Methods

  3.1.  Fabrication 
of the Bottom 
Glass Substrate

  Fig. 3.    Fabrication of the bottom and top glass slides.       
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    4.    Align the bottom glass slide with the corresponding photomask 
using the corner patterns with a mask aligner ( see   Note 3 ).  

    5.    Expose the bottom glass slide to UV light through the photo-
mask for 2–5 s (exposure).  

    6.    Place the UV-exposed bottom glass slide in developer 
(AZ400K) for 60 s (develop). After this, inspect the developed 
patterns using a metallurgical microscope. For accurate inspec-
tion, a resolution pattern is recommended to con fi rm correct 
size of features.  

    7.    Place the developed bottom glass slide on a hot plate at 105°C 
for 90 s (hard bake).  

    8.    Paint the backside, edges, and any test or alignment patterns 
on the front of the glass slide with PR, using suf fi cient PR to 
paint the entire area, with no uncovered spots.  

    9.    Place the glass slide in a convection oven at 105°C for 5 min 
(post bake). To minimize contact between the oven and glass 
slide covered with excess PR, aluminum foil is used to make a 
stand for the glass slide ( see   Note 4 ).  

    10.    Place the glass slide in gold etchant for 2–5 min. Heating the 
gold etchant to about 50°C increases the etching rate of the gold 
layer. Where the gold layer is etched, bright metal can be seen.  

    11.    Rinse the glass slide six times with DI water.  
    12.    Place the glass slide in chrome etchant (CR7) until the pattern 

is seen as a dark color. Heating the chrome etchant to about 
50°C enhances the etching rate of the chrome layer. The pat-
tern where the chrome has been etched shows as dark empty 
space through the pattern (Fig.  3b ).  

    13.    Rinse the glass slide six times with DI water. Following this, 
inspect it to see whether there are other dark spots that are not 
part of the pattern. Any unwanted dark spots should be cov-
ered with PR.  

    14.    Etch the glass slide to a depth of 60  μ m using buffered oxide 
etchant (BOE), which is made by mixing H 2 O:HNO 3 :HF in 
the ratio of 10:3:10 ( see   Note 5 ). The etching rate is about 
1.9  μ m/min using a magnetic stirrer at 200 rpm. The etching 
rate depends on the patterned area to be etched.  

    15.    The etched thickness is measured using a surface pro fi ler 
(Alpha-Step IQ). From the measurements, the etching rate can 
be calculated, then, if necessary, any additional depth required 
can be etched, based on the calculated etching rate.  

    16.    Rinse the glass slide six times with DI water.  
    17.    Place the glass slide in acetone and gently stir. The acetone 

solution will turn red.  
    18.    Once gold color becomes visible on the surface of the glass, 

place in DI water.  
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    19.    Place the glass slide in boiling acetone for 10 min.  
    20.    Rinse the glass slide six times with DI water, and inspect the 

surface of the gold layer.  
    21.    Any residual PR remaining on the gold layer should be removed 

by placing the glass slide in piranha solution (H 2 SO 4 :H 2 O 2  = 4:1) 
heated to 100°C for 10 min ( see   Note 6 ).  

    22.    Rinse the glass slide six times with DI water.  
    23.    Remove the gold and chrome layers on the glass slide by fol-

lowing  steps 10 – 13  above (Fig.  3c ).  
    24.    Rinse the glass slide six times with DI water.  
    25.    Clean with piranha solution at 100°C for 10 min to remove 

any organic residue on the bottom glass slide.  
    26.    Rinse the glass slide six times with DI water.  
    27.    Place the glass slide in HF:H 2 O (1:50) for 30 s to remove the 

thin oxide  fi lm on the surface.  
    28.    Rinse the glass slide six times with DI water.      

      1.    The lithography process for the top glass slide is the same as 
 steps 1 – 9  in Subheading  3.1 .  

    2.    Passivation tape is tailored to cover the entire top glass slide; the 
valve holes areas are cut out and it is attached to the glass slide. 
A sheet of paper with the pattern of the top glass photomask 
drawn on it will help when cutting out the microvalve holes.  

    3.    For etching the gold and chrome layers in the microvalve holes, 
follow  steps 10 – 13  in Subheading  3.1 .  

    4.    Place the glass slide in buffered oxide etchant consisting of 
H 2 O:HNO 3 :HF (10:3:10). Etching takes about 12 h with 
stirring at 200 rpm. To etch the valve holes, the etchant should 
be  fl ushed every 5–6 h and the glass slide should be rotated by 
180° every hour ( see   Note 7 ).  

    5.    Rinse the glass slide six times with DI water.  
    6.    Inspect the etched dome-shaped valve holes under a microscope. 

If the valve holes are not etched suf fi ciently, 25% HF solution 
should be dropped into these valve holes, which are then 
inspected every 5–10 min. The diameter of the valve hole on the 
backside should be 0.9–1 mm (Fig.  3d ).  

    7.    Remove the passivation tape after  fi nishing the etching.  
    8.    Rinse the glass slide six times with DI water.  
    9.    To generate inlets and outlets, mechanical drilling with a dia-

mond bit is used to make holes in the glass (Fig.  3e ) ( see  
 Note 8 ). To make  fi ne holes, the drilling speed is set to about 
30,000 rpm and glycerol is used as a lubricant.  

    10.    Follow  steps 16 – 27  in Subheading  3.1  to remove the PR, gold 
and chrome layers.      

  3.2.  Fabrication of the 
Top Glass Substrate
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      1.    Place approximately 10 mg boron nitride (BN) powder onto 
two ceramic plates.  

    2.    Smooth the BN powder over the top surfaces of the two 
ceramic plates and blow off any excess BN powder residue ( see  
 Note 9 ).  

    3.    Manually align the top glass slide with the bottom glass slide 
( see   Note 10 ).  

    4.    Place the aligned glass slides on the middle of one ceramic 
plate and then cover carefully with the second ceramic plate 
( see   Note 11 ).  

    5.    Load the glass slides, sandwiched between the two ceramic plates, 
into a furnace for bonded together using thermal bonding at 
70°C for 30 min, 550°C for 30 min, and 680°C for 4 h (Fig.  3f ) 
( see   Note 12 ). Figure  4  shows the fabricated glass chip.       

      1.    The micro fl uidic interface (MFI) (Fig.  2a ) and clamping jig 
(Fig.  2b ) are drawn using 3D CAD software (Solid Edge).  

    2.    Transfer the CAD  fi les to STL format. For the transfer, “Surface 
plane” in “Options” should be less than 1°.  

    3.    Import the CAD  fi le in STL format to the stereolithography 
(SLA) system, at which point multiple copies of a single design 
can be built in an automated fashion with the photosensitive 
polymer.  

  3.3.  Glass-to-Glass 
Thermal Bonding of 
the Top and Bottom 
Glasses

  3.4.  Fabrication of MFI 
and a Clamping Jig 
Using Rapid 
Stereolithography

  Fig. 4.    Photograph of the fabricated glass chip. Red dye was used to highlight the 
microchannel.       

 



178 S.-I. Han and K.-H. Han

    4.    Build up the MFI and clamping jig parts using the rapid SLA 
system.  

    5.    Once the parts are formed, remove them from the building 
platform, trim to remove any supports, and clean to remove 
the excess uncured photopolymer resin.  

    6.    Clean by immersing in 100% isopropyl alcohol in an ultrasonic 
bath for 5 min and cure in a UV oven (post-curing apparatus) 
for 1 h.  

    7.    Place in a convection oven for 15 min at 80°C to increase the 
mechanical strength of the material by subsequent thermal 
curing. Figure  5  shows the completed MFI.       

      1.    Punch 6 mm circles in a 120  μ m thick latex sheet using the 
punching tool.  

    2.    Attach the 6 mm latex circles to the valve holes in the glass chip 
using instant glue ( see   Note 13 ).  

    3.    Insert buna-N O-rings (0.015″ OD) beneath the micro fl uidic 
interconnects.  

    4.    Using the clamping jig and a 3 mm thick glass plate, the glass 
chip and MFI are assembled, as shown in Fig.  6 . Use binder 
clips to clamp them to each other tightly.   

    5.    Put UV adhesive into the adhesive vias designed in the MFI, 
where capillary forces pull the adhesive into the gap between 
the glass chip and MFI ( see   Note 14 ).  

  3.5.  Assembly of the 
Glass Chip and MFI

  Fig. 5.    Photograph of the bottom view of the fabricated micro fl uidic interface. The  inset  
shows the bottom view of the microvalve port with gasket and air vent holes; this is 
coated with a thin gold  fi lm to delineate the image.       
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    6.    Once the UV adhesive has spread suf fi ciently, place the assembly 
under a UV light source for 30 min. Release the micro fl uidic 
device, consisting of the assembled glass chip and MFI, from 
the clamping jig and glass plate, and place it under the UV 
light source for another 30 min. Figure  7  shows the completed 
micro fl uidic device with the MFI.       

      1.    Insert buna-N O-rings (0.01″ OD) into the micro fl uidic and 
microvalve interconnects ( see   Note 15 ).  

    2.    Using sandpaper, sand the capillary tubing (1/16″ OD) normal 
to the direction in which the tubing is to be plugged. Next, 
plug the tubing into the micro fl uidic and microvalve intercon-
nects of the MFI in one step ( see   Note 16 ).      

  High-pressure microvalves (Fig.  8 ) can be applied for high  fl uidic 
pressures (>400 kPa). These are appropriate for PCR applications, 
because they can withstand high pressure and prevent  fl uid leaks 

  3.6.  Micro fl uidic 
and Microvalve 
Interconnects

  3.7.  High-Pressure 
Microvalves

  Fig. 6.    Schematic of the assembly of the glass chip and MFI.       
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  Fig. 7.    Photograph of a completed miniaturized genetic sample preparation system, in 
which the MFI is assembled to realize seven one-step plug-in micro fl uidic interconnects, 
two monolithic microvalves, and two optical windows.       

  Fig. 8.    Schematic of a high-pressure microvalve.       

during the PCR processing at temperatures of approximately 95°C. 
The fabrication protocol is as follows: 

    1.    The high-pressure microvalve interconnects are tapped (using 
a tapper).  

    2.    Insert the FlushNut (Nut) and Lock Ring in the capillary tub-
ing (1/16″ OD). Next, insert the tubing into the tapped 
microvalve interconnect and tighten the nut.  
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    3.    Connect the other end of the tubing to the outlet of a three-way 
solenoid valve, in which one inlet is connected to an air pres-
sure source and the other inlet to the atmosphere. The three-
way solenoid valve is controlled by a relay module (NI9481, 
NI) and LabVIEW™ software ( see   Note 17 ).      

  The optical windows allow analytical operations, such as PCR ther-
mocycling and  fl uorescence detection for capillary electrophoresis 
(Fig.  1 ). They can be built together with the micro fl uidic intercon-
nects and microvalves using the fabrication steps in Subheading  3.6 . 
Because the maximum PCR temperature of 95°C can generate 
thermal stress between the glass chip and MFI, the edge of the 
PCR optical window should be designed to be more than 3 mm 
from the PCR heating region.   

 

     1.    The thickness of the glass slides should be based on the appli-
cation. The thinnest Boro fl oat glass (0.7 mm thick) can be 
chosen to reduce the thermal capacity, which allows a reduced 
PCR processing time.  

    2.    In many cases the micro fl uidic devices are rectangular. Thus, 
during the spin-coating process ( see   step 2  in Subheading  3.1 ), 
the photoresist is thicker at the corners compared with that at 
the center. Therefore, patterns on the mask should be placed 
about 5 mm away from the corners to develop  fi ne patterns. 
The distance from the corners depends on the spinning speed 
and viscosity of the photoresist.  

    3.    The proper contact mode of the mask aligner is “hard con-
tact.” If not using a mask aligner, then a UV light source is also 
suitable. For manual UV exposure, carefully push the photo-
mask over the bottom glass slide using your  fi ngers. Take care 
to avoid shading the glass slide with your  fi ngers. Suitable 
gloves and goggles should be worn to avoid skin and eye expo-
sure to UV.  

    4.    During the post bake, the backside should be facing upward. 
This is because the solvent from the PR painted on the back-
side and edge is vaporized during the post bake and if the thin 
PR layer patterned on the front is exposed to the solvent vapor, 
the thin PR layer will crack.  

    5.    Pour the DI water  fi rst, and then add NHO 3  and HF sequen-
tially. Suitable safety precautions must be taken when preparing 
and using the solution.  

  3.8.  Optical Windows 
for PCR Thermocycling 
and Fluorescence 
Detection

  4.  Notes
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    6.    To prepare the piranha solution, H 2 SO 4  solution is poured into 
a beaker  fi rst and then the H 2 O 2  solution is carefully added to 
this. Heat will be evolved naturally and suitable safety precau-
tions must be taken when preparing and using the solution to 
avoid explosion.  

    7.    If a number of glass slides are etched at the same time, they 
should be placed at the same distance from the magnetic 
stirrer bar.  

    8.    For the drilling process, the backside of the top glass slide 
should be facing upward because the thin part of the dome-
shaped valve holes is readily damaged by pressing down and 
friction. A drilling guide as shown in Fig.  3e  may be used to aid 
alignment of the holes.  

    9.    If there are BN clumps on the surface of the two ceramic plates 
these will generate pockmarks on the surface of the glass chip.  

    10.    After alignment, a tiny water drop at the corner of the aligned 
glass slides helps to  fi x the slides to each other, thereby pre-
venting them from sliding when they are loaded into the 
furnace.  

    11.    An appropriate load pressure (= loading weight/bonding area) 
is necessary to prevent air voids forming between the top and 
bottom glass slides and squeezing the micro fl uidic channel.  

    12.    Keep at 70°C for 30 min to remove any water between the glass 
slides. The glass bonding temperature depends on the glass 
transition temperature ( T  g ) of the type of glass used; if the 
bonding temperature is higher than the appropriate bonding 
temperature, the microchannels can be squashed and the glass 
slides sometimes adhere to the ceramic plates. In our experi-
ence, the bonding temperature for Boro fl oat glass is 680°C, 
which is slightly higher than the 660°C required for borosili-
cate glass.  

    13.    The instant glue should be pasted around the latex sheet 
circles. If the glue is pasted directly on the surface of the top 
glass, it may leak into the valve hole and thereby clog the 
microchannel.  

    14.    Monitor the UV adhesive through the glass plate; if necessary, 
add more UV adhesive.  

    15.    Curved tweezers are used to help to insert the O-rings into the 
micro fl uidic and microvalve interconnects.  

    16.    For a low  fl uidic pressure, the sanding is optional. Sanding 
helps prevent the tubing from becoming unplugged by a high 
 fl uidic valving pressure.  

    17.    Generally, a low valve pressure <100 kPa is used to control the 
micro fl uidic  fl ow, while a valve pressure >300 kPa is used to 
isolate the PCR chamber during thermocycling.          
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    Chapter 13   

 Three-Dimensional, Paper-Based Micro fl uidic 
Devices Containing Internal Timers for Running 
Time-Based Diagnostic Assays       

     Scott   T.   Phillips       and    Nicole   K.   Thom     

  Abstract 

 This chapter describes a method for fabricating three-dimensional (3D), paper-based micro fl uidic devices 
that contain internal timers for running quantitative, time-based assays. The method involves patterning 
micro fl uidic channels into paper, and cutting double-sided adhesive tape into de fi ned patterns. Patterned 
paper and tape are assembled layer by layer to create 3D micro fl uidic devices that are capable of distributing 
microliter volumes of a sample into multiple regions on a device for conducting multiple assays simultane-
ously. Paraf fi n wax is incorporated into de fi ned regions within the device to provide control over the 
distribution rate of a sample, and food coloring is included in de fi ned regions within the device to provide 
an unambiguous readout when the sample has reached the bottom of the device (this latter feature is 
the endpoint of the timer).  

  Key words:   Micro fl uidic devices ,  Micro fl uidic ,  Paper-based analytical devices ( m PADs) ,  Patterned 
paper ,  Telemedicine ,  Fluidic timers ,  Point-of-care ,  Diagnostics    

 

 Micro fl uidic devices that are fabricated out of paper offer new 
opportunities for creating low-cost diagnostic devices for use in 
resource-limited environments such as those found in the develop-
ing world, emergency settings, home healthcare, and other point-
of-care environments  (  1–  5  ) . These types of micro fl uidic devices 
possess many of the positive attributes of conventional micro fl uidic 
devices that are made out of plastics, elastomers, glass, etc., yet 
they are as easy to use as paper strip tests and slightly more compli-
cated lateral- fl ow-type devices (e.g., pregnancy tests)  (  6  ) . Paper-
based micro fl uidic devices are capable of distributing microliter 
volumes of  fl uids by capillary action into multiple regions on a 

  1.  Introduction
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device without the use of pumps or other external equipment. 
The ease of sample distribution makes paper-based micro fl uidic 
devices a promising platform for developing diagnostic devices that 
are capable of detecting and measuring multiple analytes simulta-
neously at exceedingly low cost: only small quantities of reagents 
are needed, and both paper and tape are inexpensive and readily 
available  (  6  ) . 

 To date, efforts in this burgeoning area of paper-based 
micro fl uidics have focused on developing methods for fabricating 
different types of paper-based micro fl uidic devices  (  6  )  as well as 
fabricating auxiliary features within the devices to enable control 
over the  fl ow rate  (  2,   7,   8  ) , distribution  (  9  ) , and mixing  (  10  )  of 
a sample with another  fl uid. A second major focus has been on 
proof-of-concept demonstrations for different types of assays 
(e.g., colorimetric  (  3–  6  ) , antibody-based  (  11  ) , and electrochemical 
 (  12,   13  ) ). Several of these assays require external instrumentation 
both for conducting the assays and for quantifying the results, 
while others (e.g., colorimetric assays) do not require auxiliary 
instrumentation  (  3,   4  ) . Of the assays developed thus far, colori-
metric assays on paper-based micro fl uidic devices have the poten-
tial to be lowest cost  (  6  ) . 

 Colorimetric assays are attractive for use on paper-based 
micro fl uidic devices because many colorimetric solution-phase clini-
cal tests are available already, and because many of these tests are 
proving to be compatible with paper  (  6  ) . These colorimetric meth-
ods provide quantitative measurements in a time-dependent man-
ner, and therefore, colorimetric assays conducted on paper-based 
micro fl uidic devices must be timed precisely  (  4,   6  ) . Because a timer 
is an auxiliary instrument that adds to both the cost and complexity 
of an assay, we have developed a new type of timer that is built 
within paper-based micro fl uidic devices  (  4  ) . These timers are com-
posed of paraf fi n wax and food coloring, and therefore, do not con-
tribute substantially to the overall cost of the device. These embedded 
timers enable quantitative, colorimetric assays in paper-based 
micro fl uidic devices that are equally—if not more—precise than col-
orimetric assays run on paper using external electronic timers  (  4  ) . 

 This chapter describes a method for fabricating 3D paper-based 
micro fl uidic devices that contain internal timers. The general 
method described herein can be used as a starting point for proto-
typing a variety of paper-based micro fl uidic devices. There are a 
number of methods for preparing two-dimensional (2D), paper-
based micro fl uidic devices for diagnostic applications  (  6  ) . For 
example, some methods describe (i) simply cutting paper into 
de fi ned shapes  (  14  ) , (ii) patterning hydrophobic and hydrophilic 
regions into paper using photolithography  (  15,   16  ) , (iii) plasma 
etching hydrophobic paper  (  17  ) , and (iv) printing hydrophobic and 
hydrophilic regions onto (and into) paper  (  1,   18–  20  ) . The method 
for patterning paper-based micro fl uidic devices described herein 
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falls into the latter category. This method is not the least expensive, 
nor does it provide the smallest channels (and, ultimately, the 
smallest diagnostic devices), but we believe that it provides a useful 
balance between cost, throughput, channel size, and production of 
devices that are easy to use and manipulate. It is also the most con-
venient of current methods for fabricating 3D micro fl uidic devices 
that are made from patterned paper and patterned double-sided 
adhesive tape  (  1,   5  ) , which is the focus of this chapter. After an 
initial outlay for purchasing a wax printer and a laser cutter, the 
method for fabricating 3D micro fl uidic devices described herein is 
inexpensive (the primary consumables are paper and tape), rapid 
(approximately 100 devices can be fabricated by a single person 
within ~4 h), and  fl exible (the design of a 3D device can be changed 
easily to enable rapid prototyping of new diagnostic devices). An 
example 3D paper-based micro fl uidic device that contains an inter-
nal timer is shown in Fig.  1 .   

 

      1.    CleWin Layout Editor (freely accessible on the internet through 
WieWeb Software) ( see   Note 1 ) and Adobe ®  Illustrator ®  
(Adobe Systems).  

    2.    Whatman Chromatography Paper No. 1 or Whatman Filter 
Paper No. 1 (20 cm × 20 cm sheets).  

    3.    Wax printer (e.g., Xerox Phaser 8560).  
    4.    Hot plate (e.g., Thermo Scienti fi c Cimarec Hotplate) or another 

 fl at surface that can be held at constant temperature (150°C). 
The  fl at, hot surface must be larger than 20 cm × 20 cm.      

      1.    Ace Plastic Carpet Tape (Ace Hardware ®  Item number 50106).  
    2.    Flat sheet of glass or non-vinyl plastic (rectangular in shape, 

not larger than 25 cm × 30 cm; the thickness should be between 
1 and 10 mm).  

    3.    Laser engraver (e.g., Epilog Mini 45 W CO 2  laser cutter; 
Epilog Laser).  

    4.    Metal tweezers, sharp tip, between 9 and 16 cm long (e.g., 
World Precision Instruments Economy Tweezers #1 Item 
number 501974).      

      1.    Paraf fi n wax (mp 53–57°C, Sigma Aldrich) is dissolved in 
hexanes ( ³ 98.5% purity, VWR) at  fi xed concentrations that 
range from 1 to 55 mg of paraf fi n wax per mL of hexanes ( see  
 Note 2 ). These solutions are made fresh prior to use ( see  
 Note 3 ).  

  2.  Materials

  2.1.  Patterning 
Micro fl uidic Channels 
into Paper

  2.2.  Patterning 
Channels into Double-
Sided Adhesive Tape

  2.3.  Fabricating Timers 
in Paper Micro fl uidic 
Devices
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    2.    Micropipette (2  m L, VWR Signature Ergonomic High 
Performance Single-Channel Variable Volume Pipettor, VWR) 
for depositing 0.5  m L of solutions of paraf fi n wax in hexanes 
onto hydrophilic regions within paper-based micro fl uidic 
devices ( see   Note 4 ).  

    3.    Synthetic food dyes (Assorted Food Colors & Egg Dye; Wal-
Mart brand) were used to give colorimetric responses and to 
track the distribution of  fl uids within a device ( see   Note 5 ). 
The dyes were used as 1:5 mixtures of dye to distilled water.      

      1.    Rolling pin. Not larger than 2 ft long, diameter of about 2.5 in. 
(e.g., OXO Plastic Rolling Pin, available at Target ® ).  

    2.    Paper discs (2.4 mm diameter) made in bulk using the laser 
cutter and Whatman Chromatography Paper No. 1 or Whatman 
Filter Paper No. 1 (20 cm × 20 cm sheets).       

  2.4.  Fabricating 
Three-Dimensional, 
Paper-Based 
Micro fl uidic Devices

  Fig. 1.    An example 3D paper-based micro fl uidic device that contains an internal timer. 
( a ) Each layer of the device is 20 mm × 20 mm, the circular hydrophilic regions ( light gray  ) 
are 2.4 mm in diameter, and the hydrophilic channels ( light gray ) are 2.4 mm wide and 
4.5 mm long (measured from the center of the X to the  fi rst edge of the hydrophilic circle) 
(layer 2). ( b ) Addition of a sample to the entry point on the device. ( c ) Partial completion 
of an example assay for measuring the level of glucose in a sample  (  4  ) . The  light gray  
areas represent a blue color that develops during the glucose assay. ( d ) End point of an 
example time-based assay. The timer region turns orange at 3 min and 30 s to signal the 
end of the assay.       
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      1.    Patterns of hydrophobic regions for each layer of paper in the 
3D micro fl uidic device are designed using CleWin Layout 
Editor ( see   Note 6 )  (  1  ) , with different layers of the device 
designed on different layers in CleWin so that the features in 
each layer are aligned perfectly. The design is saved as a post-
script (.ps)  fi le ( see   Note 7 ).  

    2.    The postscript  fi le is opened in Adobe ®  Illustrator ®  ( see   Note 8 ). 
The size of the page within Adobe ®  Illustrator ®  is set to 
20.0 cm × 20.0 cm, which is the size of the paper onto which 
the design will be printed.  

    3.    The patterns of hydrophobic regions designed for each layer of 
the device are arranged in Adobe ®  Illustrator ®  and are sepa-
rated from one another by 4.5 mm. Multiple copies of these 
patterns can be arranged in the same Adobe ®  Illustrator ®   fi le. 
White space (~9 mm) is maintained on all edges of the Adobe ®  
Illustrator ®  page. The Adobe ®  Illustrator ®   fi le is saved as a por-
table document format (.pdf).  

    4.    The .pdf  fi le is opened in Adobe ®  Acrobat ®  ( see   Note 9 ). The 
page is printed using black wax and a Xerox Phaser 8560 
printer ( see   Note 10 )  (  1  ) . The paper is fed through tray 1, 
which is set to 200 mm × 200 mm card stock ( see   Note 11 ).  

    5.    The printed paper is placed  fl at onto a 150°C hot plate (printed 
side up) for 2 min ( see   Notes 12  and  13 ). The paper is removed 
from the hot plate and allowed to cool to room temperature 
before further use  (  1  ) . The paper is ready for further manipula-
tion after 10 s (Fig.  2  provides an overview of the fabrication 
process).       

      1.    Patterns that mimic the desired cut regions in each layer of 
tape in the 3D micro fl uidic device are designed using CleWin 
Layout Editor ( see   Note 6 )  (  2  ) , with different layers of the 
device drawn on different layers in CleWin so that alignment 
of the features is correct. The design is saved as a postscript 
(.ps)  fi le ( see   Note 7 ).  

    2.    The postscript  fi le is opened in Adobe ®  Illustrator ® . The design 
is highlighted using the “select all” function and the line widths 
are set to 0.01 point. The patterns for each layer of tape within 
the 3D device are aligned in rows, maintaining at least 2 mm 
spacing between rows. The design is moved to the upper left 
corner of the page, approximately 3 mm from the top and left 
sides of the Adobe ®  Illustrator ®  page ( see   Note 14 ). The  fi le is 
saved as a portable document format (.pdf).  

  3.  Methods

  3.1.  Patterning 
Micro fl uidic Channels 
into Paper

  3.2.  Patterning 
Channels into Double-
Sided Adhesive Tape
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    3.    The roll of double-sided adhesive tape contains a protective 
backing on one side of the tape. Segments (20 cm) of this tape 
are adhered (sticky-side down) to the sheet of glass (or plastic). 
A second 20 cm segment of tape is adhered directly on top of 

  Fig. 2.    Photographs of several key steps in the fabrication of an example 3D paper-based 
micro fl uidic device that contains an internal timer. ( a ) Paper that has been patterned with 
multiple components. The photograph shows the deposition of dye to the fourth layer of 
paper in the example device. ( b ) Double-sided adhesive tape on glass and aligned with 
the rulers in the laser cutter. ( c ) Patterned double-sided adhesive tape. The excess tape is 
removed, as shown in the photograph. ( d ) The top layer of protective backing is removed 
from an individual component of patterned double-sided adhesive tape. ( e ) The sticky side 
of this individual component is adhered to the appropriate component of patterned paper. 
( f ) Each component of patterned tape adhered to patterned paper is cut from the 
20 cm × 20 cm piece of Whatman chromatograph No. 1 paper. ( g ) The individual compo-
nents for the example 3D micro fl uidic device. ( h ) The second protective backing of the 
tape is removed and a 2.4 mm disk of Whatman chromatography paper No. 1 is placed in 
each hole in the tape. ( i ) The component from ( h ) is adhered to layer 2.       
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the  fi rst strip of tape (again, sticky-side down). The tape is 
arranged against the top left corner of the glass in strips across the 
width of the glass. If the patterns in the .pdf  fi le are designed to 
cut several strips of tape, then additional strips of tape are attached 
in rows on the glass, with each row directly below the one before 
it. This tape/glass unit is placed within the Epilog Engraver laser 
cutter with the upper left corner of the glass placed against the 
top/left corner of the perpendicular rulers (Fig.  2b ).  

    4.    The .pdf  fi le is opened in Adobe ®  Acrobat ® , and the  fi le is 
printed using the Epilog Engraver laser cutter using the fol-
lowing settings ( see   Notes 15  and  16 ): the job type is set to 
Vector, the speed is set to 100%, the power is 13%, and the 
frequency 1,053 Hz. Vector sorting should be selected, the 
pull down menu should be set to “optimize,” and the auto 
focus box should be selected. The printing options should be 
set to “no page scaling,” and “auto-rotate and center” should 
be unselected  (  2  ) .  

    5.    When the laser cutter has  fi nished cutting the tape, the glass 
and tape are removed from the laser cutter, and the excess tape 
is removed from the bottom layer of tape using tweezers 
(Fig.  2c ). When each patterned section of tape is removed, it is 
essential to remove it so that both sides of the patterned tape 
contain a protective backing (Fig.  2d  shows an example of a 
piece of patterned tape that contains protective backings on 
both sides). The layers of tape that are attached to the glass are 
discarded.      

      1.    Paraf fi n wax in hexanes (0.4  m L) is deposited (using a 2  m L 
micropipette) into the center of a 2.4 mm diameter hydrophilic 
region of patterned paper that will be designated as the timing 
layer within the 3D micro fl uidic device (e.g., layer 3 in the 
example device shown in Fig.  1a ). The hexanes is allowed to 
evaporate over 10 min, and another 0.4  m L of the wax solution 
is deposited on the opposite face of the same 2.4 mm diameter 
hydrophilic region of patterned paper. The hexanes is allowed to 
evaporate over another 10 min before the layer is incorporated 
into a 3D micro fl uidic device  (  4  ) .  

    2.    The food coloring (1.0  m L) is deposited into the center of a 
2.4 mm diameter hydrophilic region of patterned paper that 
will be designated as the signaling component within the 3D 
micro fl uidic device (e.g., layer 4 in the example device shown 
in Fig.  1a ). The layer is allowed to dry for 30 min before it is 
assembled into a 3D micro fl uidic device  (  4  ) .      

      1.    Before the layers of the device are assembled, reagents for assays 
can be deposited as aqueous solutions into appropriate hydro-
philic regions of paper within the device  (  4,   5  ) . These solutions 
are allowed to dry for 30 min before the device is assembled.  

  3.3.  Fabricating Timers 
in Paper Micro fl uidic 
Devices

  3.4.  Assembling 
Three-Dimensional, 
Paper-Based 
Micro fl uidic Devices
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    2.    The bottom protective backing on the adhesive is removed 
from the tape (Fig.  2d ). Excess sections of cut tape typically 
adhere to the protective backing and are removed along with 
it. The newly exposed adhesive is aligned with, and placed onto 
the appropriate piece of patterned paper (Fig.  2e ). This process 
is repeated for all pairs of patterned tape and paper. These seg-
ments of the  fi nal device are cut along the edges of the tape to 
remove them from the patterned paper. Standard scissors (i.e., 
~10–12 cm blade) are used for this operation ( see   Note 17 ) 
(Fig.  2f ).  

    3.    Fig.  2g  shows the layers for the example 3D paper-based 
micro fl uidic device described in Fig.  1 . These layers are 
arranged in the order of assembly. Prior to assembly, each layer 
is compressed using a rolling pin ( see   Note 18 ). The pin is 
rolled over the layers twice, once each in perpendicular 
directions.  

    4.    The remaining protective backing on the tape is removed and 
a 2.4 mm disc of Whatman Chromatography paper No. 1 ( see  
 Note 19 ) is inserted into each of the holes in the tape  (  4,   5  )  
(Fig.  2h ). Layer 1 is arranged so that the sticky side of the tape 
is facing up, while layer 2 is arranged so that the patterned 
paper is facing down. These two layers are aligned and pressed 
together (Fig.  2i ). The rolling pin is used to compress the layers 
( see   Note 18 ). The remaining layers are assembled by repeating 
these last two steps  (  4,   5  ) .      

      1.    Many different con fi gurations of  fl uidic channels are possible 
using the general fabrication procedure described herein. 
Sample entry points in devices can be designed to allow the 
sample to wick into the device  (  4  ) , or they can be designed for 
delivery of the sample using a micropipette (as shown in Fig.  1b ) 
( see   Note 20 ).  

    2.    The timer in the device functions by slowing the wicking rate 
of the sample to the bottom of the device (where completion 
of the assay is indicated) relative to the rate at which the sample 
reaches the detection zones and the assays develop. This delay 
is caused by the paraf fi n wax, which is present in layer 3 in the 
example device shown in Fig.  1a . Because larger quantities of 
wax cause decreased  fl ow rates for the sample, the quantity of 
paraf fi n wax is used to modulate the  fl ow rate of the sample 
through this timer region of the device.  

    3.    The exact quantity of wax needed to create a timer with a speci fi c 
end point depends on the con fi guration of the 3D paper-based 
micro fl uidic device, but reference  (  4  )  provides a useful starting 
point for choosing the appropriate quantity of wax for a desired 
timer.  

  3.5.  Conducting 
Quantitative Assays 
Using Paper-Based 
Micro fl uidic Devices 
with Internal Timers
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    4.    The timer is read when the “read” indicator in Fig.  1a   fi lls 
completely with the color of the dye that was deposited into 
the timer when the device was fabricated.       

 

     1.    Other vector graphics editor programs may be used instead of 
CleWin Layout Editor; the program must allow the user to 
draw and arrange lines (and simple geometric features) with 
micron-level control over line widths.  

    2.    A range of solutions of paraf fi n wax is needed to create 1 min 
up to 2 h timers in 3D paper-based micro fl uidic devices (e.g., 
more wax deposited in the “meter” region of Fig.  1a  will pro-
duce a timer for a longer time period). Depending on the con-
centration of wax, the solutions may need to be sonicated (for 
up to 10 min) for the paraf fi n wax to dissolve entirely.  

    3.    Solutions of paraf fi n wax dissolved in hexanes tend to change 
concentration after several hours due to slow evaporation of 
hexanes, even when a cap is placed on the container holding 
the solution. Fresh solutions provide the most accurate results 
for the timers.  

    4.    Glass capillary tubes (1  m L) can be substituted for micropi-
pettes, but we have found that glass capillary tubes give slightly 
less accurate results than micropipettes.  

    5.    The synthetic food dyes contain the following components: 
RED 40 (disodium salt of 6-hydroxy-5-[(2-methoxy-5-methyl-
4-sulfophenyl)azo]-2-naphthalenesulfonic acid.), BLUE 1 
(disodium salt of ethyl [4-[ p -[ethyl( m -sulfobenzyl)amino]-a-
( o -sulfophenyl) benzylidene]-2,5-cyclohexadien-1-ylidene]
( m -sulfobenzyl)ammonium hydroxide plus  p -sulfobenzyl and 
 o -sulfobenzyl salts), YELLOW 5 (trisodium salt of 4,5-dihydro-
5-oxo-1-(4-sulfophenyl)-4-[4-sulfophenylazo]-1H-pyrazole-
3-carboxylic acid), and GREEN (a 1:1 mixture of YELLOW 5 
and BLUE 1).  

    6.    The computer designs for creating patterned paper must take 
into account the following considerations: the hydrophobic 
regions in patterned paper are the solid lines in the graphics 
program, and the hydrophilic regions are the regions without 
shading. For creating patterned tape, the lines on the com-
puter graphics program provide the opposite result: a line cor-
responds to a cut in the tape.  

    7.    When saving as a .ps  fi le, only one layer of the program can be 
saved at a time, so all of the device layers need to be moved 
onto the same layer within the program and arranged laterally 

  4.  Notes



194 S.T. Phillips and N.K. Thom

so that there is no overlap between different layers. The paper 
and tape layers should be put on different layers in CleWin and 
saved as different  fi les.  

    8.    At this point, each of the layers should contain patterns for 
regions that will become hydrophobic, as this is where the wax 
will print.  

    9.    Make sure to check that the size of the page remained as 
20 cm × 20 cm square when opened in Adobe ®  Acrobat ® .  

    10.    When printing from the .pdf  fi le, make sure that the page scal-
ing menu is set to “none” and “auto-rotate and center” is not 
checked.  

    11.    From the main menu on the printer: move the arrow to “Paper 
Tray Setup” and press OK. This action brings up the “Paper 
Tray Setup” menu. Move the arrow to “Tray 1 Paper” and 
press OK. This action will bring up the “Tray 1 Paper” menu 
that states the current setup for tray 1. Move the arrow to 
“Change Setup…” and press OK. This action brings up the 
“Tray 1 Paper Size” menu. Move the arrow to “New Custom 
Size” and press OK. This action brings up the “Short Edge” 
menu. Move the arrow to “Change…” and press OK. Move 
the arrow up or down until you reach 200 mm (the units are 
set to mm and cannot be changed). Press OK. This action will 
bring up the “Long Edge” menu. Move the arrow to 
“Change…” and press OK. Move the arrow up or down until 
200 mm is reached, and press OK; the “Tray 1 Paper Type” 
menu will appear. Move the arrow to “Card Stock” and press 
OK. This action will return you to the “Paper Tray Setup” 
menu. Move the arrow to “Exit” and press OK. This action 
returns to the main menu.  

    12.    A piece of aluminum foil is used to cover the hot plate while 
heating to provide a clean surface. The printed chromatogra-
phy paper is placed, wax side up, on the aluminum foil. A large 
stack (~1.3 kg) of 8.5 in. × 11 in. printer paper is placed on top 
of the chromatography paper such that it covers completely 
the chromatography paper to ensure that the printed paper has 
even contact with the surface of the hot plate. Make sure that 
the chromatography paper is centered on the hot plate to allow 
for even diffusion of the wax through the paper.  

    13.    The paper needs to stay on the hot plate for between 1 min 
45 s and 2 min. If the paper is heated longer than 2 min, the 
holes will close, and the sample will not wick through the layer. 
If the paper is not heated for long enough, the wax will not 
fully penetrate the paper, and separated holes may become 
connected.  

    14.    The tape is 36 mm wide, so extra space may need to be added 
between rows so that the gap between pieces of tape is between 
the rows in the computer-generated pattern.  
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    15.    Changing the properties of the laser cutter: Within Acrobat, 
select “File” and “Print.” Select Epilog Engraver from the 
drop down menu, and click on “Properties” next to the printer 
selection. Change the selection to the desired values and click 
“OK.”  

    16.    Choosing to print on the computer: the “Go” button on the 
printer must be pressed. If after pressing this button, the laser 
does not print, check to make sure that all lines in the graphics 
 fi le are set to 0.01 point. If any of the lines are larger than this 
value, the laser cutter will not be able to use vector cutting. If 
the lines are smaller than this value, they may be too thin for 
effective cutting of the tape.  

    17.    The paper can be cut prior to af fi xing the tape, but this alterna-
tive procedure makes the alignment of tape with paper more 
dif fi cult than when the patterned paper remains as a full 
20 cm × 20 cm sheet.  

    18.    The pressure needed to provide uniform contact between layers 
of paper and tape is similar to the pressure needed to roll 
dough.  

    19.    The paper discs are made using the laser cutter and the same 
method described for cutting tape. The discs are made from 
Whatman Chromatography paper No. 1 and are cut to 2.4 mm 
diameter.  

    20.    The amount of sample added to the device is dictated by the 
volume of liquid that is absorbed by the entire device.          
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    Chapter 14   

 Thread Based Devices for Low-Cost Diagnostics       

     Meital   Reches         

  Abstract 

 The need for low-cost diagnostic devices, both for developing and industrial countries, has led to the 
search for inexpensive matrixes that will allow the performance of analytical assays. One approach uses 
paper to create multiple micro fl uidic channels which allow analytes in urine or blood to  fl ow to different 
detection zones the device. The choice of paper arises from its low-cost and its ability to wick biological 
 fl uids by capillary forces (i.e., an external power is not required to move  fl uid in a device). This chapter 
describes the use of a common material—cotton thread—as an alternative matrix for low-cost diagnostics. 
Thread-based devices can be fabricated using established techniques that rely on common house-hold 
tools for manipulating threads (e.g., sewing machines and looms). The fabrication schemes described here 
could potentially be adapted for large-scale manufacturing of diagnostic devices.  

  Key words:   Thread ,  Low-cost ,  Diagnostics ,  Devices ,  Micro fl uidics    

 

 Recent efforts towards the fabrication of low-cost diagnostic devices 
have led to the development of fabrication schemes of micro fl uidic 
channels in paper  (  1–  13  ) . By printing hydrophobic barriers on hydro-
philic paper it is possible to create multiple  micro fl uidic channels on 
a low-cost matrix. An alternative matrix to paper is cotton thread 
 (  14–  16  ) . Cotton thread shares some advantages with paper: it is 
inexpensive,  fl exible and lightweight, hydrophilic and wicks  fl uids by 
capillary action, can be chemically modi fi ed by various functional 
groups and can be disposed of simply by burning after contamination 
with biological  fl uids. Cotton thread has some additional unique 
characteristics that make it a useful matrix for the fabrication of bio-
medical devices: (1) its aspect ratio (length-to- diameter ratio) allow 
the con fi nement of the  capillary  fl ow to one dimension and therefore 
the required volume of sample is very small (tens of  m L); (2) it can be 
manipulated easily by sewing, knitting and weaving  (  14  ) . 

  1.  Introduction
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 This chapter describes the design and preparation of three 
 possible designs of diagnostic devices based on the use of cotton 
thread  (  14  ) . All three devices wick  fl uids by capillary action from a 
sample application zone/zones (e.g., where the user deposits the 
sample) to a detection zone (e.g., where the user reads the results 
of the assay). Two designs, the “woven array” and the “branching 
design” take advantage of the ease which thread can be woven on a 
loom. They both rely on similar strategies for loading reagents, 
de fi ning detection zones, and encapsulating microchannels. The 
third design—the sewn array—takes advantage of the ease with 
which thread can be sewn into various substrates. 

 The choice of cotton as the material of the thread is based on 
its rapid rate of wicking, its durability, ease of which one can 
manipulate it, adherence to inexpensive tapes with adhesives that 
can be used to encapsulate the devices. This chapter demonstrates 
the ability to use these three designs as diagnostic devices by 
detecting analytes colorimetrically in arti fi cial urine and in arti fi cial 
blood plasma samples.  

 

       1.    Steel pins (McMaster-Carr, NJ, USA).  
    2.    1.5 cm thick Delrin block (McMaster-Carr, NJ, USA).  
    3.    100% mercerized cotton thread with a diameter of 0.3 mm, Cebelia 

Crochet Cotton Art. G167 (DMC, NJ, USA) ( see   Note 1 ).  
    4.    Scotch ®  MultiTask Tape #25, and 3M™ Vinyl Tape #471 (3M, 

MN, USA) ( see   Note 2 ).  
    5.    Tie-Fast Combo Tool (FishUSA.com, PA, USA).  
    6.    A laser cutter or hole puncher.  
    7.    A laminator (Pro-Etch by Micro-Mark, NJ, USA).      

      1.    Latex free plastic bandages (CVS Pharmacy, Inc., RI, USA).  
    2.    100% mercerized cotton thread with a diameter of 0.3 mm, 

Cebelia Crochet Cotton Art. G167 (DMC, NJ, USA).  
    3.    Clear nail polish.       

       1.    Solution of 250 mM citric acid (pH 1.8).  
    2.    3.3 mM tetrabromophenol blue (TBPB) in 95% ethanol.      

      1.    2 mg/mL sulfanilamide.  
    2.    1.7 mg/mL 3-hydroxy-1,2,3,4-tetrahydrobenzo(h)quinoline.  
    3.    25 mg/mL tartaric acid in methanol.      

  2.  Materials

  2.1.  Device Preparation

  2.1.1.  Woven Array Design 
and Branching Design

  2.1.2.  Sewn Array Design

  2.2.  Colorimetric 
Assays

  2.2.1.  Detection of Proteins

  2.2.2.  Detection of Nitrite
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      1.    Solution of 20 mg/mL sodium phosphate.  
    2.    20 mg/mL sodium borate.  
    3.    10 mg/mL glycine.  
    4.    Solution of 20 mg/mL nitroprusside.  
    5.    30 mg/mL polyethylenglycol (PEG, molecular weight 

[MW] = 2,000).  
    6.    2 mg/mL polyacrylic acid (PAA, MW = 2,000).       

       1.    Polyacrylamide spheres (Educational Innovations, CT, USA).  
    2.    0.6 M aqueous solution of potassium iodide.  
    3.    1:5 horseradish peroxidase–glucose oxidase aqueous solution 

(15 units of protein per 1 mL, Sigma G3660).      

      1.    Polyacrylamide spheres (Educational Innovations, CT, USA).  
    2.    Solution of nitrotetrazolium blue chloride (1.5 mg/mL) and 

5-bromo-4-chloro-3-indolyl phosphate (1 mg/mL) dissolved 
in 100 mM Tris buffer pH 9.5.        

 

       1.    Prepare a loom by installing steel pins into a 1.5 cm thick 
Delrin block (two parallel rows of pins, 6 cm apart, with the 
pins in each row spaced by 0.5 cm).  

    2.    Wind the thread through the loom and arrange the thread in 
parallel lines (Figs.  1a  and  2b ) or with a common branching 
point (Fig.  1b ).    

    3.    To generate the detection zones, immerse a piece of thread in 
a solution contacting the reagents of the desired assay, and dry 
for ~1 h. Then, use this thread to create knots on the aligned 
threads using a Tie-Fast Knot Combo Tool ( see   Note 3 , 
Fig.  2a, b ).  

    4.    Pattern a piece of Scotch tape or Vinyl tape with equally spaced 
holes using a laser cutter or a hole puncher ( see   Note 4 ).  

    5.    Insert the piece of tape patterned with holes underneath the 
threads aligned on the loom (Fig.  2c ).  

    6.    Press the threads against the tape and then press a second piece 
of tape on top of the thread to encapsulate the threads between 
the two pieces of tape (Fig.  2d ).  

    7.    To disconnect the threads from the loom, cut the thread where 
it contacts the pins of the looms.  

    8.    Laminate the threads between two pieces of tape using a lami-
nator, repeat this step two additional times.  

  2.2.3.  Detection of Ketones

  2.3.  Enzymatic Assays

  2.3.1.  Detection of Glucose

  2.3.2.  Detection of Alkaline 
Phosphatase

  3.  Methods

  3.1.  Device Preparation

  3.1.1.  The Woven Array 
and Branching Designs
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  Fig. 1.    Schematic illustrations of the thread-based devices. Each device comprises one 
sample application zone and one detection zone. ( a ) The woven array device. ( b ) The 
branching design. ( c ) The sewn array design (Reproduced from ref.  14  with permission 
from American Chemical Society).       
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    9.    Cut the threads such that one end of each piece of thread 
protrudes from the tape portion of the device and serves as the 
sample application zone (Fig.  2e ).      

      1.    Sew the thread with a needle into all-purpose latex free plastic 
bandages (or any other desired polymer). Use the small holes 
in the bandages as guidelines for sewing the threads.  

    2.    One stitch on the upper side of the bandage together with its 
corresponding lower stitch de fi nes the detection zone and 
sample application zone, respectively. To physically isolate the 
assays on two adjacent stitches, block every other hole (formed 
by the needle) in the bandage with 3  m L droplets of clear nail 
polish (Fig.  1c ).       

       1.    Immerse the thread in a solution of 250 mM citric acid (pH 1.8) 
and 3.3 mM tetrabromophenol blue (TBPB) in 95% ethanol 
( see   Note 5 ).  

    2.    Dry in air for ~1 h.  
    3.    After the assembly of the device, wick 10  m L of the solution to 

be analyzed ( see   Note 6 ).      

      1.    Immerse the thread in a solution of 2 mg/mL sulfanilamide, 
1.7 mg/mL 3-hydroxy-1,2,3,4-tetrahydrobenzo(h)quino-
line and 25 mg/mL tartaric acid in methanol.  

    2.    Dry in air for ~1 h.  
    3.    After the assembly of the device, wick 10  m L of the solution to 

be analyzed ( see   Notes 6  and  7 ).      

      1.    Immerse the thread in a solution of 20 mg/mL sodium phos-
phate, 20 mg/mL sodium borate, 10 mg/mL glycine, 20 mg/
mL nitroprusside, 30 mg/mL polyethylenglycol (PEG, 
MW = 2,000), and 2 mg/mL polyacrylic acid (PAA, 
MW = 2,000).  

    2.    Dry in air for ~1 h.  
    3.    After the assembly of the device, wick 10  m L of the solution to 

be analyzed ( see   Notes 6  and  8 ).       

       1.    Incubate dry spherical particles of polyacrylamide in ~50  m L of 
0.6 M aqueous solution of potassium iodide  or  1:5 horseradish 
peroxidase–glucose oxidase aqueous solution for ~1 h ( see  
 Notes 9  and  10 ).  

    2.    After the beads expand in the solution to a diameter of ~5 mm, 
thread one sphere containing potassium iodide and one con-
taining horseradish peroxidase–glucose oxidase onto a cotton 
thread. The distance between the spheres should be ~1 cm 
( see   Note 11 ).  

  3.1.2.  The Sewn Array 
Design

  3.2.  Colorimetric 
Assays

  3.2.1.  Detection of Proteins

  3.2.2.  Detection of Nitrite

  3.2.3.  Detection of Ketones

  3.3.  Enzymatic 
Colorimetric Assays

  3.3.1.  Detection of Glucose
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    3.    After the assembly of the device, wick 10  m L of the solution to 
be analyzed ( see   Note 12 ).      

      1.    Suspend spherical particles of polyacrylamide in ~50  m L of 
nitrotetrazolium blue chloride (1.5 mg/mL) and 5-bromo-4-
chloro-3-indolyl phosphate (1 mg/mL) dissolved in 100 mM 
Tris buffer pH 9.5 for ~1 h ( see   Note 13 ).  

    2.    Wick 10  m L of the solution to be analyzed ( see   Note 14 ).        

  3.3.2.  Detection of Alkaline 
Phosphatase

  Fig. 2.    A sequence of images showing the assembly of the “woven array” device. ( a ) Make knots on a thread. ( b ) Use a loom 
to arrange the thread as desired. ( c ) Insert a piece of tape ( with holes ) underneath the threads and press the threads 
against the tape to make intimate contact between the tape and the thread. ( d ) Press a second piece of tape on top of the 
threads to encapsulate them between the two pieces of tape. ( e ) Disconnect the thread form the loom by cutting the thread 
where it contacts the pins of the loom (Reproduced from ref.  14  with permission from American Chemical Society).       
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     1.    A thread with a diameter of 0.3 mm is suf fi ciently wide to be 
seen by a naked eye and con fi ne the  fl ow of  fl uid to effectively 
one dimension.  

    2.    These two types of tape have strong adhesives that allow adher-
ence of the tape to the thread. 3M Vinyl Tape 471 melts upon 
lamination and makes a conformal seal around the thread.  

    3.    The Tie-Fast Knot Combo Tool, a tool that usually makes 
tight knots for  fi shermen, allows fabrication of knots in a repro-
ducible manner.  

    4.    The holes in the tape enhance the evaporation of the solution 
and therefore allow faster rate of wicking in the desired direction 
of  fl ow.  

    5.    In the presence of a protein TBPB will change its color from 
yellow to blue. TBPB is a protein error indicator. Protein error 
indicators are pH indicators which contain an ionizable group 
that is displaced in the presence of protein to provide a detect-
able color change (TBPB changes color from yellow to blue 
when it ionizes). This is the same color change that the indica-
tor would undergo under the in fl uence of a pH change. The 
citric acid buffer prevents the change in pH in the absence of 
the protein  (  17  ) .  

    6.    It is possible to notice color change on the thread ~10 s after 
applying the sample. The maximum signal is obtained after 
~3 min for protein and nitrite, and after ~6 min for ketones 
(Fig.  3 ).   

    7.    In the presence of nitrite the thread changes its color is from 
faint light pink to red (Fig.  3 ).  

    8.    In the presence of ketones the colorless knot changes its color 
to dark purple (Fig.  3 ).  

    9.    The polyacrylamide gel spheres keep the enzyme active for at 
least 5 days at 22 ± 2°C and a relative humidity of 20–30%.  

    10.    In the presence of oxygen, glucose oxidase catalyzes the oxida-
tion of glucose to gluconic acid and hydrogen peroxide. The 
horseradish peroxidase then catalyzes the reaction of hydrogen 
peroxide with potassium iodide. The colorless iodide is oxi-
dized to brown iodine: this reaction induces a color change 
from colorless to yellowish brown in the presence of glucose 
(Fig.  4 ).   

    11.    A distance of ~1 cm between the spheres allows the transfer of 
solution along the thread without cross-contamination.  

  4.  Notes
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  Fig. 4.    Enzymatic reactions performed on a cotton thread. ( a ) The sphere labeled 1 contains potassium iodide; the sphere 
labeled 2 contains horseradish peroxidase–glucose oxidase. ( b ) A change in color is noticeable 15 min after applying 
arti fi cial urine containing glucose. ( c ) The sphere contains the regents needed to detect alkaline phosphatase. ( d ) The 
change in color after the application of 140 units/L of alkaline phosphatase (Reproduced from ref.  14  with permission from 
American Chemical Society).       

  Fig. 3.    Colorimetric assays performed using the ( a ) woven array device, ( b ) branching device, ( c ) sewn array design 
(Reproduced from ref.  14  with permission from American Chemical Society).       
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    12.    For a solution containing 50 mM glucose, it is possible to 
detect change in color after ~6 min and full intensity of color 
after ~15 min (Fig.  4 ).  

    13.    Alkaline phosphatase catalyzes the cleavage of 5-bromo-4-
chloro-indolyl phosphate (BCIP) to metaphosphoric acid and 
the corresponding indolyl moiety. The indolyl group then 
rearranges and dimerizes to form either 5,5   ¢ -dibromo-4,4 ¢ -
dichloro-indigo under acidic conditions, or 5,5 ¢ -dibromo-4,4 ¢ -
dichloro-indigo white under alkaline conditions. In the process 
of dimerization at any pH, the indolyl moiety releases hydro-
gen ions; these ions reduce the nitro blue tetrazolium, and 
cause the formation of a blue-colored precipitate  (  18,   19  ) .  

    14.    For a solution containing 140 units/L of alkaline phosphatase it 
is possible to detect change in color after ~10 min (Fig.  4d ).          
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    Chapter 15   

 Droplet-Based Micro fl uidics       

     Sanjiv   Sharma      ,    Monpichar   Srisa-Art   ,    Steven   Scott   , 
   Amit   Asthana   , and    Anthony   Cass      

  Abstract 

 Droplet-based micro fl uidics or digital micro fl uidics is a subclass of micro fl uidic devices, wherein droplets 
are generated using active or passive methods. The active method for generation of droplets involves the 
use of an external factor such as an electric  fi eld for droplet generation. Two techniques that fall in this 
category are dielectrophoresis (DEP) and electrowetting on dielectric (EWOD). In passive methods, the 
droplet generation depends on the geometry and dimensions of the device. T-junction and  fl ow focusing 
methods are examples of passive methods used for generation of droplets. In this chapter the methods used 
for droplet generation, mixing of contents of droplets, and the manipulation of droplets are described in 
brief. A review of the applications of digital micro fl uidics with emphasis on the last decade is presented.  

  Key words:   Digital micro fl uidics ,  Droplet micro fl uidics ,  Electrowetting ,  Dielectrophoresis , 
 Applications    

 

 Micro fl uidic systems are a consequence of the miniaturization pro-
cesses that were envisaged in the noted lecture presented by Richard 
Feynman on December 29th 1959 at the annual meeting of the 
American Physical Society at the California Institute of Technology 
(Caltech), and has its roots in the work of Terry in 1975 for a space 
project involving the miniaturization of a gas-phase chromato-
graphic system onto a silicon wafer  (  1  ) . 

 In the early 1990s, miniaturized analysis systems were rejuve-
nated by the introduction of the concept of Micro Total Analytical 
Systems ( μ TAS), or Lab on Chip, by Widmer et al.  (  2  ) . The basic 
idea was to miniaturize all functional components of an analytical 
system such as injection, mixing, separation, and detection into a 
hand held device that would be portable. As the concept is still at 

  1.  Introduction
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an early stage and has yet to be fully realized, most of the devices 
today conform to a “chip in a lab” concept rather than a “lab on a 
chip” device. Micro fl uidic systems are based on multidisciplinary 
concepts borrowed from the  fi elds of physics, chemistry, biology 
and engineering. The devices used in the early 1990s were mainly 
made of glass and silicon using fabrication protocols borrowed 
from the microelectronics industry. However, over the following 
decades micro fl uidic devices have not developed as the silicon 
clones  (  3  )  but have rather seen plastics and elastomeric material 
such as polydimethylsiloxane (PDMS)  (  4  )  mainly being used for 
micro fl uidic devices. Since their introduction they have been 
 fi nding applications ranging from simple microreactors to biomedical 
devices. 

 An important operational step for a wide range of applications 
is mixing. With extremely low volumes ranging in the sub-nano to 
femto-liter volumes the  fl ow of  fl uids in micro fl uidic devices is 
characterized by low Reynolds number and thus laminar  fl ow. 
One of the major limitations of laminar  fl ows is that it does not 
facilitate ef fi cient mixing of  fl uids. Several approaches have been 
put forth to address this problem. These include use of “herring-
bone” structures to introduce turbulence in the  fl ow and the use 
of micromixer designs integrated into the micro fl uidic devices  (  5  ) . 
As shown in Fig.  1 , a micromixer is designed to split a stream of 
 fl uid repeatedly into several streams before converging, thus facili-
tating mixing of  fl uids  (  6  ) .  

 Continuous  fl ow-based micro fl uidic systems have been popu-
lar because of the control they offer over the  fl ow characteristics; 
however, one of the biggest issues has been scaling up. In droplet-
based micro fl uidics the  fl uid is broken into tiny droplets and 
manipulated. Droplet micro fl uidics is capable of performing a large 

  Fig. 1.    Photograph of a distributive mixer which splits each solution into 16 separate  fl ows 
before recombination. Reproduced by permission of The Royal Society of Chemistry http://
dx.doi.org/  10.1039/A902237F      (  6  ).        
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number of reactions without the need to increase the device 
dimensions or make the device complex. Since the droplets are ame-
nable to being addressable, synchronized and manipulated, this 
approach is often referred to as “digital micro fl uidics.” Analogies 
are being drawn between droplet-based micro fl uidics and micro-
processors  (  7  ) . 

 Droplets in micro fl uidic devices are formed by either active or 
passive methods. In active methods, an external stimulus such as an 
electric  fi eld is used to generate droplets. Two examples of such 
techniques are electrowetting on dielectric (EWOD) and dielec-
trophoresis (DEP). In passive methods multiple streams of aque-
ous reagents are introduced alongside an immiscible  fl uid in a 
spontaneous and chaotic process that is triggered by the  fl ow insta-
bilities of the two immiscible  fl uids. This is exempli fi ed in droplets 
generated by T-junction and  fl ow focusing devices. 

 The basic principles explaining droplet formation have been 
described elsewhere  (  8– 11   ) . In this chapter, an overview on drop-
let formation is provided mainly by looking at EWOD, DEP, 
T-junctions and  fl ow focusing devices. We also look at how these 
discrete droplets, which represent picoliter volume units offering 
unique opportunities, are extended to different applications.  

 

  The method of choice for droplet generation is driven mainly by 
the application and resources available. In general for applications 
requiring a high throughput (frequency >100 Hz) and large drop-
lets (size in  μ m range), T-junction and  fl ow focusing techniques 
are used. Active methods such as EWOD and DEP generate drop-
lets at low frequencies and the droplets are usually small (nL to pL 
volumes)  (  10  ) . 

 The active methods that are used for droplet generation and 
actuation include surface acoustic wave  (  12  ) , thermocapillary forces 
 (  13  ) , magnetic forces  (  14  ) , and electrohydrodynamic (EHD) 
methods. In this chapter we only describe EHD methods used to 
generate droplets. The droplet formation here depends on the 
electrical control provided by the electrodes integrated in the 
micro fl uidic devices. Dielectrophoresis (DEP) and electrowetting 
on dielectric (EWOD) are examples of EHD methods used for 
generation of droplets. 

 DEP-driven droplet generation is based on the principle that 
polarizable  fl uids with high dielectric permittivity are attracted to 
areas of high electric  fi eld intensity. The three main forces that 
contribute towards droplet generation are: (i) the wetting force on 
the interfacial line between the droplet, its surrounding medium, 
and the surface it contacts; (ii) force at the interface between two 

  2.  Droplet 
Micro fl uidics

  2.1.  Mechanism 
of Droplet Generation
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 fl uids; and (iii) body force caused due to pressure gradients in the 
 fl uid. The dimension of the droplets and the dispersity depends on 
the magnitude and frequency of the applied voltage  (  15–  19  ) . 

 In EWOD method, an electric  fi eld is used to change the inter-
facial energy and henceforth the contact angle between a  fl uid and the 
surface it is in contact with. An EWOD-based device may consist of 
a single or double layer, with the control electrodes on the bottom 
plate. The hydrophilicity of the area is changed to cause wetting of 
the surface within tens of microseconds, leading to the formation 
of liquid  fi ngers between electrodes. When the electrodes are 
switched off the surface becomes hydrophobic and the liquid 
 fi nger breaks off from the reservoir forming droplets. The size of 
the droplets depends on the electric  fi eld strength and frequency. 
At higher frequencies smaller droplets are produced  (  20–  25  ) . 
DEP-based droplet generation is shown in Fig.  2a and b  shows a 
schematic for an EWOD-based system  (  26  ) .  

 Droplets can be passively generated in micro fl uidic devices 
using two immiscible phases, usually an aqueous phase and an 
organic phase which, in most cases, are oil solutions. As described 
before droplets are examples of passive mixing and depend on the 
geometries of the device for their formation. The two common 

  Fig. 2.    ( a ) Dielectrophoresis-based generation  (  16  ) . ( b ) Cross sectional schematic of 
EWOD-based droplet system. Reproduced by permission of The Royal Society of Chemistry 
http://dx.doi.org/  10.1039/B110474H      (  26  ).        
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geometries used for droplet generation are T-junction  (  27,   28  )  and 
 fl ow focusing designs  (  11,   29–  32  ) . 

 Because most of the micro fl uidic-based applications involve 
analytes soluble in water it is desirable to have aqueous droplets 
(water in oil or “W/O”). Aqueous droplets are formed when the 
solution (dispersed phase) comes into contact with an oil stream 
(carrier  fl uid). The carrier  fl uid applies shear force, which is respon-
sible for the droplet formation. The aqueous droplets formed are 
discrete and separated by the oil phase/carrier  fl uid. The carrier 
 fl uid prevents any dispersion of the aqueous solution during the 
transportation process. The dimensions of the droplets formed 
depend on the channel size and the ratio of the oil  fl ow rate to the 
total aqueous  fl ow rate. Figure  3  shows an example of aqueous 
droplets generated from oil and aqueous solutions introduced 
through a T-junction device.  

 The commonly used organic solutions as carrier  fl uids for 
aqueous droplets (W/O) are mainly  fl uorocarbons. The main 
advantages offered by  fl uorocarbons are that they are hydropho-
bic, immiscible with aqueous solutions, are biocompatible and do 
not cause swelling of PDMS elastomer used for making devices. 
To avoid wetting of the channel walls of the PDMS devices a sur-
factant such as 1H, 1H, 2H, 2H, 2H-per fl uorooctanol or Span-80 
is added. This reduces the surface tension at the water–oil interface. 

  Fig. 3.    T-junction droplet device: Water-in-oil droplets are generated from oil and aqueous 
solutions using a T-junction micro fl uidic device having three-aqueous inlets, an oil inlet 
and an outlet. The aqueous  fl ow is pumped into the oil stream and is broken into droplets 
due to the shear force of the oil phase. The winding channel is used to induce rapid mixing 
within droplets. The channel dimensions are 50  μ m deep, 50  μ m wide and 4 cm long, 
respectively.       
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These surfactants also stabilize the droplets by preventing adsorption 
of samples and droplet coalescence  (  33  ) . 

 Flow-focusing is another passive method of generating droplets. 
In this method, the dispersed phase and the continuous phase are 
forced through a constricted region that causes the shearing of 
the dispersed phase by the continuous phase, thus leading to a 
controlled formation of droplets  (  31,   32,   34,   35  ) . 

 The research group of Abraham Lee in the University of 
California, Irvine, has shown that the  fl ow focusing method can 
be further extended to shear-focusing where a very  fi ne nozzle is 
used to create a single point with the highest shear leading to the 
formation of uniform droplets. The size of the droplets can be 
adjusted by changing the  fl ow rate of the continuous phase  (  31  ) . 
In another work this group has shown that the size range of the 
droplets can be further broadened by the use of pneumatically 
controlled walls. These walls control the dimensions of the  fl ow 
focusing region  (  36  ) . 

 Gas–liquid dispersion has also been used in micro fl uidic systems. 
Microbubbles are generated using designs such as T-junction 
 (  37,   38  ) , capillary  (  39  ) , and  fl ow focusing designs  (  29,   40  ) . In these 
cases the size, the frequency and gas fraction of the microbubbles 
depend on the  fl ow rates of the gas and continuous phase, viscosities 
of the  fl uids, and the channel geometry. 

 The four parameters that characterize droplet formation are 
Capillary number ( C  a ), the period, the droplet length and the water 
fraction ( W  f ). Capillary number:  C  a  is a dimensionless quantity 
de fi ned as:     a /C v= m g    Here  v  (m/s) is the  fl ow velocity,   m   (kg/m) 
is the viscosity of  fl uid, and   γ   is the surface tension at the aqueous/
carrier  fl uid interface. Droplets are generated at  C  a  values of less 
than 0.1  (  41  ) . The distance between two adjacent droplets is 
de fi ned as the period. The droplet length is the length of droplet. 
Both period and droplet length are independent of the  fl ow rate 
and capillary number. Water fraction,  W  f , is the ratio of the volu-
metric  fl ow rate of the aqueous stream ( V  w ) to that of the carrier 
 fl uid ( V  O ). It is de fi ned as:

     o
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 The droplet size depends on the water fraction but is indepen-
dent of the  fl ow rate. The larger the water fraction, the larger the 
droplet is. Smaller droplets are formed when increasing the ratio 
between the oil  fl ow rate and the aqueous  fl ow rate. Conversely, 
decreasing the  fl ow rate ratio between the oil and aqueous solution 
results in larger droplets. However, changing the total  fl ow rate, 
whilst maintaining a constant water fraction, will not change 
droplet size. 
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 Organic droplets (O/W) can be generated when an aqueous 
solution is used as a carrier  fl uid and an organic solution is used as 
a dispersed phase. Double droplets or emulsions can be formed by 
using two consecutive T-junctions  (  42,   43  ) . These double emul-
sions have been extended to various applications in the  fi elds of food 
science, cosmetics and pharmaceuticals that require storage of ingre-
dients and allow release and exchange to outer layers  (  43,   44  ) . These 
applications will be described in detail in later sections.  

  Recirculation of the contents in the droplet leads to mixing in 
droplets. This is a slow and inef fi cient process wherein the two 
vortices formed within the droplet are mixed only at the left and 
right half without crossing the boundary  (  45,   46  )  in a manner 
exhibited by steady  fl ows in microchannels. 

 Mixing in a straight microchannel can be achieved in a rapid 
and ef fi cient manner if the pure components are introduced in a 
manner that they form the front and back halves of the droplet 
 (  41  ) . This is achieved by a “twirling” process that occurs at the tip 
of a T-junction. This phenomenon occurs due to the shear forces 
between the oil and aqueous streams during the process of droplet 
formation. As the droplets are transported along the channel, a 
series of recirculation steps ensures ef fi cient mixing. 

 In general, mixing in large droplets is slow and inef fi cient while 
for smaller droplets mixing is rapid and ef fi cient. However, if the 
droplets are too small then the mixing becomes inef fi cient because of 
“over twirling,” which leads to the components in the droplets being 
localized to the left and right halves instead of front and back. 

 Another means to achieve ef fi cient and rapid mixing in drop-
lets is chaotic advection, which is achieved by the use of curved 
channels called winding channels. In winding channels, the drop-
lets travel at different velocities relative to the wall, which leads to 
unsteady  fl ows. The unsteady  fl ow leads to chaotic advection. As 
shown in Fig.  4 , the basic mechanism of chaotic advection involves 
stretching, folding and reorienting  fl uids  (  47  ) . Chaotic advection 
leads to very fast and ef fi cient mixing. The mixing time is usually in 
the order of milliseconds  (  41,   45  ) . Similarly, mixing between vis-
cous and sticky biological samples can be achieved using “bumpy” 
winding chambers integrated in the device  (  48–  50  ) . In these 
devices the chaotic advection is induced by the oscillating interfa-
cial shear stress, resulting in rapid mixing of the components.  

 Active mixing of droplets using an electric  fi eld has been dem-
onstrated  (  51,   52  ) . Mixing in these cases does not depend on the 
channel dimensions but by moving the droplet back and forth. 
EWOD-based mixing is in fl uenced by the aspect ratio of the elec-
trode as reported by Pail et al.  (  53  ) . They demonstrated that a 
droplet splitting, oscillating and fusing sequence repeated several 
times over 2 s enabled mixing of the droplet contents.  

  2.2.  Mixing of Contents 
in Droplet
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  Basic processes for droplet manipulation include droplet merging 
(fusion), droplet splitting ( fi ssion), and droplet sorting. Such oper-
ations can be exploited for a variety of applications and are expanded 
upon below. 

 Droplets can be fused or merged together either actively or 
passively. In an active mode of droplet fusion, an electric  fi eld of 
the order of 1–3 V is applied to induce instability across the inter-
face of droplets, which results in fusion of the droplets  (  54–  57  ) . 
The two technologies used for fusion of droplets are EWOD  (  56, 
  58,   59  )  and DEP  (  60  ) . Cells and liposomes have been merged 
using electrofusion  (  61  ) . In addition to electric  fi elds, thermal 
induction of droplet fusion has also been reported. Thermal induc-
tion relies on the change in viscosity of the continuous phase lead-
ing to slow movement of droplets consequently leading to fusion 
of droplets  (  62  ) . Optical tweezers have also been reported for 
droplet fusion  (  63  ) . The passive approach for fusion involves 
exploitation of channel geometries to achieve fusion of droplets. 
The device con fi guration slows down the droplets allowing them 
to come closer together and fuse  (  64–  66  ) . In a similar approach, 
pillar-like structures were used to induce passive droplet fusion 
with precise control of the fusion process  (  67,   68  ) . Other approaches 
include fusion based on surface properties  (  68  ) . 

  2.3.  Manipulation 
of Droplets

  Fig. 4.     Modeling clay demonstrates the mixing of two components by chaotic advection 
within droplets. Stretching and folding are repeated to achieve complete mixing. 
Reproduced from ref.  47 .       
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 In passive modes of droplet  fi ssion, T junctions and other 
means of obstruction are introduced into micro fl uidic devices lead-
ing to splitting of droplets  (  37,   69–  72  ) . Active  fi ssion approaches 
reported for splitting of droplets include the use of electric  fi elds 
 (  54  )  . The most common technology used for  fi ssion of droplets 
into smaller droplets is EWOD. Splitting is achieved between elec-
trically addressable parallel plates, when the surfaces activated at 
the opposite ends of the droplets cause the droplet to pinch and 
divide in the middle  (  73  ) . Similarly, surface gradients induced by 
heat have been used for droplet  fi ssion in microchannels  (  74  ) . 

 Droplet sorting can be achieved based on the size of droplets or 
content of droplet. Sorting based on size difference can be achieved 
by the use of the right channel geometry  (  64,   65,   75  ) . Sorting 
based on contents involves the use of electric  fi elds in techniques 
such as DEP  (  54,   57,   76,   77  )  and EWOD  (  78  ) . EWOD, although 
allowing separation and sorting of droplets, lacks the high through-
put speed offered by passive methods such as T-junction and  fl ow 
focusing. A laser-based localized heating approach facilitates sorting 
by thermal manipulation of droplets  (  79  ) .   

 

 Since its advent droplet-based micro fl uidic systems, (also referred 
to as microdroplets), have been extended to several biological and 
chemical applications. The ability to produce picoliter cells at a 
frequency of kHz enables high-throughput analysis. Each droplet 
acts as self-contained unit that prevents the loss of analytes by 
diffusion, cross talk/contamination  (  80  )  between the droplets and 
surface adsorption of the analytes, thus allowing accurate and con-
trolled screening. In addition, the ease of manipulation of droplets 
extends the range of applications  (  10,   47  ) . 

  Droplets can be generated in micro fl uidic systems at a high fre-
quencies (>1 kHz). The uniform size of droplets and rapid mixing 
of the components set the stage for high throughput screening and 
analysis of biological compounds. Compared to conventional 
screening systems such as 96-well plates, droplet-based assays 
require samples in the nanoliter range. 

 Zheng et al. have used a three phase system consisting of 
liquid–liquid–gas to measure the phosphate activity of enzymes 
 (  81  ) . To prevent cross talk between the enzyme sample plug, a 
buffer plug and a gas plug/bubble was inserted on either side of 
the enzyme plug. The array of plugs was then merged with a 
 fl uorogenic solution speci fi c to the enzyme’s phosphate activity. 
Dittirich et al. have demonstrated in vitro protein expression in 
micro fl uidic droplets. As shown in Fig.  5 , all components for protein 

  3.  Applications 
of Droplet 
Micro fl uidics

  3.1.  Biological Assays
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expression were mixed in the droplet followed by off-chip incubation 
for 50 min. The solution was then reintroduced into the micro fl uidic 
device for online detection using an epi fl uorescence confocal detec-
tor. This work has a special signi fi cance as it lays the path for in vitro 
biological assays in droplet units  (  82  ) . Courtois et al. have success-
fully fabricated an integrated micro fl uidic device for droplet forma-
tion, a chamber for incubation and analysis of in vitro expression of 
green  fl uorescent protein (GFP). The droplets that were generated 
were incubated in the storage chamber for desired time and the 
GFP was expressed in 6.5 h  (  83  ) .  

 Biocompatible synthetic  fl uorosurfactants have been reported 
by Holtze et al. that play a crucial role in stabilization of droplet 
formation and their incubation and reintroduction back into the 
device  (  33  ) . High throughput biological screening of a target from 
thousands of candidates has been achieved using droplet 
micro fl uidics. The common approach is to introduce a single input 
array of large plugs (~320 nl), followed by breaking them into sev-
eral output arrays of smaller droplets (20 nl)  (  70  ) . To prevent 
coalescence of the plugs due to differential motion, spacers are 
introduced. These spacers are either bubbles or liquid droplets 
 (  84  ) . Using this approach enzymatic activity of thrombin and the 
coagulation of human blood plasma assays have been successfully 
demonstrated  (  85  ) . High-throughput screening of bacteria for 
antibiotic drug susceptibility in samples without pre-incubation 
has been demonstrated by Boedicker et al.  (  86  ) . Lin et al. used 
droplet-based nuclear magnetic resonance (NMR) as a sample 
injection/loading method for identi fi cation of metabolites in 
cyanobacterial extract showing antibacterial activity  (  87  ) .  

  As droplets offer sub-nanoliter compartments they are ideal for cell 
encapsulation and therefore cell-based assays. The con fi nement of 
cells in the droplets ensures that any material released from the cell 

  3.2.  Cell-Based Assays

  Fig. 5.    Schematic of in vitro expression of proteins using droplet micro fl uidics. Reproduced from ref.  82 .       
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is not lost but is concentrated to enable detection. In addition, the 
ease of manipulation of droplets further establishes the applicabil-
ity of droplet micro fl uidics for cell-based assays. 

 The  fi rst application of droplets for single cell assays was 
reported by He et al. In this work, aqueous droplets were used to 
encapsulate mitochondria  (  81  ) . Edd et al. have demonstrated that 
a high aspect ratio microchannel and a high density of cell suspen-
sions enabled passive control of the loading of single cells into 
droplets  (  88  ) . The encapsulated cells were subjected to laser-based 
photolysis to enable assay of enzymatic activity. Cell-based enzy-
matic assay has been reported by Huebner et al. In this work, the 
catalytic activity of alkaline phosphatase expressed in  E.coli  cells 
was investigated as a function of  fl uorescence intensity  (  89  ) . 
Droplets with and without cells, which can be referred to as posi-
tive and negative droplets respectively, have been sorted using  fl ow 
focusing geometries. While the negative droplets under the 
in fl uence of asymmetric oil  fl ow move towards the right, the posi-
tive droplets travel along the center of the focusing channel. This 
approach has been used to demonstrate encapsulation and sorting 
of cancerous lymphocytes from whole blood  (  90  ) . Another impor-
tant aspect of cell-based assays is incubation of encapsulated cells. 
Clausell-Tormos et al. used syringes to perform off-chip incuba-
tion of the encapsulated cells, which were later reintroduced into 
the micro fl uidic devices and analyzed. These cells were found to be 
fully viable even after several days  (  80  ) . Figure  6  shows a complete 
droplet micro fl uidic chip with functional components for encapsu-
lation, incubation, and analysis. This chip has been used to mea-
sure the antibodies released from hybridoma cells  (  91  ) .   

  Double emulsion systems comprise a smaller droplet trapped in a 
larger droplet. Since droplet micro fl uidics allows generation of 
monodisperse double emulsions at a high frequency (i.e., high 
throughput) and allows control of the loading volume and the 
release of encapsulated ingredients, it is suitable for applications 
that require double emulsions, such as food science, cosmetics, and 
pharmaceutics  (  44,   92,   93  ) . 

 Figure  7  depicts generation of a double emulsion system or 
W/O/W system (for water-in-oil-in-water). As seen from the pic-
ture, an upstream hydrophobic T-junction is used to produce 
aqueous droplets. These aqueous droplets are moved to a hydro-
philic downstream T-junction to form a double emulsion (W/O/W) 
 (  42,   94  ) . The number of aqueous droplets (internal droplets) and 
their size can be controlled by controlling the input  fl ow rates. 
This approach however has its own limitation; it requires a surface 
modi fi cation step to render different regions of the device hydro-
philic and hydrophobic. Utada et al. have introduced an elegant 
way of generating double emulsions using a coaxial microcapillary 
device  (  95  ) . This device produces monodisperse double emulsions 

  3.3.  Double/Multiple 
Emulsion Systems
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in a one step process precisely controlling the diameters of inner and 
outer droplets. As seen in Fig.  8 , this device consists of two cylin-
drical microcapillary tubes enclosed in a square tube. A W/O/W 
double emulsion is produced when the aqueous solution (inner 
solution) is pumped through the inner tube, an oil phase (middle 
solution) is introduced through the square tube and a third aque-
ous solution, (outer  fl uid), is pumped into the square tube but in a 
direction opposite to the oil phase. This con fi guration involving 

  Fig. 6.    Micro fl uidic devices designed for particular purposes. ( a ) Schematic of encapsulation devices having 1 or 2 aqueous 
inlets. ( b  and  c ) Droplet formation and cell encapsulation. ( d ) Schematic of an incubation chip. ( e  and  f ) Optical micro-
graphs showing droplet encapsulation within microchannels. ( g  and  h ) Devices for analysis (merging, sorting, splitting, 
or detection). ( i ) An incubation device for time-resolved study. Each device can be  fl exibly connected using external tubing. 
All scale bars are 100  μ m. Reproduced from ref.  91 .       

 



  Fig. 7.    ( a ) Schematic of a micro fl uidic device for multiple droplet generation. Aqueous (W/O) droplets are alternatively produced 
at the upstream junction. ( b ) The formation of organic (W/O/W) droplets by enclosing the  blue  and  red  aqueous droplets with an 
external aqueous phase. ( c ) Multiple emulsions with different compositions and numbers of internal droplets generated using the 
device in ( a ). Reproduced by permission of The Royal Society of Chemistry http://dx.doi.org/  10.1039/B501972A      (  93  ).        

  Fig. 8.    ( a ) Schematic of a coaxial microcapillary device for the preparation of multiple emulsions. ( b ) Preparation of multiple 
emulsions with a single internal droplet. Reproduced from ref.  95 .       
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three streams, two in the same direction and one opposite are 
introduced hydrodynamically. Due to interfacial surface tension 
the  fl ow breaks at the ori fi ce leading to the formation of double 
emulsions. Coaxial microcapillary devices have been used to gener-
ate double emulsions that have been extended to preparation of 
well-de fi ned particles and functional vesicles  (  93  ) , polymer vesicles 
 (  96  ) , biodegradable polymerosomes  (  97  ) , phospholipid vesicles 
 (  98  ) , and nanoparticle colloidosomes  (  99  ) . Multiple emulsions 
such as W/O/W/O droplets and even higher have been reported 
using the microcapillary device  (  92,   93  ) .    

  Rapid mixing of the components/reagents in droplets and the 
nanoliter volume sample requirement makes droplet micro fl uidics 
suitable for measurement of kinetics. Examples of kinetic measure-
ments include binding studies of calcium ions with Fluoro-4 dye 
 (  45  )  and enzymatic reaction involving ribonuclease A  (  27  ) . The cal-
cium binding to the dye was measured over a distance of 500  μ m 
and exhibited mixing in 2 ms. The rate constant measured for the 
activity of ribonuclease was in agreement with reported results.  

  Due to the low sample requirement (nano-picoliter volumes), 
droplet-based micro fl uidic systems are useful for studying protein 
crystallization. The  fi rst demonstration of protein crystallization 
studies using extremely low volumes of sample (<4 nL) was done 
by Zheng et al.  (100    ) . The nanoliter volume droplets were used for 
screening thousands of protein crystallization conditions. The con-
ditions were varied by controlling the  fl ow rates of the solutions. 
Further work done in the research group of Ismagilov on protein 
crystallization studies, includes indexing of droplets using markers 
 (  101  ) , long-term storage of protein crystals inside droplets to 
assess crystal structure  (  102,   103  ) , and studying the effect of mix-
ing on nucleation of protein crystals  (  104  ) . One of the main 
requirements for protein crystallization studies is to perform nucle-
ation and growth processes separately. This has been achieved on a 
micro fl uidic system by using a two stage droplet formation pro-
cess. In the  fi rst stage smaller droplets containing seed precipitants 
are formed and then transferred to the growth stage, which involves 
merging with protein and precipitants to form larger droplets that 
are subsequently transferred to a glass microcapillary for storage 
and observation. This approach was used to successfully crystallize 
the SARS nucleocapsid N-terminal domain and oligoendopepti-
dase F crystals  (  105,   106  ) . In another reported work, a combined 
method involving screening and optimization has been reported 
for studying the crystallization of membrane proteins  (  107  ) .  

  Droplet-based micro fl uidic systems, on account of their ability to 
form well de fi ned independent microreactor units and the ability 
to manipulate these units, offer a platform for synthetic processes. 

  3.4.  Measurement 
of Kinetics in Droplets

  3.5.  Protein 
Crystallization Studies

  3.6.  Droplet-Based 
Microreactors
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Examples of synthesis in droplets include synthesis of nanoparticles, 
polymeric particles and alginate hydrogels and organic reactions. 

 Monodispersed nanoparticles such as CdS/CdSe and CdSe 
crystals have been synthesized using droplet-based microreactors. 
The reactions were very fast and mainly performed in glass 
micro fl uidic devices  (  30,   108  ) . In another approach, two aqueous 
channels were allowed to collide in a microchannel with the oil 
stream running orthogonal to the aqueous streams. Using this 
method, calcium carbonate particles and silver nanoparticles with a 
very low degree of agglomeration were produced  (  109  ) . Droplet-
based micro fl uidic systems have been used to create irregular par-
ticles such as non-spherical particles, Janus droplets, and double 
emulsions (described earlier) that are dif fi cult to create using mac-
roscopic systems, as it allows control over the shape of the droplets 
and hence the particles. In addition to the spherical particles, disk- 
and rod-shaped particles have been synthesized in micro fl uidic sys-
tems that facilitate con fi ning of particles and in fl uence the shape of 
the particles  (  110–  113  ) . In the  fi rst step, T-junction or  fl ow focus-
ing is used to generate droplets followed by transporting the drop-
lets to a shape-de fi ning region. For rods, the shape de fi ning region 
involves microchannels with dimensions (height and width) smaller 
than the droplet, causing elongation of the droplets to rods. For 
disk-shaped particles, the height of channel is designed to be 
smaller than the diameter of the droplet whilst the width is made 
larger, causing the droplet to  fl atten. Janus droplet is a term used 
to describe droplets with two different and distinct surface regions. 
Generation of Janus droplets in droplet micro fl uidic systems have 
been described by Nisisako et al. made from black and white mono-
meric solutions of carbon black and titanium dioxide with isobor-
nyl acetylate, respectively  (  114  ) . Other examples of Janus particles 
reported include spherical particles made up of two hemispheres of 
two different  fl uorescent dyes  (  115  ) . 

 Polymeric nanoparticles have been synthesized in situ in drop-
lets. Monomer droplets with monomers and photoinitiator have 
been polymerized in situ using either UV irradiation or thermal 
initiation  (  116  ) . Other examples of polymeric nanoparticles syn-
thesized in droplets include polyvinyl alcohol (PVA)  (  44  ) , biode-
gradable microgels  (  117  ) , chitosan microparticles encapsulating 
ampicillin  (  118  ) , molecularly imprinted polymer beads  (  119  ) , co-
polymer particles  (  120  ) , and mesoporous silica particles  (  121  ) . 
Alginates are extensively used in dentistry and prosthetics as mold-
ing material. Alginate hydrogels are becoming popular because of 
their similarity with natural extracellular matrices, thus leading to 
tissue engineering applications. Alginates can easily encapsulate 
biomolecules such as proteins, enzymes, cells and DNA. Alginate 
hydrogels have been used successfully for encapsulation of gold 
nanoparticles  (  122  )  and polystyrene beads  (  123  ) . In addition they 
have also been used for encapsulation of cells such as mammalian 
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cells  (  109  )  and yeast cells  (  124  )  without loss of their viability. Both 
off-line and on-line/in situ approaches for synthesis of alginate 
hydrogels have been reported. In the reported off-line approach 
alginate droplets are produced in a  fl ow focusing micro fl uidic 
device followed by off-line gelations to produce alginate hydrogels 
in the range of 50–2,000  μ m  (  122  ) . The on-line/in situ approach 
for producing alginate hydrogels involves calcium initiated polym-
erization of alginate to give alginate hydrogels. Both T-junction 
 (  124  )  and  fl ow focusing geometries  (  125  )  have been used to 
achieve monodisperse alginate hydrogels. The two streams com-
prise alginate solution as aqueous phase and calcium iodide in 
undecanol as the organic phase. The calcium ions in the undecanol 
diffuse into the alginate droplets leading to the formation of alg-
inate hydrogels  (  123  ) . The chaotic advection with the droplets 
leads to rapid mixing of alginate and calcium chloride leading to 
yield the hydrogels in a fast reaction. In addition to calcium chlo-
ride solution, calcium carbonate nanoparticles suspended in oil 
phase have also been reported  (  109  ) . One of the major issues with 
synthesis of alginate hydrogels using micro fl uidic droplets is coag-
ulation/blocking of microchannels due to formation before the 
droplets. This issue has been addressed by forming droplets com-
prising alginate and calcium ions and merging the droplets in a 
larger/wider chamber  (  43  ) . Since PDMS molecules swell up when 
brought into contact with organic solvents, other substrates such 
as Te fl on  (  126  )  and thiolene-based resin  (  127–  129  )  have been 
reported for use in droplet-based organic reactions. The organic 
reactions performed in droplet-based micro fl uidic systems include 
deacetylation  (  126  )  of ouabain hexaacetate and bromination of 
alkene  (  127,   128  ) . Gerdts et al. have demonstrated oxidation of 
Co 3+  by KH 2 PO 4  in a two-stage micro fl uidic device yielding an 
ampli fi cation of the order of 5,000 times  (  130  ) .  

  Similar to solvent extraction methods, droplet generation also 
requires two immiscible liquids. Thus, droplet micro fl uidics pro-
vides a platform for rapid microextraction based on liquid–liquid 
extractions. Fang et al. have demonstrated microextraction of butyl 
Rhodamine B as organic droplets using 1-hexanol in a glass-based 
micro fl uidic device. The droplet composition was determined 
using laser induced  fl uorescence  (  131  )  and chemiluminescence 
detection  (  132  ) . Other examples of microextraction include extrac-
tion of aluminum in water using a metal chelate (2,2-dihydroxya-
zobenzene) and a buffer system. The aluminum complex was 
compartmentalized in the tributyl phosphate droplets, at a rate 90 
times faster than bulk extraction using a separation funnel and an 
accuracy similar to conventional methods  (  133  ) . Patrick Tabeling’s 
research group has investigated mass transfer between moving 
aqueous droplets and a continuous phase to understand the 
underlying liquid–liquid microextraction in droplets. They used 

  3.7.  Microextraction
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 fl uorescien in octanol as the continuous phase with droplets to 
understand extraction of  fl uorescein into droplets. Puri fi cation was 
studied by monitoring the diffusion of rhodamine from droplets to 
a continuous phase. The studies on the extraction and puri fi cation 
in droplet micro fl uidic systems revealed that these processes occur 
much faster than conventional methods  (  134  ) . Rhodamine 6G has 
also been used to study its extraction from aqueous droplets to 
ionic liquid phase  (  135  ) . Ionic liquids on account of their superior 
extraction properties, biocompatibility, hydrophobicity, and hydro-
philicity are excellent candidates for microextraction processes.  

  Droplet micro fl uidic has been applied to polymerase chain reaction 
(PCR) because of the precise volume control achievable with 
droplets. Each droplet reactor is a million fold smaller than con-
ventional array-based PCR units. Droplet-based PCR enables 
issues associated with continuous- fl ow micro fl uidic PCR devices, 
such as contamination and inhibition due to surface adsorption 
to be overcome  (  136–  139  ) . In addition, droplet-based PCR tech-
niques eliminate the synthesis of short chimeric products and 
reduce the time required for the thermal cycles. It promises to be 
a great tool for single molecule and single cell ampli fi cation. 
Droplet-based PCR can be broadly divided into two categories: 
continuous- fl ow droplet PCR devices and non-continuous droplet 
PCR devices. While in the  fi rst instance droplets are generated 
using passive methods (such as T-junction and  fl ow focusing) 
 (  140–  144  )  the second category involves the use of active methods 
such as the EWOD technique  (  145,   146  ) . There is good evidence 
to indicate that this technology will emerge as a reliable technique 
for PCR. 

 Examples of continuous- fl ow droplet PCR devices include one 
reported by Beer et al. that requires only 18 cycles for single copy 
ampli fi cation and is capable of real time detection  (  140  ) . Besides 
DNA PCR ampli fi cation, the use of droplets has also been reported 
for single RNA genome copies  (  141  ) . Novel designs such as the 
circular radial design con fi guration shown in Fig.  9  enables alter-
nating temperature zones thereby providing an ampli fi cation factor 
of up to 5 × 10 6  and thus represents a high throughput platform for 
PCR in droplets  (  144  ) . Viovy’s group in Institut Curie developed 
a prototype for an automated device for the sample preparation 
and analysis of generated droplets for PCR. The PCR products 
were detected using laser induced  fl uorescence in a capillary. This 
device was capable of performing about 3,000 PCR reactions/day 
showing excellent reproducibility and sensitivity at low concentra-
tions  (  147  ) . One of the major advantages of droplet-based PCR 
has been the fact the longer DNA amplicons have been ampli fi ed 
with great ef fi ciency. Researchers from the group of Richard 
Mathies have demonstrated ampli fi cation of DNA fragments with 
more than 600 base pairs (at 10 Amol concentration)  (  148  ) . 

  3.8.  Polymerase Chain 
Reaction
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Hua et al. have described an automated and self-contained multi-
plex device based on EWOD-droplets wherein the thermocycling 
is achieved by shuttling a droplet between two  fi xed zones. 
Using this device DNA levels of methicillin-resistant bacteria 
were detected with a remarkably high ampli fi cation ef fi ciency of 
94.7%  (  149  ) .   

  Droplet-based micro fl uidic systems have been employed for titra-
tion analysis. Examples of this include neutralization of formic 
acid with disodium hydrogen phosphate  (  150  )  and titration of 
anticoagulant against activated partial thromboplastin  (  151  ) . In 
both cases, the results were consistent with measurements done 
in bulk.  

  3.9.  Titrations

  Fig. 9.    A radial micro fl uidic device for continuous- fl ow PCR in droplets. The device (75  μ m 
in depth) consists of an oil inlet (A), two aqueous inlets (B1 and B2) and an outlet (F). 
Droplets generated at a T-junction (C) move through a 500  μ m-wide inner-circular channel, 
which contains a hot zone (D) for template denaturation. Droplets then travel on to the 
periphery (200  μ m wide channels) of the device allow annealing and template extension 
to occur. When the droplets move back to the center, the DNA is denatured and a new 
cycle begins. The whole process is  fi nished after 34 cycles, in which the droplets move out 
of the device through the outlet (F). Reproduced from ref.  144 .       
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  Lab on a chip or  μ TAS devices have become popular because of the 
bene fi ts offered by them such as low sample requirements and 
faster analysis times. Efforts are being made to integrate the vari-
ous components into a hand held device that is portable and can be 
used as a portable on-site device. Droplets generated in EWOD 
mode have been used by Srinivasan et al. for measuring glucose 
concentration in  fl uids such as saliva, serum, plasma and urine 
using a colorimetric assay based on Tinder’s reaction  (  152,   153  ) . 
The optical system comprising an LED as source and a photodiode 
was used to measure the absorbance change of the quinoneimine.  

  Some of the work reported over the last few years has created a lot of 
enthusiasm towards the realization of droplet-based logic gates and 
thus a micro fl uidic computer chip  (  154–  158  ) . Compartmentalized 
of units and the ability to make multiple emulsions systems indicate 
that this technique has potential to be used to synthesize arti fi cial 
cells.       
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    Chapter 16   

 Droplet-Based Micro fl uidics for Binding Assays 
and Kinetics Based on FRET       

     Monpichar   Srisa-Art    and    Sanjiv   Sharma         

  Abstract 

 Droplet micro fl uidic systems provide a controlled environment in which to perform rapid mixing, isolation 
of picoliter size  fl uid volumes and rapid variation of reaction conditions. Indeed, the ability to controllably 
form droplets with variable reagent composition at high speed lies at the heart of performance improve-
ments when compared to conventional micro fl uidic devices operating under laminar  fl ow conditions. 
Furthermore, it is important to realize that segmented- fl ow systems can generate droplets at rates in excess 
of 1 kHz. In theory, this means that millions of individual reactions or assays can be processed in very short 
times. In addition, since mixing is rapid and reagent transport occurs with no dispersion, microdroplet 
reactors are superior environments in which to study biological reactions, especially rapid kinetic reactions, 
when compared to diffusion-limited continuous- fl ow formats. Accordingly, droplet micro fl uidics is a 
promising technology to perform reactions and assays in a high-throughput manner, in which a hugely 
productive and ef fi cient system for screening a desired component from thousands of samples is 
necessary.  

  Key words:   Droplet micro fl uidics ,  Microdroplet reactors ,  Binding assays ,  Binding kinetics    

 

 Herein, droplet micro fl uidics is demonstrated to perform binding 
assays and kinetics between streptavidin and biotin via Fluorescence 
Resonance Energy Transfer (FRET). Typically, determination of 
binding rate constants is more dif fi cult than determination of dis-
sociation rate constants as most biological molecules bind much 
more quickly than they dissociate. Indeed, streptavidin–biotin 
binding demonstrates a high association constant ( K  a  ~ 10 15  M −1 ) 
 (  1–  4  ) . Accordingly, it is more practical to carry out experiments 
that measure the dissociation rate constant. However, due to rapid 

  1.  Introduction
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mixing, droplet systems can be suitably con fi gured to determine 
binding kinetics  (  5–  7  ) . Exploiting this approach, the binding 
kinetics of the streptavidin and biotin system can be monitored in 
real time.  

 

      1.    Per fl uorodecalin (PFD: 95% mixture of  cis  and  trans ) used as 
an oil phase, and 1H,1H,2H,2H-per fl uoro- octanol (97%) 
used as a surfactant (Sigma Aldrich).  

    2.    Tris(hydroxymethyl) aminomethane hydrochloride (Tris–HCl) 
pH 8.0 buffer (Fluka).  

    3.    Binding buffer: pH 8.0, 100 mM Tris–HCl, 10 mM NaCl, 
and 3 mM MgCl 2 .  

    4.    Alexa Fluor 488 (AF488) Streptavidin conjugate (Invitrogen, 
UK). This should be stored at −20°C and protected from 
light.  

    5.    Oligonucleotides: A biotinylated DNA strand consisting of the 
following sequence:  Biotin -5 ¢ -GCGCTAAAATTATTTATTGA
TCGATTTTTTTT CGGGCGCGGCGGGC-3 ¢ ; and Alexa 
Fluor 647 (AF647) internally labeled on a complementary 
strand having the sequence: 3 ¢ -CG CG [AF 647] ATTTTAAA
AATAACTAGCTAAAAAAAAGCCCGCGCCGCCCG-5 ¢  
(Operon, Germany). These two DNA solutions should be 
stored at −20°C and protected from light.      

      1.    Genius Thermal Cycler (Techne, UK).  
    2.    Gastight syringes, 250  m L and 2.5 mL (SGE Europe Ltd, 

UK).  
    3.    Micro fl uidic device for droplet generation: e.g., a 3-aqueous-

inlet T-junction PDMS micro fl uidic device, having 50  m m 
wide, 50  m m deep and ~44 cm long channels. The PDMS 
microdevice is fabricated using standard photolithographic 
methods. For optical detection, the PDMS device is bonded to 
a 160  m m thick microscope coverslip.  

    4.    Fused silica capillary (e.g., 100  m m I.D., 360  m m O.D., CM 
Scienti fi c, UK).  

    5.    Te fl on tubing (0.356 mm I.D., 1.55 mm O.D., Upchurch 
Scienti fi c).  

    6.    PEEK  fi ngertights and unions (1/16″, 10/32 threads, VICI 
AG International, Switzerland).  

    7.    Precision syringe pump (PHD 2000, Harvard Apparatus, UK).  

  2.  Materials

  2.1.  Chemicals and 
Oligonucleotides

  2.2.  Equipment
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    8.    Laser Induced Fluorescence microscope: equipped with 
488 nm laser, dichroic mirror (z488rdc, Chroma Technology 
Corporation, USA) and an emission  fi lter (z488, Chroma 
Technology Corporation, USA) a second dichroic mirror is 
incorporated (z630rdc, Chroma Technology Corp., USA), 
which splits the  fl uorescence signal such that the AF488 
and AF647 dyes can be measured using two APD detectors. 
The  fl uorescence signal re fl ected by the z630rdc dichroic 
mirror is further  fi ltered by an emission  fi lter (hq540/40m, 
Chroma Technology Corp., USA). The fluorescence that 
passes through the z630rdc dichroic mirror is  fi ltered by 
another emission  fi lter (hq640lp, Chroma Technology 
Corp., USA).       

 

      1.    DNA hybridization is performed at pH 8.0 using the binding 
buffer ( see   Note 1 ).  

    2.    Prepare the mixture of single-stranded DNA (biotin-labeled 
DNA and AF 647-labeled DNA) by pipetting 50  m l of 200 nM 
of each DNA solution into 200  m l Eppendorf tubes, resulting 
in a concentration of 100 nM ( see   Note 2 ).  

    3.    Place the Eppendorf tubes into the thermocycler to hybridize 
the DNA mixture. The hybridization process is carried out by 
rapidly increasing the temperature to 92°C and holding at this 
temperature for 2 min The temperature is then slowly decreased 
to 4°C at a rate of 1.6°C/min.  

    4.    After preparation, hybridized DNA should consist of AF647 
on one strand and biotin on the complementary strand.      

      1.    A continuous oil-phase consisting of a 10:1 (v/v) mixture of 
per fl uorodecalin and 1H,1H,2H,2H-per fl uorooctanol is  fi lled 
into a 2.5 mL gas tight syringe, while 250  m L gas tight syringes 
are used to deliver aqueous solutions.  

    2.    Connect the gastight syringes to the micro fl uidic device (via 
fused silica capillaries bonded into the micro fl uidic device’s 
access holes) using Te fl on tubing and PEEK  fi ngertights and 
unions.  

    3.    Precision syringe pumps are used to deliver reagent solutions 
into the micro fl uidic channels.  

    4.    Set the  fl ow rates of both the oil and aqueous solutions to 
1.5  m l/min for each phase, resulting in a total  fl ow rate of 
3.0  m l/min (20 mm/s) and a water fraction of 0.5.      

  3.  Methods

  3.1.  DNA Hybridization

  3.2.  Droplet Formation
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      1.    Place the entire micro fl uidic device on a  fl uorescence microscope 
stage for droplet measurements ( see   Note 3 ).  

    2.    The microscope objective lens brings the laser beam to a tight 
focus within the micro fl uidic channel. This objective lens 
focuses the laser beam in to the sample and collects the result-
ing  fl uorescence ( see   Note 4 ).  

    3.    For excitation of the AF488, a dichroic mirror and an emission 
 fi lter are implemented to permit excitation by a 488 nm laser 
and allow for  fl uorescence emission of AF488.  

    4.    Fluorescence emission is then split using a second dichroic 
mirror onto two APD detectors to enable measurement of 
the  fl uorescence emission of both AF488 and AF647 dyes ( see  
 Note 5 ).      

      1.    The assay is carried out using a 3-aqueous-inlet T-junction 
PDMS micro fl uidic device, having 50  m m wide, 50  m m deep and 
~44 cm long channels.  

    2.    Introduce the acceptor-labeled hybridized DNA and the 
donor-conjugated streptavidin solutions separately through 
the aqueous inlets.  

    3.    Pump the AF488-labeled streptavidin at a concentration of 
110 nM into the left inlet, while 100 nM AF647 and biotin-
labeled DNA is introduced into the right inlet.  

    4.    Pump the binding buffer into the middle inlet in order to pre-
vent the reagents from coming into contact prior to droplet 
formation and to allow for on-chip dilution. Thus, mixing and 
binding of streptavidin and DNA will only occur inside a 
droplet.  

    5.    The initial assay is conducted by  fi xing the donor-labeled 
streptavidin concentration and varying the acceptor-labeled 
DNA concentration. This is achieved by maintaining the 
 fl ow rate of the 110 nM donor-labeled streptavidin constant 
at 0.3  m l/min (resulting in a concentration of 22.0 nM), 
while changing the  fl ow rate of the 100 nM acceptor-labeled 
DNA between 0.1 and 1.0  m l/min (resulting in a DNA con-
centration range of 6.67 and 73.33 nM). The  fl ow rate of 
the binding buffer is changed so as to maintain a total aque-
ous  fl ow rate of 1.50  m l/min. Consequently, concentration 
ratios (CR), de fi ned as the ratio of DNA concentration to 
streptavidin concentration, are varied from 0.3 to 3.33 ( see  
 Notes 6  and  7 ).  

    6.    To study the effect of donor-labeled streptavidin concentration 
on binding curves, the  fi xed  fl ow rate of streptavidin is changed 
from 0.30 to 0.20  m l/min to obtain 22.0 and 14.7 nM strepta-
vidin concentrations, respectively. However, the same CR set 

  3.3.  Fluorescence 
Detection

  3.4.  Streptavidin–Biotin 
Binding Assay
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(varied from 0.3 to 3.33) is used to enable comparison of bind-
ing results for each streptavidin concentration. Accordingly, 
the DNA  fl ow rate is changed from 0.07 to 0.73  m l/min for 
14.7 nM streptavidin. Conditions for  fi xed streptavidin con-
centrations at 0.20 and 0.30  m l/min using the same CR set are 
shown in Table  1 .   

    7.    Online detection is conducted at ~42 cm or ~20 s (the total 
channel length is ~44 cm) downstream from the droplet-form-
ing region. Both  fl uorescence signals (green and red) are 
recorded ( see   Note 8 ).  

    8.    For calculation of the binding ratio of this streptavidin and 
biotin system, a binding curve is plotted using the red 
 fl uorescence signal as a function of concentration ratio and the 
curve is then  fi tted using an appropriate model, such as the 
Hill-Waud model. FRET ef fi ciency can be calculated from  I  A /
( I  A + I  D ), where  I  A  and  I  D  are  fl uorescence intensities of the 
acceptor and donor, respectively.      

      1.    The streptavidin–biotin binding kinetic measurements are per-
formed by  fi xing the donor-labeled streptavidin concentration 
and varying the acceptor-labeled DNA concentration.  

    2.    Maintain the  fl ow rate of 110 nM donor-labeled streptavidin at 
0.3  m l/min (resulting in a concentration of 22.0 nM), while 
the  fl ow rates of 100 nM biotin and acceptor-labeled DNA are 
varied. To obtain uniform droplets, the DNA  fl ow rates are 
changed from 0.3 to 0.9  m l/min (using steps of 0.1  m l/min), 
giving a concentration range of 20.0–60.0 nM. Consequently, 
concentration ratios are changed from 0.91 to 2.73. 
Accordingly, the  fl ow rate of the binding buffer at the middle 
inlet is adjusted so as to maintain a total aqueous  fl ow rate of 
1.50  m l/min. The experimental conditions are detailed in 
Table  2 .   

    3.    Observe the streptavidin–biotin binding kinetics via FRET by 
monitoring the acceptor  fl uorescence intensities at different 
time points as the detection probe volume is moved down-
stream in the channels.  

    4.    Ideally, for kinetic measurements, mixing must be complete 
before acquisition of data. By integrating a winding part into 
microchannels, complete mixing can be achieved within 60 ms 
for this device under the applied  fl ow conditions. Additionally, 
using a micro fl uidic system allows  fi ne control over the con-
centration of reagents within the droplets  fl owing through the 
micro fl uidic device. Consequently, it is possible to closely 
monitor the extent of a reaction and the kinetics with excellent 
temporal resolution.  

  3.5.  Streptavidin and 
Biotin Binding Kinetics
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    5.    To investigate the binding kinetics, the FRET ef fi ciency is plot-
ted as a function of time. Generally, binding interaction can be 
described by a mono-exponential growth equation or a pseudo-
 fi rst order integrated rate equation  (  8  ) , i.e.

     ( )obs
maxSL SL 1 e .k t

t
−= −    (1)   

 In this equation, SL  t   de fi nes the amount of product at time 
 t , SL max  is the maximum amount of product (the plateau value), 
and  k  obs  is an observed rate constant for each condition.  k  obs  is 
concentration dependent and is related to the binding rate 
constants ( k  1 ) by the following expression  (  8  ) :

     −= +obs 1 1[ ] .k k L k    (2)   

 To extract  k  1 , the values of  k  obs  are plotted against the con-
centration of the biomolecule  L . According to Eq.  2 , this plot 
should yield a linear relationship, with a slope equal to  k  1  and a 
 y -intercept equal to  k  −1  (the dissociation rate constant).  

    6.    In many cases, binding cannot be described by a mono-expo-
nential expression (Eq.  1 ), but rather is more accurately 
described by a bi-exponential model  (  9,   10  ) ;

     − −= − + −obs1 obs2( ) ( )
1 2SL [1 e ] [1 e ].k t k t

t A A    (3)   

 Here,  k  obs1  and  k  obs2  are the observed binding rate constants 
of each process, with  A  1  and  A  2  representing the component 
amplitudes. This model, expressing a biphasic interaction, indi-
cates an unusual bimolecular interaction that involves two 
 distinguishable processes. This biphasic dissociation or association 

   Table 2 
  Experimental conditions for the FRET kinetic measurements   

 Flow rate ( m l/min)  Concentration (nM) 

 CR  Streptavidin  DNA  Buffer  Streptavidin  DNA 

 0.3  0.3  0.9  22.0  20.0  0.91 

 0.3  0.4  0.8  22.0  26.7  1.21 

 0.3  0.5  0.7  22.0  33.3  1.52 

 0.3  0.6  0.6  22.0  40.0  1.82 

 0.3  0.7  0.5  22.0  46.7  2.12 

 0.3  0.8  0.4  22.0  53.3  2.42 

 0.3  0.9  0.3  22.0  60.0  2.73 
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can occur due to heterogeneity of analytes or multiple binding 
sites causing different af fi nities  (  11  ) .  

    7.    For the streptavidin and biotin interaction, the reaction is 
categorized as having biphasic association and dissociation 
kinetics due to multiple biotin-binding sites on the streptavidin 
molecule  (  12,   13  ) . Hence, to extract the binding rate constant 
of the streptavidin and biotin system, all kinetic data are ana-
lyzed using a bi-exponential model (Eq.  3 ), in which SL is the 
FRET ef fi ciency in this case. Observed rate constants ( k  obs1  and 
 k  obs2 ) for each condition are extracted from the  fi tting. To 
extract the binding rate constants ( k  1  and  k  2 ), the  k  obs1  and  k  obs2  
values are separately plotted against the concentration of DNA 
using Eq.  2  and these plots show linear trends. The slopes 
obtained from these plots de fi ne  k  1  and  k  2 . It should be noted 
that  k  2 , representing the binding kinetics of the second pro-
cess, should be lower than  k  1 . This is likely to be due to steric 
hindrance from the  fi rst biotin binding.       

 

     1.    All solutions should be  fi ltered using 0.2  m m syringe  fi lters 
before use.  

    2.    Care must be taken during sample preparation and handling of 
 fl uorescence dyes to avoid excessive exposure to light.  

    3.    For  fl uorescence detection of droplets, using a confocal detec-
tion system reduces background light due to PDMS, buffer 
and oil phase.  

    4.    The laser beam is aligned directly to the central portion of the 
micro fl uidic channel width. Expanding the laser beam further 
to probe the entirety of the droplet can in principle decrease 
the spread of  fl uorescence intensities; however, this is not per-
formed to ensure a suf fi ciently high signal-to-noise (S/N) 
ratio. In practice, decreasing the width of the channel should 
allow for a large percentage of the droplet to be probed while 
maintaining suf fi ciently high contrast in terms of S/N.  

    5.    AF488 and AF647 are selected as a FRET donor and a FRET 
acceptor in order to minimize cross talk and avoid direct exci-
tation of the acceptor as a result of spectral overlap. Due to the 
high sensitivity of the APD detectors,  fl uorescence from FRET 
can be detected accurately and precisely even at low FRET 
ef fi ciencies. We have found that cross talk of this FRET pair 
was only ~1.2%. This investigation can be performed on a 
cover slip by measuring the red  fl uorescence signals of the 

  4.  Notes
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donor with and without the acceptor. The subtraction of these 
two values was used to calculate the cross talk percentage.  

    6.    For droplet formation,  fl ow rates faster that 0.3  m l/min 
(2 mm/s) for individual inlet are recommended to obtain uni-
form droplets and stable  fl uorescence signals. In addition, 
syringe sizes can affect the uniformity of droplet formation. 
Small syringes have less variation of the  fl ow than large 
syringes.  

    7.    To study binding assays via FRET,  fi xing the donor concentra-
tion and varying the acceptor concentration is a suitable 
approach. This is because laser intensity can be adjusted to 
maximize the  fl uorescence intensity from the acceptor prior to 
starting measurements. In contrast, when  fi xing acceptor-
labeled DNA concentration,  fl uorescence intensities from the 
acceptor are relatively low when compared with the donor 
 fl uorescence. Technically,  fl uorescence intensity can be 
enhanced by adjusting laser intensity (assuming negligible 
photodegradation). However, in this case, the laser intensity 
could not be increased signi fi cantly due to extremely high pho-
ton counts originating from the donor when using a high 
streptavidin concentration.  

    8.    Due to the streptavidin and biotin linkage, the donor and 
acceptor molecules are brought into close proximity and 
some energy from emission of AF488 can be transferred to 
excite AF647, resulting in emission of red  fl uorescence at 
wavelengths between 650 and 710 nm. In effect, two 
 fl uorescence signals, from AF488 and AF647, are detected 
simultaneously using separate avalanche photodiode (APD) 
detectors (green and red channels) and recorded for periods 
of 60 s using a 50  m s resolution.          
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    Chapter 17   

 Surface Treatments for Micro fl uidic Biocompatibility       

     N.J.   Shirtcliffe   ,    R.   Toon   , and    P.   Roach        

  Abstract 

 Micro fl uidic systems allow small volumes of liquids to be manipulated, either by being passed through 
channels or moved around as liquid droplets. Such systems have been developed to separate, purify, analyze, 
and deliver molecules to reaction zones. Although volumes are small, reaction rates, catalysis, mixing, and 
heat transfer can be high, enabling the accurate sensing of tiny quantities of agents and the synthesis of 
novel products. The incorporation of multiple components, such as pumps, valves, mixers, and heaters, 
onto a single micro fl uidic platform has brought about the  fi eld of lab-on-a-chip devices or micro total 
analysis systems ( μ TAS). Although used in the research laboratory for numerous years, few of these devices 
have made it into the commercial market, due to their complexity of fabrication and limited choice of 
material. As the dimensions of these systems become smaller, interfacial interactions begin to dominate in 
terms of device performance. Appropriate selection of bulk materials, or the application of surface coat-
ings, can allow control over surface properties, such as the adsorption of (bio)molecules. Here we review 
current micro fl uidic technology in terms of biocompatibility issues, examining the use of modi fi cation 
strategies to improve device longevity and performance.  

  Key words:   Lab-on-a-chip ,  Micro total analysis systems ,  Biocompatibility ,  Antifouling surfaces , 
 Protein absorption ,  Cell adherence    

 

 The advancement of microfabrication technology has driven the 
growth of micro fl uidic systems, adding to the arsenal of micro total 
analysis systems ( μ TAS) used in analytical chemistry, genomics, tis-
sue engineering, and related disciplines  (  1  ) . Microfabricated cell 
sorters  (  2  ) , cell-based assays  (  3  ) , blood type analysis  (  4  ) , puri fi cation 
and analysis, and DNA  (  5  )  and protein  (  6,   7  )  separations have 
bene fi ted from such systems. Micro fl uidic devices are attractive for 
biological applications due to their versatility, including the ability to 
control the physical and chemical characteristics at the micro- (and 
submicro-) meter scale. Miniaturization of bioassays is advantageous 

  1.  Overview of Lab 
on a Chip Devices
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with regard to reduction in reagent consumption and therefore 
cost, and in the ability to parallel-process samples. This is particu-
larly important when considering high-throughput screening 
strategies, such as drug discovery or medical diagnostics. 

 Lab-on-a-chip systems offer considerable advantages over 
current medical diagnostic methodologies, such as the ability to 
incorporate separation and sorting of analytes on chip immediately 
prior to analysis. Patients can bene fi t from these devices due to 
their ease of use; for example, in making multiple analyte screening 
possible, either in a clinical environment or in the development of 
home test kits. Healthcare services would bene fi t as a result of lower 
costs associated with simultaneous sampling and lower staf fi ng 
costs per sample due to ease of use. High-throughput screening, 
made possible by such assay technology, may also give rise to 
earlier diagnosis of illness, impacting on treatment costs and also 
leading to better patient care. Development of this technology is, 
therefore, both consumer and industry driven, although there are 
obstacles to be overcome before these devices emerge from the 
research labs into common use within healthcare  (  8  ) . 

 The commercialization of any medical technology is problem-
atic, due to the nature of the products, but the further develop-
ment of micro fl uidic systems is also hindered by speci fi c dif fi culties, 
including the necessity for interaction between the developer and 
end-users throughout the development process of the device 
(e.g., lab-on-a-chip and diagnostic assay), a lack of standardization 
of development and fabrication technologies, and a lack of stan-
dardization of the materials used for assays. 

 Advances in diagnostic capability presented by micro fl uidic 
systems are well documented and have not gone unnoticed in the 
medical arena. Biopharma companies have been investigating the 
development of micro fl uidic assays for some years, not least of 
which is one of the basic, but well-known, lateral  fl ow “dip-stick” 
tests for early term pregnancy. However, more complex systems 
require much more advanced input in terms of the selection and 
development of the assay and materials used for the “lab-on-a-chip” 
design. Lab-on-a-chip devices have signi fi cantly higher surface 
area-to-volume ratios compared with their macroscopic counter-
parts, resulting from the miniaturization of  fl ow channels. This 
gives rise to increased dif fi culties of surface interaction, both of the 
liquid and of any analytes of interest. These devices are therefore, 
heavily reliant on surface characteristics, such as wettability, chemi-
cal functionality, charge, topography, and stiffness. 

 Biocompatibility issues within micro fl uidic devices can be of 
the utmost importance when dealing with protein-, platelet-, or 
cell-based samples, such as blood or cells being cultured within the 
con fi nes of a device. A variety of surface coatings have been inves-
tigated in order to better control the environment presented within 
micro fl uidic devices. Oxygen plasma treatment to oxidize the 
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surface, silylation, polymer grafting, plasma polymerized coatings, 
and preadsorption of proteins are just some of the methods inves-
tigated to reduce device variability. Here, we discuss various 
approaches to obtain improved surface characteristics for 
biomicro fl uidic applications, with particular attention towards bio-
medical diagnostic systems.  

 

 Micro fl uidic devices range in complexity from those based on lateral 
 fl ow with the sample being wicked across the surface using a paper- 
or silica-based material, to those with multiple input/output  fl ows 
for more complex applications. Both require careful consideration 
of the material used to account for any interaction with the sample. 
Most commonly, glass and silicon formed the base for early  μ TAS  (  9  )  
although advances in molding methodologies have led to the use 
of elastomers for multifaceted devices, with poly(dimethylsiloxane) 
(PDMS) now widely used. 

 Complex micro fl uidic systems can be dif fi cult to fabricate, 
due to the size of the channels and reproducibility of the devices 
being produced. A common method is to use photolithography to 
pattern a metallized masking layer onto a glass substrate, which is 
then etched to form the channels. Such lithographic processing 
can be extremely reproducible, as the pattern is transferred from a 
master template, the depth of channels being controlled by the 
etching parameters. However, lithographic equipment can often 
be expensive and dif fi cult to use. If, for example, glass is used as a 
base, hydro fl uoric acid is required as the etchant making facilities 
and safety procedures expensive. Simple milling of materials has 
been used for the fabrication of microchannels, which is a relatively 
inexpensive method although largely limits the substrate material 
to polymers. The resolution of the patterned channels is restricted 
by the tool size and so miniaturization of the  fl uidic components 
is dif fi cult  (  10,   11  ) . Photolithography offers the ability to produce 
devices with (sub)micron features, utilizing light-sensitive poly-
mers that cross-link or degrade on the action of UV light. One 
such epoxy-based polymer, commonly used for microfabrication, is 
SU-8, providing biocompatibility  (  12  )  mechanical stability and 
chemical inertness  (  13  )  against most biological substances. SU-8 
facilitates low-cost batch processing and is suitable to form smooth, 
high aspect ratio channels in a range of dimensions, allowing 
micro- and nano- fl uidics. The possibility of integrating functional 
components (e.g., electrodes, waveguides) in intermediate layers, 
and low temperature bonding capability, make SU-8 a suitable 
material for the manufacture of micro fl uidic devices. 

  2.  Fabrication 
of Micro fl uidic 
Devices
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 In many ways, glass is an optimal material for micro fl uidic 
devices being extremely chemically robust, corrosion resistant, and 
non-swelling and is compatible with a wide range of chemicals, 
including organic solvents. Glass devices are more resistant to 
pressure and heat than polymer devices; however, as previously 
mentioned, they are dif fi cult and costly to fabricate. Nonetheless, 
for the advantages outlined above they are likely to remain impor-
tant for the foreseeable future. Polymeric devices are, however, 
much more rapidly produced, being cast over a predetermined 
inverted-master. Here the patterning, width, and depth of the 
channels are all copied from the master in a single step, making the 
process very simple and devices extremely reproducible. PDMS 
devices can be easily, rapidly, and inexpensively fabricated with 
superb resolution (Fig.  1a ). The only major cost is the production 
of the original master, which is usually performed using standard 
lithographic processing  (  10,   11  ) . PDMS can be used to either pro-
duce a complete device or, more simply, as open channels to be 
sealed against another material, often silicon or glass. PDMS is 
considered to have many favorable properties offering optical 
transparency, good  fl exibility, and elasticity (useful in terms of valve 
incorporation) and allows some of the highest copying resolutions. 
Whilst glass and silicon are inherently hydrophilic, PDMS is hydro-
phobic, which can steer the adsorption and accumulation of pro-
teinaceous material onto the surface affecting the ability of the 
device to function properly, especially if the device is to be used for 
blood or cell sampling. PDMS also suffers from numerous problems 

  Fig. 1.    Micro fl uidic devices fabricated from ( a ) PDMS  (  18  )  ( b ) silicon  (  20  )  and ( c ) glass  (  19  ) . Reproduced with permission 
from Royal Society of Chemistry, 2002, 2003, and 2005.       
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hindering its use in commercial device fabrication. Changes in 
mechanical properties can be observed as a result of aging or 
variability in curing parameters  (  14  ) , and  fl ow channels have been 
found to be unstable at high pressures, leading to inconsistent 
delivery of reagent volumes and  fl ow rates. Cured PDMS also 
remains permeable to liquids and gases, which limits control and 
can interfere with reactions in the channels. Small molecules can 
diffuse into PDMS walls, fouling channel surfaces and altering 
device behavior  (  15  ) . Organic solvents, such as toluene and chlo-
roform, are necessary for many applications including the forma-
tion of vesicles and the syntheses of drugs. However, these chemicals 
swell PDMS, collapsing micro fl uidic channels and signi fi cantly 
degrading device performance  (  16,   17  ) . The poor chemical com-
patibility of PDMS is, therefore, a major challenge that limits its 
applicability to lab-on-a-chip micro fl uidics  (  17  ) .  

 Glass offers robustness, although micro fl uidic devices fabri-
cated from glasses or ceramics can be dif fi cult to seal and are often 
bonded using a form of welding. Adhesives can be used, but are 
prone to dissolution or swelling in organic solvents and have 
limited pressure resistance, limiting their applicability. The design 
of micro fl uidic devices, therefore, centers on the materials chosen 
for their production, with appropriate bulk material and coatings/
surface modi fi cation impacting on device functionality and practi-
cality. Whereas silica glass, silicon, and PDMS have been predomi-
nantly used for  μ TAS systems to date (Fig.  1 )  (  18–  20  ) , other bulk 
materials are being investigated to arm the “designer” with a range 
of tools from which advanced devices may be fabricated. One of 
the main areas of interest in this  fi eld, however, is the investigation 
of surface modi fi cation strategies.  

 

 Despite the variety of potential applications, a major impediment 
to the evolution of micro fl uidic devices into mainstream techno-
logical use has been the limited materials available, restricting both 
the nature of structures that can be realized and their applications. 
Modi fi cation of a material surface allows the chemical and mechan-
ical properties of the bulk to be unchanged whilst other properties 
can be presented at the surface. This can be achieved either by 
altering the bulk material itself within a small depth below the sur-
face, or by the addition of a coating covering the underlying bulk 
material. For micro fl uidic applications, surface modi fi cation to 
alter the wettability of the material can be used to minimize  fl uid 
pressures. Water is a common solvent used in micro fl uidic applica-
tions, particularly those handling biological samples and therefore, 
hydrophilic surfaces are mostly required. A problem arising in these 

  3.  General 
Considerations 
for Surface 
Modi fi cation



246 N.J. Shirtcliffe et al.

cases is the ability of the surfaces to become fouled by species 
adsorbing from the sample, such as proteins or blood platelets. For 
lab-on-a-chip applications involving live cells the surface properties 
are again of major importance. In both these situations, the term 
“biocompatibility” can be used to describe desired surface proper-
ties in relation to an interaction with biological species. In the case 
of protein fouling the adsorption of species can cause a blockage 
within the microchannels and therefore restrict the  fl ow and/or 
increase  fl uid pressure. Protein adsorption is however (mostly) a 
prerequisite for cell adhesion; hence the term biocompatibility 
often being used here is to describe the ability of the surface to 
allow cells to adhere. 

 Wettability is a very general term used to describe the interaction 
of a liquid on a solid, being underpinned by many physicochemical 
properties. Many of these characteristics can be in fl uenced by surface 
modi fi cation including surface charge, chemical functionality, chemi-
cal composition, degradability, topography, and electrical/thermal 
conductivity. A very common method of bio-functionalization is to 
coat a surface with amine-containing units, either by the use of poly-
mers, wherein the functionality is randomly distributed, or via ordered 
self-assembled monolayer formation. This presents a suitable attach-
ment for a variety of biological molecules. Chen et al. used APTES 
(3-aminopropyltriethylsilane) to form self-assembled monolayers 
(SAMs) of alkane chains, presenting amines away from the surface 
 (  21  ) . Amines are commonly used as a biologically relevant functional-
ity within microchannels, which can be further modi fi ed by attach-
ment of antibodies through an amide bond. 

 Surfaces for the selective recognition of proteins may also be 
formed by making use of biotin–avidin interactions  (  22  ) . Linking 
chains attaching the head group to the surface can also infer desir-
able characteristics, such as incorporating ethylene glycol units to 
prevent nonspeci fi c protein binding (Fig.  2 ). Diluent molecules can 
also be used to space out speci fi c functionalities on the surface, 
reducing the density of active head groups presented. These types of 
surface in lab-on-a-chip devices allow the direction of very speci fi c 
bio-af fi nity between the surface antibody and an antigen being 
delivered in the solution, forming the basis of many sensor or assay 
recognition elements. Other functionalities commonly presented 
using SAMs include, carboxyl, hydroxyl and alkanes, allowing a 
range of surface wettabilities and charges to be formed. SAM coat-
ings are attractive for microfabricated structures because of their 
facile formation and nanometre scale thickness. However, the per-
meation of ions and other small molecules into the substrate is 
dif fi cult to inhibit because of inherent defects and the chemical insta-
bilities associated with monolayer  fi lms. This can lead to material 
fouling and degradation as well as a limited shelf life  (  23,   24  ) .  

 Polymer coatings are normally at least an order of magnitude 
thicker than SAMs and can inhibit the permeation of smaller species. 
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The application of polymers into micro fl uidic structures as thin 
 fi lms and the resultant biocompatibility of these surfaces are areas 
of interest that are still being addressed  (  25  ) . PDMS has many 
desirable qualities, in terms of micro fl uidic device fabrication and 
also offers excellent biocompatibility. PDMS normally forms the 
basis of the micro fl uidic device by casting around a suitable tem-
plate and using a cross-linker to harden the material. PDMS can 
also be spin-coated as an additional coating onto a substrate to 
form a conformal, pin-hole free layer. Biopolymers such as collagen, 
chitosan, and silk are promising candidates for coating micro fl uidic 
devices, because they can be doped with bioreactive reagents that 
would otherwise not survive the harsh processing environments 
used in other microfabrication processes  (  26  ) . These polymers are 
also inherently biocompatible, allowing biological interaction with-
out any adverse effects as they are derived from biological systems. 
However, much work in terms of material characterization and 
quality control is required in order to be able to use these in large 
quantities. Therefore, these materials have been mostly limited to 
research, rather than commercial  μ TAS. 

 Forming a coating within preformed channels is often dif fi cult 
and depends on the method used to seal the device. Lee et al. dem-
onstrated excellent separation ef fi ciencies of amino acids (Fig.  3 ), 
proteins and peptides in devices prepared via in-channel atom 
transfer radical polymerization (ATRP)  (  27  ) . Here the channels 
were formed from a poly(glycidyl methacrylate)-co-(methyl meth-
acrylate) (PGMAMMA) allowing an atom transfer radical polym-
erization (ATRP) initiator to be attached to the surface and 
subsequent poly(ethylene glycol) (PEG) modi fi cation.  

 SU-8 is a commonly utilized material for micro fl uidic fabrica-
tion, although it is often considered to be dif fi cult to chemically 

  Fig. 2.    Formation of a mixed SAM ( step I  ) and the subsequent site-speci fi c covalent immobilization of biotinthiol ( step II  ). 
Adapted from Thompson et al.  (  22  )  .  Reproduced with permission from The Royal Society of Chemistry 2010.       
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modify. It has been shown that, depending on the manufacturing 
process, excess epoxy groups on the surface of SU8 can be changed 
to hydroxyl groups by treatment with strong acids  (  28  ) . These 
hydroxyl groups can then be used for covalent binding of suitable 
molecules (e.g., 3-aminopropyltrimethoxysilane), allowing further 
functionalization with biomolecules, as described earlier. 

 PDMS devices are very dif fi cult to functionalize, which 
signi fi cantly limits many applications  (  29  ) . Attempts have been 
made to increase the utility of PDMS by modifying its surface 
properties, although some strategies lead only to temporary sur-
face modi fi cations  (  30,   31  ) . For example, the diffusion of small 
molecules can be reduced by infusing PDMS surfaces with metal-
oxide precursors  (  15  )  and swelling by organic solvents can be 
retarded by coating PDMS with poly(urethaneacrylate)  (  32  ) . 
PDMS can be grafted onto by oxidizing its surface to form silica 
(usually using plasma process) and then using silane coupling 
agents. The major drawback of this is that the soft polymer tends 
to re-order over time and surface groups can migrate below the 
surface, depending on the storage conditions. 

 In many biochemical applications, proteins or enzymes are 
used as reactants or catalysts. In micro fl uidic environments, these 
species can adsorb onto the channel walls reducing reaction 
ef fi ciency. One strategy to avoid this is to pre-coat the surface with 
proteins, blocking binding sites in order to hinder further adsorp-
tion. Modi fi cation to present an anti-fouling surface is another 
method used and various coatings having been investigated with 
varying degrees of success. In digital micro fl uidics, where reagents 

  Fig. 3.    Capillary electrophoresis separation of FITC-labeled amino acids in a PGMAMMA 
modi fi ed microTAS. Peak identi fi cations: (1) aspartic acid, (2) glutamic acid, (3) glycine, 
(4) asparagine, (5) phenylalanine, and (6) FITC  (  27  ) . Reproduced with permission from 
Wiley-VCH Verlag GmbH & Co, 2008.       
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are held in separate droplets resting on a surface and are brought 
together to initiate reactions, the interface must be functionalized to 
control wettability. Droplets must not spread much on the surface 
in order to ensure that the drops stay mobile on the surface. 
In other applications, the channel properties must be controlled 
spatially so that different regions of the device have different prop-
erties. This is particularly important for  μ TAS where sequential 
reactions or separations take place. 

 Plasma treatment to oxidize or deposit thin polymer  fi lms onto 
the surface can be used to provide varying modi fi cations. Typically, 
an electric  fi eld will be used to generate ions and excited neutral 
species in a gas mixture. The ions have relatively high energy so can 
etch or react with otherwise un-reactive surfaces. In many cases air 
is used as the plasma gas, grafting oxygen and nitrogen into poly-
mer surfaces and oxidatively etching it. The end effect of air plasma 
treatment is a roughening of the surface and an increase in surface 
energy. These combined effects are very effective at generating 
biologically compatible surfaces and have been used for modifying 
polymer surfaces for some time  (  33  ) . Additionally, plasma treat-
ment is also suitable for pretreating polymers to accept other coat-
ings. This method is often used in industry to produce tissue 
culture plastics. The polystyrene is treated in air plasma, oxidizing 
the surface and rendering it more wettable. Further treatment with 
adhesive molecules such as collagen, produce surfaces very com-
patible for cell culture. 

 For micro fl uidic devices, open channel structures are often 
treated in a plasma chamber, prior to device assembly; the gas feed 
and/or monomer is chosen depending on the type of surface 
required. Oxygen plasma (or UV irradiation in air) causes oxidation 
of surface species, giving rise to hydrophilic surfaces and it is often 
used for removing organic contaminants. PDMS is relatively hydro-
phobic and can be rendered hydrophilic by exposure to oxygen 
plasma or superhydrophobic by roughening using a CO 2  laser  (  31, 
  34  ) . Atmospheric pressure plasmas formed by dielectric barrier dis-
charge across a sealed channel can be used to modify the inner 
surface of devices after they are closed. This is a rapidly expanding 
area described in some depth in a review by Thomas et al.  (  35  )  
Many methods of device bonding for enclosing microchannels, 
require the two surfaces of the device to be incredibly clean and 
plasma treatment is the most common method for achieving this. 
Plasmas can also be used to modify surfaces with speci fi c function-
alities, by incorporating additional species into the gas phase. Being 
excited in the plasma, these species can react with each other form-
ing the monomer units of a deposited polymer. For instance, 
plasma polymerized allylamine is often used to present amines on 
surfaces  (  36  ) . 

 Chemical modi fi cation can typically be carried out either prior 
to or after complete assembly of a complex micro fl uidic device. 
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In the latter case, channels can be  fi lled with the reactant species 
allowing modi fi cation of all the channel walls. For glass micro fl uidics 
silanes are often the modi fi cation of choice, due to their versatility 
and ease of use. Silanes can be used to form SAMs, covalently 
attaching to the substrate via a siloxane bond, whilst presenting 
their terminal chemistry away from the surface. Although very 
reproducible and cost effective, this method has limitations based 
on the construction of the device. 

 Silanes will only form SAMs on substrates with suf fi cient free 
hydroxyl groups, such as silica or some ceramics, so micro fl uidic 
base substrates must be of a suitable material. SAMs can also be 
formed using thiols, which assemble on metallized surfaces. Gold 
is commonly used as the metal layer, deposited onto substrates by 
thermal evaporation or sputtering. Thiols, similar to silanes, have 
limited applications due to the use of solvents and the metallized 
portion of the surface becoming opaque due to the metal layer. 
Gold layers can, however, be coated onto any material, whereas 
silanes are limited to hydroxyl-functionalized surfaces, such as 
those presented by glass. This also allows regions to be locally 
treated by patterning the metal on the micro fl uidic device. In this 
way, surface functionality can be used to alter processes in the  fl uid 
through selective adsorption, entrapment, release of pre-attached 
reactants, etc., as the  fl ow progresses along the channel. 

 In order to generate advanced, functional lab-on-a-chip sys-
tems for biological and chemical applications, devices must be fully 
integrated. Such complex devices are usually composed of many 
interconnected components with coupled supporting structures. 
One approach, used to reduce the complexity of these devices, is to 
take advantage of the material properties of hydrogels. Hydrogels 
translate stimuli from the aqueous environment into mechanical 
responses (swelling and contraction). They can act as sensors and 
actuators at the same time and are driven by molecular processes. 
The use of hydrogels for biomimetic micro fl uidic applications has 
led to self-regulating valves, micro-lens arrays, and drug release 
systems. However, a challenge remains due to the slow response 
time to the environmental stimuli, which is in the order of hours. 
Matrigel™ is one such hydrogel commonly being used to support 
cell growth in vitro, although its brittle nature does not allow it to 
be used as a device material and therefore it can only be used as a 
coating or gel within a micro fl uidic chamber  (  37  ) . Biomaterials that 
are used to provide the structure of a  μ TAS must ful fi ll a range of 
requirements. The material should allow microfabrication of chan-
nels and, where necessary, sealing the channels with different mate-
rials, they should allow good  fl uid  fl ow without degradation or 
contamination, and permit diffusion of large and small molecules 
 (  38  ) . Calcium alginate hydrogel (4% w/v) is important because it 
ful fi lls the above criteria. It also has low cytotoxicity, biodegradability, 
the ability to be molded under mild conditions and mechanical sta-
bility at low solid fractions  (  39  ) .  
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 The accumulation of biomatter on surfaces, or “biofouling,” is a 
major problem in many applications, not least in bioreactor or med-
ical technologies. Flow systems are particularly vulnerable due to 
surface contamination causing heterogeneities in the  fl ow pro fi le. 
This is important in micro fl uidics where the surface area-to-volume 
ratio is very high. One commercially important example of this is a 
biocavity laser instrument, which is used to rapidly screen cells for 
disease. Based on a micro fl uidic structure, the operation of this 
device is severely hindered by the adhesion of cells or accumulation 
of protein within and surrounding the microchannels  (  40  ) . Various 
coating strategies have been developed over the years to attenuate 
protein and cell adhesion, each having their own particular strengths 
and weaknesses. Protein adsorption occurs almost immediately on 
contact between a material and a protein-containing solution. This 
is driven by removal of water from hydrophobic protein regions or 
localized electrostatic interaction. This is even more thermodynam-
ically favorable when the surface is also hydrophobic. The interac-
tion of platelets, cells, and single cell organisms with surfaces is 
mediated by this pre-adsorbed proteinacious layer  (  41  ) . Most cell 
types must adhere to surfaces in order to proliferate, although some 
cell adhesion is driven by other processes, such as foreign body 
response where tissue encapsulation ultimately results in the foreign 
materials being ejected from the biological system. The develop-
ment of advanced biomaterials and surface coatings is a major part 
of regenerative medicine and tissue engineering, with the under-
standing and control of biological-material surface interactions 
being central to the progression of these  fi elds. 

 Micro fl uidic silica structures can be modi fi ed using silanes to 
prevent biofouling, as demonstrated by Sasaki et al., using alkane 
and poly(ethylene oxide) SAMs to compare hydrophobic and 
hydrophilic anti-fouling abilities  (  42  ) . Surface adhesion studies on 
neuronal cells showed that hydrophilic surfaces were more resistant 
to protein adsorption and therefore, cell adhesion, with hydropho-
bic surfaces promoting fouling. Hydrophobic interaction is under-
stood to drive protein adsorption, although this study shows 
time-dependent behavior exhibited by the surface, with hydro-
philic surfaces becoming more able to sustain cell attachment over 
time, compared to hydrophobic surfaces. This may result from 
orientational, conformational, and/or compositional changes of 
the adsorbed protein layer on the surface  (  43  ) . 

 Monolayer silane coatings are thermally and chemically stable 
 (  44  ) , forming via reaction with surface hydroxyl groups and also to 
neighboring attached silanes  (  45  ) . Silanes are often used in surface 
modi fi cation for this reason, as well as for their commercial avail-
ability and variety that allows further chemical linkages to them. 
PEG is well known for its antifouling capabilities. This is thought 

  4.  Antifouling 
Surfaces
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to be due, in part, to its hydrophilicity and also because of the very 
high water content residing between PEG chains, which allows 
reversible binding of protein molecules  (  46  ) . There have been several 
attempts to modify surfaces, including silicon and PDMS, with 
PEG. These modi fi cations include passive adsorption  (  47  )  and 
chemical vapor deposition (CVD)  (  48,   49  ) . These efforts have 
proved problematic, due to their fabrication complexity or poor 
long-term stability; for example, some PEG coatings may eventu-
ally be removed from microchannel surfaces by rinsing  (  50  ) . PEG-
SAMs can be formed via reaction with surface hydroxyl groups, 
which are abundant on silica materials but less so on polymeric 
surfaces  (  42,   51  ) . For this reason, pretreatment with strong acids, 
oxygen plasma, or ozone is required prior to SAM attachment. Sui 
et al. used one such method wherein piranha etch solution (H 2 O 2 /
H 2 SO 4 ) was  fl ushed through a micro fl uidic channel to oxidize the 
PDMS, and PEG-silane then used to form an antifouling surface 
 (  30  ) . Chemical grafting of PEG onto silicon or PDMS has also 
been attempted, which provided a better quality  fi nal coating, hav-
ing superior mechanical and chemical robustness  (  5  ) . However, 
this method required complex processing steps in order to achieve 
high-quality modi fi cation, and the organic solvents required could 
also swell the PDMS device. Kim et al. have recently fabricated a 
microchannel comprised entirely of PEG by cross-linking it through 
exposure to UV radiation  (  52  ) . Their device was successful in 
resisting protein fouling and subsequent cell adhesion (Fig.  4 ), 

  Fig. 4.    Comparison of ( a ) BSA, FN, and IgG adsorption and ( b ) NIH-3T3  fi broblasts adhesion onto PDMS/glass, PDMS/PEG-
coated glass and PEG channels/unmodi fi ed glass microchannels. ( c ) Optical micrographs of NIH-3T3  fi broblasts in micro-
channels  (  52  ) . Reproduced with permission from The Royal Society of Chemistry, 2006.       
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  Fig. 5.    ( a ) Schematic showing Cassie-Baxter superhydrophobicity and the critical dimension of feature size. Electron 
micrographs of ( b ) and ( c ) show silica sol–gel materials and ( d ) copper oxide nano-pillars  (  54  ) . Reproduced with permission 
from The Royal Society of Chemistry, 2008.       

with approximately 5% of protein and 2% of cell adhesion, as 
compared to unmodi fi ed PDMS microchannels.  

 Hydrophobic surfaces strongly promote protein adsorption. 
However, by roughening such a hydrophobic material, a highly 
non-wettable or “superhydrophobic” surface can be formed. These 
coatings have been shown to have excellent anti-fouling behavior, 
under  fl ow conditions. Superhydrophobic surfaces are extremely 
rough and hydrophobic; water cannot penetrate into the rough-
ness and so becomes suspended, bridging the topographic peaks in 
what is known as a Cassie-Baxter wetting state  (  53  ) . The liquid-
volume contact area is reduced compared to that of a  fl at surface. 
Therefore, the surface area available for protein adsorption is also 
lower. Shirtcliffe et al. coated the base of a micro fl uidic channel 
with different types of superhydrophobic surface to investigate the 
effects of surface chemistry and roughness feature size on protein 
adsorption (Fig.  5 )  (  54  ) . Micro-roughness of different sizes was 
produced via sol–gel casting to form porous organo-silica coatings 
and copper nano-hairs were used to produce much smaller features. 
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All coatings were chemically modi fi ed to present either hydrocarbon 
or more hydrophobic  fl uorocarbon surfaces. Smaller  fl uorocarbon 
features were found best at resisting protein adsorption under static 
conditions. Furthermore, under  fl ow conditions, almost no protein 
was found remaining on these surfaces.   

 

 Many biotechnological devices could bene fi t if effective control 
over molecular and cellular interactions at material surfaces could be 
achieved. Major goals include the control over surface adsorption 
of biomolecules, such as DNA and proteins, and also the control 
over subsequent interfacial interactions between materials and 
cellular entities, such as mammalian cells and bacteria  (  55,   56  ) . 
Proteins adsorbed onto synthetic material surfaces are of particular 
interest as cell attachment to them activates various cell-signaling 
pathways and cell functions. Changes in morphology, proliferation, 
and phenotypic changes have been shown to be linked to the 
concentration, composition, and conformation of protein molecules 
in an adsorbed protein layer at the material interface  (  57,   58  ) . 
Protein molecules adsorb reversibly to surfaces, establishing 
equilibrium between the adsorbed and desorbed state. Once 
adsorbed however, structural changes can occur within the protein 
maximizing interaction with the surface, and therefore desorption 
is usually less favored  (  58  ) . Adsorption of proteins at interfaces is 
undesirable in many cases, as it can lead to biofouling (as discussed 
earlier), thrombosis, reduced dynamic range of biosensors and 
other adverse events  (  59  ) . Cell-adhesive proteins are, however, 
essential for cell and tissue colonization of material surfaces. 

 Over the past decade there has been considerable progress in the 
design of materials and interfaces that can be described as having 
both adsorbent and adsorption resistant properties. This has been 
driven by a number of applications where it may be desirable to 
attract a protein, cell, or DNA layer temporarily, followed by release 
from the surface at a speci fi c time  (  60,   61  ) . Such control over 
bio-interfacial interactions requires material surfaces that can be 
switched between protein adsorbing and protein-repellent states. 
Advances in the control of protein adsorption and desorption at 
synthetic interfaces are expected to bene fi t many applications 
including diagnostic microarrays, biomaterials and regenerative 
medicine, biosensors  (  59  ) , chromatography  (  62  ) , and drug deliv-
ery. A wide range of stimuli that may be applied to switchable sys-
tems are available. Of these triggers, light-  (  63  ) , temperature-  (  64  ) , 
pH-  (  65  ) , ionic strength-, and electric  fi eld-  (  66  )  based methods 
are the most common. Other triggers include solvents, pressure, 
ultrasound  (  67  ) , and magnetic  fi elds  (  68  ) . 

  5.  Protein 
Adsorption and 
Cell Adhesion
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 Thermoresponsive surfaces have been investigated for the 
growth and controlled release of cells. An example of this is the use 
of thermo-responsive poly( n -isopropylacrylamide) (PNIPAM), 
which alters from being hydrophilic to hydrophobic on collapse of 
its structure. PNIPAM is soluble in water at room temperature, 
presenting a hydrophilic surface onto which protein molecules can 
adsorb. Above approximately 35°C the polymer becomes insoluble 
and hydrophobic, contracting and repelling water from within its 
network. Bunker et al. demonstrated the use of this switchable 
characteristic for the controlled adsorption and release of proteins 
from solution in a micro fl uidic platform (Fig.  6 )  (  62  ) . The col-
lapsed state of the polymer provides similar surface properties as 
tissue culture plastic, allowing adsorption of serum proteins and 
subsequent cell attachment and spreading required for the prolif-
eration of cells. A reduction in the temperature causes the PNIPAM 
to change con fi guration, becoming more hydrophillic, absorbing 
water and releasing living cells  (  69,   70  ) . The incorporation of such 
coatings into micro fl uidic systems will allow for cell culture and 
passage without the need for lengthy cell culture techniques, which 
use enzymes to release cells from the surface.  

 Switchable surfaces used for cellular release are restricted to a 
range of conditions that do not harm or cause adverse effects to 
the cells in culture. However, pH, ionic strength, and temperature 
may be less restrictive for other applications, such as bio-diagnostics 
where cells do not necessarily need to be viable. The pH of an 
aqueous solution affects the properties of many surfaces, due to 
protonation/deprotonation of ionizable groups and the conse-
quent interactions between these charged surface groups, ions, and 
biomolecules  (  71,   72  ) . The main dif fi culty faced by the use of 
solution-based switching mechanisms is that the solution environment 
must be changed in order to elicit a response. As the volumes used 
in micro fl uidic systems are low and channels are sealed with inlet/
outlets along their length, this commonly means that the solvent 

  Fig. 6.    ( a ) Photograph of micro fl uidic device with a central 200  μ m-wide hot plate zone ( b ) Fluorescein-labeled myoglobin 
interacting with a single heated line. Image obtained on heating a line above the PNIPAM transition temperature after exposure 
to a 0.5 mg/mL myoglobin solution and rinse ( left ). Images were obtained 0.8 and 1.2 s after the heating stopped ( center  and 
 right )  (  62  ) . Reproduced with permission from American Association for the Advancement of Science (AAAS), 2003.       
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used must be exchanged by  fl ushing with another solvent. This makes 
it a more complicated approach, compared to remote switching 
modalities such as light (and heat), where changes can be imposed 
rapidly and even locally. The use of light to study and control 
chemical and biological systems is a well-established area of 
research. Photosensitive molecules, such as photo-cleavable pro-
tecting groups, have been applied extensively to conventional and 
solid phase synthesis. Although less common in biochip and bio-
medical devices, photo-isomerization has received some attention. 
In one study, cell adhesive RGD peptides were attached to the 
azobenzene derivative and their availability to sustain cell culture 
was controlled via photo-switching  (  73  ) .  

 

 Capillary electrophoresis (CE) is a powerful technique for the sep-
aration of similar ions or even neutral species in solution and so is 
well suited for on-chip separation of analytes, such as blood compo-
nents, RNA, DNA, proteins, etc. The separation ef fi ciency is better 
than that of high performance liquid chromatography (HPLC) 
because the mechanism of movement reduces band broadening, 
which is often the ultimate limitation of chromatographic methods. 
As the  fl ow driver is an electric  fi eld this technique is ideal for 
adaptation to micro fl uidics, being useful in terms of on-chip rapid 
separation of species. Commercial CE systems using micro fl uidic 
chips are common and are the main route to market of this technol-
ogy because  fl uid handling is simpli fi ed in  μ TAS and the path length 
and detection windows can be prepared reproducibly. 

 The method involves the analyte being injected into a capillary 
 fi lled with buffer solution and a high D.C. voltage being applied 
along it (Fig.  7 ). Ions are affected by the  fi eld gradient and tend to 

  6.  On-Chip 
Electroosmosis

  Fig. 7.    A schematic of capillary electroosmosis.       
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move towards one of the electrodes. The strength of this effect 
depends upon the size of the ions and their charge, with separation 
depending on the ion  fl ow rate. Neutral species are obviously not 
affected directly by the  fi eld. The whole of the solution moves 
towards one of the electrodes (and hence the detector) by elec-
troosmosis. The microchannel walls are treated to present a de fi ned 
charge, generating a double layer of accumulated oppositely 
charged ions at the surface (Fig.  8 ). Part of this double layer (called 
the mobile layer) can move in the  fi eld, which drags the layer of 
liquid close to the surface with them via shear forces. This gener-
ates a net bulk  fl ow in the microchannel because of the fact that the 
charge density of the mobile layer is much higher than the oppo-
sitely charged species within the center of the capillary.   

 In most cases the microchannels are functionalized to present 
a negative charge, giving rise to bulk  fl ow towards the negative 
electrode as the ion layer is positively charged and ions then 
arrive at the detector in the order, positive, neutral then negative. 
The negative ions are swept along in the bulk  fl ow but are retarded 
by their tendency to move towards the positive electrode. 
Electroosmotic  fl ow has a much  fl atter pro fi le than pressure driven 
 fl ow because the driving force is near the surface and all along the 
microchannel, instead of in the center and only at one end. The  fl at 
 fl ow pro fi le affects the spread of residence times and therefore 
in fl uences the separation of species, giving rise to sharp peak shapes. 
Neutral species show poor separation as they are effectively swept 
along with the bulk  fl ow at the same rate. To improve their separa-
tion, micelles of a surfactant such as sodium dodecyl sulfate (SDS), 
can be added to the solution to generate charged micelles over 
which partitioning of the target analytes can occur leading to sepa-
ration much like in other types of liquid chromatography. Here, a 
greater band broadening of neutral species would be expected than 

  Fig. 8.    Schematic of electric double layer and electroosmotic  fl ow conditions. The electrical potential imposed on the liquid 
is denoted as   f  .       
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for ions, but the  fl at  fl ow pro fi le across the capillary still improves 
separation and chromatographic peak shape. 

 Electroosmosis requires the surface of the capillary to have a 
reproducible charge density. This can be achieved on glass by using 
a strong base to generate extra hydroxyl groups that take on a 
negative charge at most pH values. Negatively charged glass has 
been used for some time, but causes certain limitations. In order to 
suppress binding of proteins or nucleotides to the surface, a very 
high pH is necessary so that both the surface and the analytes have 
the same charge. Whilst this prevents adsorption it limits the mate-
rials that can be used for the rest of the device and prevents the use 
of silane coupling agents, which are removed by hydrolysis at high 
pH. As electroosmosis was  fi rst developed in silica capillaries, many 
of the methods are not optimized for use in micro fl uidic systems 
although considerable development is currently underway  (  74  ) . 
To improve or vary the technique the surface of the channel can be 
modi fi ed in a more targeted fashion. Many methods of coating are 
possible, with varied advantages and disadvantages. Polymers can 
be deposited, although the degree of hydrophobicity must be con-
trolled because the target analytes are usually biomolecules and 
would show nonspeci fi c adsorption. Different polymers allow the 
charge sign and density to be varied, but often have to be re-applied 
after sometime, due to contamination, degradation and/or removal 
from the surface. Epoxy coatings are amphiphilic, so can be 
switched from positive through zero to negative by varying solu-
tion pH and will have the same charge as typical amphiphilic pro-
teins. Usually a small residual electroosmotic effect is desired so 
that all species travel towards the detector, even when surface 
charge is deliberately reduced to improve separation of charged 
species. Early measurements used PTFE (Te fl on®) capillaries or 
coatings, but these are limited by hydrophobic adsorption of pro-
teins  (  75  ) . Fragile layers of surfactant molecules can be used as 
dynamic coatings, where the monomer is present in the buffer to 
form a dynamic equilibrium at the walls. This is very successful, 
but usually requires conditioning of the surfaces after each run 
for relatively long periods (a measurement typically takes a few 
minutes, whilst conditioning takes of the order of an hour). An 
intermediate between these ephemeral coatings and permanent 
ones are layer by layer coatings. This technique, developed by 
Decher, among others, involves the sequential deposition of neg-
ative and positive polyelectrolytes, reversing surface charge at 
each step and building up to a threshold value  (  76–  78  ) . 
Commercial products are available, terminating with a negative or 
positive surface and allow repair of the surface after each measure-
ment cycle. These are complex enough that they can be marketed 
and are very reliable.  
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 Enzyme-linked immunosorbent assays (ELISA) and related 
techniques are commonplace within medical diagnostics for the 
qualitative and quantitative measurement of protein or nucleic acid 
fragments, forming the backbone of current hospital pathology 
practice. Brie fl y, antibodies speci fi c to the target analyte of interest 
are bound to the surfaces within multiwell plates. The sample, 
which can be derived from bodily  fl uids such as blood or urine, is 
then incubated allowing the analyte to bind. A second antibody 
can then be used to introduce an enzyme, which either reacts with a 
dye molecule causing a color change or generates another molecule 
that can be measured. A stronger color change re fl ects a higher 
concentration of the enzyme, and therefore, of the analyte. 

 Many of these enzyme-based tests are quite laborious to 
perform, although a huge variety of versions exist. Such assays are 
one of the mainstays of modern diagnostics, with a signi fi cant 
proportion of the medical budgets of most nations being spent 
carrying out vast numbers of tests. Much of the cost is incurred by 
employing skilled staff to run the tests with a small proportion 
being spent on the tests themselves. This means that any new tech-
nology capable of reducing the complexity of these tests is very 
valuable and explains the low take-up of micro fl uidic technologies, 
which as an infant technology, tends to increase rather than decrease 
the complexity of the procedure. 

 Lateral  fl ow (or “dipstick”) tests are a more familiar version of 
this antibody binding diagnostic technology, being used exten-
sively at the point of care for analysis of urine samples, and also 
within clinics for blood samples. One of the most recognized of 
these tests is the pregnancy test, with many other lateral  fl ow tests 
now in common clinical use for a range of conditions. Pregnancy 
tests measure levels of the hormone human chorionic gonadotro-
pin (hCG), which is produced at higher levels during pregnancy. 
A sandwich ELISA method is usually used wherein two antibodies 
speci fi c to hCG are employed, one to bind the hCG to a certain 
place along the length of a test strip, and the other generating a 
visible change; for example, a line on the test strip. A schematic of 
such a lateral  fl ow system is shown in Fig.  9 . The urine is drawn 
along a wicking material dissolving the  fi rst antibody. If hCG is 
present in the sample it binds to the antibody in the moving phase. 
The liquid continues along the strip, becoming attached to a test 
area, via interaction of hCG with a second antibody, which is 
immobilized to the surface. If hCG is not present, then no attach-
ment will occur. Excess of the  fi rst antibody can also attach to a 
second strip where another antibody is immobilized, giving rise to 
a positive control. Dyes incorporated into the test strip allow a 

  7.  Commercial 
Lateral Flow 
Systems
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visual readout. Dye molecules embedded in the reaction zones 
along the length of the strip can be activated by enzymes linked to 
antibodies. Other tests make use of dye particles such as latex (giving 
a blue color) or gold particles (red color), with more complex 
readouts also making use of magnetic particles. Modern liquid 
crystal readout, lateral  fl ow tests use the same principle of sample 
detection. Embedded electronics compare the coloration of the test line, 
for comparison with the control line, before the result is indicated 
on the display. In this way a calibration of color density can also be 
incorporated (deeper color compared with the reference, inferring a 
higher concentration of hCG is present) and so a measure of how 
long the pregnancy has evolved can also be displayed.  

 Lateral  fl ow tests can be viewed as simple micro fl uidic devices 
with the general principle being suitable for many substrates. 
Anything that can cause a speci fi c immune response can be a target. 
Lateral  fl ow devices have been prepared for many analytes of interest, 
including drugs of abuse such as cannabis, toxins such as a fl atoxin 
and common food proteins (allowing the determination of meat 
product source or the presence of peanut proteins). When designing 
these devices, it is important that the surfaces exposed to the sample 
do not display nonspeci fi c protein adsorption and that the detection 
zone antibody/protein stays bound (and active) in storage and during 
use. The chemistry presented in these devices varies, but usually a 
polymer is grafted to the surface of the attachment zones. This can be 
achieved in a variety of ways, making use of silane coupling groups or 
reactive groups within a solid polymer. 

 Plasma or UV treatment of polymer substrates can be used to 
promote reactive groups at the surface, which can then be used to 
attach polymers, via free radical addition, epoxide-amine addition, 
or disul fi de bridging. The next part of the molecule is usually a 
 fl exible linker—a short polymer chain. This serves to allow the 
active part of the surface to sit above the substrate in order for 
subsequently immobilized protein/enzyme molecules to reside as 
close to their normal environment as possible. Without this, much of 

  Fig. 9.    Schematic of a lateral  fl ow “dipstick” test.       
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the tethered protein would become denatured due to interactions 
with the surface, or become bound to neighboring molecules. 
Highly hydrophilic polymers are used here to form a hydrogel on 
interaction with water, which is a suitable environment for stable 
protein molecules. Reactive groups are presented at the end of the 
polymer, allowing the protein to be attached. 

 Immobilization strategies vary, often driven by the relative costs 
of the antibodies, the surface treatments, and the required accuracy 
of the test. Nonspeci fi c attachment using  N -hydroxysuccinimide to 
bind to amine groups within protein molecules offers the advantage 
of ease of reaction (Fig.  10 ). However, many of the active sites within 
the bound protein will not be available as there is no way to control 
the orientation of the molecule on the surface. The same group can 
be used more selectively on DNA if an amine is added to it at a 
desired position as no other groups on the DNA will react. Epoxy 
groups are even more effective, as they bind to a variety of groups 
present on proteins and DNA, but again their ef fi ciency at collecting 
molecules from solution comes at the cost of deactivation of much 
of the protein.  N -hydroxysuccinimide can also be used to attach an 
avidin link, which can then be used to speci fi cally bind proteins in a 
predetermined position by linking a biotin group to them. Speci fi c 
attachment is more complex (and expensive) but does offer a higher 
proportion of active bound protein, which is important if the 
protein is expensive. Surmodics Inc. among others, provides a 
range of such linkers under the trademark Tridia TM  for developers 
and users of ELISA and lateral  fl ow devices.  

 The simplicity of lateral  fl ow tests for the end user hides a large 
amount of technology required to make them reliable. As the 
devices have a large surface area-to-volume ratio, the inactive areas 
of the device have to be treated with a blocking material to prevent 

  Fig. 10.     N -hydroxysuccinimide linker attached to surface via a  fl exible linker group.       
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adhesion of analyte or antibodies carried in the liquid. This can be 
a serious problem; proteins bind nonspeci fi cally to many surfaces 
and the high surface-to-volume ratio means that a large proportion 
of the analyte can be lost even if the binding ef fi ciency is low. 
As protein molecules contain both positive and negative regions 
over a wide pH range (urine and blood pH ~7.25) any charged 
groups on a surface presented to a protein solution will promote 
adsorption. Hydrophobic areas, Lewis acids, and Lewis bases can 
also induce protein adsorption. For this reason, many strategies 
have been investigated to hinder or reduce fouling, as described 
earlier. Apart from commercial preparations, one of the most 
commonly used methods is to pre-block the surface so that no sites 
are available for further adsorption. Bovine serum albumin is a 
commonly used blocking protein. It is used because of its high 
abundance (and therefore low cost) and its “sticky” nature result-
ing from its hydrophobic core and variously charged end groups. 
Other blocking agents are commercially available for ELISA-based 
methods, being composed either of modi fi ed albumin and/or sur-
factants with varying characteristics. Mild surfactants can block 
surfaces and also protect the bound target proteins from decompo-
sition during storage. 

 Preventing nonspeci fi c binding and promoting deliberate 
interaction between desired species are key to the generation of 
reliable assays. Advances in the incorporation of on-chip sample 
processing, such as separation and concentration of analytes, are 
pushing the development of lateral  fl ow tests forward. Detection 
of multiple analytes, along with information on concentrations 
present, is sometimes necessary and is often diagnostically useful. 
This is typically achieved by using an attached enzyme to generate 
a molecule that alters the potential of an electrochemical cell so the 
concentration can be read off directly as a voltage. The design of 
devices allowing such sample monitoring require very selective and 
sensitive “capture” in de fi ned regions along the length of the  fl ow. 
Surface functionality is therefore of the utmost importance in the 
development of these devices.  

 

 Micro fl uidic technology is being used as a tool in many research 
 fi elds, the simplest lateral  fl ow devices being used for home diag-
nostic testing whilst other, more complicated,  fl uidic technology is 
advancing towards commercial viability. Lateral  fl ow micro fl uidics 
already has huge commercial value, whilst advances in material and 
device fabrication methods are driving the application of more 
complex systems in a variety of areas. With the substantial increase 

  8.  Summary and 
Future Directions
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in surface-to-volume ratio when moving into microscale  fl uidics, 
consideration of surface chemistry presented is vitally important in 
order to optimize devices for practical use. One of the major issues 
encountered when using biological  fl uids is the nonspeci fi c adsorp-
tion of protein onto the inner walls of the device due to interaction 
with the surface. This is particularly problematic if the species of 
interest is lost from solution, due to adsorption, rendering it 
unavailable for use. Examples of this could be the loss of hCG onto 
the wicking material within a lateral  fl ow device, or loss of an 
enzyme required for an on-chip micro fl uidic polymerase chain 
reaction. 

 Modi fi cation of materials used for the fabrication of micro fl uidic 
devices can be achieved in many ways, rendering their surface 
anti-fouling simply by altering hydrophobic or electrostatic charac-
teristics. For polymers, this can be readily accomplished via plasma 
treatment, either before or after  fi nal construction of the device. 
SAMs can be applied if more speci fi c chemical modi fi cation is 
required, with the SAM functionality being used as the  fi nal layer 
itself or acting as an anchor layer for subsequent attachment of poly-
mer chains or biomolecules. Structured surfaces presenting superhy-
drophobic properties have also been used for their antifouling 
behavior. Hydrophobic surfaces generally promote fouling, due to 
increased hydrophobic–hydrophobic interaction. Superhydrophobic 
surfaces present a decreased liquid–solid contact area and where pro-
tein molecules do adhere an increase in shear stress (due to increase 
in interfacial slip) causes protein removal under  fl ow conditions. 

 Advances in tissue engineering and medical technology may 
make it possible to implant micro fl uidic devices for various applica-
tions. However, such implantable devices must overcome immune 
rejection responses and contamination from adsorbing molecules/
tissues that may cause adverse effects to the patient or impairment 
of the device function. PDMS and silicon/silica materials, com-
monly used for the fabrication of micro fl uidic devices, have limited 
biocompatibility and are therefore not suitable for implantation 
without modi fi cation. Anti-thrombogenic coatings have been 
investigated, including heparin  (  79  ) , although these commonly 
have limited lifespan due to deactivation by adsorbing species and 
are more suited to short-term use. A further limitation of PDMS/
silicon bulk materials is that they are not biodegradable and so 
require extraction after their usefulness is exceeded. Biodegradable 
micro fl uidics based on natural polymers have been investigated, 
such as poly( L -lactic-co-glycolic acid) (PLGA)  (  80  ) . These have 
shown promise but are largely held back by their undesirable 
mechanical properties; brittleness, hardness, and plasticity. Another 
biodegradable polymer, poly(glycerol sebacate) (PGS)  (  81  ) , has 
received attention due to its superior properties compared to PLGA, 
both mechanically and by invoking a reduced immune response 
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 (  82  ) . One of the other limitations for implantable micro fl uidics is 
the possible requirement to measure the output, for instance, in 
diagnostics. Langer et al. have designed an implantable device to 
monitor the concentrations of multiple cancer biomarkers and che-
motherapy agents  (  83  ) . This system is based on a PDMS chip 
design, housing magnetic nanoparticles, coated with antibodies 
selective for varying analytes. In the presence of the analyte, the 
particles aggregate, with this effect being monitored using mag-
netic resonance imaging (MRI). Using this device the group have 
shown real time and noninvasive repeat simultaneous monitoring 
of several biomarkers and evaluation of chemotherapy agent 
concentrations. 

 The plethora of applications for micro fl uidic devices, from the 
simplest lateral  fl ow test to more sophisticated and complex  μ TAS, 
are not restricted at this stage by technological development or 
requirement of purpose, but largely by the proper selection of bulk 
materials and surface coatings/modi fi cations. The driver for 
biomedical micro fl uidics, particularly for clinical diagnostics, is the 
enhancement of healthcare through rapid, high-throughput, and 
point-of-care testing. Lateral  fl ow tests have now been commer-
cially available for decades with little major advancement in their 
design. The focus of current research, both for clinical and tissue 
engineering applications (in vitro and in vivo), is the development 
of strategies to encompass desirable properties of the bulk material 
and  fi ne tuning of surface chemical functionality in order to further 
develop more complex systems. One of the long-term goals for 
diagnostic micro fl uidic technology is the production of devices 
that can rapidly detect multiple indicative state markers without 
the need for costly laboratory equipment and experienced techni-
cal staff. Such devices may encompass multiple technologies, such 
as separation, puri fi cation, concentration, and detection of species. 
Tests which make available advanced preliminary information from 
a patient during consultation, or indeed via self-test at home, will 
continue to change the face of modern healthcare. Furthermore, 
development of the materials used for micro fl uidic technology is 
permitting such devices to be implanted into patients to monitor 
state and administer drugs when required. Commercial exploration 
of micro fl uidics manufacture will inevitably be highly advantageous, 
with the evolution of devices being possible though the under-
standing and application of materials research.      
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    Chapter 18   

 Superhydrophobicity for Antifouling Micro fl uidic Surfaces       

     N.J.   Shirtcliffe    and    P.   Roach         

  Abstract 

 Fouling of surfaces is often problematic in micro fl uidic devices, particularly when using protein or 
 enzymatic solutions. Various coating methods have been investigated to reduce the tendency for protein 
molecules to adsorb, mostly relying on hydrophobic surface chemistry or the antifouling ability of 
 polyethylene glycol. Here we present the potential use of superhydrophobic surfaces to not only reduce 
the amount of surface contamination but also to induce self-cleaning under  fl ow conditions. The method-
ology is presented in order to prepare superhydrophobic surface coatings having micro- and nanoscale 
feature dimensions, as well as a step-by-step guide to quantify adsorbed protein down to nanogram levels. 
The fabrication of these surfaces as coatings via silica sol–gel and copper nano-hair growth is presented, 
which can be applied within micro fl uidic devices manufactured from various materials.  

  Key words:   Superhydrophobicity ,  Non-wettable ,  Antifouling ,  Protein adsorption    

 

 Micro fl uidic technology has become increasingly of interest in the 
 fi eld of medical diagnostics due to the low volumes of liquids that 
can be manipulated. The use of micro fl uidics for blood analysis has 
been reported  (  1,   2  ) , with the main driver being that the volume 
of sample needed for each test is drastically reduced compared to 
conventional analysis methods. This means that either much less 
sample volume needs to be taken from the patient or that more 
tests can be run on the same aliquot—with micro fl uidic devices 
also providing a route for simultaneous testing. Of somewhat 
keener interest is the extension of such tests to other, less plentiful 
biological samples such as saliva, sweat, and tears  (  2,   3  ) . Other 
industrially relevant uses for biological micro fl uidics include pro-
duction, puri fi cation, and high throughput evaluation of proteins, 
antibodies, RNA, and DNA  (  4  ) . 

  1.  Introduction
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 Upon presentation of a solution containing biological 
 components to a material of any kind, water and solvated ions are 
the  fi rst to interact due to their abundance and mobility. The sur-
face becomes solvated allowing larger species to interact, usually 
resulting in the adsorption of proteinatious material. The accumu-
lation of protein molecules then proceeds, later mediating the 
attachment of other biological species, such as blood platelets and 
cells. For micro fl uidic systems such surface fouling can cause major 
problems, not least in causing blockages and reducing  fl uid  fl ow 
but also by the reduction in concentration of species held in solu-
tion. Consider a polymerize chain reaction (PCR) wherein an 
enzyme is required to catalyze a reaction; the loss of the active 
enzyme species or polynucleotides onto the walls of the reaction 
vessel through adsorption reduces the amount available in solution 
and therefore results in a reduction of reaction rate and yield. This 
problem is particularly evident in micro fl uidic systems as the sur-
face area to volume ratio is extremely high. 

 Antifouling surfaces have been of interest for some time, with 
various strategies being used to reduce adsorption including chem-
ical functionlization with “protein resistant” coatings such as 
poly(ethylene glycol) (PEG)  (  5,   6  ) , pre fi lling surface sites with 
other molecules  (  7  )  ,  and attaching proteases to surfaces that enzy-
matically cleave proteins upon interaction  (  8  ) . Removal of surface 
contaminants by  fl ow shear has been restricted to a small number 
of applications due to the high shear rates required and the fragility 
of surfaces used  (  9  ) . 

 Biomolecule adsorption onto hydrophobic surfaces is ther-
modynamically driven, reducing unfavorable interaction of water 
with nonpolar regions within the biomolecule and the surface. On 
binding the molecules can become distorted to maximize interac-
tions, leading to orientational and conformational changes that 
can impair molecular activity in the case of enzymes. Since hydro-
phobic surfaces are well known to promote fouling and highly 
solvated PEG chains can hinder protein adsorption, the use of 
superhydrophobic surfaces as antifouling surfaces has only recently 
been considered  (  10  ) . 

 Highly non-wettable “superhydrophobic” surfaces present a hydro-
phobic surface chemistry along with a roughness that in combination 
reduces the contact area of the water on the solid surface due to the 
droplet suspension on the peaks of the roughness. In some cases 
these extremely water repellent surfaces allow water to roll off, tak-
ing particulate contamination along with the droplets  (  11  ) . The 
basic principles of surface roughness and water repellency were origi-
nally de fi ned by Wenzel  (  12  )  and Cassie and Baxter  (  13  ) . The Wenzel 
wetting state is the simplest model, wherein the liquid conforms to 
the contours of the surface roughness. In contrast, the Cassie–Baxter 
wetting state involves the liquid being suspended on the peaks of the 
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roughness with air  fi lling the volume under the droplet (Fig.  1a ). 
Surfaces allowing water to bridge between roughness features pro-
vide a lower solid–liquid contact area permitting water to slide or roll 
off easily. Superhydrophobicity has been explored for numerous 
applications including self-cleaning and anti-mist surfaces and con-
trollable liquid optics, with recent reviews detailing the range of 
applications and varied methods of fabrication  (  14  ) .  

 Biomolecule adsorption onto superhydrophobic surfaces does 
occur, although adsorption kinetics and the total amount adsorbed 
is much less than compared to that on comparatively  fl at surfaces, 
possibly due to the reduced solid–liquid contact area in the Cassie–
Baxter state  (  15–  18  )  .  A review of the developments and uses of 
superhydrophobicity highlight how little work has been carried 
out in the area of biofouling  (  19  ) . Here we describe methodology 
to prepare superhydrophobic surfaces, presenting data on protein 
adsorption onto these coatings under both static and  fl ow condi-
tions  (  20  ) . Particular attention is made in describing the effects of 

  Fig. 1.    Illustration of surfaces prepared via sol–gel and copper oxide growth showing, ( a ) critical dimension for Cassie–
Baxter wetting, ( b ,  c ) sol–gel prepared coatings, and ( d ) copper oxide nano-needles. Reproduced with permission from the 
Royal Society of Chemistry Publishing 2008  (  20  ).        
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surface feature dimension and chemistry, with results of protein 
quanti fi cation presented on micro- to nanoscale topography over-
laid with hydrocarbon and  fl uorocarbon chemistry. Surface coating 
methodology is described that can be applied to various materials 
and geometries useful in the development of superhydrophobic 
micro fl uidic devices. 

 The surface coating procedure presented here is designed to 
minimize biofouling of surfaces under static conditions (incubation 
of the surface in protein containing media) and to drastically reduce 
the amount of protein adsorbed via removal of adsorbed species 
under  fl ow conditions. The use of a range of superhydrophobic 
surfaces, varying in feature dimension and surface chemistry, is 
described. Experiments were conducted using bovine serum albu-
min as a model biomolecule as this is known to nonspeci fi cally bind 
to surfaces  (  15  ) , although the method can be applied to the use of 
other similar molecular species. Preparation of two different types 
of structured surface coatings are described, each allowing subse-
quent modi fi cation by hydrocarbon and  fl uorocarbon chemistries, 
although this method can be extended to other surface feature sizes 
or morphologies and a range of chemistries. Sol–gel methodology 
for the preparation of porous materials is well understood and has 
been previously reported for thin  fi lm coatings  (  21,   22  ) . 

 Flat surfaces of comparable chemistry were used as controls. 
Scanning electron microscopy (SEM) was used to evaluate surface 
topography, taking an average of 100 surface features to ascertain 
average dimensions. Water contact angle measurements (WCA) 
using distilled deionized water, were used to measure wettability, 
taking an average of six repeats on each sample type. A  fl uorimetric 
assay using NanoOrange (Molecular Probes) is described for the 
quanti fi cation of adsorbed protein. This method has been previ-
ously optimized for the investigation of protein adsorption onto 
similar surfaces and the method compared to an amido black colo-
rimetric assay and acoustic microbalance measurements  (  15  ) . 
An average of three separate repeats was taken of all samples used 
for adsorbed protein quanti fi cation, using the same stock protein 
solutions, incubation, and  fl ow conditions. All surfaces of the same 
type were produced and batch analyzed. Chemical modi fi cation 
and evaluation was also carried out in sample batches. 

 Following the protocol described here, this study showed that 
albumin was adsorbed in similar amounts under static conditions 
to  fl at and nano-structured surfaces presenting either hydrocarbon 
or  fl uorinated functionality, although notably lower amounts were 
observed on  fl uorinated surfaces as compared with hydrocarbon 
surfaces (Fig.  2 ). With increasing feature size larger amounts were 
found to adsorb, possibly due to the increasing solid–liquid 
contact area. Under  fl ow conditions similar trends were observed. 
As expected the shear force gave rise to a mechanical removal of 
 protein, resulting in lower levels of protein remaining adsorbed 
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compared to the experiments conducted under static adsorption. 
For  fl uorinated nano-hair surfaces almost all protein was com-
pletely removed under  fl ow conditions, demonstrating excellent 
antifouling capabilities.  

 Protein molecules will adsorb onto superhydrophobic surfaces, 
but several factors may contribute to their effective removal under 
 fl ow, particularly if micrometer scale roughness is replaced with 
nanometer scale roughness. The change in feature size to nano-
scale dimensions will result in an increase in liquid  fl ow rate near 
the surface due to interfacial slip  (  23–  25  ) . Protein molecules 
adsorbed onto these features would then experience greater shear 
forces. Nanoscale roughness also presents features on the same 
scale as protein molecular dimensions, reducing the contact area 
unless the protein molecules deform  (  26,   27  ) . The silica sol–gel 
samples used here are porous, although it is important to recog-
nize that only the upper surface of the material is in contact with 
liquid due to Cassie–Baxter wetting. Under increased pressure the 
solution may penetrate the structure, with nanoscale superhydro-
phobic surfaces remaining in the bridging state under much higher 
hydrostatic pressure compared to microstructured surfaces. For 
this reason nano-structured coatings may be of more use within 
micro/nano- fl uidic systems.  

  Fig. 2.    Quanti fi cation of adsorbed albumin onto ( a ) hydrocarbon and ( b )  fl uocarbon surfaces 
under static and  fl ow conditions.       
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      1.    Standard microscope slides.  
    2.    Deionized water, approximately 18 M Ω  cm −2 .  
    3.    Toluene (low sulfur).  
    4.    Ethanol (absolute).  
    5.    Methyltriethoxysilane (>98%).  
    6.    Aqueous HCl (diluted to 0.37%).  
    7.    Aqueous ammonia solution (35% diluted with deionized water).  
    8.    Dimethylformamide.  
    9.    Ethylene glycol (>99%).      

      1.    Copper foil (>99.95%).  
    2.    Standard microscope slides.  
    3.    Deionized water, approximately 18 M Ω  cm −2 .  
    4.    Aqueous ammonia solution (35% diluted with deionized 

water).  
    5.    Ethanol (absolute).      

      1.    Deionized water, approximately 18 M Ω  cm −2 .  
    2.    Titanium (>99.99%).      

      1.    Octyltriethoxysilane (>95%).  
    2.    “Grangers Wash In” solution (Grangers, UK).      

      1.    Phosphate-buffered saline pellets, 200 mM phosphate, 
100 mM sodium chloride pH = 7.4 at 25°C (Gibco, UK).  

    2.    Deionized water, approximately 18 M Ω  cm −2 .  
    3.    Bovine serum albumin (BSA) (>98%, HPCE).  
    4.    NanoOrange protein quanti fi cation kit (Molecular probes, 

Invitrogen, UK).      

      1.    Imaging system for water contact angle measurements: KSV 
CAM200 instrument.  

    2.    Syringe pump (Pump 11, Harvard Apparatus, Holliston, MA, 
USA).  

    3.    Black 96-well plates (Nunc S/A, Denmark).  
    4.    Flow chamber to model micro fl uidic  fl uid shear. Here the 

coatings to be analyzed were prepared either on microscope 
slides or on copper foil and then assembled into a  fl ow system 

  2.  Materials

  2.1.  Sol–Gel Coatings

  2.2.  Copper: Flat and 
Nano-Hair Coatings

  2.3.  Electron 
Microscopy and Water 
Contact Angle

  2.4.  Surface Chemical 
Modi fi cation

  2.5.  Protein Adsorption 
and Analysis

  2.6.  Equipment
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as shown schematically in Fig.  3 . The body of the chamber was 
fabricated by milling acrylic, using stainless steel tubes for the 
inlet/outlet. Samples were secured onto an o-ring to maintain 
a liquid seal. The following methodology can be used with any 
 fl ow chamber setup.        

 

  Sol–gel  fi lms can be prepared using various solvents to produce a 
range of surface feature sizes (Fig.  1b, c ). Included here is a gener-
alized preparation using dimethylformamide as an example solvent 
( see   Note 1 ).

    1.    Mix methyltriethoxysilane (MTEOS), aqueous hydrochloric 
acid (HCl), and a solvent in the ratio 2:3:2. The mixture should 
be continuously stirred for 1 h.  

    2.    Add and mix ammonia solution in a ratio 1:4 with the original 
total mix volume prepared in  step 1  above. Varying concentra-
tions of ammonia can be used to prepare differing surface fea-
tures ( see   Note 2 ).  

    3.    Aliquot the gel solution immediately onto the surface to be 
coated. The solution should be cast between the surface 
required and an upper plate to ensure uniformity. In this study 
two glass slides were used as the upper and lower surfaces. 

  3.  Methods

  3.1.  Sol–Gel Coatings

  Fig. 3.    Schematic of the  fl ow chamber used in this study.       
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Cover slips were used as spacers to de fi ne the thickness of the 
sol–gel  fi lm. To prevent the upper surface from sticking to the 
prepared coating it should be hydrophobic. Here we hydro-
phobized the upper glass slide by immersion into “Grangers 
Wash In solution” for this step,  see   Note 3 .  

    4.    Incubate the glass slide in “Grangers Wash In” solution for 
10 min, rinse in distilled water and heat above 70°C for 10 min. 
Cool before use.  

    5.    After casting leave the  fi lms at least 6 h to solidify before remov-
ing the upper plate. If using solvents with low volatility these 
should be exchanged for solvents such as ethanol or ether. 
Immerse  fi lms for 10 min, changing the solvent at least three 
times to ensure complete exchange.  

    6.    Heat  fi lms to 500°C at a rate of 2°C min −1 , holding the upper 
temperature for 1 h before cooling slowly.  

    7.    Chemically modify the surfaces as required.      

  Copper oxide nano-needle surfaces can be prepared by the follow-
ing route, giving rise to surface features as shown in Fig.  1d .

    1.    Cut copper foil to the size required (76 × 25 mm in this 
study).  

    2.    Sonicate the copper in ethanol for approximately 20 min 
(depending on cleanliness of sample) to remove surface 
contaminants.  

    3.    Immerse the copper sample in 36 mM ammonia solution at 
4°C until they become uniformly black ( see   Note 4 ) .   

    4.    Remove samples and rinse in distilled deionized water.  
    5.    Heat to 180°C at a rate of 1°C min −1  holding the upper tem-

perature for 3 h.  
    6.    Cool and chemically modify the surfaces as required.      

  Materials can be chemically modi fi ed to present various functional-
ities at their surfaces. Here we describe the modi fi cation using 
“Grangers Wash In” solution ( fl uorocarbon) and octyltriethoxysi-
lane (hydrocarbon). 

      1.    Fully immerse samples (glass or copper oxide as used in this 
study) in “Grangers Wash In” solution diluted to 10% concen-
tration in distilled water.  

    2.    Incubate at room temperature for approximately 10 min.  
    3.    Remove and rinse in distilled water.  
    4.    Heat either on a hotplate or in an oven: glass/silica sol–gel 

samples up to 100°C for 1 h, copper samples 40°C for 24 h.  
    5.    Allow to cool before use.      

  3.2.  Copper Oxide 
Nano-Needle 
Preparation

  3.3.  Surface Chemical 
Modi fi cation

  3.3.1.  Fluorocarbon 
Coatings
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      1.    Fully immerse samples (glass or copper oxide as used in this 
study) in a 2% octyltriethoxysilane solution in dry toluene.  

    2.    Incubate at room temperature for 24 h.  
    3.    Remove and rinse in toluene.  
    4.    Air dry before use.       

      1.    Sputter coat (or evaporate) samples with approximately 
5–20 nm conductive material. Here we used titanium although 
gold or carbon is also commonly used.  

    2.    SEM images should be taken at appropriate acceleration volt-
ages in order to minimize risk of sample degradation whilst 
maximizing image resolution.      

  Measurement of water contact angles allows the wettability of 
surfaces to be assessed. A KSV CAM200 instrument was used in 
this study. An example image of water droplets resting on a hydro-
phobized copper nano-needle surface is presented in Fig.  4 . 

    1.    Dispense approximately 1  μ L droplet of distilled deionized 
water (18 M Ω  cm −2 ) onto the sample surface taking an image 
immediately as the droplet rests and the injection needle is 
removed.  

    2.    The drop shape can be used along with tangents to the drop at 
the solid/liquid contact line to estimate the water contact 
angle through the droplet. A Young-Laplace function can be 
 fi t to the droplet pro fi le and the angle measured between this 
and a straight line placed through the intersection of the drop-
let and the surface.  

    3.    At least  fi ve repeating static contact angle measurements should 
be carried out to give an average value. Surface contamination 
or irregularities in the surface due to fault or damage can give 
rise to variable measurements.  

    4.    As another indication of hydrophobization the driving edge of 
the liquid through a treated micro fl uidic channel can be 
observed. As shown in Fig.  5  the water becomes unable to 
contact with the surfaces of the hydrophobized channels giving 
rise to a change in  fl ow pro fi le.       

      1.    Decide how many samples you will require for experimentation, 
including repeats and if you will be conducting static adsorption 
and/or  fl ow removal experiments.  

    2.    Incubate all samples in protein solution (in this case bovine 
serum albumin) in 200 mM phosphate buffer at pH 7.4 for 
1 h ( see   Note 5 ).  

    3.    Using the  fl ow chamber (or other micro fl uidic chamber allowing 
the investigation of these coatings)  fl ow buffer solution over 

  3.3.2.  Hydrocarbon 
Coatings

  3.4.  Scanning Electron 
Microscopy (SEM)

  3.5.  Water Contact 
Angle Measurement

  3.6.  Protein Adsorption, 
Flow Removal, and 
Quanti fi cation
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samples requiring  fl ow removal of protein at the desired rate. 
The chamber used in this study allowed large surface areas to 
be examined easily, having dimensions 1,500 × 650  μ m cross 
section, 65 mm in length, Fig.  3 . At 20 mL min −1  similar shear 
forces as those expected in much smaller micro fl uidic systems 
were achieved; equivalent to a  fl ow rate of 3  μ l min −1  in a channel 
having cross-sectional dimensions 500 × 50  μ m.  

    4.    Samples not requiring  fl ow removal of protein should be care-
fully rinsed in three sequential cycles using PBS to remove any 
loosely bound species.  

    5.    Surfaces should then be rinsed thoroughly in three sequential 
wash cycles of ethanol and distilled water to detach any adsorbed 
protein. All washings should be collected separately and reduced 
to dryness by vacuum centrifugation ( see   Note 6 ).  

    6.    Prepare the NanoOrange protein quanti fi cation working solu-
tion as per manufactures instructions ( see   Note 7 .)Prepare 1× 

  Fig. 4.    Water droplets resting on a  fl uorinated copper oxide nano-needle surface.       

  Fig. 5.    Flow pro fi les in micro fl uidic channels having varying surface modi fi cations, ( a )  fl uorinated copper nano-needles, ( b ) 
 fl uorinated  fl at glass, and ( c ) non-modi fi ed glass       
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protein quantitation solution by diluting to 10% in distilled 
water. For each sample 250  μ L will be required.
   (a)    Prepare 1× NanoOrange working solution by diluting the 

NanoOrange protein quantitation reagent (Component 
A) to 0.2% in the 1× protein quantitation solution pre-
pared in the step above.  

   (b)    Prepare calibration plot by making up stocks of protein 
solution in the concentration range 0–10  μ g/mL by serial 
dilution in 1× NanoOrange working solution.      

    7.    Redissolve collected desorbed protein in 250  μ L  fl uorescent 
probe working solution in Eppendorf tubes. Protect from light 
to minimize bleaching effects.  

    8.    Prepare protein standards for a calibration plot also in the 
 fl uorescent probe working solution. These should be treated in 
exactly the same way as the sample solutions.  

    9.    Heat all solutions to 95°C for 5 min and then cool to room 
temperature ( see   Note 8 ).  

    10.    Aliquot 200  μ L of each protein solution into wells of a black 
96-well plate, along with the calibration standards.  

    11.    Using a plate reader set the excitation and emission  fi lters to 
that appropriate for the  fl uorescent probe used (NanoOrange 
Excitation wavelength: 485 nm, Emission wavelength: 590 nm) 
and take readings.       

 

     1.    With reference to previous work the materials formed by the 
sol–gel process can be adjusted to form coatings having rang-
ing feature sizes, feature morphology, and pore connectivity 
 (  21,   22  ) . For repeatability it is critical that the mixing time 
prior to the addition of ammonia be constant so that the degree 
of hydrolysis is kept the same from sample to sample. The tem-
perature at which the  fi lms are prepared has also shown to 
impact on the  fi nal materials formed. For this reason note that 
the temperature at which the  fi lms were prepared in this study 
was 24°C.  

    2.    Large grained sol–gel materials can be prepared using ethylene 
glycol as the solvent and 0.9 M ammonia solution; small 
grained features can be prepared using dimethylformamide as 
the solvent and 3.6 M ammonia solution  (  22  ) .  

    3.    To hinder the sol–gel network attaching to the mold surface 
functional groups any surface reactive groups should be 
blocked. In this study we used a  fl uorinating agent “Grangers,” 

  4.  Notes



280 N.J. Shirtcliffe and P. Roach 

although a hydrophobic silane could also be used such as 
hexadimethyldisilazane (HMDS).  

    4.    The time required for this step will vary greatly depending on 
the number of samples prepared and the volume of ammonia 
solution used. As an example six samples of this size incubated 
in 500 mL solution were ready in about 3 days.  

    5.    Incubation in protein solution should be conducted for all 
samples simultaneously to avoid differences in amounts of pro-
tein adsorbed. In this study we examined the adsorption of 
bovine serum albumin due its nonspeci fi c binding characteris-
tics. However, substitution of this protein for another biomol-
ecule would be possible due to the quanti fi cation assay used 
being largely independent of protein type. Here we have cho-
sen to use very high concentration of protein solution 
(3 mg mL −1 ) to create a uniform layer of protein on all samples. 
Varying this concentration will allow for adsorption isotherms 
to be established and/or investigation of energies of 
adsorption.  

    6.    Here we used vacuum centrifugation to minimize time of the 
experimentation although freeze drying can also be used.  

    7.    The molecular probe used in this study was NanoOrange due 
to its highly sensitive and nonspeci fi c detection of protein. 
However, another assay can be substituted here as others have 
now been marketed giving even higher sensitivity, or indeed if 
the reader wishes to choose selectivity they can do so. 
NanoOrange becomes highly  fl uorescent when bound to pro-
tein allowing quanti fi cation of very small amounts of protein. 
Reference samples of each type should be used as 
background.  

    8.    After heating some solution may have condensed on the inside 
of the Eppendorf tube cap. Centrifuge at approximately 50 ×  g  
for 1 min to ensure consistency.          

  Acknowledgments 

 The authors acknowledge  fi nancial support from EPSRC (grant 
EP/D500826/1).  

   References 

    1.    Henderson JC, Yacopucci M, Chun CJ, 
Lenghaus K, Sommerhage F, Hickman JJ 
(2010) Investigation of the behaviour of serum 
and plasma in a micro fl uidics system. J Vac Sci 
Technol B 28(5):1066–1070  

    2.    Srinivasan V, Pamula VK, Fair RB (2004) An 
integrated digital micro fl uidic Lab-on-a-chip 
for clinical diagnostics on human physiological 
 fl uids. Lab Chip 4(4):310–315  



28118 Anti-Fouling Microfl uidic Surfaces

    3.    Saitoh T, Suzuki N, Furuse T, Hiraide M 
(2009) Heat induced solution mixing in 
thermo-responsive polymer-coated microchan-
nels for the  fl uorometric determination of 
polyamines in saliva. Talanta 80(2):
1012–1015  

    4.    Kim J, Johnson M, Hill P, Gale BK (2009) 
Micro fl uidic sample preparation: cell lysis and 
nucleaic acid puri fi cation. Integr Biol 
1(10):574–586  

    5.    Bearinger J, Terretaz S, Michel R, Tirelli N, 
Vogel H, Textor M, Hubbell J (2003) 
Chemisorbed poly(propylene sulphide)-based 
copolymers resist biomolecular interactions. 
Nat Mater 2:259–264  

    6.    Huber D, Manginell D, Samara M, Kim B, 
Bunker B (2003) Programmed adsorption and 
release of proteins in a micro fl uidic device. 
Science 301:352–354  

    7.    Taylor S, Smith S, Windle B, Guiseppi-Elie A 
(2003) Impact of surface chemistry and block-
ing strategies on DNA microarrays. Nucleic 
Acids Res 31(16):e87  

    8.    Asuri P, Karajanagi S, Kane R, Dordick J 
(2007) Polymer-nanotube-enzyme composites 
as active antifouling  fi lms. Small 3(1):50–53  

    9.    Callow M, Fletcher R (1994) The in fl uence of 
Low surface energy materials on bioadhesion—
a review. Int Biodeterior Biodegrad 34:
333–348  

    10.    Scardino AJ, Zhang H, Cookson DJ, Lamb 
RN, De Nys R (2009) The role of nano-
roughness in antifouling. Biofouling 
25(8):757–767  

    11.    Furstner R, Neinhuis C, Barthlott W (2000) 
The lotus effect: self-puri fi cation of micro-
structured surfaces, nachr. Chim 48(1):24–28  

    12.    Wenzel R (1936) Resistance of solid surfaces 
to wetting by water. Ind Eng Chem 
28:988–994  

    13.    Cassie A, Baxter S (1944) Wettability of porous 
surfaces. Trans Faraday Soc 40:546–551  

    14.    Roach P, Shirtcliffe N, Newton M (2008) 
Progress in superhydrophobic surface develop-
ment. Soft Matter 4:224–240  

    15.    Roach P, Shirtcliffe NJ, Farrar D, Perry CC 
(2006) Quanti fi cation of surface-bound pro-
teins by  fl uorometric assay: comparison with 
quartz crystal microbalance and amido black 
assay. J Phys Chem B 110(41):20572–20579  

    16.    Sun T, Tan H, Han D, Fu Q, Jiang L (2005) 
No platelet Can adhere—largely improved 

blood compatibility on nanostructured super-
hydrophobic surfaces. Small 1(10):959–963  

    17.    Zhang H, Lamb R, Lewis J (2005) Engineering 
nanoscale roughness on hydrophobic surface—
preliminary assessment of fouling behaviour. 
Sci Technol Adv Mater 6(3–4):236–239  

    18.    Toes G, van Muiswinkel K, van Oeveren W, 
Suurmeijer A, Timens W, Stokroos I, van den 
Dungen J (2002) Superhydrophobic 
modi fi cation fails to improve the performance 
of small diameter expanded 
polytetra fl uoroethylene vascular grafts. 
Biomaterials 23(1):255–262  

    19.    Genzer J, E fi menko K (2006) Recent develop-
ments in superhydrophobic surfaces and their 
relevance to marine fouling: a review. 
Biofouling 22(5):339–360  

    20.    Koc Y, de Mello AJ, McHale G, Newton MI, 
Roach P, Shirtcliffe NJ (2008) Nano-scale 
superhydrophobicity: suppression of protein 
adsorption and promotion of  fl ow-induced 
detachment. Lab Chip 8:582–586  

    21.    Shirtcliffe N, Mchale G, Newton M, Perry C, 
Roach P (2005) Porous materials show super-
hydrophobic to superhydrophilic switching. 
Chem Commun 25:3135–3137  

    22.    Shirtcliffe N, McHale G, Newton M, Perry C, 
Roach P (2007) Superhydrophobic to super-
hydrophilic transitions of Sol–gel  fi lms for 
temperature. Alcohol or surfactant measure-
ment. Mater Chem Phys 103(1):112–117  

    23.    Choi CH, Kim CJ (2006) Large slip of aque-
ous liquid  fl ow over a nanoengineered super-
hydrophobic surface. Phys Rev Lett 96(6):
066001  

    24.    Truesdell R, Mammoli A, Vorobieff P, van 
Swol F, Brinker C (2006) Drag reduction on a 
patterned superhydrophobic surface. Phys Rev 
Lett 97(4):044504  

    25.    Ou J, Rothstein J (2005) Direct velocity mea-
surements of the  fl ow past drag-reducing ultra-
hydrophobic surfaces. Phys Fluids 
17(10):103606  

    26.    de Vasconcelos C, Bezerril P, Dantas T, Pereira 
M, Fonseca J (2007) Adsorption of bovine 
serum albumin on template-polymerized chi-
tosan/poly(methacrylic acid) complexes. 
Langmuir 23(14):7687–7694  

    27.    Roach P, Farrar D, Perry C (2006) Surface tai-
loring for controlled protein adsorption: effect 
of topography at the nanometer scale and 
chemistry. J Am Chem Soc 128(12):
3939–3945    





    Section III 

  Micro fl uidic Diagnostics: Application Protocols         





285

Gareth Jenkins and Colin D. Mansfi eld (eds.), Microfl uidic Diagnostics: Methods and Protocols, Methods in Molecular Biology,
vol. 949, DOI 10.1007/978-1-62703-134-9_19, © Springer Science+Business Media, LLC 2013

    Chapter 19   

 The Application of Micro fl uidic Devices for Viral Diagnosis 
in Developing Countries       

     Samantha   M.   Hattersley   ,    John   Greenman   , and    Stephen   J.   Haswell         

  Abstract 

 Whilst diseases such as diabetes and cardiovascular disorders are increasing in the developed world, the 
main threat to global health remains viral-based infectious disease. Such diseases are notably prevalent 
in developing countries, where they represent a major cause of mortality; however, their detection and 
prevention is typically hampered by poor infrastructure and a lack of resources to support the sophisticated 
diagnostic tools commonly found in modern laboratories. Micro fl uidic-based diagnostics has the potential 
to close the gap between developed and developing world medical needs due to the robustness and reduced 
operating costs such technology offers. The most recent developments in micro fl uidic diagnostics for viral 
infections have explored the separation and enumeration of immune cells, the capture and identi fi cation of 
viral particles, and antiviral drug evaluation within microchannels and chambers. Advances in solid-phase 
separation, isothermal ampli fi cation, real-time detection of nucleotide products, and improved ef fi ciency 
of detection systems in micro fl uidic platforms have also opened up opportunities for diagnostic innova-
tion. This chapter reviews the potential capability micro fl uidic technology can offer in addressing the 
practical challenges of providing diagnostic technology for developing countries, illustrated by research on 
key viral diseases.  

  Key words:   Micro fl uidic ,  Diagnostic ,  Viral ,  Developing world ,  HIV ,  In fl uenza ,  Dengue fever    

 

 Viruses were  fi rst identi fi ed as infectious agents in the 1800s and 
today we know that these are characterized by a small genome, 
either DNA or RNA, enclosed in a protein capsid or membrane 
envelope. The viral genome occurs as either double- or single-
stranded DNA/RNA, which can only reproduce within a host cell. 
Viruses exploit the host cell’s internal replication machinery to syn-
thesize progeny viruses. Each virus particle has its own individual 
host range, which is determined by speci fi c cell receptors on the 
target cell’s membrane. Whilst animal viruses are diverse in their 

  1.  Introduction
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modes of infection and replication, they invariably use an envelope 
obtained from a host cell membrane to enable them to enter and 
exit from the host cell minimizing an immunological response. 

 Due to their ability to replicate rapidly, viruses are known to be 
able to mutate into new strains and disease vectors over relatively 
short periods almost anywhere in the world. The vast majority of 
human viral infections were  fi rst recognized in the areas of the 
most deprivation where medical care is at its most primitive or even 
nonexistent. Human immunode fi ciency virus (HIV), for example, 
dramatically arrived in the West in the early 1980s  (  1  ) , whereas the 
Ebola virus has emerged sporadically in central Africa since its initial 
identi fi cation in 1976  (  2  ) . More recently a newly discovered set 
of viruses, which cause encephalitis, have now been identi fi ed 
following the 1999 outbreak of Nipah virus leading to the deaths 
of 105 Malaysians and decimation of the country’s pig industry 
 (  3  ) . Furthermore, the public is all too familiar with almost annual 
reports of new serotypes of In fl uenza A virus causing disease across 
the world. Accordingly infectious diseases caused by viruses repre-
sent one of the major causes of morbidity in the developed world 
and mortality in the developing world  (  4  ) . 

 To prevent the spread of infectious diseases, clinicians require 
accurate analytical tools to identify the relevant pathogen rapidly in 
order to assess the nature and progress of a patient’s illness and 
where possible provide appropriate treatment. Recent epidemics, 
which devastated under-developed regions of the world, have how-
ever highlighted the issue that appropriate diagnostic tests are still 
not available. In well-equipped laboratories the “gold standard” 
techniques for diagnosis of infectious diseases are microscopy, 
tissue culture, lateral  fl ow immunoassays, and enzyme-linked 
immunosorbant assays (ELISA)  (  5  ) . These techniques are however 
expensive, offer limited ability to discriminate between multiple 
and/or diverse pathogens samples, are cumbersome, relatively slow, 
and have an inadequate detection threshold when the test sample is 
not stored or prepared adequately  (  6  ) . Recent techniques using the 
polymerase chain reaction (PCR) to detect viral infection have been 
developed and these do offer orders of magnitude improvements in 
detection threshold and can selectively distinguish between different 
viral strains, such as seasonal In fl uenza A and In fl uenza A/2009 
H1N1  (  7,   8  ) . However, this technique is problematic as it still 
requires expert technicians, high cost equipment and reagents 
coupled with major contamination control issues  (  9  ) . 

 Whilst the dif fi culties associated with PCR can be overcome in 
developed countries, they are generally insurmountable in devel-
oping countries where multiple viral and bacterial infections are 
highly prevalent. This is typically due to the insidious problems 
including a lack of regional clinical and laboratory facilities, envi-
ronmental conditions such as poor sanitation and/or insuf fi cient 
water, unreliable electricity, high humidity, and temperatures  (  10  ) . 
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Furthermore, in developing countries diagnostics represent only a 
small percentage of the research investment into poverty-related 
diseases (PRDs). The recent 2010 report by Policy Cures: Global 
Funding of Innovation for Neglected Diseases (G-FINDER) 
showed that in 2009 HIV and Acquired Immunode fi ciency 
Syndrome (AIDS) research received $1,139 M in global R&D 
funding, of which only $42.8 M (3.8%) was committed for diag-
nostics  (  11  ) . A similar trend in the proportion of R&D investment 
being dedicated to diagnostics can be seen for malaria and Dengue 
fever, which received a $9.1 M (1.5%) and $4.0 M (2.4%) share of 
the global R&D funding, respectively. Clearly new and appropriate 
diagnostic technology would have a major impact on the develop-
ment of novel drug regimens, as the ability to determine if a patient 
is infected, will be instrumental in the effective treatment and moni-
toring of diseases as well as minimizing the onset of drug resistant 
strains. However, the required investment is not yet being made. 

 A key question therefore would seem to be “What is the ideal 
diagnostic device for poverty stricken countries”? A guide to this 
answer is offered by the World Health Organization (WHO, 
Table  1, ( 12  )), which identi fi es the following design criteria (the 
ASSURED criteria) for diagnostic devices for use in developing 
countries. In this chapter we examine how the introduction of 
micro fl uidic-based technology may go some way to mitigating the 
apparent impasse in introducing diagnostics methodology into the 
developing world and meet many, if not all, the ASSURED criteria. 
This would be achieved through exploiting the inherent advantages 
of micro fl uidic technology such as portability, reusability, or dispos-
ability of equipment, reduced costs through mass manufacture of 
plastic and paper devices, together with the integration of sample 
pretreatment and detection modules combine to make micro fl uidic 
devices more robust than conventional diagnostic assays.  

   Table 1 
  World Health Organization criteria for diagnostic tools  (  12  )    

 Assured criteria 

 A  Affordable 

 S  Sensitive 

 S  Speci fi c 

 U  User-friendly (minimal expertise necessary) 

 R  Robust and rapid (results accessible in under 30 min) 

 E  Equipment-free 

 D  Deliverable to remote areas 
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 There have been a limited number of studies for the identi fi cation 
of virus-mediated infections and many of the current micro fl uidic 
approaches for virus detection have utilized molecular biology, 
genomics, and proteomic methodology. The challenge that now 
needs to be addressed, in order to engineer appropriate diagnostic 
micro fl uidic devices, is the integration of all the sample handling 
processes on a single device: these include a “real world” sample 
interface, preparation, assay, separation, detection, and collection 
of waste products. There is a requirement to characterize analytes 
in a range of biological samples, such as blood, saliva and urine, 
each of which pose a number of distinct challenges related to fac-
tors such as viscosity and potential interferences. The processing of 
blood represents a number of dif fi culties due to its complex com-
position and very low concentration(s) of the analyte of interest. 
For example, the median JC virus, formally known as papovavirus, 
load concentrations in infected blood can be in the region of 1.9–5.7 
log 10  copies ml −1   (  13  ) . In contrast, the hepatitis B viral load in 
saliva is in the order of 10 5 –10 7 ; however the presence of mucin 
molecules cause signi fi cant dif fi culties as they readily aggregate and 
can lead to blockages in micro fl uidic channels when extracting viral 
components  (  14,   15  ) . Furthermore, the need for additional pro-
cessing of the biological sample to remove inhibitors increases also 
with the specimen size. In practical terms processing procedures 
involve dilution,  fi ltration, reagent mixing, and buffer exchange 
that in turn leads to further dilution of the target analyte and asso-
ciated detection issues. DNA ampli fi cation using PCR and immu-
noassay detection within micro fl uidic channels and chambers offers 
many advantages over traditional methodology including, faster 
processing speeds, smaller volumes of samples and reagents, lim-
ited sample pretreatment and puri fi cation, and for PCR the ability 
of integration and automation of preparation, ampli fi cation, and 
detection steps  (  16–  18  ) . The challenge therefore facing micro fl uidic 
technology in many cases is to extract and pre-concentrate the tar-
get viral nucleic acids selectively from relatively large (>1 ml) sam-
ple volumes. Such processing can include cell-sorting, separation of 
plasma/serum from whole blood or cell lysis for immunoassays or 
nucleic acid extraction and ampli fi cation using solid phase and gel 
methodology where appropriate. 

 Cell separation in micro fl uidic-based devices offers the advan-
tages of fully automated processing, portable instrumentation for 
 fi eld and point-of-care use, on small input sample volumes ( μ l or 
less of blood) along with corresponding reagent volumes. 
Separating target cells from contaminating cells or  fl uids prior to 
characterization represents the  fi rst step in many bioanalytical 
procedures. Cells range in sizes from 130 to 8  μ m, and exist in 
complex populations, therefore, sophisticated separation methods 
are needed as shown in Fig.  1   (  19  ) .  
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 Another robust development in micro fl uidic fabrication has 
also occurred in the last few years with the arrival of paper-based 
devices  (  20,   21  ) . This advance in fabrication technique has the 
ability to produce diagnostic devices that are greatly reduced in 
cost with the move away from glass and plastics, simpli fi ed fabrica-
tion from the removal of need for etching, vacuum pumps and 
clean rooms, elimination of pumps or power, and the removal of 
bubbles which currently cause experimental failure in many a 
micro fl uidic laboratory. The arrival of paper-based micro fl uidics 
could have immense impact on the development of diagnostic 
devices for healthcare in developing countries.  

 

 Globally, HIV/AIDS is most prevalent in Eastern and Southern 
Africa. Obstacles to HIV diagnosis and treatment in developing 
countries include funding shortages, lack of political will, limited 

  2.  HIV Diagnostic 
Tools

  Fig. 1.    Overview of common cell separation strategies  (  19  ) . Af fi nity capture separations rely on the adhesion of cells to an 
immobilized, speci fi c antibody ( a ). Unretained cells are washed to waste. The af fi nity format can be applied to array for-
mats ( b ), where more than one capture molecule is attached to a surface. Here, antibodies corresponding to different cell 
surface antigens are used to separate blood cells. Af fi nity separations can occur in a column ( c ), facilitating elution and 
collection. Cells can also be separated by mechanical methods as shown by the different  colored arrows  ( d ). Copyright 
(2007), with permission from Elsevier.       
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human resources, and weak procurement and supply management 
systems  (  22  ) . The diagnostic criteria for HIV infection are typically 
made on the basis of an antibody response to HIV (seroconversion). 
Serological tests for the detection of HIV antibodies are generally 
classi fi ed as screening or  fi rst-line assays, which provide the 
presumptive identi fi cation of antibody-positive patients, and sup-
plemental or con fi rmatory assays, which con fi rm whether samples 
are reactive to discrete HIV strains and/or HIV antigen in speci fi c 
screening assays  (  23  ) . In recent years, the diagnosis of HIV infec-
tion and status of the infection in response to therapy has included 
assays that detect virus particles (HIV p24 antigen) or viral nucleic 
acid  (  24  ) . In clinical HIV/AIDS management, the absolute num-
ber of CD4+ T cells is an indicator of the extent of damage to the 
patient’s immune system. Regular examination of CD4 counts 
(two to four times per year) is recommended after infection has been 
identi fi ed. The most commonly used methods for the differential 
separation of leukocyte subpopulations are magnetic-activated cell 
sorting (MACS) and  fl uorescence-activated cell sorting (FACS). 
These methods rely on monoclonal antibodies tagged with magnetic 
or  fl uorescent compounds, which are used to separate cells based on 
their speci fi c antigenic determinants; however the process is expen-
sive and requires laboratory facilities. A micro fl uidic-based system 
to minimize monocyte contamination and isolate CD4-positive T 
lymphocytes (CD4+ T cells) has been reported based on a polydim-
ethylsiloxane (PDMS) and glass micro fl uidic device  (  25  ) . 

 The device consisted of two interconnected chambers in series, 
the  fi rst for monocyte depletion and the second for CD4+ T cell 
capture. The different chambers were functionalized with separate 
antibodies, the  fi rst with a combination of anti-CD36 and anti-
CD14; these two surface antigens are widely expressed on non-
CD4+ leucocytes. The second chamber was coated with anti-CD4 
antibodies. Venous whole blood (10  μ l) from a panel of 11 HIV 
positive patients was injected at 5  μ l min −1  into the  fi rst chamber, 
followed by phosphate-buffered saline (PBS) with 5% dextran at 
the same  fl ow rate to propel the unattached cells into the second 
chamber. Cells in the second chamber were enumerated using “off 
chip”  fl ow cytometry and compared to the CD4 count achieved by 
 fl ow cytometry alone. Using the micro fl uidic device it was found 
that cell capture of CD4 + ve cells was >80% and results were com-
parable with conventional  fl ow cytometry in the clinically relevant 
range of 0–500 cells/ μ l. 

 The separation and counting of both CD4 and CD8 T lym-
phocytes has also been reported using an integrated single device 
to carry out sample incubation and micro fl ow cytometry  (  26  ) . 
The design of the microdevice involves a pneumatically driven 
mixer, consisting of three  fl ange-like PDMS arms, used to com-
bine the CD4+/CD8+ T cells with differentially labeled detection 
reagents, i.e., anti-CD4 ( fl uorescein), anti-CD8 (recombinant 



29119 Viral Microfl uidic Diagnostics

phycoerythin), and anti-CD3 (CyQ ® ) linked to a micro- fl ow 
cytometer by micro-pumps generating the different streams for 
sample and sheath  fl ows. 

 Pretreated human blood to remove erythrocytes (400  μ l) 
mixed with an excess (8  μ l) of anti-human CD4/CD8/CD3 anti-
bodies were placed into the incubation chamber for 30 min with 
the micro-mixer operating at 1 Hz under 20 psi (138 kPa) of pres-
sure. The cell–antibody complexes were then shuttled and hydro-
dynamically focused by the two parallel sheath  fl ows. The sample 
and the sheath  fl ows were 75 and 150  μ l min −1 , respectively. The 
sample was illuminated using a 473 nm laser diode for optical 
detection. Differences in light emissions were used to count and 
differentiate the labeled T cells (CD3+/CD4+; CD3+/CD8+ 
cells). The results from the microdevice were compared with those 
obtained from a 400  μ l pretreated sample which was incubated 
using a bench-top shaker and standard  fl ow cytometer. Based on 
seven blood samples it was shown that sample processing and anal-
ysis by both the microdevice and traditional methodology gave 
comparable results. However, the micro fl uidic procedure offered 
the bene fi ts of lower reagent volumes, faster assay times (1 h for 
the traditional, 35 min for the microdevice) and a single, simpler, 
experimental platform. 

 Additionally, as HIV/AIDS testing relies not only on CD4+ 
counts but also on the viral load, a micro fl uidic device has also 
been reported that will separate viral particles from the plasma 
based on superparamagnetic nanoparticles as shown in Fig.  2   (  27  ) .  

 The basic steps used to separate the target analyte magnetically 
from the medium are (1) the mixing of sample with functionalized 
magnetic particles; (2) retention of the analyte bound particles; (3) 
removal of any unbound sample; and (4) elution of the target ana-
lyte for subsequent detection and analysis. 

 The design of the device exploited the magnetic  fi eld gradient 
to intensify the force acting on the nanoparticles while reducing 
the separation distance between the individual nanoparticles and 
the trapping surface. This allowed the nanoparticles to be more 
dif fi cult to separate and decreases the time needed to separate them 
later. The PDMS device used a passive micro-mixer of various 
designs (10–37 cm length, 200–300  μ m wide, 100  μ m depth) and 
a magnetic separator made of close packed polydisperse iron par-
ticles (25–75  μ m in diameter) with an external neodymium 
(NdFeB) permanent magnet. Infected plasma (10 6  virons ml −1 ) 
was premixed with anti-CD44-coated nanoparticles at a ratio 5:1 
for 60 min before being injected on to the device at varying  fl ow 
rates (30–100  μ l min −1 ). After the addition of wash then lysis buf-
fer, the processed sample (200  μ l) was analyzed using an HIV p24 
protein ELISA. This was achieved after 20 min for a 0.5 ml sample 
(after 60 min pretreatment). The magnetic separator demonstrated 
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78% ef fi ciency for viral extraction for plasma in this study, which is 
comparable with traditional procedures. 

 Many micro fl uidic protocols published in the last 5 years have 
focused on nucleic acid analysis, DNA or RNA templates, as a 
diagnostic tool, with a large proportion of these exploiting PCR-
methodologies for identifying common viruses found in developed 
countries. Reverse transcriptase-PCR (RT-PCR) uses an additional 
step before the standard PCR process to convert RNA into com-
plementary DNA (cDNA). This is required for analysis of retrovi-
ruses, such as HIV, where the genetic code is stored in a form of 
messenger (m) RNA rather than DNA. A diagnostic disposable 

  Fig. 2.    ( a ) Schematic of the device used for the concentration of HIV-1 virions by super-
paramagnetic nanoparticles  (  27  ) . An infected plasma sample is mixed with functionalized 
magnetic nanoparticles, and then the mixture is trapped in the magnetic separation 
chamber. ( b ) Schematic of the magnetic separator. The micro fl uidic trapping chamber is 
5 mm long × 4 mm wide × 120  μ m high. Iron particles (25–75  μ m) are physically trapped 
before the 20  μ m high outlet channel and are compacted into random close packing by 
the force of the  fl ow. ( c ) Suspension of polydisperse iron particles. Copyright (2010) 
American Chemical Society.       
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cyclic ole fi n copolymer (COC) device for RT-PCR has been 
described that uses  fi ve embedded pinch valves to control the dif-
ferent elements of the procedure as shown in Fig.  3   (  28  ) .  

 The microdevice used embedded cylindrical silicone tubing 
(6 mm long, 1 mm width, 0.2 mm depth) with external mechani-
cal plungers to isolate different solutions and procedures in speci fi c 
areas of the device, e.g., RT incubation, PCR ampli fi cation and 
detection. Cycling was achieved using three external infra-red 
80 W halogen lamps and two DC cooling fans. Thermocouples 
with direct contact to the reaction solutions were situated in the 
RT incubation, PCR and detection chambers, with the tempera-
ture being controlled by a LabVIEW program. Optical detection 
of the chemiluminescence assay was achieved with 0.05 nA photo-
diode and high-gain signal ampli fi er with a conversion gain of 
1.0 × 10 8  V/A. To demonstrate the ability to detect HIV  gag  and 
 envelope  genes, RNA was obtained from HEK 293 cells previously 
transfected with these viral sequences. The RNA was injected into 
the embedded tubing, mixed with 2  μ l RT enzyme mixture, and 
incubated at 40°C for 2 min. This was then injected into the PCR 
chamber with 3  μ l of PCR regents at unstipulated  fl ow rates and 
thermally cycled (94°C for 10 s; 56°C for 10 s; 72°C for 10 s) for 
30 cycles after an initial 60 s heating of 95°C and then maintained 
at 72°C for 60 s as the  fi nal extension. The success of the RT-PCR 
was  fi rst assessed by gel electrophoresis “off-chip” and then 
repeated on-chip using chemiluminescence detection. Gene-
speci fi c probe sequences were immobilized in the detection cham-
ber and 5  μ l of the cDNA sample was transferred with the chamber 
heated to 95°C for 60 s to denature the DNA. After binding of the 
now single-stranded cDNA to the probe DNA, the chamber was 
washed with PBS to remove any unbound sample then injected 
with 1  μ g ml −1  streptavidin-labeled horseradish peroxidase and 
incubated for 5 min. After a  fi nal rinse, 5  μ l Supersignal ®  femto 
chemiluminescent substrate solution (Rockford, USA) was added 

  Fig. 3.    Design for the polymer RT-PCR lab-on-a-chip for HIV diagnostics  (  28  ) . Reproduced by permission of The Royal 
Society of Chemistry.       
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with the resulting emitted light measured. Comparisons between 
the on-chip RT-PCR and conventional procedure were made using 
gel electrophoresis, and the portable optical analyzer was compared 
with a conventional scanner. Quantitative comparison data were 
not shown; however, both the on-chip procedures of RT-PCR and 
detection were successful. 

 The methodology described above was used on blood and cell 
samples however, for different biomedical samples such as salvia, 
an immunoassay microdevice has been described that uses  fi nger-
actuated pouches to move samples and reagents for anti-HIV anti-
body detection  (  29  ) . This disposable luminescence-based 
immunoassay microdevice consists of a top plate containing reagent 
storage chambers, air- fi lled pouches, and metering chamber com-
bined with a lower, processing, base plate with connection needles, 
mixing chamber and detection chamber. Subsequent to sample 
induction, the two component plates are joined with the needles 
(internal diameter 500  μ m, 900  μ m long) forming connections or 
closing valves. Samples were clari fi ed saliva samples that were spiked 
with anti-HIV antibodies. The pouches are depressed forcing the 
reagents around the microdevice. Passive “zigzag” mixing was 
employed with the contents of two (100 mM HEPES–0.5% (v/v) 
Tween-1% bovine serum albumin)  fi lled buffer chambers (20  μ l), 
one preceding and one following the sample, and sample metering 
chamber (10  μ l) being forced into the 50  μ l mixing chamber. The 
contents of the mixing chamber were then forced onto an HIV 
lateral  fl ow strip functionalized with HIV-speci fi c antigens, after a 
2 min interval 20  μ l of buffer was  fl ushed through to remove any 
unbound analytes. After a further 2 min an immunolabeling buffer 
containing 100 ng protein-A-coated with up-converting phosphor 
(UCP) reporter molecules was run through to interact with a 
control line functionalized with anti-human IgG to verify assay 
completion. General applicability of this approach was further 
demonstrated through its ability to identify interleukin 8 with an 
integrated microbead array. The ability to identify anti-HIV without 
instrumentation makes it ideal for developing-world diagnostics, 
although as mentioned earlier, a problem still to be resolved with 
this methodology is the issue of real-world samples with mucin 
molecules in saliva.  

 

 WHO have identi fi ed the importance of in fl uenza research seeking 
to limit and minimize the spread and impact of in fl uenza, optimiz-
ing the treatment of patients, and promoting the development and 
application of modern public health tools  (  30  ) . This need was 
clearly highlighted by the 2009 global pandemic of H1N1 in fl uenza 

  3.  In fl uenza A 
Diagnostic Tools
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A serotype, which caused symptoms ranging from mild upper-
respiratory tract illness to severe or fatal pneumonia. In Mexico 
alone, there were 3,734 laboratory-con fi rmed cases and 74 fatali-
ties. It has been recognized that the virological course of in fl uenza 
A (H1N1) infection needs to be de fi ned based on the analysis of a 
range of sample types including extrapulmonary secretion, feces, 
or vomitus  (  30  ) . A recent methodology utilizing PCR to differen-
tiate between in fl uenza A serotypes in a silicon-based micro fl uidic 
system was reported  (  31  ) . The PCR chips comprised a micro-PCR 
chamber (300  μ m depth, 300  μ m width, 10  μ l volume), micro-
heaters and temperature sensors at the edges of the device with 
access ports for the addition and removal of sample and reagents. 

 A PCR protocol replicated speci fi c sequences of the two different 
serotypes, FluA and H1N1 using templates and primers taken from 
conventional PCR methodology. Single-stranded DNA (ssDNA) 
templates of both serotypes (20.8 fg  μ l −1  FluA and 29.62 fg  μ l −1  
H1N1) were mixed with the PCR assay reagents before being 
added to the chamber for ampli fi cation. The process was compared 
with an assay carried out in a conventional 96-well thermal cycler 
using the same schedule as in the traditional methodology. The 
products were  fl ushed from the chip using mineral oil and then 
separated “off-chip” using gel electrophoresis and quanti fi ed after 
removal from the gel using Picogreen assay in a standard 
spectro fl uorometer. Using multiplexed ampli fi cation, viral DNA 
was increased 10 4 –10 5  times in magnitude. This was 50% lower 
than the sample ampli fi ed in the PCR cycling machine. Subsequently, 
1  μ l of the chip ampli fi ed double stranded was denatured and 
injected into a microchannel (10 mm length, 3 mm width, 200  μ m 
depth) at 10  μ l min −1  for 15–20 min. The channel was separated 
into three sections using silicon nanowires (SiNW) functionalized 
with (1) H1N1 peptide nucleic acid (PNA) probes, (2) FluA PNA 
probes, and (3) control with no PNA probes. The resistance mea-
surements of the nanowires were recorded and compared with a 
baseline control. The differential ( I  d ) exhibited an exponential-
shaped hybridization curve on the functionalized SiNW suggesting 
a binding of the ssDNA in the sample. The average  I  d  were recorded 
(H1N1 SiNW cluster was 45.7 ± 158 pA, FluA SiNW cluster was 
400 ± 134 pA) after the sample was introduced and compared to 
the control. As expected, it was shown that the FluA sample mea-
surements were highest as the DNA sequence is common to all 
FluA serotypes including H1N1. 

 A similar study reported the extraction of viral RNA using a 
disposable plastic, Zeonex ®  medical grade cyclic polyole fi n, with 
channels fabricated measuring 400  μ m width, 100  μ m depth, and 
15 mm in length  (  32  ) . Circular 1.5 mm wells were drilled at each 
end of the channel for sample introduction and collection. Within the 
channel a porous poly (butyl methacrylate co-ethylene) monolith 
was prepared. Cultured Madin Darby Canine Kidney (MDCK) 
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epithelial cells were inoculated with in fl uenza A for 5 days. Both 
the cell pellet and supernatant were diluted 1:1 with lysis buffer 
and poly A carrier RNA and 15  μ l aliquots was  fl owed over the 
solid phase extraction (SPE) columns. The samples were trapped, 
washed (70 and 100% ethanol), and eluted (RNase water) using a 
 fl ow rate of 300  μ l min −1  for 3 min (sample), 2 min (washes), and 
3 min (elution). RT-PCR was then achieved “off-chip” using a 
PCR cycling machine against a commercially available RNA extrac-
tion kit (QIAamp ® , Qiagen, Inc.). The threshold cycle value for 
the  μ SPE was 29.58 ± 2.28 compared to Qiagen 26.65 ± 1.1. This 
corresponded to a 7.62 fold drop in extraction from the micro fl uidic 
method. However, the  μ SPE demonstrated that  fl u-A viral RNA 
could be extracted and eluted; however for clinical use further 
re fi nement and optimization of procedure will be required. 

 Finally, methodology for the detection of in fl uenza A (H1N1) 
based on the use of electrophoretic immunoassay has been pro-
posed  (  33  ) . Two different con fi gurations of microchip immunoas-
say were examined. The  fi rst microdevice used open channel 
electrophoresis and laser-induced  fl uorescence detection, a later 
design integrated a polymerized 6% polyacrylamide membrane 
into part of the microchannel (150  μ m long, 100  μ m wide, and 
25  μ m deep) to remove sample contaminants and to concentrate 
and separate the viral particles. The pore sizes within the gel were 
approximately 8–12 nm, allowing the  fl ow of antibody molecules 
but not in fl uenza virus that has an approximate diameter of 160 nm. 
Thus, the viral particles were concentrated at the boundary of the 
gel. The immunoassay was performed at a pH 8.9 with a polyacryl-
amide coating added to the microchannels to control bulk elec-
troosmotic  fl ow. Platinum electrodes were placed in  fl uid reservoir 
wells (~100  μ l) and 400 V was applied at the sample waste (SW) 
well, while the sample (S) well was grounded for 120 s. This 
caused the negatively charged sample to move to the polyacrylam-
ide membrane as shown in Fig.  4 . A voltage (93 V) was applied at 
the buffer waste (B) to stop the sample entering the separation 
channel. Separation took 120 s with the sample moving down the 
channel using 800 V at the waste (W) while grounding the B well, 
with voltages of 325 V at SW and 275 V at S to pull the sample 
into the side channels.  

 To remove the viral sample from the interface of the gel, 800 V 
was applied to W for 4 min and SW was grounded. Epi- fl uorescence 
detection and imaging was conducted using Alexa Fluor 488-con-
jugated murine anti-in fl uenza A antibodies. The open channel 
con fi guration exhibited several drawbacks during testing with the 
most important being the limit of detection (LOD) of 2750 
TCID 50  ml −1 , which is extremely low sensitivity compared to the 
negative control sample. Using the polyacrylamide membrane, a 
viral concentration detection of 7.5 × 10 2  TCID 50  ml −1  was achieved, 
which is comparable to traditional LOD, with the advantages 
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that the micro fl uidic device uses smaller sample volumes, allowing 
for serial/repetitive analysis, and the process is completed within a 
6 min cycle time.  

 

 Dengue fever occurs in tropical and subtropical regions of the 
world and the virus is transmitted by the bite of an  Aedes  mosquito 
 (  34  ) . Symptoms are a severe  fl u-like illness exhibited by all ages 
and occasionally a potentially fatal complication called dengue 
hemorrhagic fever (DHF), which may occur 3–14 days after receiv-
ing an infectious bite. Whilst there is currently no speci fi c treat-
ment, medical care can reduce the prevalence of the DHF, which if 
left untreated can lead to a mortality rate of up to 50%. A one-step 
RT-PCR diagnosis system that integrates the sample puri fi cation 
and enrichment steps using superparamagnetic beads on a single 
device has been reported  (  35  ) . The integrated microsystem includes 
a PDMS micro fl uidic device, magnetic microcoils, microheaters, 
and temperature sensors. Dengue virus serotype 2 and enterovirus 
(EV) 71 virus RNA templates were used in this study. Cavities for 
wash buffer, sample, and RT-PCR reagents were fabricated for 
volumes of 50  μ l with microchannels connecting the various 
chambers. The solutions were pumped by three PDMS valve 

  4.  Dengue Virus 
Diagnostic Tools

  Fig. 4.    ( a ) Schematic of micro fl uidic chip used for electrophoretic immunoassays  (  33  ) . Reservoir designations:  S  sample, 
 SW  sample waste,  B  buffer,  W  waste. ( b ) A 6% polyacrylamide plug formed in a glass microchip by projecting a shaped UV 
laser beam onto the microchannel. ( c ) Virus and antibody are moved by electrophoresis. ( d ) Fluorescence can be measured 
at the membrane or the retained analyte are eluted towards the waste. ( e ) Labeled antibody complexed with viral particles 
is detected by epi- fl uorescence microscopy with the virus–antibody complex concentrated at the gel interface. Reproduced 
by permission of The Royal Society of Chemistry.       
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micropumps driven by an electromagnetic valve; the volumes of 
the reaction chambers were not given. PBS buffer (25  μ l) was 
mixed with 10 7  Dynabeads ®  4.5  μ m sized M-450 coated with anti-
bodies before loading into the device’s pretreatment chamber. 
Dengue viral fragments (511 bp ssDNA) were then injected onto 
the device for capture on the beads followed by a PBS wash solu-
tion (volumes not described). Aliquots of the viral-bound nano-
particles (5  μ l) were removed to the RT-PCR chamber and mixed 
with a pre-loaded lysis buffer at 95°C for 95 min. The RT-PCR 
regents (DEPC solution and Mastermix, Promega) were pumped 
onto the chip and the RT-PCR procedure was performed for 40 
cycles at 94°C for 35 s, 55°C for 30 s, and 75°C for 35 s followed 
by a supplementary 5 min at 72°C to allow for completion of elon-
gation. The PCR products were  fi nally removed from the reaction 
chamber and separated using gel electrophoresis. The micro fl uidic 
procedure was compared with a commercial RNA extraction kit 
(QIAGEN, Germany) and shown to have the same detection 
ef fi ciency as the traditional method. 

 A second micro fl uidic method has also been reported for the 
determination of the Dengue virus using a CD-shaped PDMS 
microdevice with 12 DNA hybridization chambers (15 mm length, 
400 mm width, 46  μ m depth) temporally sealed onto a glass substrate 
immobilized with a Dengue serotype DNA array  (  36  ) . Hydrophobic 
valves allowing geometric constriction of a hydrophobic channel 
from a cross-section of 400–50  μ m, coupled with centrifugal force 
were used to generate reciprocating  fl ow in the PCR chamber. 
Fluorescein-labeled synthetic Dengue virus oligonucelotides 
(350 nl), in high concentrations ranging from 25 to 200 nM, and 
wash buffer (1  μ l) to remove unbound target DNA, were added to 
the device and loaded at the sample entry port and the wash reser-
voir, respectively. The CD-shaped microdevice was then spun 
between 8.5 and 25 Hz for 3 s and stopped for a further 3 s. 
Repeated rotation-stop processes continued for 90 s to allow 
hybridization to occur. The device was then spun for 10 s at 22 Hz 
to drain the remaining sample into the waste chamber, and subse-
quently spun for 30 s at 38 Hz to drive the wash buffer over the 
hybridization zones to remove any unbound target molecules. To 
detect and analyze the effectiveness of the device, epi- fl uorescence 
microscopy was used. 

 Characterization and comparisons of different rotation speeds 
(8.5–25 Hz) and target DNA concentrations on the effects of 
hybridization rates were investigated. Increased rotational frequen-
cies ampli fi ed the amount of DNA hybridization; however rates 
above 22 Hz had little additional effect on the amount of  fl uorescent 
signal detected. This is due to the centrifugal pressure being 
directly proportional to the square of rotational frequency. 
An increase in rotation speed results in higher oscillation ampli-
tude of the sample. At maximum amplitude of the sample, increased 
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rotational frequencies have minimal effect on the hybridization 
signal. As expected, an increase in target DNA resulted in a higher 
amount of  fl uorescent signal being detected.  

 

 It has been shown through the analysis of various genomes that 
some of the nucleotide sequences contain retroviral genes, pre-
sumably due to infection in the distant past  (  37,   38  ) . One virus, 
human papilloma (HPV), has become prominent in the last few 
decades as it has been demonstrated that the presence of the virus 
is strongly associated with a number of malignancies, most notably 
cervical and oropharyngeal carcinoma. Screening of cervical cells 
for viral incidence has been hampered by methodology that has 
limited sensitivity with poor reproducibility and speci fi city in the 
developed world. A micro fl uidic system has been proposed that 
could potentially improve current screening procedures  (  39  ) , as 
shown in Fig.  5 . The COC polymer-based microdevice has ten 
parallel (80 nl) reaction chambers. A SiHa cell model, which has 
been previously successful in conventional tests, was transfected in 
the device with one to two copies of HPV 16 per cell, before lysis 
and extraction of the nucleic acids for analysis.  

 To de fi ne the lower detection limit of the methodology, cell 
lines were tested 2 × 10 −2  cells  μ l −1  to 2 × 10 −3  cells  μ l −1 . A single 
abbreviated cycle of RT-PCR using PreTect ®  HPV-Proofer kit 
(NorChip, Norway) was achieved off-chip before being distrib-
uted to the channels then left to run for 2.5 h at 41°C. Detection 
of the PCR products was achieved by the use of light emitting 
diodes (LED). The detection capabilities of the microdevice were 
compared with conventional methods using 20  μ l sample volumes 
and demonstrated the same sigmoid curvature pro fi le. 

  5.  Other Viral 
Diagnostics

  Fig. 5.    ( a ) An image of the COC microchip used to detect human papilloma (HPV) with dimensions of 50 × 40 mm. ( b ) Sketch 
of the optical geometry. ( c ) An image of the major components in the instruments  (  39  ). Reproduced by permission of The 
Royal Society of Chemistry.        
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 A micro fl uidic-PCR method has also been demonstrated for 
the detection of BK virus particles in unprocessed whole blood 
samples  (  40  ) . The BK virus was  fi rst identi fi ed in 1971, although 
the majority of infected people are asymptomatic unless the patients 
are suffering from immunosuppression where clinical presentation 
can include renal dysfunction and abnormal urinalysis  (  41  ) . The 
microdevice consisted of a 300  μ m PDMS layer sandwiched in 
between two layers of glass and the PCR chamber volume was 
600 nl. A 1  μ l aliquot of blood was contaminated with 10 5  copies 
of puri fi ed BK virus before the addition of the 20  μ l BKV-Alexa 
labeled primer PCR mix. A rapid two-step PCR was performed 
with an initial denaturizing period (94°C for 120 s) was followed 
by 35 cycles of 94°C for 10 s, 64°C for 20 s, 72°C for 120 s using 
a Peltier element controlled by a calibrated thermocouple situated 
in the reaction chamber. Detection was achieved by micro-capillary 
electrophoresis ( μ CE) using laser-induced  fl uorescence (excitation 
wavelength 635 nm; emission wavelength 670 nm) optical detection. 
The results were compared to those achieved using a traditional 
thermocycler. Electropherograms show the successful ampli fi cation 
of on-chip BKV PCR with a slight shift of the  fl uorescent signal due 
to the overloading of primers. The signal was more condensed than 
those of the thermocycler control; however the magnitude of inten-
sity was comparable. 

 The plaque assay is the “gold-standard” to measure virus infection 
and test for antiviral drug ef fi cacy. To perform a plaque assay, serial 
dilutions of a virus stock solution are prepared and inoculated onto 
susceptible cell monolayers. After an incubation period, permitting 
the virus to attach to the cells, the monolayers are covered with a 
nutrient medium agar. After a further period of incubation, the 
original infected cells release the virus progeny. The presence of 
the gel restricts the spread to neighboring cells and the viruses 
cause a zone of infected cells called a plaque, which eventually 
becomes apparent to the naked eye. Antiviral drugs inhibit the 
spread of the virus progeny providing the means to assess a drug’s 
potency. Although it is one of the most important procedures in 
virology, it is associated with many drawbacks, e.g., the methodol-
ogy is very labor-intensive, it lacks sensitivity, requires a relatively 
large volume of reagents, and is dif fi cult to automate. In a novel 
approach, an infection assay was performed within microchannels 
(32 mm × 2 mm × 250  μ m) with an inoculation port 8 mm from 
the inlet port  (  42  ) . Baby hamster kidney (BHK) cells were injected 
into the microchannels at 4 × 10 6  ml −1  and cultured for 12 h before 
inoculation with vesicular stomatitis virus (VSV), which has been 
used extensively in the study of virus properties and viral evolution. 
A recombinant form of VSV carrying the gene for green  fl uorescent 
protein (GFP) was used in the study and is expressed in infected 
cells early in the mitosis cycle. After the cell surface density in the 
microchannels was measured, 6  μ l VSV-GFP medium was dropped 
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into the inoculation port and 20  μ l of medium was set at the inlet 
port. The inoculum size, measured in plaque-forming units (PFU), 
had a serial dilution range from 3 × 10 to 3 × 10 6 . Passive pumping 
was employed by the generation of a pressure drop between the 
inoculation and outlet ports allowing the virus-laden droplet to 
enter the channel without the need for additional apparatus. After 
24 h, having added tissue culture medium after 12 h, the micro-
channels were imaged with the cells subsequently  fi xed and stained 
with crystal violet. The average GFP intensity was quanti fi ed using 
a MATLAB program, which calculated the average pixel value of 
every channel. These results were compared to those obtained by 
use of the traditional plaque assay. The BHK cells remained viable 
for 4 days but had slower replication rates than those grown on 
standard plates. The spatial patterns of infection were analogous 
for 3 × 10 2  to 3 × 10 6  PFU with a steep decline in the  fl uorescent 
signal at the lowest dilution as expected with the low volume of 
inoculum. The 3 × 10 2  plaque assays were subsequently subjected 
to an antiviral drug (5- fl uorouracil, 5-FU) at a concentration range 
of 0 to 64 mg ml −1  and regions of cell death visualized with crystal 
violet stain. As expected the higher the concentration of 5-FU, the 
lower the intensities of infection-mediated cell death in the chan-
nels. This methodology has the bene fi ts of simplicity, and smaller 
drug reagent volumes, however, the major advantage was that 
the assay sensitivity was twofold more sensitive than the standard 
plaque-reduction assay used routinely in virology labs.  

 

 Infectious disease remains the major threat to global health with 95% 
of infections occurring in developing countries, which are the least 
able to cope. Innovations in micro fl uidic technology have the abil-
ity to offer simple, accurate, mass produced, and low-cost diagnos-
tics that are essential and unavailable in those areas that need them 
the most. Developments in all aspects of the separation, 
ampli fi cation, and real-time detection methodologies have stimu-
lated diagnostic innovations in the past few years. The ability to 
combine complicated procedures with sophisticated reagents and 
detection systems into a single easy to use platform that delivers 
point of care information is the aspiration of many micro fl uidic 
groups. One of the main obstacles in supplying appropriate tech-
nology to patients with infectious disease is the lack of investment 
in the engineering and packaging of these diagnostic tools. The 
patients with the greatest need, in tropical and subtropical climates, 
are usually some of the poorest in the world and therefore present 
a low return on the high investment costs to develop, assess, and 
commercialize new assays. The only path to success, which seems 

  6.  Conclusions
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available in the present  fi nancial climate, is the amalgamation of 
the private and public sectors to provide the essential investment 
coupled with the need for innovative solutions driven by medical 
necessity.      
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    Chapter 20   

 Applications of Micro fl uidics for Molecular Diagnostics       

     Harikrishnan   Jayamohan   ,    Himanshu   J.   Sant   , and    Bruce   K.   Gale         

  Abstract 

 Diagnostic assays implemented in micro fl uidic devices have developed rapidly over the past decade and are 
expected to become commonplace in the next few years. Hundreds of micro fl uidics-based approaches 
towards clinical diagnostics and pathogen detection have been reported with a general theme of rapid and 
customizable assays that are potentially cost-effective. This chapter reviews micro fl uidics in molecular 
diagnostics based on application areas with a concise review of micro fl uidics in general. Basic principles 
of microfabrication are brie fl y reviewed and the transition to polymer fabricated devices is discussed. 
Most current micro fl uidic diagnostic devices are designed to target a single disease, such as a given cancer 
or a variety of pathogens, and there will likely be a large market for these focused devices; however, the 
future of molecular diagnostics lies in highly multiplexed micro fl uidic devices that can screen for poten-
tially hundreds of diseases simultaneously.  

  Key words:   Micro fl uidics ,  Micro-total-analysis-systems ,  Lab-on-a-chip ,  Point-of-care devices , 
 Sample preparation ,  MEMS ,  Rapid prototyping ,  Biomarker detection ,  Personalized medicine ,  Global 
health care    

 

 The role of molecular diagnostics is critical in today’s global health 
care environment. In the developing world, 95% of deaths are due 
to a lack of proper diagnostics and the associated follow-on treat-
ment of infectious diseases; i.e., acute respiratory infections (ARIs), 
malaria, HIV, and tuberculosis (TB)  (  1  ) . Recent pandemics like 
the 2009 H1N1 In fl uenza A pandemic, have accentuated the need 
for tools to effectively detect and control infectious diseases. Factors 
like “rapid pathogen mutation rates, transformation of nonhuman 
pathogens into human pathogens, and recombination of nonhu-
man pathogen with human pathogens” have added to the chal-
lenge of managing novel infectious diseases  (  2  ) . Increased global 

  1.  Introduction
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mobility has aided the rapid spread of infectious diseases from 
region of origin to other parts of the world as seen during the 2009 
H1N1 pandemic. This mobility has highlighted the need for rapid, 
portable diagnostic (point-of-care [POC]) devices at ports of entry 
to prevent global spread of infections. Current laboratory culture 
methods for pathogens take a day or more to provide results  (  2  ) . 
Clearly, methods need to be developed to aid rapid and site-relevant 
diagnosis of disease. 

 For certain other types of infections, in both the developed 
and developing worlds, the diagnostic tests need to be repeated 
periodically to measure response to therapy and monitor the disease 
condition. One such case is monitoring the viral load (number of 
viral particles per milliliter of blood) for infections like HIV 
(Human immunode fi ciency virus) and hepatitis C. Sub-Saharan 
Africa is a region heavily affected by the AIDS pandemic. The lack 
of standard laboratory facilities and trained laboratory technicians 
in these regions is a serious bottleneck  (  3  ) . Similar problems exist in 
medically underserved areas of the USA. A simple POC platform 
could enable increased access to treatment for patients in such 
low-resource settings. 

 In the developed world, the strategy to deal with major disease 
burdens such as cancer is shifting from a therapeutic to diagnostic 
mode  (  4  ) , as the cost of treating disease falls dramatically if it is 
found early. Ischemic heart diseases and cerebrovascular diseases, 
which are the major causes of mortality in the developed world, 
can be targeted by effective diagnostics  (  1  ) . With projected US 
healthcare costs of $4.4 trillion by 2018, expanding conventional 
expensive diagnostic solutions is not a viable option  (  5  ) . Rapid, 
low-cost diagnostic tools that can be dispersed throughout a com-
munity for easy access, possibly even in the home, would provide 
substantial bene fi t by allowing more rapid diagnosis and monitor-
ing of disease and infection. 

 Homeland security is another key sector where portable molec-
ular biology tools are needed to detect a variety of biological agents 
 (  6  ) . The US Departments of Health and Human Services (HHS) 
and Agriculture (USDA) maintains a list of biological agents and 
toxins de fi ned as select agents “that have the potential to pose a 
severe threat to public, animal or plant health, or to animal or plant 
products”  (  7  ) . Again, there is a need for rapid, inexpensive detec-
tion, identi fi cation, and quanti fi cation of pathogens to help reduce 
this threat. 

 Hence, there is an unmet need for simple, low-cost/cost-effective, 
accurate, portable/point-of-care diagnostic tools for rapid 
identi fi cation of disease markers and pathogens in a variety of set-
tings. The FDA (Food & Drug Administration), de fi nition of a 
“simple test” provides a benchmark for features for an ideal diag-
nostic tool (Table  1 ,  (  1, 8  ) ).  
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 There is consensus that for such an ideal diagnostic tool, 
micro fl uidics will certainly be required and will likely make up the 
critical components of the device  (  9  ) . Micro fl uidics can be de fi ned 
as “science and technology of systems that process or manipulate 
small (10 –9  to 10 –18  liters) amounts of  fl uids, using channels with 
dimensions of tens to hundreds of micrometers”  (  10  ) . Lab-on-a-
chip (LOC) refers to the application of micro fl uidics in chemi-
cal, biological analysis and diagnostics. The ultimate objective of 
LOC devices is to integrate the entire gamut of laboratory capa-
bilities on a micro fl uidic chip  (  11–  13  ) . 

 Some of the features of micro fl uidics that make the technology 
attractive for lab-on-a-chip point-of-care applications are:

   The availability of fabrication methods to manufacture small  ●

hand-held devices on a large scale at a lower cost.  
  The ability to manipulate small volumes of sample, requiring  ●

lower amounts of reagents.  
  The ability to analyze small volumes for applications like single- ●

cell analysis, multiplexed analysis, or forensic trace analysis  (  14  ) .  
  Smaller length scales result in faster analyses and higher sepa- ●

ration ef fi ciencies, reducing response times. The high speed 
analysis also makes micro fl uidics a suitable candidate for high-
throughput applications.  

   Table 1 
  Features of the ideal diagnostic tool based on FDA’s de fi nition of a “simple test”   

 Is a fully automated instrument or a unitized or self-contained test 

 Uses direct unprocessed specimens, such as capillary blood ( fi ngerstick), venous whole blood, nasal 
swabs, throat swabs, or urine 

 Needs no operator intervention during the analysis steps 

 Needs no electronic or mechanical maintenance beyond simple tasks, e.g., changing a battery or 
power cord 

 Produces results that require no operator calibration, interpretation, or calculations 

 Produces results that are easy to determine, such as “positive” or “negative,” a direct readout of 
numerical values, the clear presence or absence of a line, or obvious color gradations 

 Has test performance comparable to a traceable reference method, as demonstrated by studies in which 
intended operators perform the test? (Intended operator refers to a test operator with limited or no 
training or hands-on experience in conducting laboratory testing) 

 Contains a quick reference instruction sheet that is written at no higher than a seventh grade 
reading level 
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  Straightforward integration of multiple components/func- ●

tionalities (sample preparation, detection, data processing) on 
a single device.  
  Potentially fully automated and simple to use, enabling use by  ●

laypeople.  
  Portability and a small footprint should allow  fi eld and clinic  ●

use, as well as possibly allowing more widespread diagnostics. 
Pervasive diagnostics should greatly increase the likelihood of 
personalized medicine having a signi fi cant impact on society.  
  Highly parallel analyses will allow multiple tests to be run  ●

simultaneously, either on the same sample or multiple samples. 
Micro fl uidic devices can in principle be used to obtain param-
eters like proteomic, metabolomic, and genetic data of each 
individual for personalized care  (  15  ) .    

 Figure  1  provides a basic generalized schematic of a micro fl uidic 
LOC device with sample-in/readout capabilities. The  fi gure shows 
some of the various technologies that might be involved in sample 
preparation, analysis or separation, and detection. Figure  2  is an 
example of a real nucleotide analysis system developed at the State 
of Utah Center of Excellence for Biomedical Micro fl uidics.    

  Fig. 1.    A schematic diagram of a conceptual lab-on-a-chip device designed to perform a variety of unit operations and unit 
processing steps including: sample preparation (e.g.,  fl uid handling, , derivatization, lysis of cells, concentration, extraction, and 
ampli fi cation), sample separation (e.g., electrophoresis, liquid chromatography, molecular exclusion,  fi eld- fl ow fractionation), 
and detection (e.g.,  fl uorescence, UV/Vis absorption, amperometric, conductivity, Raman, electrochemical).       
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 Micro fl uidic devices have been steadily developing over the past 30 
years, but most of the progress related to diagnostic applications 
has been made in about the past 15 years  (  10,   16  ) . A major driver 
for micro fl uidic development was the focus on genomics and 

  2.  Early 
Development 
of Micro fl uidics

  Fig. 2.    ( a ) Prototype of an automated nucleotide extraction platform. The micro fl uidic system consists of  fi ve different 
components: (i) a disposable micro fl uidic cartridge containing a glass  fi ber  fi lter (inset  fi gure); (ii) a PDMS-micro fl uidic chip 
for  fl ow control; (iii) micro fl uidic chambers for mixing, metering, pumping, and reactions; (iv) a pneumatic micropump to 
deliver the eluted sample to downstream assays; and (v) a vacuum pump to control the on-chip valves. The extraction chip 
also has provision for thermal lysis and reverse transcription (not shown). ( b ) Prototype of a test socket for characterization 
of a carbon nanotube-based electrochemical nanosensor array. The test socket provides both  fl uidic and electrical inter-
face to the nanosensor chip (inset  fi gure) that detects nucleotide hybridization. ( c ) Prototype of a shuttle PCR chip with 
three temperature zones and which is fabricated using polycarbonate lamination. The heaters and thermocouples are 
shown with a manifold for on-chip  fl uidic control. The  fl uidic interface for the extraction system is designed so that it can 
be readily connected to the downstream assays such as hybridization and PCR.       
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molecular biology in the 1980s especially on microanalysis 
techniques like high-throughput DNA sequencing. The initial 
micro fl uidic devices were inspired by the microelectronics industry 
and relied on photolithography and MEMS fabrication techniques. 
Hence, most of the earliest micro fl uidic devices were fabricated in 
silicon and glass. 

 The origins of micro fl uidics as used in diagnostic and molecular 
biology applications can be traced to microanalytical tools like 
gas-phase chromatography (GPC), high-pressure liquid chroma-
tography (HPLC), and capillary electrophoresis (CE) developed in 
the mid-1990s  (  16  ) . Rapid progress was made on these tools at 
this time and many of the developed concepts are still in use today. 
A summary of some of the best examples follow: Jacobson et al .  
reported separation of complexed metal ions in polyacrylamide-
modi fi ed channels  (  17  )  using electrophoresis. Micellar electrokinetic 
capillary chromatography (MECC) separation of biological samples 
 (  18  )  and neutral dyes  (  19  )  were reported. Wooley et al .  reported 
ultra-high-speed DNA sequencing and separation using microfab-
ricated capillary electrophoresis chips  (  20  ) . Surface passivation of 
silicon-based PCR chips to obtain ampli fi cations comparable to 
conventional PCR systems was accomplished  (  21  ) . Koutny et al .  
reported a competitive immunoassay for separation and quanti fi cation 
of free and bound labeled antigens by capillary electrophoresis (CE) 
 (  22  ) . Hadd et al .  presented an automated enzyme assay in which 
nanoliter volumes of substrate, enzyme, and inhibitor were mixed 
using electrokinetic  fl ow  (  23  ) . Microchip-based capillary electro-
phoresis (CE) for separation and relative quantitation of human 
serum proteins was achieved  (  24  ) . Some of the other separation 
methods like free- fl ow electrophoresis (FFE)  (  25  ) , capillary gel 
electrophoresis  (  26  )  and capillary array electrophoresis (CAE)  (  27  )  
were reported. These devices were primarily fabricated in silicon 
and glass and lead to the work on related components like micro-
pumps, microvalves and sensors. 

 There are a few examples of plastic devices before 2000. 
Delamarche et al .  used elastomeric micro fl uidic networks to pattern 
immunoglobulin with high resolution on a variety of substrates 
(gold, glass, polystyrene)  (  28  ) . Freaney et al .  developed a proto-
type miniaturized chemical analysis system comprising biosensors 
and a microdialysis interface for on-line monitoring of glucose and 
lactate in blood  (  29  ) . 

 In the 1990s, to counter the threat of biological and chemical 
weapons, the US Defense Advanced Research Projects Agency 
(DARPA) supported development of “ fi eld-deployable micro fl uidic“ 
devices and was a driver for academic research in micro fl uidics 
 (  10  ) . The  fi rst lab-on-a-chip emerged with the concept of a “minia-
turized total analysis system” or  μ TAS, involving a silicon chip ana-
lyzer with sampling, sample pretreatment, separation, and detection 
functionalities embedded on an integrated system  (  30  ) . 
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Electroosmotic pumping was the primary actuation mode used in 
these early  μ TAS systems especially since separation was one of the 
objectives and pumping could be controlled using simple electronics 
and no moving parts  (  31  ) . Seiler et al .  reported amino-acid separa-
tion on chip and their detection using laser-induced  fl uorescence 
 (  32  ) . Other applications involving biomolecules and cells emerged 
during the period. These include  fl ow cytometry  (  33  ) , DNA 
ampli fi cation (PCR)  (  34  )  and cellular metabolism studies  (  35  )  on 
a microfabricated chip. 

 A host of innovations in micro fl uidic devices came forth in the 
period from 1994 to 1997. These include, “reactor chambers 
for continuous precolumn and postcolumn labeling reactions” 
 (  36,   37  ) , high speed ef fi cient separations  (  38  ) , on-chip static mixing 
 (  39  ) , separation of oligonucleotides  (  40  ) , DNA  (  41  ) , and amino 
acids  (  42  ) , and cell manipulation by electrical  fi elds  (  43  ) . There 
was also work on separation modes like synchronized cyclic capil-
lary electrophoresis  (  44  )  and free  fl ow electrophoresis (FFE)  (  45  ) . 
Verpoorte et al .  devised a 3D micro fl ow manifold system incorpo-
rating electrochemical and optical detection systems  (  46  ) . Seiler 
et al .  studied current and electroosmotic  fl uid  fl ows in microchannels 
using Kirchhoff’s law  (  47  ) . Jacobson et al .  developed glass micro-
chips with octadecylsilane surface modi fi ed channels as a stationary 
phase for open channel chromatography  (  48  ) . Feustel et al .  came 
up with a miniaturized mass spectrometer incorporating an inte-
grated plasma chamber for electron generation, an ionization 
chamber, and an array of electrodes acting as the mass separator 
 (  49  ) . All of these systems would  fi nd their way into later diagnostic 
micro fl uidic devices. 

 The introduction of polymer-based soft lithography offered a 
cheaper alternative to silicon and glass in micro fl uidic device fabri-
cation  (  50  ) . Most of the exploratory research in micro fl uidics is 
currently performed on polymer-based devices primarily made of 
poly(dimethylsiloxane) (PDMS), a soft elastomer  (  10  ) . Soft lithog-
raphy techniques for micro fl uidic devices have been reviewed 
multiple times along with many of the structures and devices than 
can be produced  (  51,   52  ) . Related polymer-based methods like 
microcontact printing and microtransfer molding enabled rapid 
fabrication of micrometer scale structures  (  53  ) . Three dimensional 
structures were reported using a layer-by-layer structuring using 
microtransfer molding  (  54  ) . 

 Other plastics, hybrid materials, and packaging techniques 
were soon developed, including a variety of low cost plastic proto-
typing and manufacturing methods for micro fl uidics  (  55,   56  ) . 
Martynova et al .  reported micro fl uidic devices fabricated in Poly-
(methyl methacrylate) (PMMA) by imprinting them with an 
inverse three-dimensional image of the device micromachined on 
silicon  (  57  ) . Wang et al .  developed a low temperature bonding 
process using a sodium silicate layer as an adhesive for glass 
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micro fl uidic devices. Micro fl uidic interconnects for connecting 
vertically stacked micromachined channels and to external tubing on 
the same plane was demonstrated by Gonzalez and co-workers  (  58  ) . 

 Additional landmark work included Johnson et al .  fabricating 
nanometer wide channels on silicon, SiO 2 , and gold substrates by 
exposing them to a metastable argon atom beam in the presence of 
dilute vapors of trimethylpentaphenyltrisiloxane  (  59  ) . Lorenz et al .  
reported the characterization of SU-8 negative photoresist for the 
fabrication of high aspect-ratio structures  (  60  ) . Larsson et al .  fabri-
cated 3D microstructures by conventional CD-injection molding 
against a silicon master produced by wet and deep reactive 
ion etching (DRIE)  (  61  ) . Silicon micromachining methods based 
on DRIE, silicon fusion bonding (SFB)  (  62  ) , and electron cyclotron 
resonance (ECR) source were reported  (  63  ) . Dozens of other tech-
niques have also been reported, but cannot all be reviewed here.  

 

 Micro fl uidics was inspired by the microelectronics industry and 
hence most of the initial devices were fabricated in silicon using 
photolithography and related technologies. The success of the 
microelectronics and MEMS industries in manufacturing thousands 
of miniaturized components in parallel at very low costs was 
thought to be applicable to micro fl uidics. While this may eventu-
ally prove to be true, low cost micro fl uidic devices made using 
photolithographic techniques have proven to be the exception 
rather than the rule, since the numbers of identical micro fl uidic 
chips manufactured for current and foreseeable markets tend to be 
more in the 10,000 s −100,000 s, where batch processing does not 
provide suf fi cient cost savings. Packaging and other post process-
ing steps like reagent introduction have also proven challenging 
and expensive, and consequently other manufacturing methods 
currently appear to be more in favor. Thus, while most of the earli-
est work in micro fl uidics was in silicon, the majority of current 
devices are now made in glass or a variety of plastics. Nonetheless, 
silicon and glass manufacturing technique are important in 
micro fl uidics, because molds for rapid and inexpensive manufac-
turing of plastic devices are still often made of silicon or glass. 

 Standard silicon and glass manufacturing techniques are based 
on microlithography, subtractive techniques (etching), and additive 
techniques  (  64  ) . Microlithography involves the use of an energy 
beam to transfer a geometric pattern to a substrate. Depending 
on the type of energy beam used, these can be divided into: pho-
tolithography, electron beam lithography, X-ray lithography, and 
ion lithography. Photolithography involves using light to transfer a 
geometric pattern from a photo mask to a light sensitive chemical 

  3.  Modern 
Micro fl uidics 
Fabrication
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called photoresist. This is followed by a development process using 
a developer solution to create a positive or negative image of pattern 
onto the photoresist. Other techniques like X-ray lithography, 
extreme ultraviolet (UV) lithography, ion particle lithography, 
scanning probe lithography, and nanoimprint lithography are being 
increasingly used due to their capability in producing sub-100 nm 
structures. Of these, nanoimprint lithography, a type of embossing, 
is a low cost, high throughput and high resolution method that has 
the potential to be used for low-cost mass manufacture of micro 
and nano fl uidic devices in a variety of materials, but especially for 
direct embossing of plastics  (  65  ) . 

 Subtractive techniques involve dry and wet etching, which are 
primarily used with glass and silicon devices. Wet etching involves 
chemical removal of layers from a material and is typically used to 
etch silicon, silicon dioxide, silicon nitride, metals, and glass. Dry 
etching refers to the removal of material by bombarding it with 
ions. Sputtering, ion beam milling and plasma etching (reactive ion 
etching and deep reactive ion etching) are some of other methods 
used in silicon etching. 

 Additive technologies involve techniques to deposit  fi lms. 
Methods to deposit thin  fi lms include: thermal oxidation of silicon, 
chemical vapor deposition (CVD), and physical vapor deposition 
(PVD). Methods to deposit thick  fi lms usually involve a spinning 
or electroplating technique. These thick  fi lms are often patterned 
using photolithography and then used as molds for micro fl uidic 
devices. The reader can refer to the text by Madou  (  64  )  for an 
in-depth description of the techniques described above, as well as 
a description of other micromanufacturing techniques. 

 In the past decade, silicon and glass have been largely displaced 
by plastics as the ideal substrate for micro fl uidic devices  (  10  ) . Six 
primary considerations have been behind this transition. First, 
silicon is relatively expensive compared to plastics because 
micro fl uidics tends to take up larger areas than microelectronic 
chips (and silicon costs are measured by area). Second, the elec-
tronic advantages of silicon are not typically required in micro fl uidic 
devices. Third, silicon is not transparent, so troubleshooting 
micro fl uidic devices during development can be dif fi cult and opti-
cal detection techniques cannot be employed. Fourth, silicon pro-
cessing typically requires processes found in expensive cleanrooms 
that are also relatively slow. The development of rapid and inex-
pensive polymer processing methods has proven compelling. Fifth, 
silicon is relatively brittle and is not ideal for devices that experience 
signi fi cant “handling.” Sixth, silicon is incompatible with the strong 
potentials used in electrokinetic pumping and capillary electropho-
resis (CE). Silicon does have some advantages, such as well con-
trolled surface properties, but these have not proven suf fi cient to 
drive micro fl uidic development. 
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 Polymers, due to their lower cost, ease of fabrication and physical 
properties, are now the primary materials used in micro fl uidic 
research. Many micro fl uidic components, such as pumps and 
valves, work better when fabricated in the less rigid polymer 
medium as compared with silicon. The permeability of polymer to 
gases make it suitable for work with living mammalian cells. PDMS, 
an optically transparent, soft elastomer has been used for various 
micro fl uidic devices since its introduction  (  10  ) . Most polymer 
devices are made using a molding, embossing, or casting techniques, 
although direct processing means, such as laser-based or knife-based 
manufacturing is increasing  (  56  ) . Soft lithography is the technique 
of replicating structures from a master mold or stamp onto an 
elastomeric (PDMS) substrate. Fabrication using PDMS is simple 
and does not require expensive facilities, and prototyping can often 
be done in less than a day. The reader can refer to in-depth reviews 
of soft lithography for detailed insight into the method  (  51,   52  ) . 
Interestingly, not many commercial products use devices fabricated 
in PDMS due to a gap between academic and industrial practices, 
although this is starting to change  (  66  ) . In addition, PDMS has 
limited application due to its hydrophobic surface and tendency to 
swell in organic solvents  (  67  ) . Although polymers are the preferred 
material for most micro fl uidic applications today, silicon and glass 
are still relied upon for building specialized devices that need chem-
ical and thermal stability  (  68  ) . In the nascent  fi eld of nano fl uidics, 
silicon and glass are used due to their mechanical stability  (  10  ) . 
Some of other methods that are used in micro fl uidic fabrication are 
xerography  (  69  ) , laser micromachining  (  70  )  and polymer stereo-
lithography  (  71  ) . 

 An innovative method for creating low cost disposable 
micro fl uidic diagnostic devices (paper-based analytical devices 
[ μ PADs]) was introduced by Martinez et al .   (  72,   73  ) . The  fl uid 
movement is controlled primarily by evaporation and capillary 
forces. Although the technology is very promising, more work 
needs to be done to bring forth real world  μ PAD applications. 
Recently, micro fl uidic devices fabricated on engineered plastics, 
such as cyclo-ole fi n copolymers (COC)  (  74  ) , and photocurable 
per fl uoropolyether (PFPE)  (  65  )  have been reported.  

 

 A major boom in micro fl uidics research has occurred in the last 
10–12 years as is re fl ected by the number of published journal 
papers using the term: 26 papers were published before 1990, 341 
in the 1990s, 15773 in the 2000s and 3,322 in the  fi rst 2 years 
of this decade. While the number of papers each year appears to be 
leveling off, the impact of micro fl uidics is likely to continue to 

  4.  Micro fl uidic 
Diagnostics in the 
Past Decade
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grow. Another consequence of this large body of literature is that 
it becomes infeasible to cover all the important papers and devel-
opments in a chapter such as this. As most reviews on micro fl uidics 
for diagnostic applications have focused on the physical methods 
behind the device operation and not as much on the applications, 
this work will focus on some speci fi c diagnostic developments and 
application areas. We examine the micro fl uidic applications in diag-
nostics for diabetes, cardiac related conditions, and infections 
related to bacteria, virus, and HIV. We also review the applications 
in pharmacogenomics and devices for low resource settings. We 
discuss some of the methods used in fabricating these micro fl uidic 
devices and the challenges in mass production. Included is a sec-
tion on some of the commercial diagnostic products using 
micro fl uidic technology. The reader may refer to supplemental 
reviews for the theory behind micro fl uidics  (  10,   75–  78  )  and meth-
ods used in micro fl uidic LOC detection  (  14,   67,   79  ) .  

 

 There is an increasing need in the developing and developed world 
for new cost-effective diagnostic technologies, albeit for different 
reasons. In developed countries, health care costs are rising rapidly, 
and containment is an issue. In developing countries, delivery of 
medical services to remote and resource poor areas is dif fi cult and 
the needs are enormous, as infectious disease is a critical barrier to 
economic and social development. Interestingly, the two problems 
tend to converge towards one solution: micro fl uidic diagnostic 
devices. The Grand Challenges in Global Health (GCGH) initia-
tive, a major effort to achieve scienti fi c breakthroughs against 
infectious diseases that cause signi fi cant problems in the developing 
world, has identi fi ed seven long-term goals in global health  (  80  ) , 
most of which revolve around eliminating infectious disease. 

 Infectious diseases constitute a huge burden in developing 
countries (32.1%) using disability-adjusted life year (DALY) 
metrics compared to developed countries (3.7%) and account for 
50% of infant deaths  (  1,   81  ) . The major concerns in terms of DALY 
are infections due to viruses (HIV/AIDS, measles, hepatitis B, 
hepatitis C, and viral gastroenteritis [rotavirus]); bacteria (cholera, 
tuberculosis, pertussis, tetanus, and meningitis); and parasites 
(malaria, Lymphatic  fi lariasis, leishmaniasis, and trypanosomiasis). 
The three most devastating diseases are malaria, tuberculosis, and 
HIV. In 2009, there was an estimated 169–294 million cases of 
malaria worldwide, resulting in about 781,000 deaths. Of these 
85% of deaths were in children under 5 years of age  [  82  ) . There 
was an estimated 14 million people infected with TB and about 1.7 
million related deaths in 2009. TB is a major cause of deaths in 

  5.  A Global Health 
Perspective
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HIV infected patients with about 380,000 of the 1.7 million deaths 
being reported in people with HIV  (  83  ) . An estimated 33.3 million 
people are living with HIV worldwide of which about 67.5% live in 
sub-Saharan Africa  (  84  ) . There has been an estimated 1.8 million 
AIDS related deaths, 73% of those being in sub-Saharan Africa. 
Thus, early infectious disease detection and management is a high 
priority in low-resource settings and a major driver of micro fl uidic 
diagnostic devices. Infectious diseases are not limited to develop-
ing countries. Recent outbreaks like H1N1 in fl uenza A demon-
strate the rapid spread of infectious diseases from a country of 
origin to the rest of the world. In April 2009, USA and Mexico 
reported 38 cases of H1N1 in fl uenza. By June 2009 when World 
Health Organization declared a pandemic, there were a reported 
28,774 cases and 144 deaths in 74 countries. The H1N1 in fl uenza 
pandemic had a total of 43,677 reported cases in the USA as of 
July 2010  (  85  ) . Estimates of unreported cases are a much higher 
 fi gure at 1.8–5.7 million cases  (  86  ) . 

 In contrast, chronic diseases that require consistent monitor-
ing are the major disease burden for high-income countries. These 
diseases include: ischemic heart disease, cerebrovascular disease, 
cancers, and diabetes mellitus. Global mortality and disease burden 
projections suggest that these chronic conditions common to high-
income countries will also become a priority for low-income coun-
tries by the year 2030  (  1  ) . Thus, the driver for micro fl uidic 
diagnostics in developed countries is the need for consistent, accu-
rate, and affordable diagnostics for chronic disease.  

 

  Bacterial detection is a key need in areas including: clinical diag-
nostics, monitoring of food-borne pathogens, and detection of 
biological threat agents. Harmful bacteria are the source of diseases 
like gastroenteritis and cholera. From a bioterrorism perspective, 
pathogenic bacteria pose serious risk. Under favorable temperature 
and in the presence of moisture and nutrition, bacteria spread rap-
idly. For a list of bacterial diseases and corresponding causative 
agents the reader can refer to a review by Ivnitski et al .   (  87  ) . 

 Conventional methods to detect and identify bacteria require 
growing a small number of bacteria into colonies of higher numbers. 
Hence conventional methods take 18–24 h at a minimum  (  87  ) . 
Also, conventional methods require complex equipment, highly 
trained technicians, and cannot be  fi eld deployable or used in 
point-of-care settings. 

 There are primarily two modes of pathogen detection: immu-
nosensing and nucleic acid-based detection. In immunosensing, a 
binding interaction between probing antibodies and antigens of 

  6.  Micro fl uidics 
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target cells (analyte) is detected. A variety of mechanisms can be 
used to detect this interaction, such as: optical, electrical or electro-
chemical impedance, cantilever, quartz crystalline microbalance, 
surface plasmon resonance (SPR), and magnetoresistivity. Nucleic 
acid-based sensors detect DNA or RNA targets from the analyte 
organisms  (  88,   89  ) . The polymerase chain reaction (PCR) or 
reverse transcription PCR (RT-PCR) is used to amplify the nucleic 
acids to enhance the detection signal  (  90  ) . 

 Optical detection methods are often preferred due to their high 
selectivity and sensitivity  (  91,   92  ) . A variety of micro fl uidic devices 
have been developed for bacteria using optical means. A micro fl uidic 
system for detection of Escherichia coli using laser-optical  fi ber 
 fl uorescence detection was reported by Xiang et al .  They reported 
detection limits an order of magnitude higher than that achieved 
for conventional  fl uorescence microscope  (  93  ) . Gao et al .  devel-
oped a multiplexed micro fl uidic device for the  fl uorescence detec-
tion of bacterial antibodies in human serum. TRITC-labeled 
detection antibodies were captured by antigens pre-patterned on 
the microchannels  (  94  ) . An integrated micro fl uidic platform for 
 fl uorescence-based detection of Shiga toxin I ( Shigella dysenteriae ) 
and Staphylococcal enterotoxin B ( Staphylococcus aureus ) was 
developed by Meagher et al .   (  95  ) . 

 Electrical and electrochemical modes of bacterial detection have 
also been widely reported. The primary advantage of the method 
is the ease of fabricating microelectrodes in the microchannel by 
lithography and the absence of labeling steps  (  96  ) . A micro fl uidic 
sensor based on impedance measurement of  E. coli  was constructed 
by Boehm et al .   (  97  ) . The selectivity of the sensor to different 
bacterial strains was demonstrated by positive identi fi cation of 
E. coli in a suspension of E.  coli  and M.  catarrhalis . A microfabri-
cated electrochemical sensor array for detection of bacterial patho-
gens in human clinical  fl uid samples was demonstrated. The device 
consisting of a set of 16 sensors was able to detect relevant bacterial 
urinary pathogens ( E. coli ,  Proteus mirabilis, Pseudomonas aerugi-
nosa, Enterocococcus spp.,  and Klebsiella–Enterobacter group) and 
could in principle be used as a point-of-care device for rapid diag-
nosis of urinary tract infections  (  98  ) . Table  2  lists a number of 
detection methods for bacterial diagnostics and, for a comprehen-
sive list of electrical and electrochemical bacterial detection, the 
reader can refer to a review by Jinseok et al .   (  96  ) .  

 Micro fl uidic devices have also been applied to the detection of 
parasites. A “micro fl uidic  fl ow-through membrane immunoassay 
with on-card dry reagent storage” was developed by Stevens et al .  
for the detection of  Plasmodium falciparum   (  99  ) .  

  As noted earlier in this chapter, effective virus detection and disease 
management is critical in public health, the biotechnology indus-
try, and biodefense. Some of the most deadly historical epidemics 
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like smallpox, yellow fever, and Spanish  fl u were due to viral agents. 
In the twenty- fi rst century, HIV, rotavirus, and measles are found to 
be among the leading contributors to global disease burden  (  100  ) . 
Many deadly viruses such as Variola virus (small pox), Rift Valley 
fever virus, and Venezuelan Equine Encephalomyelitis virus have 
been known to be developed as potential biological agents  (  101  ) . 
POC devices to detect these bio-agents are extremely critical for 
global biosecurity. The small size, simple biology, and lack of 
reproductive ability outside the host cell add to the complexity in 
detecting viruses. 

 The primary methods for virus detection are serology, viral 
antigen detection, and nucleic acid detection. Serologic tests detect 
the presence of antibodies that the immune system produces in 
response to viral infection. Viral antigen detection typically relies 
on immunoassays as described previously. Nucleic acid detection 
involves ampli fi cation of the viral genome using PCR and the sub-
sequent detection of the ampli fi ed genome.  

  HIV is one of the primary targets of micro fl uidic diagnostic research 
efforts. Conventional HIV diagnostic assays are based on an 
enzyme assay (EIA/ELISA) followed by western blot and requires 
trained laboratory personnel. Universal access to HIV diagnostics 
is stymied by the lack of trained technicians, patient motivation, 
and laboratory access especially in rural areas and the developing 
world. For instance, about 83% of HIV patients remain undiag-
nosed in Kenya  (  102  ) . Thus, a simple, inexpensive diagnostic tool 
for HIV would be readily welcomed. 

  6.3.  HIV Detection 
and Monitoring

   Table 2 
  Detection methods of POC devices for bacterial diagnostics   

 Analyte  Detection method  Material  Limit of detection  Reference 

  Escherichia coli  O157:H7  Fluorescence  PDMS  0.3 ng/ μ L   (  76  )  

  Escherichia coli  O157:H7  Fluorescence  PDMS  0.02  μ g/mL   (  77  )  

  Helicobacter pylori   Fluorescence  PDMS  0.1  μ g/mL   (  77  )  

 Shiga toxin I  Fluorescence  Glass  500 pM   (  78  )  

 Staphylococcal enterotoxin B  Fluorescence  Glass  300 pM   (  78  )  

  Escherichia coli   Electrical 
(impedance) 

 Silicon  10 4  CFU/mL   (  80  )  

  Escherichia coli ,  Proteus mirabilis , 
 Pseudomonas aeruginosa , 
Enterocococcus spp., and the 
Klebsiella–Enterobacter group 

 Electrochemical 
(amperometric) 

 Au on plastic  Not speci fi ed   (  81  )  

  Plasmodium falciparum   Optical  Mylar/PMMA  10 ng/mL   (  98  )  
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 The number of CD4 +  T-lymphocytes per microliter of 
HIV-infected blood is a critical monitor of disease state and this 
measurement is needed to make informed antiretroviral therapy 
(ART) treatment decisions. Therefore, the primary mechanisms 
for HIV detection in POC micro fl uidic devices are enumeration 
of CD4 +  T-lymphocytes and HIV viral load quanti fi cation. To be 
successful, the POC device needs to detect around 200 CD4 +  
cells/ μ L and 400 copies/mL of HIV from whole blood  (  103  ) . 
Towards this goal, Sia et al .  reported a micro fl uidic immunoassay, 
“POCKET (portable and cost-effective)” for quantifying anti-
HIV-1 antibodies in the sera of HIV-1 infected patients. The device 
consisted of a PDMS slab with microchannels placed orthogonally 
to a polystyrene stripe patterned with HIV-enveloped antigen. The 
HIV-1 infected patient serum sample is  fl owed through the micro-
channels to quantify anti-HIV-1 antibodies. Although the device 
was able to identify the sera of HIV-1-infected patients from those 
of non-infected patients, it could not make a correlation of 
the output data with HIV disease states  (  103  ) . Lee et al .  developed 
a RT-PCR-based POC diagnostic chip for HIV. The chip relies on 
HIV markers p24 (a major core protein encoded by the HIV gag 
gene) and gp120 (an external envelope protein encoded by enve-
lope gene) for diagnostic purposes  (  104  ) . Cheng et al .  reported a 
POC micro fl uidic CD4 +  T-cell counting device. The device works 
in two stages, initial depletion of monocytes from whole blood and 
subsequent CD4 +  T cell capture. The strategy of contaminant 
(monocytes) depletion prior to CD4 +  T cell isolation enhances the 
performance in low CD4 count (200 cells/ μ L) scenarios  (  105  ) . 
Other label-free CD4 +  T-lymphocyte capture techniques have been 
reported. Although the micro fl uidic devices themselves are dispos-
able and usually cheap, they still require expensive optical micro-
scopes to count the captured CD4 +  T-cells  (  106,   107  ) . A lensless 
portable CCD-based micro fl uidic platform developed by Demirci 
et al .  overcomes this limitation. The captured label-free CD4 +  
T-lymphocytes are detected by a charge coupled device (CCD) 
sensor using lensless shadow imaging techniques and counted 
using automatic cell counting software in a few seconds  (  108  ) . 
Cheng et al .  developed a non-optical method of counting CD +  
T-cells. The cell count is enumerated by measuring the changes in 
conductivity of the surrounding medium due to ions released from 
the surface-immobilized cells within a micro fl uidic channel  (  109  ) . 
Gohring et al .  demonstrated the detection of CD4 +  and CD8 +  
T-Lymphocyte whole cells and CD4 +  T-Lymphocyte cell lysis using 
an opto fl uidic ring resonator (OFRR) sensor. This sensor measures 
the presence of T cells based on a change in refractive index in the 
micro fl uidic channel due to the presence of immobilized T cells 
 (  110  ) . Wang et al .  reported a micro fl uidic chip with an integrated 
micromixer for  fl uorescent labeling of CD4 + /CD8 +  T-cells and 
their subsequent counting using a micro fl ow cytometer  (  111  ) .  
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  Micro fl uidic diagnostics have been designed for other viral agent 
infections like in fl uenza, severe acute respiratory syndrome (SARS) 
and dengue fever. These diseases have been of serious concern to 
global public health organizations especially in the last few years. 

 The in fl uenza virus causes respiratory tract infection and is 
found to be severely morbid in children and the elderly  (  112  ) . The 
challenge with diseases like in fl uenza is that there is a large variety 
of the viruses and they are constantly changing. For example, the 
in fl uenza A virus can subdivided into H1N1 and H1N3 based on 
the glycoproteins (hemagglutinin and neuraminidase) present in 
the viral envelope. The 2009 in fl uenza pandemic was caused by a 
novel H1N1 strain with genes from  fi ve different  fl u viruses  (  113  ) . 
Thus, the diagnosis of in fl uenza alone is not suf fi cient; discovery of 
the type of in fl uenza is also critical. 

 Some of the conventional diagnostic methods for in fl uenza 
virus are enzyme-linked immunosorbent assays (ELISA), 
immuno fl uorescence assays, serological hemagglutination inhibi-
tion assays, real-time polymerase chain reaction (PCR) assays, and 
complement  fi xation tests. Most of these methods are complicated, 
relatively costly and require a lengthy process and expensive appa-
ratus  (  114  ) . 

 Several micro fl uidic systems have been shown for in fl uenza detec-
tion. An immunomagnetic bead-based micro fl uidic system for detec-
tion of in fl uenza A virus has been demonstrated recently. In fl uenza 
A viral particles are initially bound to monoclonal antibody (mAb)-
conjugated immunomagnetic beads using a suction type micro-mixer. 
Subsequently the virus-bound magnetic complexes are  fl uorescently 
labeled by developing mAb with R-phycoerythrin. An external opti-
cal detection module is used to analyze the optical intensity of the 
magnetic complex. The system displayed better performance than 
conventional  fl ow cytometry systems in terms of limit of detection 
 (  114  ) . However, the expensive external optical detection module 
could restrict its use in POC low-resource settings. Yamanaka et al .  
reported a micro fl uidic RT-PCR chip for rapid detection of in fl uenza 
(AH1pdm) virus of swine-origin. A disposable electrical printed chip 
was used for electrochemical detection of the PCR amplicon  (  112  ) . 
The electrochemical method is better for use in low-resource set-
tings compared to the optical methods reported above due to the 
absence of expensive external detection units. A Magnetic 
Integrated Micro fl uidic Electrochemical Detector (MIMED) for 
detection of H1N1 in fl uenza virus from throat swab samples has 
recently been developed  (  115  ) . 

 Micro fl uidics detection methods for other types of viral agents 
have been reported. Weiss et al .  reported a micro fl uidic chip-
based electrophoretic analysis and laser-induced  fl uorescence 
detection of human rhinovirus serotype 2  (  116  ) . Zhu et al .  devel-
oped an opto fl uidic micro-ring resonator-based system for detec-
tion of bacteriophage M13  (  117  ) . They reported a detection limit 
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of 2.3 × 10 3  PFU/mL. An on-chip surface enhanced Raman 
spectroscopy (SERS)-based biomolecular device for detection 
of Dengue virus sequences was developed by Huh et al .   (  118  ) . 
The  fl uid is actuated using electrokinetic methods and the limit of 
detection was reported to be 30 pM. Weng et al .  developed a 
suction-type, pneumatically driven micro fl uidic device for the 
detection of dengue infection  (  119  ) . A detection limit of 10 PFU/
ml was reported for the device. A “lab-on-a-disc” centrifugal 
micro fl uidics-based portable ELISA system was developed for 
detection of the antigen and the antibody of Hepatitis B virus 
 (  120  ) . The limit of detection of antigen and antibody were reported 
as 0.51 ng/mL and 8.6 mIU/mL, respectively. Heinze et al .  devel-
oped a micro fl uidic immunosensor for detection of bovine viral 
diarrhea virus  (  121  ) . An integrated micro fl uidic assay for targeted 
ribonucleic acid (RNA) extraction and a one-step reverse transcrip-
tion loop-mediated-isothermal-ampli fi cation (RT-LAMP) process 
for the detection of nervous necrosis viruses was reported by Wang 
et al .   (  122  ) .  

  In 2010, there were an estimated 1,500 cancer related deaths per 
day in the USA and about 1.4 million new cases of cancer were 
reported. By 2020, cancer related deaths are estimated to be 10.3 
million globally. The cancer mortality rate per 100,000 Americans 
has dropped from 194 to 190 since 1950, an insigni fi cant drop 
compared to drop in mortality rates for other diseases. Most of the 
improvements in cancer survival rates are due to improvements in 
early diagnosis rather than treatment. For instance, for cancers of 
the breast, colon, rectum, and cervix, early detection has proved to 
reduce mortality signi fi cantly. Hence, the National Cancer Institute 
has emphasized a shift from therapeutic to preventive mode in its 
2010 vision document. 

 Existing methods of cancer diagnostics rely on invasive tech-
niques like taking a biopsy and then examining the cell morphology. 
Further, conventional methods could be inconclusive in disease 
detection in its early stages  (  123  ) . Other techniques like immuno-
assays (ELISA) have been used to detect cancer biomarkers. 
Although ELISAs are very sensitive, they can be time consuming, 
expensive and are mostly carried out in a laboratory requiring skilled 
personnel. In most cases, immunoassays look for only one biomarker 
and are not sensitive enough to detect very low biomarker levels 
especially at early stages of the disease. POC devices which are accu-
rate, fast and economic are needed. This would enable improved 
diagnosis, monitoring of the progress of the disease, and response 
to therapy. 

 Advances in oncology have led to identi fi cation of biomarkers 
associated with different kinds of cancers. For a comprehensive list 
of cancer biomarkers, the reader can refer to reviews in literature 
 (  124–  129  ) . There are multiple factors responsible for carcinogenesis. 

  6.5.  Cancer Biomarker 
Detection
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This along with the “heterogeneity in oncogenic pathways” makes 
it imperative that a range of biomarkers need to be analyzed for 
cancer diagnostics  (  123,   130  ) . Hence POC devices with multiplexed 
capability to detect multiple biomarkers are needed. Although 
research into cancer diagnostic devices is moving forward, commer-
cialization of the technology still remains a challenge  (  123  ) . 

 Here, we review some of the recent research in micro fl uidics 
POC devices for cancer diagnostics. Legendre et al .  reported work 
into the design and development of a micro fl uidic device for diag-
nosis of T-cell lymphoma. The system accepts a whole blood sample 
as the input, extracts the DNA, ampli fi es target sequences of the 
T-cell receptor-gene, and eletrophoretically resolves the products 
for detection of a signature consistent with monoclonality  (  131  ) . 
Diercks et al .  demonstrated a micro fl uidic device that measured 
multiple proteins (tumor necrosis factor, CXC chemokine ligand 
2, interleukin 6 and interleukin 1b) at pg/mL concentrations in 
nanoliter volumes. Antibody-coupled polystyrene microspheres 
labeled with embedded  fl uorophores were used to detect the analyte 
(proteins). Optical detection of captured analyte was performed 
off-chip using a confocal microscope, which proved to be a disad-
vantage in terms of lack of device portability  (  132  ) . A similar 
 fl uorescence approach has been used to detect vascular endothelial 
growth factors in human plasma  (  133  ) . An on-chip nuclear mag-
netic resonance (NMR)-based biosensor was developed for the 
multiplexed identi fi cation of cancer markers (epidermal growth 
factor receptors EGFR and Her2/neu). The design consists of a 
microcoil array for NMR measurements, micro fl uidic channels for 
sample handling and a permanent magnet to generate a polarizing 
magnetic  fi eld, all integrated into a handheld device  (  134  ) . Mass 
spectroscopy-based micro fl uidic detection of cancer-speci fi c bio-
markers (proliferating cell nuclear antigen, cathepsin D, and keratins 
K8, K18, and K19) was demonstrated by Lazar  (  135  ) . 

 Other mass-based methods like quartz crystal microbalance 
(QCM) have been used in cancer biomarker detection. For instance, 
Zhang et al .  demonstrated detection of human lung carcinoma 
cells using a micro fl uidic surface modi fi ed piezoelectric sensor 
 (  136  ) . Recently, Von Muhlen et al .  have reported a microcantile-
ver-based “suspended microchannel resonator” sensing device for 
detection of activated leukocyte cell adhesion molecules  (  137  ) . 
Zani et al .  demonstrated an electrochemical method for detection 
of prostate speci fi c antigen (PSA) cancer markers. The method 
works based on the differential pulse voltammetry-based electro-
chemical detection of protein coated paramagnetic microparticles 
that selectively capture the analyte (PSA)  (  138  ) . Similar electro-
chemical detection methods for breast cancer markers have been 
reported  (  139  ) . A micro fl uidic-based amperometric electrochemi-
cal detection system for carcinoembryonic antigen (CEA) and 
cancer antigen 15–3 (CA15-3) was developed by Kellner et al .  
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The on-chip  fl uid function is handled by computer controlled 
syringe pumps and reports enhanced performance due to fully 
automated  fl uidic operations  (  140  ) . But the external computer 
control system and syringe pumps prove to be a bottleneck in their 
use for POC applications. Hence miniaturization and integration 
of the  fl uid handling functions within the micro fl uidic chip is 
necessary for POC use.  

  Cardiovascular diseases (CVD) are responsible for nearly half of 
the deaths in the western world. Studies suggest the acute and long 
term  fi nancial burden of cardiac disease to be substantial  (  141  ) . 
It is reported that 5% of myocardial infarction (MI) patients are 
incorrectly discharged from emergency departments (ED). Hence 
for timely and effective intervention against cardiovascular diseases, 
there is a need for rapid and accurate diagnostic tools  (  142  ) . 

 For the accurate “diagnosis, prognosis, monitoring and risk 
strati fi cation of patients with acute coronary syndromes” (ACS), 
biochemical markers play a fundamental role  (  142  ) . In clinical set-
tings, in 50–70% of patients with ACS related cases, ECGs give 
ambiguous results. In such cases, cardiac marker levels could provide 
critical information for informed decision on the suitable treatment. 
As a de fi nite indicator of disease condition a combination of cardiac 
markers need to be explored  (  143  ) . For a review of cardiac biomark-
ers, the reader can refer to McDonnell et al .   (  142  ) . 

 There is a difference of opinion with regard to the use of POC 
technologies for cardiac biomarker diagnostic, with some suggesting 
it to be an alternative to conventional lab analyzers  (  144,   145  )  and 
others questioning the accuracy of the technologies  (  146,   147  ) . 
The following section provides a review of micro fl uidic devices 
used in cardiac biomarker detection. 

 Most of the diagnostic mechanisms for biomarkers involve two 
steps, an initial immunoassay to capture the analyte (biomarker) 
and subsequent detection of the captured analyte. Using optical 
methods, Jönsson et al .  demonstrated a lateral  fl ow polymer chip 
for detection of C Reactive Protein (CRP)  (  148  ) . Gervais et al .  
demonstrated a micro fl uidic device for one step detection of 
CRP in serum. The device works based on capillary action for  fl uid 
actuation and does not need any external power requirements 
 (  149  ) , which makes it extremely useful in a POC, low-cost setting. 
A multiplexed cardiac biomarker detection prototype device was 
developed by Hong et al .  The MEMS-based device detected four 
different cardiac markers viz. myoglobin, CRP, cTnI and BNP 
using Au nanoparticle-based  fl uorescence detection  (  150  ) . 
Bhattacharyya & Klapperich developed a disposable micro fl uidic chip 
for detection of CRP including an on-board detection module 
 (  151  ) . A micro fl uidic chemiluminescence-based immunoassay 
system for detection of cardiac troponin I (cTnI) was reported by 
Cho et al .   (  152  ) . Huang et al .  demonstrated a micro fl uidic 
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chemiluminescence-based detection sensor for alpha-fetoprotein 
(AFP). Super-paramagnetic microbeads were used to capture the 
biomarker  (  153  ) . Use of magnetic microbeads results in higher 
surface to volume ratio for ef fi cient analyte capture and enables 
on-chip actuation using an integrated electromagnet. A digital 
micro fl uidic platform detection device for cTnI was developed by 
Sista et al .   (  154  ) . The  fl uidic actuation is performed by electrowet-
ting, obviating the need for any off-chip  fl uid handling apparatus. 
SPR-based micro fl uidic detection of cardiac marker B-type natri-
uretic peptide (BNP) was reported by Kurita et al .   (  155  ) . 

 Electrochemical methods have been applied to detection of 
cardiac markers. Unlike optical methods, these do not need an often 
expensive, off-chip optical detection device and could be suitable for 
POC applications. Tweedie et al .  presented a micro fl uidic-based 
impedimetric sensing device for cardiac enzymes  (  156  ) . The i-STAT 
system (Abbott Point of Care Inc., USA) is a commercial test car-
tridge for electrochemical detection of cTnI  (  157  ) . The device can 
detect cTnI in the range of 0–50 ng/ml and has gained good accep-
tance as a diagnostic tool for MI  (  143  ) . Other electrochemical-based 
detection methods for detection of myoglobin  (  158  ) , cTnI  (  159  )  
and CRP  (  160  )  have been reported. Recently, Mitsakakis and 
Gizeli have developed an integrated micro fl uidic surface acoustic 
wave (SAW) platform for detection of cardiac markers creatine 
kinase MB (CK-MB), CRP, and D-dimer  (  161  ) . 

 Many commercial systems for cardiac marker detection are 
currently available, which could possibly limit the impact of 
micro fl uidic devices in this area. These include Triage ®  [Biosite 
Diagnostics Inc., USA] (myoglobin, CK-MB, and cTnI), Stratus ®  
CS STAT  fl uorometric analyzer [Siemens Medical Diagnostics, 
USA] (myoglobin, CK-MB, and cTnI), Roche cardiac reader 
[Roche Diagnostics, USA] (cTnT, myoglobin), RAMP™ cardiac 
marker testing [Response Biomedical Inc., Canada] (cTnI, 
CK-MM), and Cardiac STATus™ device [Nanogen Inc., USA] 
(myoglobin, CK-MB mass, and cTnI)  (  157  ) . Table  3  lists the set of 
published work and commercial devices for micro fl uidic cardiac 
marker detection.   

  Micro fl uidic-based technology is ideal for developing highly parallel 
diagnostic assays that would allow high-throughput screening, but 
there has been limited success in this area. The lack of success is not 
due to problems with micro fl uidic devices; for example, drug 
screening requires high-throughput methods to  fi nd and test dif-
ferent drug candidates. Micro fl uidic high-throughput screening 
(HTS) techniques have been applied to drug discovery to perform 
thousands of tests in parallel with some success  (  162–  164  ) . As of 
now these methods haven’t been applied in micro fl uidic diagnos-
tics for several reasons. Current diagnostics are typically performed 
in large hospitals or reference labs. In these labs, most tests are 
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   Table 3 
  Performance and detection methods of POC devices for cardiac marker diagnostics   

 Biomarkers  Detection method  Material/Device  Detection Limit  Reference 

 Published work 

 CRP  Fluorescence  Thermoplastic 
(Zeonor™) 

 2.6 ng/ml   (  147  )  

 CRP  Fluorescence  PDMS  1 ng/ml   (  148  )  

 Myoglobin, 
BNPCRP 

 cTnI 

 Fluorescence  Cyclic Ole fi n 
Copolymer 
(COC) 

 70 ng/ml 
 0.1 ng/ml700 ng/

ml0.7 ng/ml 

  (  149  )  

 CRP  Chemiluminescence  Thermoplastic 
(Zeonex™) 

 100 ng/ml   (  150  )  

 cTnI  Chemiluminescence  Polycarbonate  0.027 ng/ml   (  151  )  

 AFP  Chemiluminescence  PMMA  0.23 ng/ml   (  152  )  

 cTnI  Chemiluminescence  Glass/Polymer  Not reported   (  153  )  

 BNP  SPR  PDMS & Glass  5 pg/ml   (  154  )  

 Cardiac enzyme 
(myoglobin) 

 Electrochemical 
(impedimetric) 

 Pressure sensitive 
adhesive & 
PMMA 

 100 ng/ml   (  155  )  

 cTnICRP  Electrochemical (anodic 
stripping voltammetry) 

 PDMS  0.01–50  μ g/l 
 0.5–200  μ g/l 

  (  158  )  

 CK-MB 
 CRPD-dimer 

 SAW  PDMS & PMMA  0.25  μ g/ml 
 1  μ g/ml5  μ g/ml 

  (  160  )  

 Commercial devices 

 Troponin 
ICK-MBBNP 

 Electrochemical  i-STAT ®   0–50 ng/ml 
 Not reportedNot 

reported 

  (  142  )  

 Troponin 
IMyoglobin 

 CK-MB 

 Fluorescence  Triage ®   Not reported   (  142  )  

 Troponin T 
 Myoglobin 
 NT-proBNP 
 D-dimer 
 CK-MB 

 Fluorescence  Roche cardiac 
reader 

 0.1–2.0 ng/ml 
 30–700 ng/ml

60–3,000 pg/ml 
 0.1–4.0  μ g/ml 
 1.0–25 ng/ml 

  (  142  )  

 Troponin ICK-MB 
 Myoglobin 
 NT-proBNP 

 Fluorescence  RAMP™ 3.2  0.2 ng/ml 
 7.2 ng/ml

100.0 ng/ml 
 Not reported 

  (  142  )  

 Troponin 
IMyoglobin 

 CK-MB 

 Chemiluminescence  Cardiac STATus™  Not reported   (  142  )  
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batched and performed using robots in a highly parallel, high 
throughput approach. Replacing these robots by using micro fl uidics 
is unlikely in the short term due to the large infrastructure already 
developed. Essentially, a solution to this problem already exists, so 
adoption of micro fl uidics for these assays will only occur if there 
are compelling assay improvements. In addition, if an assay can be 
performed in a batch mode using micro fl uidics, it is likely to be 
able to be performed in the clinic or POC setting, and for nearly 
the same price. Thus, micro fl uidics is likely to be driven to the 
POC rather than to large reference laboratories. 

 The reverse of high-throughput screening (multiple samples 
with one target) is multiplexed screening, where one sample is 
tested for multiple agents or biomarkers. A few examples of multi-
plexed screening have already been provided, especially for cardiac 
biomarkers, but highly multiplexed diagnostics are still being 
developed. Multiplexed screening is likely to have a more signi fi cant 
impact on diagnostics than high throughput screening, especially 
with the move towards personalized medicine. Micro fl uidics has 
been combined with microarray technology, which is used regu-
larly in genomics and proteomics, and which will likely have diag-
nostic applications in the future; however, this is beyond the scope 
of the chapter. More relevant are micro fl uidic devices that can 
diagnose multiple diseases simultaneously. A recently released 
product that uses “mesoscale”  fl uidics can simultaneously diagnose 
15 respiratory diseases associated with viruses  (  165  ) . A challenge 
with getting the device to commercialization is that regulatory 
agencies such as the FDA require individual validation of each 
assay, meaning that multiplexing must clear very challenging regu-
latory requirements, which will likely limit substantial multiplexing 
in the near future. Nevertheless, micro fl uidics will probably lead to 
highly multiplexed assays that can perform 100s or 1,000s of diag-
nostic assays on one sample.   

 

 About 1,200 patents related to micro fl uidics have been issued in the 
USA through 2010. In spite of immense academic interest in 
micro fl uidics and signi fi cant research investment directed towards 
both academic and industrial organizations, relatively few commer-
cial products based on micro fl uidics have been introduced into the 
market  (  166,   167  ) ; however, the rate of introduction is increasing 
and many barriers are coming down. One of the reasons cited for 
lack of commercial success is the lack of a potential “blockbuster” 
end-user product that could generate billions of dollars in revenue. 
Until the industry can  fi nd a product with high volume demand, the 
fabrication costs due to lack of “economies of scale” are going to 
remain high. Existing materials like PDMS, which are hugely popular 
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in research, have not succeeded in the industry due to issues with 
manufacturability and scaling  (  168  ) . Most of the LOC products are 
still focused on the business-to-business segment and not the busi-
ness-to-consumer  (  167  ) . There needs to be more focused research 
on micro fl uidic product development including issues like manufac-
turability and cost dynamics and a simultaneous search for new 
application areas where micro fl uidics could be applied. Table  4  
provides a sample of micro fl uidic companies and products in the 
market. More comprehensive lists are available  (  169  ).    

   Table 4 
  Leading POC diagnostic companies and products  (  168  )    

 Company  Product  Application 

 Abbott Point of Care  i-STAT ®   POC blood analyzer 

 Agilent  Agilent 2100 
Bioanalyzer 

 Micro fl uidics-based platform for sizing, quanti fi cation 
and quality control of DNA, RNA, proteins and 
cells on a single platform, PCR/QPCR products 

 Beckman Coulter  AmpliSpeed  Thermal cycler, single-cell analysis platforms 

 Biosite  Triage ®  Cardiac Panel  POC diagnosis of acute myocardial infarction 

 Caliper Life Sciences  LabChip GX  Nucleic acid and protein separations system 

 Cepheid  GeneXpert  Integrated real-time PCR system 

 Cynvenio Biosystems  Under development  Integrated System for molecular analysis of circulating 
tumor cells 

 Daktari Diagnostics  Under development  POC CD4 cell counting system 

 Eksigent  NanoLC  Micro fl uidic  fl ow control based nanospray mass 
spectrometry system 

 Fluidgm  BioMark™ 
HDFluidigm EP1 

 Micro fl uidic devices for molecular diagnostics and 
personalized medicine 

 LeukoDx  Under development  POC  fl ow cytometry device 

 Micro fl uidic Systems  Micro fl uidic systems for detection, processing of 
biological samples and biodefense 

 Micronics  PanNAT™  Multiplexed nucleic acid ampli fi cation device 

 RainDance 
Technologies 

 RDT 1000  Microdroplet-based solutions for human health and 
disease research 

 Rheonix  CARD ®   Disposable micro fl uidic chip technology for multi-
plexed endpoint analysis for diagnostic applications 

 Shimadzu Biotech  PPSQ-31A/33A  Technologies to aid the protein research work  fl ow 
and drug discovery 

 Siloam Biosciences  Optimiser™  Diagnostic systems using micro fl uidic and microsensor 
technology 

 Veridex  CellSearch ®   Commercializing micro fl uidic circulating tumor cell 
diagnostics 
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 Micro fl uidic diagnostic devices have been developing at a rapid 
rate over the past few years. While the potential for these devices 
was  fi rst recognized more than 20 years ago, the realization of that 
potential has been slow, even though thousands of devices and 
methods have been published. The continuing development of 
applications and micro fl uidic manufacturing methods, including 
platform technologies that can be customized easily for each diag-
nostic test, will be the drivers of success. Very recent progress and 
an emphasis on global health has helped move the  fi eld towards 
POC devices that will likely become ubiquitous in the years ahead. 
While most micro fl uidic devices have one diagnostic target, devices 
capable of diagnosing 100s or 1,000s of diseases will likely be 
developed and commercialized in the next decade, making 
micro fl uidics a major driver of disease diagnostics.      
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    Chapter 21   

 Quantitative Heterogeneous Immunoassays in Protein 
Modi fi ed Polydimethylsiloxane Micro fl uidic Channels 
for Rapid Detection of Disease Biomarkers       

     Peng   Li         

  Abstract 

 Conventional detection of disease biomarkers employs techniques such as lateral- fl ow assays or central 
laboratory-based enzyme-linked immunosorbent assays (ELISA). Miniaturization and performance 
improvement of such traditional immunoassays using micro fl uidic technologies has proved promising in 
producing rapid, sensitive and automated next-generation immunosensors for quantitative diagnoses in 
the point-of-care setting. In this article a poly(dimethylsiloxane) (PDMS)-based immunosensor is pre-
sented for rapid detection of C-reactive protein. PDMS is selected in part because of the vast popularity of 
using PDMS as a material for micro fl uidic devices and in part because of the challenge of obtaining a stable 
surface coating with PDMS for immunosensing applications. Practical procedures for fabrication, surface 
modi fi cation, and preservation of the micro fl uidic immuno-chips as well as detailed descriptions of per-
forming the micro fl uidic heterogeneous assay are presented.  

  Key words:   Micro fl uidic immunoassay ,  Poly(dimethylsiloxane) ,  Surface functionalization , 
 Fluorescence detection ,  C-reactive protein ,  Point-of-care diagnostics ,  Long-term chip storage    

 

 The advancement of clinical diagnosis and biodefense necessi-
tates detection of disease biomarkers and infectious agents in a 
prompt and sensitive manner  (  1  ) . Lateral- fl ow assays (LFA) 
have proved to be a simple and effective approach for perform-
ing rapid tests, but only qualitative or semiquantitative results 
can be obtained. Most of today’s critical diagnostic tests are still 
conducted in sophisticated clinical or reference laboratories 
with enzyme-linked immunosorbent assays (ELISA) by highly 

  1.  Introduction
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trained personnel. Although ELISA provides a quantitative, 
speci fi c, and sensitive detection approach for analyzing biologi-
cal agents, it requires long  incubation times and multistep  fl uid 
handling. The prospect of micro fl uidic technology as a candi-
date for clinical and immunological tests was given critical sup-
port by reports of detection improvements in micro fl uidic 
heterogeneous immunoassays ( μ HEI)  (  2  ) . The   reduction in 
analysis time with nearly no sacri fi ce to sensitivity strongly 
veri fi es the promise of this technology. 

 Researchers have experienced a dramatic reduction in analy-
sis time for  μ HEI because the diffusion time required for mol-
ecules to adsorb onto the solid reaction surface is proportional 
to the square of the characteristic length of the channel  (  3  ) . For 
reactions with a high intrinsic rate such as the high af fi nity anti-
gen-antibody binding, the incubation times were dramatically 
reduced by shortening the diffusion length  (  4  ) . However, for 
reactions with a low intrinsic rate, it is expected that the incuba-
tion time will not be dramatically in fl uenced by simply reducing 
the characteristic length of the channel. In fact, kinetically con-
trolled reactions in microchannels have been reported in the 
literature. The experimental data of a study performed by 
Lionello et al.  (  5  )  indicated that the immunoglobulin G (IgG) 
adsorption on the walls of a 200 × 50  μ m poly(ethylene 
terephthalate) (PET) microchannel was under kinetic control. 
Van Dulm and Norde  (  6  )  found that the adsorption of nega-
tively charged human plasma albumin on negatively charged 
polystyrene surfaces was also controlled by kinetics at pH 7.4. 
This kinetic controlled adsorption is analogous to the blocking 
step in a  μ HEI on poly(dimethylsiloxane) (PDMS) surfaces 
because bovine serum albumin (BSA)  (  7  )  (the major blocking 
buffer component) and PDMS  (  8  )  are both negatively charged 
at pH 7.4. In both cases the long-range repulsive electrostatic 
forces must be overcome before the albumin molecules can bind 
with the solid reaction surface. Such kinetically controlled reac-
tions are actually the major hindrance towards developing truly 
rapid  μ HEIs because a reduction in size from macro to micro 
dimensions does not usually change the nature of molecular 
reactions  (  9  ) . 

 In addition to reducing the analysis time, developing stable 
micro fl uidic immuno-chips that are capable of maintaining their 
biofunctionality over sustained storage remains a critical chal-
lenge, especially given the fact that many micro fl uidic immu-
nosensors are targeting diagnostics at resource-limited settings 
 (  10  ) . According to three recent excellent reviews on surface 
modi fi cations of PDMS  (  11–  13  ) , although many surface 
modi fi cation methods have been developed, the long-term stability 
of these methods has rarely been documented. Most of the 
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 documented stability tests were conducted up to a period of 3 
months at best. Almost no information is available with regard to 
the biostability of these surface modi fi cation methods for immu-
nosensing applications. 

 Here we report the development of a quantitative  μ HEI for 
rapid (~23 min) detection of disease biomarkers. The kinetically 
controlled blocking process is eliminated from the  μ HEI by using 
protein A functionalized PDMS microchannels. The nonspeci fi c 
binding of the assay is maintained around the chip background 
level by using a pair of antibodies with different af fi nities to protein 
A under optimized experimental conditions. The BSA-
glutaraldehyde-protein A functionalized PDMS micro fl uidic 
immuno-chips demonstrate biofunctionality up to 14 months 
under wet-stored conditions at 4°C with a storage buffer. High 
purity C-reactive protein (CRP) from human serum is selected as a 
model biomarker. Many clinical studies suggest that CRP is quite 
speci fi c for predicting cardiovascular events. Its risk prediction is 
superior to low-density lipoprotein cholesterol alone and adds sub-
stantial prognostic information to conventional risk assessment 
 (  14  ) . Practical procedures for fabrication, bioactivation, and pres-
ervation of the micro fl uidic immuno-chips as well as detailed 
descriptions of performing the  μ HEI are presented.  

 

      1.    Black plastic or chrome photomask with transparent patterns 
of the microchannels ( see   Note 1 ).  

    2.    Negative photoresist SU-8 2050 (MicroChem Corp., Newton, 
MA, USA).  

    3.    Adhesion promoting solution: isopropanol with 25% (v/v) 
titanium diisopropoxide bis(acetylacetonate) 4 in. Silicon 
wafer.  

    4.    Spin coater.  
    5.    Leveling table.  
    6.    Programmable hotplate.  
    7.    365 nm collimated light source (i-line, Karl Suss MJB-3, Suss 

Microtech, Garching, Germany).  
    8.    SU-8 developer solution: propylene glycol methyl ether 

acetate.  
    9.    Orbit Shaker (capable of 300 rpm).  
    10.    PDMS prepolymer and curing agent: Sylgard 184 silicone elas-

tomer kit (Dow Corning, Midland, MI, USA).  

  2.  Materials

  2.1.  Fabrication 
of PDMS Micro fl uidic 
Chips
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    11.    Oxygen plasma system (Femto, Diener Electronic, Reading, 
PA, USA).      

      1.    World-to-chip  fl uidic connectors: polyether ether ketone 
(PEEK) tubes, barbed tube adaptors (McMaster-Carr, 
Robbinsville, NJ, USA), and Tygon tubing. These compo-
nents are connected in the following order—syringe, barbed 
tube adaptor, Tygon tubing, PEEK tube, and then the  fl uidic 
port of the chip.  

    2.    BSA solution: 1.5 mg/mL BSA in 1× PBS buffer  
    3.    Protein A solution: 50  μ g/mL Protein A in 1× PBS buffer.  
    4.    Cross-linker: 0.4% (v/v) glutaraldehyde in distilled water.  
    5.    Humidity chamber: a Petri dish lined with cleanroom wipes 

soaked in distilled water and sealed with Para fi lm.  
    6.    Storage buffer: 10 mM  Tris, 0.05% BSA, 0.05% ProClin 300, 

and 5% glycerol.      

      1.    Highly pure human CRP (>99%) (Catalog # 30R–AC067: 
Fitzgerald Industries International, Inc., Concord, MA, 
USA).  

    2.    Polyclonal rabbit anti-CRP (capture antibody, cAb): Rabbit 
anti-CRP (catalog # ab31156: Abcam Inc., Cambridge, MA, 
USA) 200  μ g/mL prepared in protein A/IgG binding buffer.  

    3.    Fluorescein isothiocyanate (FITC) labeled polyclonal goat 
anti-CRP (detection antibody, dAb) (catalog # ab19174 
Abcam Inc., Cambridge, MA, USA): 120  μ g/mL in PBS.  

    4.    Protein A/IgG binding buffer (Pierce Biotechnology, Inc., 
Rockford, IL, USA).  

    5.    PBST buffer: 1× PBS (phosphate buffered saline), 0.05% 
Tween 20.  

    6.    Programmable syringe pump (NE-1000, New Era Pump 
Systems, Inc., Wantagh, NY, USA).      

      1.    Epi fl uorescence microscope (ZEISS Axioplan 2 Imaging 
System, Carl Zeiss MicroImaging, Inc., Thornwood, NY, 
USA) equipped with a 100 W mercury lamp (ebq 100 iso-
lated), a FITC  fi lter set, a 5× objective (Plan Neo fl uar, numeri-
cal aperture = 0.15), and a high-resolution color digital camera 
(ZEISS AxioCam).  

    2.    Image analysis software: ImageJ 1.41o (National Institutes of 
Health, USA).  

    3.    Data processing software: Origin 7.0 (OriginLab Corp., 
Northampton, MA, USA).       

  2.2.  Bioactivation of 
PDMS Micro fl uidic 
Chips

  2.3.  Micro fl uidic 
Heterogeneous 
Immunoassay

  2.4.  Data Collection 
and Processing
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      1.    Spin-coat a thin  fi lm of the adhesion promoting solution on 
the silicon wafer at 300 rpm, 100 rpm/s for 10 s and  3,000 rpm, 
300 rpm/s for 30 s with the spin coater.  

    2.    Next spin-coat a layer of SU-8 2050 on the wafer at 300 rpm, 
100 rpm/s for 45 s and 3,000 rpm, 300 rpm/s for 50 s 
( see   Note 2 ).  

    3.    Place the coated wafer onto the leveling table for 1 h to allow 
the SU-8 to level out.  

    4.    Pre-exposure soft bake: ramp from 50°C to 95°C at 2°C/min 
and bake for 30 min at 95°C on the well-leveled hotplate. Cool 
the wafer to room temperature at 1°C/min ( see   Note 3 ).  

    5.    Expose the SU-8 to 365 nm light for 90 s under the photo-
mask at intensity of 3.5 mW/cm 2  ( see   Note 4 ).  

    6.    Post-exposure baking: ramp heating from 45°C to 85°C at 
2°C/min and held for 40 min at 85°C. Cool the wafer to room 
temperature at 1°C/min.  

    7.    Place the wafer in SU-8 developer solution on the Orbit Shaker 
at 300 rpm for 10 min.  

    8.    Casting of the PDMS device: pour mixed and degassed PDMS 
prepolymer base and curing agent (base:curing agent = 10:1, 
mass ratio) onto the mold and cure at 60°C for 2.5 h on the 
hotplate. Peel the cured PDMS off from the master, and punch 
1.5 mm diameter access holes using a biopsy punch. Next place 
the PDMS part with the patterns and a second  fl at PDMS slab 
into the plasma system and oxidize for 3 min. Place PDMS 
slabs together to form an irreversible bond.      

      1.    Prior to surface functionalization, leave the fabricated micro-
chips in air at room temperature (~25°C) for at least 24 h, 
allowing the PDMS surface to regain its hydrophobicity. Then, 
clean all PDMS micro fl uidic channels with ethanol for 10 min 
and subsequently wash for 5 min with 1× PBS buffer.  

    2.    In the  fi rst step of the surface functionalization process,  fi ll the 
microchannels with BSA solution ( see   Note 5  and Fig.  1a ) and 
then incubate for 4 h ( see   Note 6 ).   

    3.    Inject cross-linker solution ( see   Note 7  and Fig.  1b ) into the 
BSA coated channels and incubate for 1 h.  

    4.    To complete the functionalization, inject protein A solution 
( see   Note 8  and Fig.  1c ) into the microchannels and incubate 
for 1 h. This results in protein A covalently attaching to the 
glutaraldehyde. All of the above steps are carried out at room 

  3.  Methods

  3.1.  Fabrication of 
PDMS Micro fl uidic 
Chips

  3.2.  Bioactivation of 
PDMS Micro fl uidic 
Chips
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temperature inside the humidity chamber to suppress reagent 
losses in all microchannels due to the vapor permeable nature 
of the PDMS matrix.  

    5.    Following surface functionalization,  fi ll channels with the stor-
age buffer and package each chip in a Ziploc bag which is also 
 fi lled with the storage buffer ( see  Fig.  1d ). The functionalized 
chips are stored at 4°C to preserve their biofunctionality ( see  
 Note 9 ).      

      1.    To start the immunoassay, take a pre-functionalized PDMS 
chip out of the refrigerator and allow it to warm up to room 
temperature. Then remove it from its packaging and  fl ush the 
microchannels with 1× PBS buffer.  

    2.    Rabbit anti-CRP ( see   Note 10  and Fig.  2a ) is then loaded into 
the microchannels and incubated for 7 min ( see   Note 6 ).   

    3.    This is followed by injecting human CRP in PBS into the micro-
channels and incubating for 5 min (see Note 11 and  see  Fig.  2b ).  

    4.    Fill the microchannels with FITC labeled goat anti-CRP ( see  
 Note 12  and Fig.  2c ) to detect the human CRP.  

  3.3.  Micro fl uidic 
Heterogeneous 
Immunoassay

  Fig. 1.    Steps involved in preparing and preserving a bioactive PDMS surface for immunosensing: ( a ) BSA passivation, 
( b ) glutaraldehyde cross-linking, ( c ) protein A coating, and ( d ) chip storage.       
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    5.    Following 5 min incubation, wash the microchannels by  fi lling 
them with PBST buffer for 5 min ( see  Fig.  2d ).  

    6.    Perform negative control experiments without adding CRP to 
monitor the nonspeci fi c binding on each chip ( see   Note 13 ).  

    7.    The  fl uidic control of reagents in all steps is achieved with a 
programmable syringe pump. All incubations are accomplished 
under static conditions once the  fl uid has  fi lled the microchan-
nels ( see   Note 14 ). The microchannels are  fl ushed with 1× 
PBS and emptied by aspiration between all steps in the assay. 
All the immunoassays are carried out at room temperature. 
Each microchip should be used only once (not recycled).      

      1.    As soon as an immunoassay is complete acquire  fl uorescence 
images of the microchannels using an epi fl uorescence micro-
scope. The optimal exposure time for imaging was found to be 
2.5 s ( see   Note 15 ).  

  3.4.  Data Collection 
and Processing

  Fig. 2.    The sandwich format  fl uorescence heterogeneous immunoassay in the functionalized microchannel for detecting 
human CRP: ( a ) immobilize cAb, ( b ) capture CRP, ( c ) react dAb, and ( d ) wash.       
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    2.    Obtain the average signal intensity within a selected area of 
interest (AOI) in each channel using the image analysis soft-
ware (ImageJ 1.41o). The average signal intensity of each AOI 
is expressed in mean gray values (MGV) and exported to the 
data processing software (Origin 7.0). The local background 
intensity, taken from the areas in between the microchannels, 
is subtracted from the data to give the net  fl uorescence signal 
(NFS).  

    3.    Dose–response curve: To generate dose–response curves, the 
assay should include CRP concentration in a broad range, such 
as 200, 100, 50, 10, 5, 1, 0.5  μ g/mL and negative controls. 
After measuring the  fl uorescence intensity at each concentra-
tion (in triplicate using three different chips prepared at differ-
ent times for improved reliability), the data are  fi tted with a 
four parameter logistic (4PL) function ( see   Note 16 ). The val-
ues of these parameters are obtained by performing curve 
 fi tting in Origin 7.0, with an estimated concentration of the 
sample determined directly from the obtained formula. The 
 fi nal curve should resemble the example in Fig.  3 .   

    4.    Limit of detection (LOD): The LOD is de fi ned as the lowest 
human CRP concentration yielding an average  fl uorescence 
reading at least three standard deviations (99.5% con fi dence 
level) above the mean value recorded for the negative controls. 
Using the example 4PL function, the LOD for human CRP is 
calculated to be 360 ng/mL ( S/N  = 3).       

 

     1.    Photomask: Photomasks can be designed with a CAD program 
such as Adobe Illustrator CS2 (Adobe, San Jose, CA). The pat-
terns can be printed onto either a transparent Mylar  fi lm or 
transferred to a chrome coated glass slide.  

    2.    Spin coating: This spin coating process generates a mold thick-
ness of about 35  μ m after baking. The mold thickness can be 
increased by reducing the spin speed. Starting the process at a 
low speed and a low acceleration is crucial to produce a uni-
form coating.  

    3.    Soft baking: The time used for soft baking needs careful opti-
mization based on  fi lm thickness to obtain a desirable solvent 
content in the  fi nal  fi lm, which is crucial to the success of the 
UV exposure and the post exposure baking process  (  15  ) . The 
ramped heating and cooling is performed to reduce the inter-
nal stress of the photoresist  fi lm. The spin coating and soft 
baking processes can be repeated to build thick  fi lms 
(>300  μ m).  

  4.  Notes
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    4.    UV exposure: Depending on the thickness of the  fi lm, the 
exposure time should also be optimized for best resolution and 
vertical sidewall pro fi les; however, it is generally favorable to 
over-expose the resist for better adhesion. For thick layers and 
for high exposure doses, the illumination should be done step-
wise with suf fi cient intervals for the resist to cool down to 
room temperature. It is important to note that the optimal 
exposure energy relies on the nature of the substrate.  

    5.    Surface coverage and Langmuir isotherm: PDMS is more 
hydrophobic than polystyrene and its high avidity for proteins 
results in high nonspeci fi c binding in immunoassays. In the 
present protocol BSA is physically adsorbed to cover the hydro-
phobic sites and renders the PDMS surface amphiphilic. To 
obtain a desirable surface coverage ratio ( Θ  > 95%) in micro-
channels, the concentration of the BSA needs to be optimized. 
The obtained concentration-intensity data can be  fi tted to the 
Langmuir isotherm model to determine the optimal protein 
concentration. The Langmuir isotherm equation is  Θ  =  K [ P ]/
(1 +  K [ P ]), in which [ P ] is the bulk concentration of the pro-
tein, and  K  is the equilibrium constant  (  16  ) .  

    6.    Protein adsorption kinetics: In addition to the protein con-
centration, the incubation time of each adsorption step is 
another important factor that affects the surface coverage. 
The incubation time-intensity data should be obtained and 
 fi tted to the protein adsorption kinetics equation, 
    0[ ]

0[ ]( ) [ ](1 e )aK P tPS t S −= −    where the number of the bound 

  Fig. 3.    A dose–response curve for human CRP. Error bars represent the standard error. According to the American Heart 
Association, three categories have been de fi ned for cardiovascular disease risk assessment corresponding to CRP concen-
trations of <1  μ g/mL (low), 1–3  μ g/mL (intermediate), and >3  μ g/mL (high). CRP level above 10  μ g/mL is likely caused by 
acute disease  (  14  ).        
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complexes, [ PS ], depends upon the initial number of active 
sites on the surface ([ S  0 ]), the initial bulk concentration of the 
protein ([ P  0 ]), the association constant ( K   a  ), and the reaction 
time ( t )  (  17  ) . A characteristic reaction time,  t  reac  = 3/ K   a  [ P  0 ] 
which allows 95% of the active sites on the surface to be cov-
ered, needs to be selected. For diffusion-controlled processes 
(e.g., antibody/antigen interaction), the reaction time should 
approximately equals to the characteristic diffusion time, 
 t  diff  =  L  2 /2 D  where  L  is the diffusion length of the channel and 
 D  is the diffusion coef fi cient of the protein. For reaction-con-
trolled processes (e.g., BSA/PDMS interaction),  t  reac  >>  t  diff . 
The surface coverage and the adsorption kinetics are known 
to be affected by temperature, concentration, viscosity  (  18  ) , 
buffer pH, buffer ionic strength,  fl ow conditions  (  19  ) , and 
surface to volume ratio  (  5  ) . The in fl uences of these parameters 
are re fl ected in the values of the association constant. The 
incubation times used in the example assay were selected based 
on the kinetics study for each step  (  20  ) .  

    7.    Glutaraldehyde cross-linking: In addition to serving as a cross-
linker between BSA and protein A, as shown in Fig.  1b , the 
glutaraldehyde also cross-links individual BSA molecules to 
form a continuous surface layer so that the absorption or des-
orption of BSA molecules is sterically or entropically hindered. 
The cross-linked BSA molecules also restrict external protein 
access to the PDMS surface and therefore reduce nonspeci fi c 
binding. It is worth noting that the glutaraldehyde cross-linking 
process also causes a weak  fl uorescence background in the bio-
functional layer. This weak  fl uorescence is approximately 1 
MGV higher than the background outside the functionalized 
channels  (  21  ) .  

    8.    Protein A for HEI: To increase the signal and reduce the 
sources of the nonspeci fi c binding in this assay, it is desirable 
that the solid support phase only strongly binds to capture 
antibodies (cAb) but weakly or does not bind to detection 
antibodies (dAb) and the analytes. In this sense, protein A is an 
ideal candidate for being used as the supporting molecule in 
HEIs because it not only provides oriented immobilization of 
IgG (binds to Fc region) but also has selective binding charac-
teristics to IgGs from different species  (  22  ) . The characteristics 
of a protein A coated surface has been compared against those 
of the native PDMS surface elsewhere  (  21  ) .  

    9.    Long-term storage: Under wet storage at 4°C, the biofunc-
tionality degradation of a protein modi fi ed PDMS surface is 
likely caused by: (1) the loss of the adsorbed proteins as a result 
of desorption or protein displacement  (  16  ) , and (2) the dena-
turation of the adsorbed proteins due to the contamination of 
microorganisms and proteases. The biofunctionality 
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 degradation caused by PDMS absorption will not be a concern 
because PDMS has so far only been reported to uptake small 
hydrophobic molecules with molecular weight (MW) up to 
~300 Da  (  23  )  due to its porous natural. We have found that 
the BSA-glutaraldehyde-protein A functionalized PDMS 
micro fl uidic immuno-chips can maintain biofunctionality up 
to 14 months under wet-stored conditions at 4°C with our 
storage buffer  (  21  ) . BSA is added to hinder desorption of 
coated BSA molecules from the surface. ProClin 300 is used as 
an antimicrobial reagent.  

    10.    Effect of cAb concentration: Using low concentrations of the 
cAbs cannot provide enough binding sites for CRP. On the 
other hand, when the concentration of the cAbs is too high, 
the  fl uorescence signal of the assay also begins to decrease. 
This is caused by the formation of multiple layers of cAbs where 
some rabbit IgGs bind to other IgGs through protein–protein 
interaction instead of directly to the functionalized channel 
surface. CRPs that bind to rabbit anti-CRP antibodies that are 
not securely bound to the channel surface are removed during 
the washing step. By increasing the cAb concentration, the 
nonspeci fi c binding level decreases and eventually levels off. 
This can be explained by the fact that using concentrated cAbs 
occupies more vacant binding sites on the protein A function-
alized surface so that the free spaces left for the dAb adsorption 
are minimized.  

    11.    Using blood sample: When the CRP test is performed from 
human blood samples (e.g., whole blood, plasma, and serum), 
an additional sample pretreatment chamber that is also func-
tionalized with protein A should be added to the upstream of 
the immunoreaction zone to capture the human IgGs from 
the blood sample. Introducing human blood samples directly 
to the immunoassay area will compromise both the LOD and 
the dynamic range of the assay because the human IgGs in the 
blood can compete with the rabbit IgGs immobilized on the 
protein A surface.  

    12.    Effect of dAb concentration: The  fl uorescence intensity 
increases sharply at low dAb concentrations and reaches a pla-
teau as the available CRPs on the adsorbing surface start to be 
occupied and eventually saturated with dAbs. Increasing the 
dAb concentration does not increase the nonspeci fi c binding 
level of the assay, in part because of the weak af fi nity between 
goat IgG (used for dAb) and protein A in PBS buffer, and in 
part because of a kinetically reduced dAb/antigen reaction 
time used here.  

    13.    Nonspeci fi c binding of the assay: Since there have been no 
reported af fi nities between protein A and CRP or between 
goat and rabbit antibodies, the nonspeci fi c binding in this HEI 
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is primarily attributed to the adsorption of dAbs onto the solid 
reaction surface sites where no antigen is present. It is affected 
by several factors including surface biospeci fi city, antibody 
selection, buffer solutions, and incubation time. By employing 
IgGs with high af fi nity (from rabbit) to protein A as the cAb 
and IgGs with low af fi nity (from goat) to protein A as the dAb, 
the nonspeci fi c adsorption of dAbs to unoccupied protein A is 
minimized in conjunction with using PBS buffer and a kineti-
cally reduced antigen/dAb reaction time  (  20,   21  ) . By using 
this scheme, our previous study revealed that the nonspeci fi c 
binding of this assay can be maintained around the chip 
 background level without adding a blocking step to the proce-
dure  (  21  ) .  

    14.    Static incubation versus continuous  fl ow: Under static situa-
tions, the adsorbing proteins (e.g., antibody or antigen) are 
likely to deplete due to the high surface-to-volume ratio in 
microchannels. The depletion leads to a decreased surface cov-
erage on channel walls and therefore a low assay signal. If you 
have suf fi cient analyte-containing sample and you want to 
improve the assay signal at low analyte concentrations, the 
improvement can be achieved by using either a “stop- fl ow” or 
a continuous  fl ow method, as proposed by Lionello et al.  (  24  ) , 
to increase the adsorption level of the analyte on the channel 
walls.  

    15.    The selected exposure time should be suf fi cient to distinguish 
the lowest signal from the background, but not make the high-
est signal saturate the camera.  

    16.    4PL function: The equation for the 4PL model is y = max + 
(min − max)/[1 + (x/EC 50 )] 

 α   ,  where  x  is the concentration of 
the analyte (dose), y is the expected  fl uorescence signal 
(response), max is the signal for in fi nite analyte concentration, 
min corresponds to the signal with a zero dose of the analyte 
(the negative control), EC 50  is the concentration of the analyte 
with an expected signal exactly halfway between max and min, 
and  α  is the slope factor.          
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    Chapter 22   

 Breast Cancer Diagnostics Using Micro fl uidic Multiplexed 
Immunohistochemistry       

     Minseok   S.   Kim   ,    Seyong   Kwon   , and    Je-Kyun   Park         

  Abstract 

 A quantitative, reproducible, fast and inexpensive multiplexed immunohistochemistry (IHC) system might 
play a locomotive role in drug screening and personalized medicine. Currently, fully automated IHC 
machines and sequential multiplexed IHC methods based upon multiple color reagents have been devel-
oped, with the evolution of such methods having revealed novel biological  fi ndings over the conventional 
IHC method, which is time consuming and labor intensive. We describe a novel parallel multiplexed IHC 
method using a micro fl uidic multiplexed immunohistochemistry (MMIHC) device for quantitative patho-
logical diagnosis of breast cancer. The key factors for success of parallel multiplexed IHC are the fabrication 
of a robust micro fl uidic device, the interface between the device and a tissue slide, and an accurate  fl uidic 
control for multiple IHC reagents. In order to apply conventional thin-section tissues into on-chip systems 
without any additional modi fi cation process, a tissue slide-compatible assembler was developed for optimal 
compatibility of conventional IHC methods. With this approach, a perfect  fl uid control for various solutions 
was demonstrated without any leakage, bubble formation or cross-contamination. The results presented in 
this chapter indicate that the micro fl uidic IHC protocol developed can provide the possibility of tailored 
cancer treatments as well as precise histopathological diagnosis using numerous speci fi c biomarkers.  

  Key words:   Breast cancer,   Immunohistochemistry,   Micro fl uidics,   Multiplexing,   Pathology,  
 Quanti fi cation,   Tissue.    

 

 After Coons and his colleagues  fi rst developed an immuno-
 fl uorescence technique for labeling proteins with a  fl uorescent dye 
 (  1  ) , several enzyme-tagging methods to identify immunohis-
tochemical reactions, including horseradish peroxidase (HRP)  (  2  )  and 
peroxidase–antiperoxidase techniques  (  3  ) , were introduced in 
succession. Thereafter, immunohistochemistry (IHC) has been widely 
used for assessing therapeutic biomarkers and has become a major 
part of practical diagnosis in surgical pathology  (  4  ) . Since IHC 

  1.  Introduction
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supports not only identi fi cation of proteins of interest but also 
localization information of tissue morphology, tests for various 
biomarkers by IHC can be an ideal method to realize individual-
ized tailored therapy with limited quantity of clinical samples  (  5  ) . 
However, IHC is a labor intensive and time consuming process. 
Although fully automated machines can help address this issue, it 
is not necessarily feasible to use highly expensive instruments in 
general laboratories  (  6  ) . Moreover, for a biological laboratory to 
study signal pathway and proteomics, it is more important to effec-
tively study various biomarkers from a single sample rather than 
routinely run single biomarker tests for many samples. 

 Here, we introduce a novel micro fl uidic multiplexed immuno-
histochemistry (MMIHC) platform for quantitative pathological 
diagnosis  (  7,   8  )  .  Micro fl uidics enables construction of a well con fi ned 
environment, precise manipulation of  fl uids, easy and fast  fl uidic con-
trol and use of small sample volumes. Therefore, such micro fl uidic 
technology is ideal to construct an inexpensive, fast, reproducible, 
cost-effective, and semiautomated IHC system. Moreover, the ability 
to fabricate numerous micron scale channels means that multiple 
biomarkers can be analyzed on a limited cancer core (biopsy sample) 
area. As the tumor size acquired from operational surgery has become 
smaller due to the development of cancer diagnostic technology and 
neoadjuvant therapy, the MMIHC platform is expected to enable 
examination of various predictive and prognostic biomarkers on a 
small sized tissue sample. Additionally, the MMIHC system is likely 
to also reduce process time, costs, and quantity of tissue sample 
required, as well as expand tests for prognostic biomarker candi-
dates, and facilitate integration of genomic and proteomic 
approaches into the search for targets in oncology. 

 The protocol described in this chapter uses a 
poly(dimethylsiloxane) (PDMS) molding technique to fabricate a 
MMIHC device. Here, the device is composed of ten inlets and 
reaction channels for primary antibodies and one outlet (Fig.  1a ). 
The antibodies are  fl owed through microchannels, which are 
reversibly sealed with a glass slide on to which the tissue (or cell) 
samples to be examined have been deposited (Fig.  1b ). Hence, the 
area of reaction channels in the MMIHC device de fi nes the stain-
ing area for a sample of interest. For homogeneous samples such as 
cell blocks, the area of reaction channels and alignment between 
the device and a sample is not a major concern. Therefore, it is 
possible to examine many biomarkers by designing a number of 
narrow reaction channels. For heterogeneous samples such as tissues, 
however, the area of reaction channels is critical to achieve an accu-
rate staining result. Thus, the design of reaction channels should 
be carefully considered to maximize representativeness for a whole-
section tissue slide.  

 Irregular  fl ow rates among the channels might cause inconsistent 
staining intensities. Therefore, the same  fl uidic resistance should 
be guaranteed for equivalent  fl ow rates in all reaction channels. 
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For rectangular channels, the channel  fl ow rate is expressed as 
 Q  =   D P / R , where the   D P  is the pressure drop and  R  is the  fl uidic 
resistance. The resistance  R  is expressed as follows:
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where  w ,  h , and  L  are the width, height, and characteristic length 
of a micro fl uidic channel, respectively;   m   is the viscosity of a  fl uid; 
 A  is the cross-sectioned area of a micro fl uidic channel; and   a   is the 
aspect ratio  (  9  ) . A withdrawal pumping mode for  fl uidic move-
ment has the advantage to construct a simple MMIHC control 
system by connecting a syringe pump to an outlet. If the system is 
operated in this mode, it is desirable to equally apply the  fl uidic 
resistance between biomarker inlets and the outlet.  

 

      1.    Negative photoresist: SU-8 2025 (MicroChem Corp., 
Newton, MA).  

    2.    SU-8 Developer: Propylene glycol monomethyl ether acetate 
(PGMEA).  

    3.    Spin coater.  
    4.    Silicon wafer.  

  2.  Materials

  2.1.  Fabrication 
and Preparation 
of MMIHC Device

  Fig. 1.    Con fi guration of a MMIHC platform. ( a ) A fabricated MMIHC device having ten reaction channels.  Red line  (leading 
from microvalve inlet) is the microvalve and the asterisk indicates outlet of the device. Scale bar, 4 mm. Reproduced from 
ref.  (  8  ) , with permission from Elsevier. ( b ) Schematic of the interface assembly between a MMIHC device and a tissue slide. 
Reproduced from ref.  (  7  ) .       
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    5.    Hotplate.  
    6.    Collimated UV light source / mask aligner.  
    7.    Photomask (three): one for rectangular reaction channels in a 

 fl uidic channel layer (de fi ned using SU-8); one for rounded 
 fl ow channels in a  fl uidic channel layer (de fi ned using AZ 
photoresist); and one for pneumatic channels in a control 
channel layer (de fi ned using SU-8).  

    8.    Positive photoresist: AZ 9260 (MicroChemicals GmbH, Ulm, 
Germany).  

    9.    Base and curing agent: PDMS.  
    10.    O 2  plasma asher.  
    11.    Tygon tube (inner diameter 0.02 in.).  
    12.    Syringe pump with a gas-tight syringe.      

      1.    Breast cancer cell lines: AU-565, HCC70, MCF-7, and 
SK-BR-3 obtained from the American Type Culture Collection 
(ATCC, VA).  

    2.    RPMI-1640 (Gibco, MD) supplemented with 10% fetal bovine 
serum (FBS, UT), 100 IU mL −1  penicillin, and 100 mg mL −1  
streptomycin for AU-565, HCC70, and MCF-7.  

    3.    Dulbecco’s Modi fi ed Eagle’s Medium (DMEM) (Gibco, MD) 
supplemented with 10% fetal bovine serum (FBS) (HyClone 
Laboratories, Logan, UT), 100 IU mL −1  penicillin, and 
100 mg mL −1  streptomycin for SK-BR-3.  

    4.    Incubation chamber maintained at 37°C and 5% CO 2 .  
    5.    Cell detachment: solution of trypsin (0.25%) and ethylenediamine 

tetraacetic acid (EDTA) (1 mM).  
    6.    Phosphate buffered saline (PBS): pH 7.4, 1× stock (Invitrogen, 

USA).  
    7.    1% agarose, cell culture grade, in iso-osmotic PBS. Dissolve 

agarose in PBS by boiling. Check the amount of water lost as 
vapor during boiling and replace with distilled water. After 
preparation, cool to 50°C.  

    8.    Tris-buffered saline (TBS) with Tween 20: pH 7.4, 1× stock 
(ScyTek, USA).  

    9.    Formaldehyde.  
    10.    Absolute ethanol, toluene, paraf fi n.  
    11.    Microtome.  
    12.    Positively charged microscope slides.      

      1.    A cell block or a tissue slide (De-wax in xylene for 4 min twice 
before use).  

    2.    Target retrieval solution: pH 9 (Dako, Denmark).  

  2.2.  Preparation 
of Samples

  2.3.  Off-Chip IHC
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    3.    Washing buffer solution: 1× TBS with Tween 20, pH 7.4.  
    4.    Hydrogen peroxide.  
    5.    Blocking solution ( see   Note 1 ).  
    6.    Syringe pump (with a withdrawal mode).  
    7.    Primary antibodies ( see   Note 2 ).  
    8.    Secondary antibodies ( see   Note 3 ).  
    9.    Streptavidin-HRP.  
    10.    3,3 ¢  diaminobenzidine tetrachloride (DAB).  
    11.    Mayer’s hematoxylin.  
    12.    Canada balsam.  
    13.    Food dye.       

 

 The MMIHC device is fabricated by a simple procedure consisting 
of: (1) preparation of the MMIHC device; (2) off-chip IHC pro-
cess #1; (3) assembly of MMIHC device; and (4) off-chip IHC 
process #2. The overall procedure for MMIHC is described in 
Table  1 . Staining intensity and quality are dependent on the con-
centration of antibodies,  fl ow rate, and incubation time ( see   Note 4 ). 
Therefore, the condition of antibody treatment needs to be opti-
mized by one’s own strategy and the quality of staining con fi rmed 
via professional pathologists.  

      1.    The  fl uidic channel mold of the device can be fabricated by 
two-step multilayer soft lithography  (  8  ) . For the rectangular 
reaction channels, a negative photoresist, SU-8 2025, is spin-
coated at 500 rpm (10 s) and 1,500 rpm (30 s) to make a 
60  m m thickness on a bare silicon wafer.  

    2.    Allow the spin-coated wafer to rest on a level surface for 
10 min.  

    3.    Soft bake at 60°C for 3 min and then at 95°C for 6 min.  
    4.    To pattern reaction channels on the silicon wafer, expose the 

wafer to ultraviolet (UV) light, through a photomask for 20 s 
at 20.3 mW/cm 2 .  

    5.    Post bake at 60°C for 2 min and then at 95°C for 6 min.  
    6.    Develop the wafer with SU-8 developer for 3–5 min.  
    7.    A positive photoresist, AZ 9260, is spincoated at 300 rpm 

(10 s) and 1,000 rpm (60 s) to make a 20  m m thickness on the 
wafer.  

    8.    Soft bake at 110°C for 80 s.  

  3.  Methods

  3.1.  Fabrication 
of a MMIHC Device
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    9.    Expose to UV light through the  fl uidic channel photomask for 
20 s at 20.3 mW/cm 2 .  

    10.    Develop the wafer with an AZ photoresist developer for 15 min.  
    11.    Re fl ow process by heating the wafer in the sequence of 70°C 

for 5 min, 85°C for 5 min, 95°C for 5 min, and  fi nally 110°C 
for 30 min. Consequently, the  fl uidic channels, except the reac-
tion channels (de fi ned by the SU-8), are transformed into 
round shapes suitable for valving. Pour PDMS on the  fl uidic 
channel mold and wait for 5 min to  fi ll the gap between reac-
tion channels.  

   Table 1 
  Procedure of the MMIHC methods   

 No.  Reagent  MMIHC method 

 1  Deparaf fi nization  4 min ×2 

 2  Rehydration process  1 min ×5 

 3  Washing using DI water  1 min ×4 

 4  Heat-induced epitope retrieval  20 min 

 5  Cooling  5 min 

 6  Hydrogen peroxide blocking  10 min 

 7  Washing using TBS tween buffer  1 min 

 8  Blocking solution  20 min 

 9  Primary antibody treatment  15 min 

 10  Washing using TBS Tween buffer  1 min 

 11  Secondary antibody treatment  20 min 

 12  Washing using TBS Tween buffer  1 min 

 13  Streptavidin-HRP  20 min 

 14  Washing using DI water  1 min 

 15  DAB  5 min 

 16  Washing using DI water  1 min 

 17  Mayer’s hematoxylin  3 min 

 18  Washing using DI water  1 min 

 19  Dehydration  1 min ×5 

 20  Xylene  4 min ×2 

 Total consumed time  154 min 

  In total, 154 min are required to stain ten biomarkers when using a MMIHC 
device. The gray area indicates on-chip process  
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    12.    The  fl uidic channel mold is spincoated with PDMS at 500 rpm 
(10 s) and 2,000 rpm (30 s) to make a 40  m m-thick membrane 
and cured at 70°C for 1 h.  

    13.    The control channel mold of the device is fabricated by con-
ventional SU-8 photolithography  (  8  ) . This mold de fi nes channel 
structures which, when aligned over the top of the rounded 
 fl uidic channels, can allow effective valving of the  fl uidic channels 
by application of pressure.  

    14.    The PDMS membrane containing the  fl uidic channels is 
aligned and bonded with the PDMS control channel layer 
using an O 2  plasma asher.      

  The MMIHC device can be applied to both cell blocks and tissue 
sections, which have been widely used in conventional immunocy-
tochemistry (ICC) and IHC. The device can cover any type of a 
cell block and a tissue section attached on a glass slide. The follow-
ing protocol introduces a general sample preparation method for 
paraf fi n-embedded cell block samples.

    1.    Breast cancer cell lines: AU-565, HCC70, MCF-7 are main-
tained in RPMI-1640 supplemented with 10% FBS, 
100 IU mL −1  penicillin and 100 mg mL −1  streptomycin for 
AU-565, HCC70 and MCF-7.  

    2.    Breast cancer cell line SK-BR-3 is maintained in DMEM sup-
plemented with 10% FBS, 100 IU mL −1  penicillin and 
100 mg mL −1  streptomycin.  

    3.    Cells are incubated in an incubation chamber maintained at 
37°C and with 5% CO 2.   

    4.    At 70–80% con fl uences, cells are detached using a solution of 
trypsin (0.25%) and EDTA (1 mM).  

    5.    Prepare 1% agarose, cell culture grade, in iso-osmotic PBS. 
Dissolve agarose in PBS by boiling. Check for loss of water due 
to vapor during boiling and replace with distilled water.  

    6.    Cool agarose to around 50°C and maintain this temperature 
to keep it in liquid form. The agarose will solidi fi ed below this 
point.  

    7.    Add PBS to cells and harvest cells into a conical tube 
(1.5 mL).  

    8.    Centrifuge the tube at 1,270 ×  g  for 7 min, discarding the 
supernatant.  

    9.    Fix the suspension of the specimen in formaldehyde at least 
for 1 h.  

    10.    Discard the supernatant formaldehyde.  
    11.    Resuspend the deposit in molten 1% agarose at 50°C and 

quickly place in a centrifuge again.  

  3.2.  Preparation 
of Samples
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    12.    Spin at 1,270 ́   g  for 2 min and then cool at 4°C for 30 min to 
harden the agar (agarose). Any excess agar is trimmed to leave 
a cell block.  

    13.    Wrap the cell block in tissue paper and place in a plastic cassette 
for paraf fi n processing.  

    14.    Transfer the blocks sequentially to 30, 50, 70, 80, 90, 95, and 
100% alcohols for about 2 h each.  

    15.    Place the blocks in a second 100% ethanol solution to ensure 
that all water is removed.  

    16.    Move the blocks into a 50:50 mixture of absolute ethanol and 
toluene for 2 h.  

    17.    Place the blocks into pure toluene.  
    18.    Move the blocks into a 50:50 mixture of toluene and paraf fi n.  
    19.    Place them in an oven at 56°C to–58°C.  
    20.    Transfer the blocks to pure paraf fi n and place in the oven 

for 1 h.  
    21.    Transfer the blocks to a second pot of melted paraf fi n and place 

in the oven for an additional 2–3 h.  
    22.    Section the blocks using a microtome with 4  m m thickness.  
    23.    Mount the sections on positively charged slides.  
    24.    Dry for 1 h at room temperature and then 1 h in an incubator 

at 60°C.      

      1.    Prepare a tube by cutting a 30-cm length piece of Tygon tube 
(inner diameter 0.02 in.).  

    2.    Insert one end of the tube into the outlet of a MMIHC device 
and attach the MMIHC device to the upper plate (Fig.  2a, b , 
 see   Note 5 ).   

    3.    Fix the MMIHC device to the upper plate with an adhesive 
membrane (Fig.  2c ,  see   Note 6 ).  

    4.    Perform a plasma treatment on the bottom surface of the 
device for hydrophilicity.  

    5.    After the plasma treatment, immerse bottom surface of the 
device into deionized (DI) water. Avoid bubbles on the surface 
of reaction channels.  

    6.    Place a bottom plate on a  fl at surface.  
    7.    A sample slide is loaded onto the bottom plate. Washing buffer 

or DI water is suf fi ciently poured on it.  
    8.    Put a plasma-treated MMIHC device (attached under the 

upper plate) on a bare glass slide. In this process, the alignment 
rod must pass through the alignment hole of the upper plate 
(Fig.  2d ,  see   Note 7 ).  

  3.3.  Preparation of 
MMIHC Device
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    9.    Connect a gas-tight syringe needle with one end of a tube, 
which is linked to outlet of the MMIHC device.  

    10.    Install a syringe pump with a gas-tight syringe.  
    11.    Prepare another tube for the microvalves.  
    12.    Fill the tube with water using a syringe.  
    13.    Insert the tube to the valve inlet (Fig.  2d ).  
    14.    Put a weight on the upper plate carefully through alignment 

holes and rods (Fig.  2e ,  see   Note 8 ).  
    15.    Apply air pressure to the valve inlet through the tube to fully 

 fi ll water at the microvalve (Fig.  2e ).  
    16.    When the microvalves are  fi lled with water completely, remove 

the air pressure ( see   Note 9 ).      

  Fig. 2.    Assembly process of the MMIHC device. ( a ) Alignment between an upper plate and 
a MMIHC device. ( b ) The device is attached to the upper plate. A tube is inserted into the 
outlet. ( c ) The MMIHC device is  fi xed to the upper plate using an adhesive membrane. 
( d ) The device is loaded on the bare glass slide and a tube is inserted into the valve inlet. 
( e ) A weight is loaded on the upper plate. ( f ) A sample slide is placed on the bottom plate. 
( g ) The MMIHC device is aligned on the sample. ( h ) After mounting the weight on the upper 
plate, the sample slide is ready to be stained with the MMIHC device.       
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      1.    De-wax a cell block or a tissue slide twice in xylene for 4 min.  
    2.    Rehydrate through a graded series of ethanol solutions 100, 

95, 90, 80, and 70% ethanol in series of 1 min.  
    3.    Expose to DI water for 1 min, four times.  
    4.    After the hydration process, target retrieval solution, pH 9 

(Dako, Denmark) is preheated for 5 min.  
    5.    When boiling, the samples are inserted into the solution and 

boiled for 20 min at 750 W using a microwave.  
    6.    Cool the sample for 5 min in the target retrieval solution.  
    7.    Take out the sample from the target retrieval solution and wash 

it with washing buffer solution at least three times. Wipe 
around the cell block or tissue section with tissue paper. Do 
not use a PAP pen ( see   Note 10 ).  

    8.    Apply hydrogen peroxide on the area of the cell block or tissue 
section and incubate it for 10 min.  

    9.    Wash the slide using washing buffer solution at least three 
times and wipe around the sample section with tissue paper.  

    10.    Incubate the sample with blocking solution for 20 min. In this 
step, the sample is mounted on the bottom plate (Fig.  2f ).      

      1.    Put a prepared MMIHC device on the sample and then aligned 
(Fig.  2g  ,  see   Note 11 ).  

    2.    Mount a weight on the upper plate (Fig.  2  h,  see   Note 12 ).  
    3.    Apply air pressure to close the microvalve (40 kPa).  
    4.    Remove liquid completely in all inlets using a syringe.  
    5.    Inject 10  m L of antibodies into inlets using syringes ( see  

 Note 13 ).  
    6.    After relieving the air pressure in the microvalves, operate the 

syringe pump in a withdrawal mode (i.e., 400  m L/h).  
    7.    Primary antibodies are  fl owed along the reaction channels for 

15 min.  
    8.    Remove the weight from the assembly.  
    9.    Immediately separate the upper plate and wash the sample with 

washing buffer.      

      1.    Wipe around the cell block or tissue section with tissue paper 
( see   Note 14 ).  

    2.    Apply secondary antibody to the sample. Incubate it for 
20 min.  

    3.    Wash the sample using washing buffer.  
    4.    Incubate the sample in streptavidin-HRP for 20 min.  
    5.    Wash the sample using DI water.  

  3.4.  Off-Chip IHC 
Process #1

  3.5.  Assembly and 
Detachment Process 
of MMIHC System

  3.6.  Off-Chip IHC 
Process #2
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    6.    Incubate the sample in DAB for 5 min.  
    7.    Wash the sample using DI water.  
    8.    Incubate the sample in Mayer’s hematoxylin for 3 min.  
    9.    Dehydrated the sample through a graded series of ethanol 

solutions 50, 80, 90, 95 and 100% ethanol in series of 1 min.  
    10.    Expose to xylene treatment for 4 min, two times.  
    11.    Mounting process with Canada balsam.      

  It is important to check whether primary antibodies are properly 
 fl owed without any mixing. This can be characterized by injecting 
various colors of food dyes into inlets of primary antibodies 
(Fig.  3a ). An important point to check is the con fi rmation of equal 
 fl ow rates in individual reaction channels because different  fl ow 
rates might cause different expressions of biomarkers (Fig.  3b ). 
Another point is to con fi rm the maintenance of a rectangular cross 
section in the reaction channels (Fig.  3c, d ,  see   Note 8 ). 

  3.7.  Characterization 
of MMIHC Device

  Fig. 3.    Characterization of the MMIHC device. ( a ) Con fi rmation of  fl uid stream at reaction channels. The  fl uids are properly 
 fl owed without any cross-contamination. Scale bar, 1 mm. ( b ) Con fi rmation of equal  fl ow rates at individual reaction chan-
nels. Liquids are simultaneously  fl owed out. Scale bar, 2 mm. Reproduced from ref.  (  8  )  with permission from Elsevier. 
( c ) Plane and  z -stacked confocal laser microscopy images of one reaction channel area under 8 kPa. Scale bar, 100  m m. 
( d ) Plane and  z -stacked confocal images of boundary area between reaction channels under 8 kPa. Reaction channels 
retain their original rectangular shape and individual reaction channel is completely separated. Scale bar, 100  m m. 
Reproduced from ref.  (  7  ) .       
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    1.    Load a bare glass slide onto the bottom plate and pour washing 
buffer on it.  

    2.    Place a prepared MMIHC device (described in Subheading  3.3 ) 
on to the slide.  

    3.    Put a weight on the MMIHC device through alignment holes.  
    4.    Apply air pressure to close the microvalves (40 kPa).  
    5.    Aspirate solutions contained in the inlets with a syringe to 

remove the washing buffer.  
    6.    Inject 10  m L of food dye into each inlet (Fig.  3b ,  see   Note 15 ).  
    7.    Relieve the air pressure in the microvalves.  
    8.    Operate the syringe pump in a withdrawal mode (i.e., 600  m L/h).  
    9.    Then place the assembled platform on the microscope to observe 

 fl uidic streams and  fl ow rates of individual reaction channels.  
    10.    Check for cross-contamination of liquids between the reaction 

channels via color change (Fig.  3a ).  
    11.    The consumption time of the solution in each inlet is measured 

and simultaneous removal of reagents in inlets is checked 
(Fig.  3b ,  see   Note 16 ).      

      1.    Place a cell block or tissue slide stained with the micro fl uidic 
system onto an inverted microscope.  

    2.    Acquire images under 13,000 lux light intensity.  
    3.    The acquired microscopic images are divided into three parts: 

staining part (SP) of a cell, non-staining part (NSP) of a cell, 
and background part (Fig.  4 ,  see   Note 17 ).   

    4.    As one method to minimize variation in the image acquisition 
including cell density, the ratio of the staining area is calculated 
by SP over SP plus NSP.  

  3.8.  Image Analysis 
for Quanti fi cation of 
Biomarker 
Expressions

  Fig. 4.    Image analysis of biomarker expression level. ( a ) A microscopic image acquired via MMIHC. ( b ) The image is divided 
into three parts: the staining part (SP), the non-staining part (NSP), and the background. Only the cell area (SP and NSP) is 
considered to minimize the variation of expression level according to cell density. ( c ) Image after analysis. Only the brown-
colored areas remained. Reproduced from ref.  (  7  ) .       
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    5.    Staining intensity of the sample is averaged only with the SP.  
    6.    “Expression level” is calculated by multiplying the staining 

ratio and the averaged intensity ( see   Note 18 ).       

 

     1.    Blocking solution, secondary antibodies, streptavidin-HRP, 
and DAB are used, which are contained in the Cap-plus 
Detection kit (Zymed, San Francisco, CA). Blocking solution 
contains bovine serum albumin (BSA) and the serum from the 
same animal origin with the secondary antibodies. Usually, 
2~3% of BSA and 5% of serum are mixed in 1× PBS.  

    2.    Various primary antibodies can be used, which are produced 
from several species recognizing secondary antibodies. In this 
experiment, ER (SP1) antibody (Ventana, Tucson, AZ) and 
PR (1E2) antibody (Ventana) were used in conventional meth-
ods at 1× ready-to-use concentration, and in the micro fl uidic 
device at a dilution of 1:4. HER2 oncoprotein antibody (Dako) 
was used in conventional methods at a dilution of 1:500 and in 
the micro fl uidic device at a dilution of 1:2,000. Ki-67 (clone 
MIB-1) antibody (Dako) was used in conventional methods at 
a dilution of 1:50 and in the micro fl uidic device at a dilution of 
1:200. CK14 (Novocastra, Newcastle-upon-Tyne, UK), CK5 
(Novocastra), E-cadherin (BD Biosciences, Franklin Lakes, 
NJ), p53 (Ventana), p63 (Dako), and smooth muscle myosin 
heavy chain (S-H; Dako) were used in the micro fl uidic device 
at dilutions of 1:400, 1:200, 1:1000, 1:4, 1:200, and 1:800, 
respectively.  

    3.    Secondary antibody supported in the Cap-plus Detection kit 
(Zymed, San Francisco, CA) was used. In multiplexed assay, it 
is noted that the combination between primary and secondary 
antibodies should be considered according to their speci fi city.  

    4.    We found that dynamic incubation in micro fl uidic channels 
shows more effective staining than static incubation of anti-
body treatment. Therefore, the concentration of an antibody 
in MMIHC was normally 0.25 times diluted compared to con-
ventional IHC staining.  

    5.    The height that the tube is inserted should be less than half the 
height of the MMICH device to minimize leakage of  fl uids.  

    6.    Alignment between the holes in the upper plate with the inlets 
and outlet in the MMIHC device is an important procedure for 
successful operation of the device. Avoid taping on the bottom 
surface of the device.  

  4.  Notes
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    7.    Avoid bubble formation in the reaction channel when the 
device is put into contact with the liquid on the glass slide.  

    8.    The rectangular shape of the reaction channels should be 
maintained when a weight is loaded onto the MMIHC device. 
Deformation of reaction channels may occur owing to over-
pressure.  Z -stacked images via a confocal laser scanning micro-
scope can be a good observation method for checking each 
device’s geometry. It is recommended that the device works 
under 8 kPa of pressure.  

    9.    Microvalves must be turned off (de-pressurized) before the 
weight from the MMIHC platform is removed through its dis-
assembly. This is because if no external pressure is applied to 
the device by the platform, the applied air pressure can tear the 
membrane of the valve.  

    10.    The use of a PAP pen prohibits stable contact between the 
micro fl uidic device and a sample slide, causing  fl uid leakages.  

    11.    In application of tissue samples and needle biopsy sample, the 
device should be aligned at the area of highest cancer cell den-
sity, which is determined with the use of hematoxylin and eosin 
(H&E) staining slide (Fig.  5a ). By the nature of heterogeneity 
of human tissues, staining intensity may not be homogeneous 
even in a reaction channel (Fig.  5b ). Especially in needle biopsy 
samples, fatty tissue area should be avoided as an interested 
area. Biomarker expression in such regions might be inconsis-
tent compared to other non-fatty areas.   

    12.    When a weight is mounted on a device it is desirable to mini-
mize the movement of the weight.  

    13.    It is recommended that the antibody concentrations are four-
fold lower than that of conventional IHC staining method. 
For antibody injection, the syringe needle is contacted at the 
bottom of an inlet to avoid bubble formation.  

    14.    When the sample is separated from the device, the use of PAP 
pen is now allowable.  

    15.    Adjacent inlets should be  fi lled with different colors to esti-
mate cross contamination between the reaction channels.  

    16.    Simultaneous removal of liquids and bubble entrapment into 
each reaction channel mean that the same  fl ow rate is achieved 
in all reaction channels.  

    17.    The three parts are classi fi ed by a Bayesian classi fi cation. The 
Gaussian mixture model and expectation maximization method 
are used for the color distribution of each part in RGB color 
space  (  7  ) .  

    18.    At least three images are taken per reaction channel and the 
average expression level for the images is presented as a 
representative value of immunocytochemical staining for a 
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biomarker. Reaction channels having 300  m m width are enough 
to acquire staining images for a biomarker with ×400 
magni fi cation (Fig.  5c–h ).          
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  Fig. 5.    MMIHC on a breast cancer tissue. ( a ) Alignment of a MMIHC device with an H&E-stained tissue sample. The device 
is aligned at a site showing numerous stained nuclei, indicating the area containing proliferating cancerous cells. Scale bar, 
3 mm. ( b ) Result of multiplexed immunohistochemical staining for a human breast cancer tissue (×40). ( c–h ) Magni fi ed 
images for expressed markers in Fig.  5b  (×400). A tissue image stained with ( c ) ER, ( d ) HER2, ( e ) PR, ( f)  Ki-67, ( g ) 
E-Cadherin (E-ca), and ( h ) p63. Reproduced from ref.  (  8  ) , with permission from Elsevier.       
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    Chapter 23   

 Charged-Coupled Device (CCD) Detectors for Lab-on-a Chip 
(LOC) Optical Analysis       

        Avraham   Rasooly      ,    Yordan   Kostov   , and    Hugh   A.   Bruck      

  Abstract 

 A critical element of any Lab-on-a-Chip (LOC) is a detector; among the many detection approaches, 
optical detection is very widely used for biodetection. One challenge for advancing the development of 
LOC for biodetection has been to enhance the portability and lower the cost for Point-of-Care diagnos-
tics, which has the potential to enhance the quality of healthcare delivery for underserved populations and 
for global health. We describe a simple and relatively low cost charged-coupled device (CCD)-based detec-
tor that can be integrated with a conventional microtiter plate or a portable LOC assay for various optical 
detection modalities including  fl uorescence, chemiluminescence, densitometry, and colorimetric assays. 
In general, the portable battery-operated CCD-based detection system consists of four modules: (1) a cooled 
CCD digital camera to monitor light emission, (2) a LOC or microtiter plate to perform assays, (3) a light 
source to illuminate the assay (such as electroluminescence (EL) or light emitting diode (LED)), and (4) 
a portable computer to acquire and analyze images. The con fi guration of the  fl uorescence detector pre-
sented here was designed to measure  fl uorogenic excitation at 490 nm and to monitor emission at 523 nm 
used for FITC detection. 

 The LOC used for this detection system was fabricated with laminated object manufacturing (LOM) 
technology, and was designed to detection activity of botulinum neurotoxin serotype A (BoNT-A) using a 
 fl uorogenic peptide substrate (SNAP-25) for botulinum neurotoxin serotype A (BoNT-A) labeled with 
FITC. The limit of detection (LOD) for the CCD detector is 0.5 nM (25 ng/ml). The portable system is 
small and is powered by a 12 V source. The modular detector was designed with easily interchangeable 
LEDs, ELs,  fi lters, lenses, and LOC, and can be used and adapted for a wide variety of densitometry, 
 fl orescence and colorimetric assays.  

  Key words:   LED ,  Electroluminescence (EL) ,  CCD ,  Fluorescence ,  Laminated object manufacturing 
(LOM) ,  Fluorometer ,  Botulinum neurotoxin    

 

 One key element for the development of Lab-on-a-Chips (LOC) 
for biodetection is the detection method, and many LOCs are uti-
lizing optical detectors for analysis. There are many modalities for 

  1.  Introduction



366 A. Rasooly et al.

optical detection, such as evanescence wave analysis, refractometry, 
colorimetry, densitometry, spectrometry,  fl uorometry, etc., making 
optical detection a very common approach for biological analysis. 

 In recent years, many optical detection methods have been 
developed for biodetection, including photodiodes  (  1–  4  ) , photo-
multipliers  (  5–  10  ) , and charged-coupled device (CCD)  (  10–  18  )  
based detection. Unlike most photodiodes and photomultiplier 
detectors, which are inherently point detectors for analysis of lim-
ited areas with high sensitivity, CCD-based detectors are spatial 
detectors which can monitor larger surface areas. This makes them 
ideal for LOC multichannel detection, because many channels can 
be analyzed simultaneously. In the last few years, complementary 
metal-oxide-semiconductor (CMOS) imagers have also emerged 
as a relatively simple, low cost, and sensitive alternative for optical 
detection to CCD imagers. While there are many scienti fi c-grade 
CCD and CMOS imagers, their cost is typically high. Therefore, 
amateur astronomy digital imagers (or other compatible consumer 
electronics components) are very good alternatives providing 
suf fi cient sensitivity and image quality for biodetection at 
signi fi cantly lower cost. This is especially important for Point-of-
Care diagnostics, where it is desirable to enhance the quality of 
healthcare delivery for underserved populations and for global 
health. 

  Charge-coupled devices (CCD) and Complementary metal-oxide-
semiconductor (CMOS) are the two main semiconductor technolo-
gies used to produce imaging sensors. Both CMOS- and CCD-based 
imagers employ 2-D arrays of semiconductor pixels sensitive to light. 
Photons striking the semiconducting material generate electron–
hole pairs and the resulting electric charge is processed into elec-
tronic signals. While both types of imagers collect and manipulate 
charge, in a CCD the charge from each pixel is sequentially trans-
ported across the chip to an analog-to-digital converter which con-
verts the charge into a digital value. In most CMOS devices, each 
pixel has its own charge-to-voltage conversion and the sensor may 
include transistors at each pixel, noise-correction, and digitization 
circuits to convert the output signal to digital. 

 Today, both CCD and CMOS technologies are broadly used 
for imaging in variety of  fi elds. While the boundaries between the 
technologies’ capabilities are gradually blurring, CCD has been 
historically used for biodetection; therefore, in this chapter we 
addresses only CCD-based technology. 

 As discussed previously, the main advantage of CCD and 
CMOS imagers over photodiodes or photomultipliers for biode-
tection is their ability to analyze light from a relatively large surface 
area (e.g., from the entire surface of an LOC or plate array)  (  19–  25  ) . 
In contrast, photodiodes or photomultipliers are “point” detectors 

  1.1.  CMOS and CCD 
Technologies for 
Optical Detection
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that measure light from small areas (such as one part of an LOC). 
To overcome the limitations of “point” detectors for the analysis of 
larger spaces, the measured surface (e.g., an ELISA microtiter 
plate) is normally raster scanned. Raster scanning requires mechan-
ical movement of the LOC/plate, movement of the detector or a 
mirror imaging from the surface to the mirror, or the use of many 
“spot” detectors as pixels to cover the entire plate surface. 
Alternatively, CCD and CMOS imagers can visualize the entire 
plate at once, so they are much quicker and simpler to operate. In 
addition, CCD imagers are relatively low cost and are pre-
con fi gured for easy deployment and compatibility with LOC- and 
plate-based assays. 

 One notable example of the application of a CCD detector for 
biodetection is an array biosensor, where the CCD is used for mul-
tiplex detection of toxins and microbial pathogens and their toxins 
 (  11,   16,   26,   27  ) . Sensitivity is a critical issue with biodetection, and 
CCDs in general are less sensitive than photomultipliers. However, 
with a long exposure time the CCD can be used for low level light 
detection provided the CCD has a low thermal noise level relative 
to the incoming photonic signal. This typically necessitates the use 
of a cooling system in order to minimize temperature and the sub-
sequent thermal noise.  

  The optics for CCD-based detectors are relatively simple, consist-
ing of a zoom lens and an extension tube which brings the lens 
closer to the imaged surface in order to capture more photons 
from a smaller surface area for macro imaging. The main advantage 
of zoom lenses is that their variable focal length enables imaging of 
both wide and narrow  fi elds of view. Their main disadvantage is 
that they are slower, (depending on the focal length used—typi-
cally f/2.8—f/5.6 for a 1.2 lens), than a comparable  fi xed focal 
length lenses (e.g., f/1.2), which results in longer exposure times. 
A typical lens used for CCD detection is 4–12 mm diameter with 
f/1.2, which is a very wide angle lens that enables imaging of a 
wide  fi eld of view from a short distance (so the device can be com-
pact). However, to achieve this wide  fi eld of view at such a short 
distance, the portion of the image captured along the edges of the 
lens ends up being curved and distorted. 

 Extension tubes are needed for greater magni fi cation to achieve 
macro (i.e., close-up) imaging. The tube contains no optical ele-
ments and is placed between the CCD and the lens. It moves the 
lens farther from the CCD image plane and closer to the imaged 
surface. There is a trade-off when using extension tubes; the far-
ther the lens is from the CCD, the greater the loss of light. 
Furthermore, extension tubes may not be the only optical element 
affecting light intensity. For  fl uorometry, emission and excitation 
 fi lters are also needed that will further reduce the optical signal. 

  1.2.  Optics for 
CCD-Based Detection
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Therefore, the choice of lens, extension tube, and  fi lters must all be 
compatible in order to image with enough sensitivity over the 
smaller surface areas of a typical LOC or microtiter plate.  

  Light sources are critical for optical detection. Most current optical 
detectors utilize high intensity, high power, and bulky bench-top 
excitation sources including tungsten, mercury, or xenon lamps. 
These light sources are usually expensive and nondurable. They 
also require high voltage, which further limits the portability of the 
device. Lasers  (  11,   16,   26,   27  )  have been used for illumination 
sources since they are low cost, highly ef fi cient, small, simple to 
operate, durable, and consume relatively little power. These char-
acteristics make lasers ideal excitation light sources for portable 
detectors. However, lasers are inherently point light sources that 
can only be used effectively with photodiodes or photomultiplier 
detectors. When using lasers as point light sources to illuminate a 
larger surface area, mechanical translation stages can be used for 
raster scanning, but this complicates the operation of the imaging 
system and slows down the imaging. Alternatively, a line generator 
and evanescence light can be used with a laser  (  11,   16,   26,   27  )  to 
expand the light source and cover larger surface areas compatible 
with the spatial imaging of a CCD or CMOS. However, this may 
introduce light distribution and uniformity problems, and also 
complicates the design. 

  Electroluminescence (EL) illuminators are surfaces that provide 
spatial illumination, which is inherently more compatible with 
CCD and CMOS optical detectors  (  23,   24  ) . EL illuminators are 
semiconductor surfaces that emit light in response to an alternat-
ing electric current. In EL, electrons that are excited into a higher 
state leave “holes” and when dropping back to the lower-energy 
ground state, the excited electrons release their energy as photons 
upon recombining with their “holes.” The spectrum of the light 
emitted by EL depends on the electroluminescent materials. 
Although EL materials are widely used for signs and instrument 
dial illumination (e.g., indigo watches, clock radios, personal orga-
nizers, cockpit instrumentation, etc.), they are not commonly used 
for  fl uorescence excitation and biodetection. Nevertheless, they 
have great potential for biodetection applications given that the 
features of EL include spatial illumination (a great advantage for 
LOC detection), a range of wavelengths, low cost, high ef fi ciency, 
small footprint, simple operation, durability, and low power con-
sumption. However, EL generally emits fewer photons (i.e., less 
light) than other light sources used for  fl uorescence excitation, 
such as tungsten, mercury, and xenon lamps, LEDs, or lasers. 
Therefore, they require a longer exposure time. Another limitation 
is that they can require high voltage (e.g., 100 V) alternating elec-
tric current for operation to enhance photon emission.  

  1.3.  Light Sources 
for Optical Detection

  1.3.1.  Electroluminescence 
(EL) Illumination
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  Light-emitting diodes (LEDs) have been used as illumination 
sources in various optical detectors, such as for portable real-time 
PCR detection  (  28  )  and  fl uorometers  (  24,   25,   29  ) . LED s  are 
semiconductor devices that emit light when an electric current 
passes through them. Similar to ELs, LEDs operate by electrolu-
minescence, in which the emission of photons is caused by elec-
tronic excitation of a material. In the LEDs, two semiconductor 
materials of different composition, one negative, or n-type, and the 
other positive, or p-type, form a junction. Under an electric  fi eld, 
current  fl ows across the p – n junction. The free electrons moving 
across a diode can fall into empty holes from the p-type layer. This 
involves a drop from the conduction band to a lower orbital, so the 
electrons release energy in the form of photons. The LED light is 
visible when the diodes are characterized by a wider gap between 
the conduction band and the lower electron orbit (i.e., wide band-
gap). The size of this gap (which depends upon the semiconductor 
materials) determines the frequency of the photons (i.e., the wave-
length the light). 

 LEDs have great potential use for optical sensor illumination 
 (  25  )  because they are available in a wide variety of wavelengths. 
Furthermore, some LEDs can emit light over a range of wave-
lengths, enabling multi-wavelength analysis. They are low cost, 
highly ef fi cient, small, simple to operate, durable, and consume 
relatively little power. Their main advantage over ELs is they emit 
far more light than ELs and require low voltage DC for operation. 
Their main disadvantage is, unlike ELs, they are point illuminators 
like lasers. Therefore, surface illumination with LEDs requires 
optical systems (e.g., mirrors, diffusers, lenses, etc.) that may com-
plicate the design and introduce light distribution and uniformity 
problems similar to Lasers.   

  Laminated object manufacturing (LOM) in which layers of adhe-
sive-coated laminates are successively glued together is an alterna-
tive prototyping technology for LOCs. In current LOM fabrication, 
the patterns and features of the device are cut through the thickness 
of thin sheets of polymer  fi lm, normally with a CO 2  laser cutter, and 
is followed by assembly and bonding to produce a three-dimen-
sional object or device. In order to fabricate the layers, it is neces-
sary to be able to create features at small length scales. For mass 
production, this must be done cheaply and rapidly. There are many 
approaches to manufacturing at these length scales, often referred 
to as “micromachining.” These include lithography, etching, elec-
trical discharge machining (EDM), fused deposition modeling 
(FDM), and laminated object manufacturing (LOM). The optimal 
manufacturing process is often dictated by the choice of material. 
For example, laminated object manufacturing (LOM) is based on 
the direct machining of polymer sheets; the patterns and features of 
the device are cut in thin sheets of polymer  fi lm, such as acrylic, 

  1.3.2.  Light-Emitting 
Diodes (LED) Illumination

  1.4.  Laminated Object 
Manufacturing (LOM) 
for LOC Fabrication
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polycarbonate or polyester, normally with a CO 2  laser cutter fol-
lowed by assembly and bonding by successive lamination with an 
adhesive  (  30  )  or heat  (  31,   32  )  to produce a  three-dimensional 
object or device. LOM is effective for rapid prototyping because all 
of the steps are relatively fast and inexpensive allowing for the design 
of complex features. For example, in a micro fl uidic device it is pos-
sible to cut simple microchannels for  fl uid  fl ow, with more complex 
 fl ow networks easily constructed by simply using more layers. 

 A critical element in the process is the laser cutter itself. 
Typically, the CO 2  laser is operated in a pulse mode. The intensity, 
duration, and frequency of the pulse will dictate the rapid heating 
characteristics that either melt or ablate the surface. If the heating 
is too intense, large areas are affected and can even burn. 
Furthermore, to cut surface features it is necessary to raster scan 
the laser, which means the raster speed can also affect the heating 
characteristics. Since each material absorbs the laser light at differ-
ent rates, the exact conditions for laser cutting must be optimized 
for each material and the size of the desired features. Ultimately, 
the resolution of these features also depends on how small a spot 
size the laser light can be focused to, which is governed by the 
effective focal length of the laser lens. The more intense the focus-
ing, the smaller the depth of focus (DOF) and the less parallel the 
cut surface features may be when cutting thicker materials. Typical 
spot sizes for most laser cutting systems are in the range of 200–
400  μ m. However, some systems can be con fi gured to achieve spot 
sizes of less than 100  μ m and even as low as 25  μ m with properly 
sized expander/collimator and an aspheric lens. The minimum 
spot size is governed by the relation   λ f / d , where   λ   is the wave-
length of the light,  f  is the focal length of the lens, and  d  is the 
diameter of the collimated beam that enters the lens. 

 Fabrication of individual layers is followed by the layers’ assem-
bly and bonding by an adhesive; this precise alignment can be 
achieved by using a custom “guide pin” rig built to hold the 
machined layer in a precise position using “guide holes” in the 
machined layers. The “guide pins” are designed so that the PMMA 
layer will snap- fi t into them for repeatable alignment.  

  In this chapter we describe an eight channel LOC system to mix 
the sample with reagents and enable assay detection for a BoNT 
cleavage assay (as described in our previous work  (  29  ) ). Figure  1  
shows the device design with Fig.  1a  showing an enlarged single 
channel and Fig.  1b  showing the complete design of the LOC. For 
the BoNT cleavage assay described in this chapter, each channel is 
designed to mix the sample with a FRET-labeled peptide and detect 
the signal. As shown in Fig.  1a , each channel is based on a V junc-
tion design that merges the sample and reagent channels. The 
sample reservoir (1) and the reagent reservoir (2) are joined via V 
junction (3), passing into the 1 mm joining channel (4). The BoNT 

  1.5.  Functional 
Elements of the 
Multichannel LOC 
System
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cleavage reaction is performed and monitored in the detection 
wells (5), designed with air traps on both side of the wells to cap-
ture air bubbles. The mixing of the toxin and the substrate peptide 
is done via  fl ow mixing in the 1.85 mm diameter wells (not under 
laminar  fl ow). At the end of the channel, a mixing trap chamber 
(6) prevents back  fl ow and diffusion among the connected chan-
nels during incubation. It also serves as an indicator when the wells 
are  fi lled.  

 Eight of these channel designs are connected to a negative 
pressure distribution splitter (7), which leads to a waste chamber 
buffer (8). The outlet of the device (9) is connected to a pump or 
syringe as the prime  fl uid mover. When a syringe is used, no electric 
power is needed. Another element of the chip is the set of two 
holes (10) for layer alignment of the layer during fabrication.  

  In order to demonstrate a typical application and show example 
results obtained with the use of CCD-based biodetection for LOC, 
we will brie fl y discuss a speci fi c system we have previously devel-
oped for the detection of BoNT activity  (  23,   25,   29,   33  ) . BoNT 
cleavage activity is detected by assaying the proteolytic activity of 
the toxin by measuring the cleavage product epitope for BoNT. 
The cleavage was analyzed using short peptide sequences 
 fl uorescently labeled with Förster resonance energy transfer (FRET) 

  1.6.  Botulinum 
Neurotoxins (BoNT) 
Detection

  Fig. 1.    Multichannel LOC for the detection of BoNT-A: An expanded single channel of the LOC ( a ) where the sample reservoir 
(1) and the reagent reservoir (2) are joined via V junction (3) to the joining channel (4). The cleavage reaction is monitored 
in the detection wells (5) designed with air traps to minimize air bubbles, followed by a mixing trap (6). The full schematic 
of eight-channel LOC chip ( b ), including the eight channel negative pressure distribution splitter (7) connected to a waste 
chamber (8) then to an outlet (9) for use with a pump or syringe. The alignment holes (10) were designed to simplify 
fabrication.       

 



372 A. Rasooly et al.

pairs in which toxin-mediated cleavage results in a change in the 
 fl uorescence signal that is measured via a variety of  fl uorescent sen-
sors  (  34  ) . Although full details of this assay are beyond the scope 
of this chapter, we will brie fl y present it as a suggested application 
for the CCD detection system described and use it to demonstrate 
typical results obtainable using the system.   

 

      1.    CCD imager: Astronomy cooled black and white CCD imager 
SXVF-M7 equipped with Sony ICX-429ALL 752 × 582 pixel 
CCD (Adirondack Video Astronomy, Hudson Falls, NY)  see  
 Note 1  for details. 
 Alternatively, another CCD imager which also uses the Sony 

ICX-429ALL is the Atik 16 (Adirondack Video Astronomy, 
Hudson Falls, NY).  

    2.    5 mm Pentax extension tube (Spytown, Utopia, NY).  
    3.    Lens: Tamron manual zoom CCTV 4–12 mm, f1.2 lens. 

(Spytown, Utopia, NY). 
 Alternatively, Pentax  fi xed focal length, 12 mm f1.2 lens 

(Spytown, Utopia, NY) with C adapter ( see   Note 2) .  
    4.    Green emission  fi lter (EmF): D535/40 m (Chroma Technology 

Corp Rockingham, VT).  
    5.    Blue excitation  fi lter (ExF): HQ480/20× (Chroma Technology 

Corp, Rockingham, VT).  
    6.    Blue Electroluminescence panel (Being Seen Technologies, 

Bridgewater, MA). The electroluminescence panels used as 
excitation sources  (  23,   24  )  are white and blue EL strips which 
are mounted on an acrylic card enabling it to be slid into the 
enclosure. The EL is powered by 110 V AC inverter utilizing 
3 V DC. It is important to measure the illumination unifor-
mity across the measured surface ( see   Note  3).  

    7.    LED illumination box containing red, green, blue, and white 
LEDs was custom built by Luminous fi lm (Shreveport, 
Louisiana,   www.luminous fi lm.com/led.htm    ) ( see   Note 4 ).  

    8.    110 V AC inverter (Being Seen Technologies, Bridgewater, MA).  
    9.    Black acrylic enclosure designed to house detection setup.      

      1.    PC computer (laptop or desktop) with USB port.  
    2.    Image analysis software: ImageJ-free NIH software,   http://

rsbweb.nih.gov/ij/download.html    .  

  2.  Materials

  2.1.  CCD-Based 
Detector

  2.2.  Computer Control 
and Data Analysis

http://www.luminousfilm.com/led.htm
http://rsbweb.nih.gov/ij/download.html
http://rsbweb.nih.gov/ij/download.html
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    3.    Data analysis software: Excel (Microsoft, Redmond, WA) and 
Sigma plot (Sigma plot, Ashburn, VA).      

      1.    Black 3.2 mm thick acrylic (Piedmont Plastics, Beltsville, 
MD).  

    2.    Clear 0.5 mm thick polycarbonate  fi lm (Piedmont Plastics, 
Beltsville, MD).  

    3.    3 M 9770 Adhesive transfer Tape (Piedmont Plastics, Beltsville, 
MD).  

    4.    Epilog Legend CO 2  65 W laser cutter (Epilog, Golden, CO).       

 

 The basic con fi guration of the CCD detector platform is shown 
schematically in Fig.  2a  along with an actual photograph of the 
detector Fig.  2b . The system consists of three main elements 
(described in more detail below): (a) the CCD detector module, 
(b) the illumination/excitation module, and (c) the assay chip 
module. All of these elements are contained within a black acrylic 
box designed for portability, recon fi guration, and to minimize 
extraneous signals from ambient light as well as light loss and inter-
nal light re fl ection.  

  The assembly of the CCD-based  fl uorometer, which can use either 
EL or LED illumination, has been outlined in previous work  (  23–  25  )  
and is described as follows.

    1.    Place the SXVF-M7 cooled CCD imager (Fig.  2a -1) inside a 
light sealed ( see   Note 5 ) black acrylic enclosure (Fig.  2a -2).  

    2.    Mount the camera in the enclosure with holes drilled in the 
top of the enclosure to enable air circulation for cooling the 
CCD.  

    3.    Attach the optional extension tube (Fig.  2a -3) to the camera to 
enable focusing at short distances and over small  fi elds of 
view.  

    4.    Mount the Tamron manual zoom lens onto the extension tube 
(Fig.  2a -4) and then mount the green emission  fi lter, (EmF), 
onto the lens (Fig.  2a -5). The green emission  fi lter is to mini-
mize the green light emission which would otherwise increase 
the noise and limit the detection sensitivity D535/40 m.  

    5.    The LOC or detection plate (Fig.  2a -6), excitation  fi lter (ExF) 
(Fig.  2a -7), and the EL card panel (Fig.  2a -8) are interchange-
able and can slide on rails which should be glued on each side 
of the enclosure (t  ).  

  2.3.  LOC and Assay 
Plate Fabrication

  3.  Methods

  3.1.  Assembly of the 
CCD Detector Module
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    6.    To block the blue light emission to the CCD and to enable the 
measurement of the 523 nm light from the excited FITC, a 
blue excitation  fi lter is used ( see   Note 6 ).  

    7.    Two types of illumination modules can be used for the CCD 
detector (Fig.  3 ): (1) a multi-wavelength spatial LED illumina-
tor  (  25  )  as shown in Fig.  3a  or (2) an electroluminescence 
panel  (  23,   24  )  as shown in Fig.  3b .   

    8.    If the LED illuminator is used, it is housed in a separate mod-
ule (Fig.  2a -9).  

    9.    The circular excitation  fi lter (Fig.  2a -7) is placed in a round 
hole machined in an acrylic card, the placing of the  fi lter in a 
card enables it to be slid into the enclosure above the EL illu-
mination card (Fig.  2a -8) ( see   Note 5 ).  

    10.    Similarly, the assay plates or LOC (Fig.  2a -6) can be slid onto 
the top rail of the enclosure. The design of the enclosure mini-
mizes light loss and internal light re fl ection and enables the 

  Fig. 2.    LED-CCD multi-wavelength detector: ( a ) A schematic con fi guration of the multi-wavelength LED detector. ( b ) A digi-
tal camera image of the actual detector platform. The detector system components highlighted in the schematic ( a ) are (1) 
an SXVF-M7 CCD camera mounted in a homemade acrylic shelf box (2), which was designed to hold the  fi lters and the 
sample chips. An optional extension tube (3) can enable the imager to be focused at a short distance and to cover small 
 fi eld. In this con fi guration the camera is equipped with a Tamron manual zoom CCTV 4–12 mm, f1.2 C-mount lens (4) with 
a green band pass emission  fi lter (5) mounted on the end of the lens. The black acrylic sample chip (6) can slide on a shelf 
in the camera box above the blue band pass excitation  fi lter (7) and the EL card (8) which also slides into the camera box. 
In the LED (9) con fi guration, the camera shelf box is placed on the top of the multi-wavelength LED illuminator or EL panel 
(7), the switches for the white and RBG LEDs are shown in (9).       
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components to slide easily into the rails each in a  fi xed loca-
tion. For detecting low signals it is critical to reduce the noise 
consisting of low level green color from the blue LED or EL 
that limits the sensitivity of detection.  

    11.    The assembly of the LED box (Fig.  2a -9) is also simple, con-
sisting of housing the illuminator in a separate module on 
which the CCD enclosure rests.      

  Unlike the monochromatic light emitted from lasers or the limited 
spectrum light emitted from single LED- and EL-based illumina-
tion, the multi-wavelength LED illumination box provides illumi-
nation in the blue, green, red, and white ranges (Fig.  3c ), covering 
a spectrum of 450–650 nm (red 610–650 nm, green 492–550 nm, 
and blue 450–495 nm) as described in our previous work  (  25  ) . The 
only region of the spectrum not represented by the RGB LEDs 
strip is the range between 550 and 610 nm. The white LED (Fig.  3c ) 
provides a broad illumination spectrum (440–680 nm with lower 
intensity in the range 472–510 nm). The multi-wavelength LED 

  3.2.  Multi-Wavelength 
LED and EL 
Illuminators

  Fig. 3.    Illumination modules for CCD detector: ( a ) A photograph of the multi-wavelength LED illuminator prior to attachment 
to the shelf box. ( b ) A photograph of EL illuminator prior to attachment to the shelf box (note that  fi gures A and B are not to 
scale). ( c ) The spectra (measured by a spectrometer) was measured for the  white  (W),  blue  (B),  green  (G), and  red  (R) LED 
illumination (exposure time 100 ms) and compared with the ( d ) EL measurements for white EL (W) and blue EL (B) strips 
(exposure time 5 s).       
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enables illumination in narrower spectra by using only one of the 
R,G,B, white LEDs, or combinations of them. Within each LED 
spectrum, interchangeable  fi lters can be used to narrow the excita-
tion band ( see   Note 7 ). The EL peak spectra of blue EL is 500 nm 
and for the white EL the spectral range is 425–700 nm (Fig.  3d ). 
Longer exposure times were typically required to obtain spectra 
from the EL strips (exposure time 5 s) shown in Fig.  3c  compared 
to LED illumination (exposure time 100 ms) shown in Fig.  3d , sug-
gesting that LED illumination is approximately 11-fold higher than 
EL.  

  The exposure time for the signal will depend on the type of illumination 
and the light emitted, which is determined empirically ( see   Note 8 ). 
The CCD images can be analyzed using any standard image process-
ing software. For our system, we chose the freeware ImageJ devel-
oped at NIH ( see   Note 9 ). It enables 2D linear image analysis of the 
intensity of each spot in a rows or columns (Fig.  4a ), as well as 3D 
(Fig.  4b ) spatial analysis (2D of the spatial position of the spots and 
the third dimension the intensity of the spots), to provide visual 
representation of the image, which is shown in Fig.  4b . For spot 
analysis the intensity value of every spot was exported to an Excel 
spreadsheet and to the scienti fi c data analysis and graphing software 
Sigmaplot, which was used to plot the data. Several analyses were 
conducted, including subtracting baseline noise level and calculating 
the signal-to-noise ratio (S/N).   

  To evaluate LED illumination  (  25  )  as compared to the EL  (  23, 
  24  ) , the emission from nine concentrations ranging from 0.019 to 
5 nM of a peptide (SNAP-25) labeled with FITC were excited with 
blue and white LEDs and blue EL strips illumination. The CCD 
analysis using the various types of excitation was reported in our 
previous work  (  25  ) , as shown in Fig.  4a  with the corresponding 
ImageJ 3D graph analysis of CCD images showing the pixel inten-
sity Fig.  4b . In these experiments, the 9-well plate was loaded with 
three replicas of the dilution series (columns 1, 3, and 5), the other 
columns used as a control (no peptide) to measure background). 
The highest concentration of the peptide is in rows A and the con-
centration decreased through rows E. The signal from the blue 
LED excitation exposure of 2 s (Fig.  4 -I) and exposure of 3 s for 
white LED (Fig.  4 -II) were compared with the signal from illumi-
nation with blue EL (Fig.  4 -III) excitation exposure of 60 and 
300 s for blue EL (Fig.  4 -IV), white EL was not tested because the 
relatively low emission in the blue spectra needed for FITC 
excitation. 

 Figure  4 -A-I (CCD image) and Graph Fig.  4 -B-I shows the 
corresponding signals for the blue LED compared with the white 
LED (panels-II), for the white LED, clearly the background (col-
umns 2, 4, and 6) appears somewhat higher than the blue LED. 

  3.3.  Image and Data 
Analysis

  3.4.  LED and EL 
Illumination for CCD 
Florescence Detection
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The detailed 3D analysis (Fig.  4B  Graph II) shows the variability of 
the white LED excitation clearly. While the shapes in the 3D graph 
of the blue LED spots are smooth cones (Fig.  4B-I ), the white 
LED spots have an irregular rough surface (Fig.  4B -II) represent-
ing pixel–pixel variations). The signal from the blue EL excitation 
exposure of 60 s is low (Fig.  4A -III and 4-B-III) is very low, 
increasing the exposure time to 300 s improves the signal (Fig.  4A -
IV and 4B-IV). These data suggest that the blue LED (Fig.  4 -I) 
and the long exposure of blue EL (Fig.  4 -IV) can be used for FITC 
detection.  

  The laminated LOC used to measure BoNT-A activity  (  29  )  is a 
multilayer, 3D micro fl uidic structure constructed with a rigid poly-
mer core (e.g., 3.2 mm poly(methyl methacrylate) (PMMA) also 
known as acrylic) and laminated with layers of thin polymer (e.g., 
polycarbonate (PC)  fi lm) bonded with adhesive. The relatively 
thick core provides rigidity to the assembly and space for high vol-
ume  fl uidic reservoirs for purposes, such as liquid storage, waste, 
detection wells, and outlets. The thin polymer laminating layers 
encapsulate the chip, providing features such as micro fl uidic chan-
nels and  fl uid connections between layers and mixing chambers. 

 The assay plate is a single layer of black PMMA (acrylic) with nine 
holes, laminated onto a clear PC base plate. The polycarbonate mate-
rial used for fabrication did not show detectable auto fl uorescence, 

  3.5.  LOC and Assay 
Plate Fabrication

  Fig. 4.    CCD Images and 3D ImageJ analysis of EL and LED detection of unquenched FITC-SNAP peptide: The CCD images 
( a ) and the corresponding 3D ImageJ analysis ( b ) of the CCD emission images of nine concentrations of a 50% dilution 
series of the unquenched SNAP-25 peptide ranging from 0.019 to 5 nM and a control. The plate was loaded with three 
replicas of the dilution series (columns 1, 3, and 5 and the other columns used as a control (no peptide) to measure back-
ground). The highest concentration of the peptide is in row A and the concentration decreased through rows E (direction 
indicated by the  triangles ). The illuminations are shown for (I)  blue  LED excitation exposure of 2 s and (II)  white  LED excita-
tion exposure of 3 s, (III)  blue  EL excitation exposure of 60 s, and (IV) blue EL excitation exposure of 300 s.       
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and all the materials used to fabricate the device did not appear to 
inhibit enzymatic reactions. The fabrication method is as follows.

    1.    Laminate the clear polycarbonate channel layers with the adhe-
sive tape as appropriate (some layers are without tape, others 
have tape laminated both sides— see   step 4 ).  

    2.    Cut the channel layer designs using the CO 2  laser (both the 
adhesive and the polycarbonate). Every second layer is a poly-
mer (normally polycarbonate) layered with double-sided adhe-
sive. The  fl uidics are made using 3.2 mm thick black acrylic, 
micromachined with a computer-controlled CO 2  laser system 
( see   Notes 10  and  11 ). The well holes are 2 mm in diameter 
which allows analysis of 10  m l samples. Smaller holes make the 
loading of the sample less reproducible.  

    3.    Assemble the pieces, layer-by-layer, by aligning them (using 
the alignment holes in a two pin device) with the adjoining 
layers and applying pressure.  

    4.    The polycarbonate bottom was bonded to the acrylic with 
double sided pressure-sensitive adhesive transfer tape ( see   Note 
12 ) which was bonded to the micromachined layer (so there is 
no contact between the adhesive and the  fl uids). Assembled 
devices were bonded together by  fi rmly pressing layers together. 
An of fi ce laminating machine may be used to eliminate air 
bubbles and aid uniform bonding.  

    5.    When designing the LOC, it is essential to minimize optical 
cross talk (i.e., light interference between wells) ( see   Note 13 ), 
air bubbles in the detection wells ( see   Note 14 ), and  fl uids 
mixing between channels ( see   Note 15 ). The layer numbers in 
Fig.  5  correspond to their order in the chip, with layer I on 
top. Each layer is described in more detail as follows. 
    Layer I : The top layer, made from clear PC, seals the LOC 

upper  fl uidic channels while enabling loading of samples 
and reagents (2) and providing an outlet connection for a 
pump or syringe (9). Layer I carries no adhesive.  

   Layer II : Clear PC which, in addition to the layer I features, 
includes joining channels (4), detection wells (5), mixing 
trap chambers (6), and a waste chamber (8). This layer car-
ries adhesive on both sides.  

   Layer III : This core layer is made from black PMMA, providing 
rigidity to the LOC and suf fi cient volume for sample and 
reagent reservoirs, detection chambers, and the waste cham-
ber. An important element is a layer pass (3A, marked with 
an arrow) which connect the sample/reagent wells to the V 
junction (via connecting slits 1A and 2A in layer IV). The 
black PMMA is used for this layer minimize optical interfer-
ence. The PMMA layer carries adhesive on the bottom side.  
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   Layer IV : A clear PC forms a bottom seal for the core layer, 
sealing the various chambers of layer III. Layer IV also 
provides inlets for the  fl uid from the sample and reagent 
wells for the connecting element of the V junctions (which 
is located in layer V) via connecting slits (1A and 2A). 
These wide slits assure  fl ow even if the device is not per-
fectly aligned during fabrication. Layer IV also contains 
outlets to the detection, waste chambers, mixing trap as 
well as an outlet for a pump or syringe. Layer IV carries no 
adhesive.  

   Layer V : A clear PC which forms the lower  fl uidic channels 
with the V junctions (3), negative pressure splitter (7), the 
detection and waste reservoir and outlet for a pump or 
syringe. This layer carries adhesive on both sides.  

   Layer VI : The bottom seal layer is made from clear PC with the 
alignment holes.     

    6.    For the 9-well assay plate design, an array of 9, 2 mm diameter 
holes were cut into a single layer of 3.2 mm thick black acrylic 
and laminated with a PC base layer in a similar fashion as 
described for the LOC.      

  Fig. 5.    Outline of the LOC’s layers: The LOC’s six layers are numbered in order from the top layer (I) down to the bottom 
layer (VI). All the layers are 250  μ m clear PC expect the core layer III which is 3.2 mm black PMMA. The main elements 
shown are sample reservoirs (1), reagent reservoirs (2) connected to the V junction (3) via connecting slits (1A and 2A), 
through layer pass (3A marked with an  arrow ) to the mixing channel (4), detection wells (5) with air bubble traps (5A), mix-
ing traps (6) horizontal merging channel (7) a waste chamber (8) to the outlet (9) for connection to a pump or syringe.       
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  A suggested application for the CCD LOC system described in this 
chapter is the Botulinum Toxin Activity FRET assay, in which the 
toxin cleaves the peptide substrate (SNAP-25), which is labeled 
with an FITC donor/DABCYL acceptor FRET pair. Because the 
DABCYL quenches the FITC emission, little light is emitted in its 
native state. The cleavage of the peptide sequence by the toxin 
disrupts the FRET and results in FITC  fl uorescence at 523 nm, 
which is measured using the CCD system. As described in our pre-
vious work  (  35  ) , the FITC/DABCYL-SNAP-25 was used at a 
 fi xed 5  μ M concentration and exposed to different concentrations 
of a twofold LcA serial dilution in the range 0.25–16 nM. The 
cleavage assay was carried out for 2 h at room temperature in the 
LOC  (  29  )  and in the 9-well plate as previously described  (  35  ) , and 
was excited with blue LED. The actual CCD images for the LOC 
are shown in Fig.  6a  and 9-well plate in Fig.  6b . Note the trapped 
air bubbles in plate assay (Fig.  6b ) which complicate the measure-
ment. The plot of the ImageJ quantization analysis of the results is 
shown in Fig.  6c  (the 9-well plate (b) and the LOC (c)), where the 
 S / N  was calculated as the ratio between the value of the measure-
ment to the value of the control sample (no LcA). As shown in 
Fig.  6c , the  S / N  increases with the increase in LcA concentration. 
The signal from the plate is higher than the signal from the LOC 
because the multilayer LOC absorbs light,  see   Note 16  for factors 
contributing to system sensitivity.  

 The LOD was de fi ned as the toxin concentration that generates 
a signal three times the standard deviation above background, which 
is 0.5 nM (25 ng/ml) for both the LOC and plate format. This 
LOD is similar to our previous results using a plate assay  (  35  )  and is 
comparable to the measured level of LcA using peptide immobi-
lized on beads and cleaved by the toxin, which releases  fl uorescent 
fragments into solution in a micro fl uidic system  (  36  ) . The volume 
used for the assay is 10  μ l and the detection level is below the adult 
human lethal oral dose of 70  μ g of toxin  (  24,   33,   37  ) . 

 The main advantages of the LOC are the ability to perform the 
assay in the  fi eld (e.g., no need for a microscope, incubator, etc.) 
and better protection and isolation of the user from the toxin. This 
ability to perform complex diagnostics assays without a laboratory 
is important for other medical applications, ranging from microbial 
detection to cancer diagnostics.   

 

     1.    A black and white astronomy imager with cooled high sensitiv-
ity CCD imager SXVF-M7 (or Atik 16) was used as a CCD 
detector (Fig.  2 -b). The imager employs a Sony ICX-429ALL 
CCD with 752 × 582 pixel resolution and a typical sensitivity of 

  3.6.  LOC Detection 
of Botulinum 
Neurotoxin-A Light 
Chain

  4.     Notes
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5,500 mV (at shutter speed of 1/1,000 s). The imager is 
equipped with a 16 Bit Analog to Digital Converter enabling a 
dynamic range of 65,500 levels of grayscale. Peltier thermo-
electric cooling is used to maintain the CCD at 25°C below 
ambient temperature so that much lower thermal noise is gen-
erated on the CCD.  

    2.    The  fi xed focal length enables the use of a wider aperture. 
The  fi xed focal length lens was connected to the imager with a 

  Fig. 6.    CCD-based detectors for LOC in vitro activity detection of BoNT-A light chain: The 
SNAP-25 peptide substrate for BoNT-A is labeled with the FITC donor/DABCYL acceptor 
FRET pair. Interaction of the substrate with the toxin light chain LcA results in cleavage of 
the peptide sequence, disrupting the FRET and resulting in increased FITC donor emission 
as measured by CCD with a 500 ms exposure. FRET activity assay was performed in ( a ) 
eight-channel LOC with the detection wells marked with an  arrow , and ( b ) a 9-well plate. 
Different concentrations of twofold LcA serial dilution in the range 0–16 nM (with 0 nM 
used as control) using four replicas loaded into the LOC from high concentration well #1 
to low concentration well #8. For the plate, low concentration well #1A with increasing 
concentrations (wells 1B, 1C, 2A, 2B, etc.). The assay was carried out for 2 h at room 
temperature. The  S / N  of the FRET activity assay was calculated as the ratio between the 
value of the measurement to the value of the control (no LcA) and was plotted ( c ) for the 
LOC (a) and the 9-well plate (b).       
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C adapter, and a 5 mm extension tube that enables the imager 
to be focused at short distance (30 mm) and to cover small 
 fi eld (15 × 20 mm). The f1.2 lens permits operation at very 
little light.  

    3.    To measure light uniformity, it is important to measure the 
light with a long enough exposure time (e.g., 60 s) to measure 
the CCD uniformity when all of the wells are loaded with the 
same FTCE  fl uorescence sample. If the lighting is not uniform, 
correction values for each well can be calculated and used for 
measurement composition.  

    4.    The multi-wavelength spatial LED illuminator module  (  25  )  
comprises a custom built multi-wavelength LED illumination 
box with two different types of LED; white which generates 
across the full optical spectrum, and RGB which generates at 
the red, blue, and green wavelengths. The LED illuminator 
contains four RGB LED strips and four white LED strips, both 
18 LEDs per foot. Each LED emission color is controlled indi-
vidually with a switch in the front panel. The top of the box 
consists of a diffusion panel (milky white plastic panel), which 
assures uniformity of the light and hence even illumination of 
the sample chip. The dimensions of the diffusion panel are 
8.5 × 5.5 cm. The LEDs are powered by 3VDC.  

    5.    The imager enclosure must be light sealed without any light 
leaks and using light re fl ecting material. A long exposure (e.g., 
3 min) can be used to detect light leaks.  

   6.    To measure the effectiveness of the  fi lters, it is recommended 
to perform two long exposures (e.g., 3 min) without the assay 
plate, one with the EL on and one with the EL off. Ideally, the 
two measurements should be very similar (the blue  fi lters pass 
only blue light which is blocked by the green  fi lters). The dif-
ference between measurements may suggest that the blue  fi lters 
do not block all green light and/or the green  fi lters do not 
block all blue light.  

   7.    Make sure the lens,  fi lters, and sample plate are vertically cen-
tered and aligned and that the arrows on the coated fi lters are 
facing the CCD. Also, the fi lter holder should be leveled and 
at a height which allows proper focusing of the lens. The fi lters 
should slide freely into the EL enclosure, and always to the 
same position.                    

    8.    A fully open aperture (e.g., f1.2) will enable shorter exposure 
time, but focusing will be more limited and the image less 
sharp.  

    9.    For data analysis, use the ImageJ high contrast visualization, 
which will not affect the values but will enable easy selection of 
the spots.  
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    10.    The laser power and speed for cutting polymers has to be 
determining empirically. It is recommended to use the mini-
mum laser power to reduce overheating or burning the 
material.  

    11.    The “holes” for the wells on the assay plate are 2 mm in diam-
eter, which allows analysis of 20  μ l samples. Smaller holes make 
the loading of the sample less reproducible because the  fl uid 
meniscus within the wells causes light diffraction, which com-
plicate quanti fi cation.  

    12.    For strong bonding, remove 1 cm of the adhesive tape cover, 
align the tape with acrylic surface, and attached the exposed 
tape to the acrylic surface. With a ruler, press the tape to the 
surface and slowly move the ruler across the tape with little 
pressure in order to prevent air bubbles. When bonding the 
tape, it should be aligned with the acrylic. For assembling of 
the assay plate, remove the protective cover from the other side 
of the double side adhesive (taped to the acrylic) and remove 
the protective cover from the polycarbonate. Then, align the 
two pieces, apply pressure, and run through the assay plate and 
attach the polycarbonate to the acrylic.  

    13.    Controlling optical noise: Fluorescence emission and scattered 
excitation light can propagate through the chip, causing cross-
talk between adjacent channels. This can become a major 
source of optical noise in the system  (  35,   38,   39  )  by increasing 
background noise, thus reducing the sensitivity of the mea-
surements. To limit the effect of  fl uorescence background, PC, 
and not Mylar, which is the commonly used material for lami-
nation-based fabrication, was used as the main fabrication 
material due to its lower  fl uorescence background  (  35  ) . Using 
black material decreases the noise. Adding air gaps between 
channels did not reduce the background noise.  

    14.    Avoiding air bubbles: Another issue with accurately measuring 
signals is occasionally air bubbles will be trapped in the detec-
tion chamber. A simple solution for this problem is to add small 
air traps to both sides of the detection chamber (Fig.  1a -5), 
trapping upstream and downstream bubbles. Also, placing the 
LOC at a slight angle decreases the trapping of air bubbles in 
the wells, especially for long incubation assays.  

    15.    Avoiding cross-talk between channels: Diffusion of the analyte 
“upstream” into the channel from the detection port can cause 
signi fi cant dilution and reduce signal. To overcome this prob-
lem we use traps (Fig.  1a -6) which are not  fi lled with liquids at 
the end of the channels to “separate” the  fl uidics of the con-
nected channels. Longer channels are not effective to minimize 
diffusion because the incubation time for many biological 
assays is long (e.g., hours). Thus, longer channels (with smaller 
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volume) will not be as effective, and will increase the size of the 
device. In addition, when using a manually controlled device, 
the traps allow better monitoring of volume (the user can 
visually observe the trap  fi lling).  

    16.    Although CCDs and EL each inherently have less sensitivity 
compared with photomultipliers or avalanche photodiodes, 
the sensitivity of the CCD was increased to the level of a pho-
tomultiplier-based  fl uorometer through long exposure times 
and by optimizing several elements of the system. A sensitive 
Sony ICX-429ALL CCD-based imager is one key element of 
the system. It has thermoelectric cooling that enables the CCD 
temperature to be maintained at 25°C below ambient tem-
perature, so the thermal noise is 16 times lower than at ambi-
ent and much longer exposures are possible. In general, the 
level of thermal noise will drop by ½ for every 6° of cooling. 
An f1.2 lens was used to maximize the amount of light trans-
mitted to the CCD. Finally, as discussed previously, the type of 
EL, the  fi lter arrangement for reducing light noise, a light 
absorbing polycarbonate material, and the compact 
con fi guration of the EL-enclosure all combined to minimize 
light losses and crosstalk.          
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    Chapter 24   

 Multilayer Micro fl uidic Poly(Ethylene Glycol) 
Diacrylate Hydrogels       

     Michael   P.   Cuchiara    and    Jennifer   L.   West         

  Abstract 

 Development of robust, in vivo like tissues in vitro holds the potential to create regenerative medicine-
based therapeutics, provide more physiologically signi fi cant preclinical models and supply a pharmacologi-
cal and toxicological screening platform that re fl ects in vivo systems in both complexity and function. This 
protocol describes a simple, robust, multilayer replica molding technique in which poly(dimethylsiloxane) 
(PDMS) and poly(ethylene glycol) diacrylate (PEGDA) are serially replica molded to develop micro fl uidic 
PEGDA hydrogel networks embedded within independently fabricated PDMS housings, using a combina-
tion of soft and photo-lithography. This work has direct applications toward the development of robust, 
complex, cell-laden hydrogels for in vitro diagnostics and regenerative medicine applications.  

  Key words:   Hydrogel ,  Poly (ethylene glycol) ,  Microfabrication ,  Micro fl uidics ,  Photolithography , 
 Soft lithography    

 

 Microscale systems are advantageous to the life science  fi eld due to 
their ability to reduce reagent volume, increase system throughput, 
and allow investigation of microscale cellular phenomena  (  1–  3  )  .  In 
particular micro fl uidic systems provide picoscale  fl uid volume 
transfer, robust control of molecular gradients, and  miniaturization 
of complex multicomponent systems  (  4,   5  )  .  However, a majority 
of microfabricated systems use 2D substrates  (  6,   7  )  or are based on 
silicone elastomers that are not favorable for cell culture and tissue 
engineering applications  (  8,   9  )  .  Integration of microfabrication 
technologies with hydrogel materials that are biocompatible and 
biomimetic enables more accurate modeling of living systems 
in vitro  (  10–  12  )  .  Applications of microfabricated hydrogels range 

  1.  Introduction



388 M.P. Cuchiara and J.L. West

from regenerative medicine therapeutics  (  13  )  to more clinically 
relevant tissue models for drug screening applications  (  14,   15  )  .  
Previously we have shown the ability to fabricate multilayer poly-
dimethylsiloxane/poly(ethylene glycol) diacrylate (PDMS/
PEGDA) hydrogels  (  16  )  .  Herein we describe methods to fabricate 
PEGDA hydrogels within PDMS housings using a combination of 
soft and photo-lithography. 

 The methods employed to build micro fl uidic or other micro-
fabricated hydrogels vary widely depending on the application. 
The choice of hydrogel material and the mechanism that drives 
cross linking from a pre-polymer solution to a gel will alter pro-
cedures signi fi cantly  (  12,   16,   17  )  .  We have fabricated 
poly(ethylene glycol) (PEG) micro fl uidic networks with polymer 
concentrations ranging from 2.5 to 50% (w/v) at molecular 
weights ranging from 575 to 20,000 Da. The methods reported 
below will focus on the photopolymerizable derivative of PEG, 
poly(ethylene glycol) diacrylate (PEGDA), which is crosslinked 
using a photoinitiator that generates a free radical and initiates 
crosslinking upon exposure to ultraviolet (UV) light. Much care 
must be taken when choosing the most appropriate polymer, 
photoinitiator, and light sources for a given application. For a 
more detailed description of photoinitiators and photopolymer-
izable PEG derivatives please refer to West et al.  (  18  ) . 

 Two hydrogel microfabrication approaches, using both soft 
and photo-lithographic techniques, will be described in detail. The 
 fi rst process describes the steps to independently fabricate a 
micro fl uidic hydrogel network within a robust polydimethylsilox-
ane (PDMS) perfusion housing using soft lithographic techniques. 
The second process describes the steps to photolithographically 
fabricate hydrogel microstructures within a PDMS housing fol-
lowed by a soft lithographic step to independently fabricate 
micro fl uidic networks. This type of multimodal fabrication scheme 
will allow for the production of increasingly complex materials and 
highly biomimetic systems, which are important for the develop-
ment of more relevant preclinical in vitro tissue models and for the 
production of complex, regenerative medicine-based therapeutics. 

 Depending on the chosen application and the required micro-
fabrication tolerances, the use of a clean room facility may be 
required for the production of photoresist masters. Generally, we 
have found that use of clean room facilities produces robust, high 
 fi delity, and long-lasting photoresist masters. However, much 
recent effort has been placed on adapting microfabrication tech-
nologies for out of clean room bench top applications  (  19–  21  )  .  
Herein, all photoresist masters were fabricated within a clean room 
but replica molded PDMS housings, PEGDA microchannels, and 
photolithographically fabricated PEGDA microstructures were 
produced on the bench top.  
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      1.    Glass slides or other silicon-based substrates ( see   Note 1  on 
substrate resist adhesion effects).  

    2.    Three glass slide staining dishes with one removable glass slide rack.  
    3.    Piranha solution: concentrated sulfuric acid (18 M) and 30% 

hydrogen peroxide in a 7:3 v/v ratio (sulfuric acid:hydrogen per-
oxide) ( see   Note 2  on piranha handling and safety precautions).  

    4.    SU-8 2100, SU-8 2050, and SU-8 developer (Microchem) 
protected from light and stored at room temperature.  

    5.    Acetone (ACS grade), 2-propanol (ACS grade), and ultrapure 
water stored in standard 500 mL low density polyethylene 
wash bottles.  

    6.    Temperature programmable 200°C hot plate (VWR).  
    7.    Spin coater (PWM32-PS-R790, Headway Research).  
    8.    Transparency photomask (25,000 dpi, CAD/ART Services).  
    9.    Collimated mask aligner light source (MJB4 Mask Aligner, 

SUSS Microtec).  
    10.    Filtered and dry nitrogen.  
    11.    Sigmacote (Sigma Aldrich) protected from light and stored at 

4°C in a  fl ammables safe refrigerator.      

      1.    Polydimethylsiloxane (PDMS, Sylgard184 kit, ESI, Inc.).  
    2.    Round Petri dish (100 × 25 mm, polystyrene).  
    3.    Disposable spatula or disposable serological pipette.  
    4.    Vacuum pump and desiccator or oven with vacuum chamber.  
    5.    1 mm biopsy punch (see  Note 3  on compression  fi tting).  
    6.    Razor blade or scalpel.  
    7.    Acetophenone (2,2-dimethoxy-2-phenyl acetophenone, Sigma 

Aldrich).  
    8.    NVP ( n -vinylpyrrolidone, Sigma Aldrich).  
    9.    Ethanol (100%, ACS grade), and ultrapure water stored in 

standard 500-mL low density polyethylene wash bottles.  
    10.    Filtered air.      

      1.    Long wavelength UV lamp with spot bulb (365 nm, 10 mW/
cm 2 , Blak-Ray).  

    2.    Poly(ethylene glycol) diacrylate (PEGDA) (see  Note 4  on 
hydrogel content).  

    3.    Phosphate-buffered saline (PBS, pH 7.4).  

  2.  Materials

  2.1.  Photoresist 
Master Fabrication

  2.2.  Poly-
dimethylsiloxane 
(PDMS) Housing 
Fabrication

  2.3.  Soft 
Lithographically 
Fabricated 
Poly(Ethylene Glycol) 
Diacrylate Hydrogel



390 M.P. Cuchiara and J.L. West

    4.    Irgacure 2959 photoinitiator (Ciba).  
    5.    1 mL syringe w/luer lock.  
    6.    Polyethylene tubing (OD 1 mm ID 0.58 mm, see  Note 3  on 

compression  fi tting).  
    7.    Ethanol (100%, ACS grade).  
    8.    Coverglass or glass slide.  
    9.    Syringe pump with infusion and withdrawal mode (Harvard 

Apparatus Holliston, MA).      

      1.    Long wavelength UV lamp with spot bulb (365 nm, 10 mW/
cm 2 , Blak-Ray).  

    2.    Poly(ethylene glycol) diacrylate (PEGDA) (see Note 4 on 
hydrogel content).  

    3.    Irgacure 2959 photoinitiator (Ciba).  
    4.    1 mL syringe w/luer lock.  
    5.    Polyethylene tubing (OD 1 mm ID 0.58 mm).  
    6.    Ethanol (100%, ACS grade).  
    7.    Coverglass or glass slide.  
    8.    Syringe pump with withdrawal mode (Harvard Apparatus).       

 

 The following methods describe multilayer soft lithographic and 
photolithographic fabrication methods to create PEGDA 
micro fl uidic hydrogels contained within a PDMS housing  see   Note 
5  for design considerations. 

      1.    Load pre-cleaned glass slides into the staining rack and place 
them in a glass staining tray. Carefully add approximately 
250 mL (or enough volume to cover the slides) of piranha 
solution into the staining tray. Allow the piranha solution to 
cleanse and etch the glass for 15 min with periodic, gentle agi-
tation of the slide rack ( see   Note 2  on piranha handling and 
safety precautions).  

    2.    Remove the rack of glass slides from the piranha solution and rinse 
in a staining tray of ultrapure water for 1 min while constantly and 
gently agitating. Next move the rack to a second tray of ultrapure 
water and allow the cleaned slides to soak for 5 min during which 
time the water will hyrdoxylate the glass surfaces.  

    3.    Individually remove each slide from the water using tweezers, 
thoroughly dry with nitrogen and then place on a hot plate at 
200°C for at least 10 min to dehydrate the slide surface.  

  2.4.  PEGDA Hydrogels 
Fabricated Using 
Photolithography and 
Soft Lithography

  3.  Methods

  3.1.  Photoresist 
Master Fabrication
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    4.    After heating allow the slides to equilibrate to room tempera-
ture for at least 2 min.  

    5.    Center a slide on the spin coater stage taking care to only han-
dle it by the edges. Activate the spin coater vacuum to hold the 
slide in place. The dominant factors governing structure height 
are the choice of the resist and the speed and length of time 
chosen for the spin coating step. Please see Microchem’s web-
site (  http://www.microchem.com/Prod-SU8_KMPR.htm    ) 
for parameter details ( see   Note 6  on proper protective equip-
ment and spin coater operation).  

    6.    To create the PDMS housing master, slowly pour the SU-8 2100 
onto the substrate, making sure to coat the entire surface without 
trapping any bubbles. This is best achieved by a single, thick pour 
with the resist bottle spout almost touching the slide. Set the spin 
coater to a  fi nal spin speed of    1,000 rpm with a ramp speed of 
300 rpm/s and a 40 s spin time (Fig.  1 ,  Step 1 ).   

    7.    Carefully remove the PDMS housing SU-8 2100 master from 
the spin coater stage and place it onto a hot plate that is at 
room temperature. Turn the hot plate to 65°C and bake for 
30 min once the hot plate reaches temperature. Turn the tem-
perature on the hot plate up to 95°C and bake for 120 min 
once the temperature reaches 95°C ( see   Note 7  on hot plates 
and the effects of thermal  fl uctuations).  

    8.    To create the PEGDA microchannel master, repeat 
Subheading  3.1 , Steps 5– 7  with the following modi fi cations. In 
Subheading  3.1 , Step 6: replace SU-8 2100 with SU-8 2050. For 
the bake times in Subheading  3.1 ,  Step 7 : use 5 min at 65°C and 
30 min at 95°C, taking care to gradually heat the substrate and 
allow the temperature to equilibrate before starting the timer.  

    9.    Remove the substrate from the hot plate and cool to room 
temperature for 2 min. Place the coated substrate onto the 
mask aligner chuck or sliding stage. Mount the transparency 
mask with the ink side of the transparency in direct contact 
with the SU-8 surface on the slide (Fig.  1 ,  Step 2 ) ( see   Note 8  
on exposure light source).  

    10.    The UV exposure time is dependent upon the type and thick-
ness of the photoresist, the substrate used, and the energy out-
put of the mask aligner lamp. Please see manufacturer 
recommendations for these materials and alter parameters as 
needed for optimal resist performance. A simple formula can 
be used to calculate the exposure time for a given exposure 
energy and lamp power.

     
2

2

mJ
Exposure Energy

cm
Exposure Time (s)

mW
Lamp Power Output

cm

⎛ ⎞
⎜ ⎟⎝ ⎠=

⎛ ⎞
⎜ ⎟⎝ ⎠

     

http://www.microchem.com/Prod-SU8_KMPR.htm
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    11.    After the resist is exposed, place the slide onto a hot plate at 
room temperature. For the PDMS housing SU-8 2100 master, 
set the hot plate to 65°C and bake for 5 min once the plate 
reaches this temperature. Next turn the hot plate up and bake 
for 20 min at 95°C. For the PEGDA microchannel SU-8 2050 
master, the bake times are reduced to 65°C for 5 min and 
95°C for 10 min. As before, take care to gradually heat the 
substrate and allow the temperature to equilibrate before 
beginning the bake time in each step.  

  Fig. 1.    Fabrication schematic of PDMS/PEGDA micro fl uidic networks. Serial replica molding of PDMS and PEGDA to pho-
toresist masters produces a perfusable PEGDA micro fl uidic channel embedded within an exterior PDMS housing. The 
PDMS/PEGDA construct, Mold A, can be sealed to coverglass for imaging after  Step 5  or crosslinked to a PEGDA blank slab, 
Mold B, to produce a 3D microchannel environment ( Step 9 ).       
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connect to perfusion
apparatus

8) Overlay Mold B
with blank glass slide,

inject PEGDA and
under photocrosslink

4) Bore housing Mold
A access ports, and
treat chamber with

photoiniator

6) Bore housing slab
Mold B access ports,

and treat chamber
with photoiniator

SU-8

SU-8

SU-8

SU-8
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    12.    Turn off the hot plate and allow the resist to cool to room 
temperature. Place the substrate into a “puddle” of SU-8 
developer in a glass Petri dish and gently swirl or rock the dish 
intermittently while developing. Use a developer volume that 
is suf fi cient to fully cover the substrate.  

    13.    Development times will vary depending on the thickness of the 
resist and the area of nonexposed photoresist that needs to be 
dissolved. For the PDMS housing SU-8 2100 master, the 
development time can be up to 60 min, with a recommended 
replacement of the developer solution after 30 min. The SU-8 
2050 master is usually completely developed in 30 min and 
does not require a change of developer solution.  

    14.    Remove the resist from the developer puddle and rinse with 
2-propanol. White residue or precipitate that becomes visible 
upon washing is indicative of undeveloped resist and requires 
additional developing time. It may be necessary to repeat the 
development and 2-propanol rinse steps multiple times until 
no precipitate is formed (see  Note 9  on developing and  fi ne 
structure development).  

    15.    Once the resist is fully developed, rinse it with ultrapure water 
and dry with  fi ltered air or nitrogen.  

    16.    This entire section (Steps 1– 15 ) can be repeated with various 
combinations of PDMS housings and microchannel masters to 
create a wide variety of system geometries and con fi gurations.      

      1.    Rinse a Petri dish and SU-8 2100 PDMS housing photoresist 
master with pure ethanol and dry with  fi ltered air.  

    2.    Mix PDMS at a 15:1 ratio of elastomer:curing agent using a 
disposable plastic spatula for at least 1 min or until trapped bub-
bles are homogenously dispersed within the mixture. Higher 
(20:1) and lower (10:1) ratios of elastomer:curing agent can be 
used to produce softer or stiffer housings, respectively. For 
more detailed information on silicone properties and reagents 
for silicone functionalization, see the commercial website 
  http://www.gelest.com/gelest/forms/Home/home.aspx    .  

    3.    Place the PDMS housing master into the Petri dish and pour 
the PDMS mixture over the mold, making sure to recover all 
of the polymer (Fig.  1 ,  Step 3 ) ( See   Note 10 ).  

    4.    Next, degas the mixture in a vacuum oven (−30 psi) at room 
temperature for 1 h or until all bubbles are removed.  

    5.    After degassing transfer the mold to a 60°C oven and cure 
for 3 h. A more rapid curing (1 h) can be accomplished at 
100°C but this temperature is not suitable for the polystyrene 
Petri dishes.  

  3.2.  PDMS Housing 
Fabrication

http://www.gelest.com/gelest/forms/Home/home.aspx
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    6.    Separate the PDMS housing from the photoresist master and 
the Petri dish using a razor blade. Bore access ports in the 
PDMS housing at the desired location using a 1-mm biopsy 
punch (Fig.  1 ,  Step 4 ).  

    7.    Finally, rinse the PDMS housing with ethanol and conformally 
seal it to a pre-cleaned glass slide until further use ( see   Note 11  
on reversible conformal seals).  

    8.    Repeat  Steps 2 – 7  for each PDMS housing component that is 
required in the  fi nal design. Note that for a 3D hydrogel envi-
ronment, as shown in Fig.  1 , Mold A forms the template for 
the housing with the channel in relief (Fig.  1 ,  Steps 3  and  4 ) 
while Mold B forms the blank slab for the device bottom 
(Fig.  1 ,  Steps 5  and  6 ).      

      1.    Dissolve PEGDA in PBS at the desired concentrations and add 
the Irgacure 2959 photoinitiator (100 mg/mL in ethanol) to 
the hydrogel pre-polymer solution at 30  μ L/mL ( see   Note 4  
for choice of hydrogel composition).  

    2.    Insert polyethylene tubing with an attached syringe into one of 
the PDMS housing access ports in Mold A, and inject the ace-
tophenone photoinitiator (300 mg/mL in NVP) until the 
entire housing is  fi lled. Allow the photoinitiator solution to 
coat the housing for 5 min.  

    3.    To remove excess photoinitiator, peel the PDMS housing from 
the glass slide and rinse with ethanol and then ultrapure water 
before drying the device with  fi ltered air.  

    4.    Treat the SU-8 2050 photoresist master to be used as the 
PEGDA microchannel mold with Sigmacote for 1 min. Rinse 
with ethanol, and then dry with  fi ltered air ( see   Note 12  on 
engineering interfaces).  

    5.    Overlay and align the acetophenone coated PDMS housing 
with the SU-8 2050 microchannel photoresist master (Fig.  1 , 
 Step 7 ).  

    6.    Inject the PEGDA pre-polymer solution with without cells 
( see   Note 13 ) into the housing around the channel mold and 
expose the device to a long wavelength UV lamp (365 nm, 
10 mW/cm 2 ) for 2.5 min (Fig.  1 ,  Step 7 ), in order to form the 
3D micro fl uidic network.  

    7.    Next, conformally seal the acetophenone coated PDMS hous-
ing for the blank slab (Mold B) against a Sigmacoted glass 
slide. Inject the PEGDA pre-polymer solution with or without 
cells into the housing and crosslink using a short 1 min UV 
exposure time. This will form a hydrogel slab that will serve as 
the base of the hydrogel device (Fig.  1 ,  Step 8 ).  

  3.3.  Soft 
Lithographically 
Fabricated 
Poly(Ethylene Glycol) 
Diacrylate (PEGDA) 
Hydrogel
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    8.    Finally, overlay Mold A containing the PEGDA microchannel 
hydrogel with the under-crosslinked PEGDA slab (Mold B) 
and expose to UV for 2.5 min to graft the two components 
together (Fig.  1 ,  Step 9 ). Alternatively, if a 3D hydrogel envi-
ronment around the channels is not required, the PDMS hous-
ing containing PEGDA microchannels in relief can be 
conformally sealed to cover glass after Subheading  3.3 ,  Step 6  
to allow ease of high resolution imaging.  

    9.    To activate the micro fl uidic device,  fi rst connect polyethylene 
(PE) perfusion tubes to the PDMS inlet/outlet access ports, 
perfusion reservoir, and syringe pump. Apply quick-dry 5 min 
epoxy at the PE tube/PDMS interface to help anchor the 
tubes and prevent pulling on the compression  fi t. Initiate per-
fusion at 600  μ L/h using a syringe pump (Harvard Apparatus) 
in withdrawal mode. See the Chips and Tips section of the Lab 
on a Chip journal website for helpful and pragmatic tips on a 
wide variety of microfabrication techniques including alterna-
tive ways to interface tubing with chips (  http://www.rsc.org/
Publishing/Journals/lc/Chips_and_Tips/interfacing.asp    ).      

  Soft lithographic hydrogel fabrication methods described in 
Subheadings  3.2  and  3.3  can be combined with photolithographic 
fabrication methods to build multilayer and multicomponent 
PEGDA hydrogel structures within a PDMS housing.

    1.    Fabricate PDMS housing as described in Subheading  3.2  and 
treat with photoinitiator as described in Subheading  3.3 , Steps 
2 and  3 .  

    2.    Conformally seal the coated PDMS housing to a Sigmacoted 
glass slide. Insert a PE tube connected to a syringe into one of 
the punched access ports and inject the PEGDA solution to be 
used for the  fi rst set of structures into the housing (Fig.  2 ,  Step 
3 , PEGDA Solution 1).   

    3.    Align the transparency photomask with patterns for PEGDA 
Structure 1 with the PDMS housing and expose to UV light 
for 2.5 min ( see   Note 14  on alignment, light source, and alter-
native techniques).  

    4.    After exposure, peel the PDMS housing with attached PEGDA 
structures from the Sigmacoted glass slide and gently rinse 
with ultrapure water (use buffer if cells are present). Gently dry 
the device with  fi ltered air.  

    5.    Figure  2 ,  Steps 2 – 4  can be serially repeated with PEGDA 
hydrogel solutions of different content and photomasks with 
different structure geometries to produce multiple, indepen-
dently fabricated PEGDA structures.  

  3.4.  PEGDA Hydrogels 
Fabricated Using 
Photolithography and 
Soft Lithography

http://www.rsc.org/Publishing/Journals/lc/Chips_and_Tips/interfacing.asp
http://www.rsc.org/Publishing/Journals/lc/Chips_and_Tips/interfacing.asp
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    6.    Overlay the PDMS housing with attached PEGDA hydrogel 
structures with a Sigmacoted SU-8 2050 photoresist micro-
channel master (Fig.  2 ,  Step 5 ).  

    7.    Insert PE tubing with attached syringe into one of the punched 
PDMS housing access ports and inject the  fi nal PEGDA solu-
tion into the housing. Expose the device to a UV light source 
for 2.5 min.  

    8.    Remove the PDMS housing with multiple PEGDA structures 
and PEGDA microchannels from the photoresist master and 
conformally seal to cover glass. Connect PE tubes and initiate 
perfusion. Example images of multilayer PEGDA Hydrogels 
are shown in Fig.  3 .        

  Fig. 2.    Photolithographic and soft lithographic fabrication schematic of PDMS/PEGDA micro fl uidic networks. Serial mask-
directed photopolymerization of PEGDA pre-polymers produces hydrogel structures with various physical and bioactive 
content ( steps 3  and  4 ). Soft lithographic replica molding of PEGDA to a photoresist master produces a perfusable PEGDA 
micro fl uidic channel ( Step 5 ).       
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     1.    Adhesion strength of SU-8 to various substrates can be found 
at Microchem’s website (  http://184.168.52.107/pdf/SU-8-
table-of-properties.pdf    ). These effects will become more pro-
nounced as resist structure aspect ratio (height/width) 
increases. The author has chosen to use glass because it is read-
ily available and its performance is adequate for the given 
application.  

    2.    Piranha is a very dangerous solution that is highly acidic and a 
strong oxidizer. Reaction of sulfuric acid and hydrogen perox-
ide is exothermic and the resulting solution can be explosive. 
Extreme caution must be employed to protect both the user 
and the user’s workspace. Please thoroughly research piranha 
handling and disposal procedures before carrying out the pro-
tocols in this chapter.  

    3.    In order to prevent leaking at the tube chip interface, a compres-
sion  fi t between the perfusion tubing and bored access port 
must be established. A compression  fi t requires that the diameter 
of the biopsy punch or access port be slightly less than or equal 
to the perfusion tubing outer diameter. The authors have found 
the a 1 mm biopsy punch combined with 1 mm OD PE tubing 
will hold a tight seal but can also be easily inserted.  

    4.    Perhaps the most understated aspect of the protocols is the 
choice of PEGDA hydrogel system that satis fi es the functional 
needs of the desired application. A rapidly growing body of 
PEGDA hydrogel research across disciplines has reported a 
wide variety of PEGDA hydrogel compositions that are  suitable 

  4.  Notes

  Fig. 3.    ( a ) Multimodal fabricated PEGDA hydrogels. Isometric view of PDMS/PEGDA microchannel device perfused with 
 toluidine blue . ( b ) Diffusion of  toluidine blue  into PEGDA diffusion chamber (10 × 10 mm) from a single 50  μ m channel. 
Reproduced by permission from Elsevier. Cuchiara et al.  (  16  ) . ( c ) Multimodal fabrication of murine hippocampal progenitor 
cell pillars (MHP 36,  red ) and human umbilical vein endothelial cells (HUVECs,  green ) replica molded to form a micro fl uidic 
channel ( arrow ).       

 

http://184.168.52.107/pdf/SU-8-table-of-properties.pdf
http://184.168.52.107/pdf/SU-8-table-of-properties.pdf
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for the photo and soft lithographic fabrication techniques 
described in this chapter. The reader is encouraged to start 
with a hydrogel composition that satis fi es the desired applica-
tion and work to design and optimize fabrication protocols 
around this target hydrogel composition. The reader is encour-
aged to reference book chapters by Miller et al.  (  22  )  and Bryant 
et al.  (  23  )  for more detailed information on photopolymeriz-
able hydrogels.  

    5.    Design of multilayer PDMS-PEGDA systems is dependent upon 
the differential geometry of the SU-8 photoresist master struc-
tures used to mold the PDMS housing and the SU-8 photoresist 
master structure used to mold the PEGDA channel (Fig.  1 ). 
Each user will have to de fi ne their structure geometry for a given 
application. The  x – y  plane geometry used will vary greatly from 
study to study and is easily modi fi ed by changes to the photo-
masks. The  z -plane or structure height is determined by photo-
resist processing parameters and is not as readily tuned. The 
author has found that structure height of 350  μ m for the PDMS 
housing mold and 100  μ m for the PEGDA microchannel mold 
provides reliable perfusion and aspect ratios well within the man-
ufacture recommended speci fi cations. All process parameters 
mentioned herein are optimized from manufacturer recom-
mended protocols. The reader is encouraged to reference 
Microchem’s website for detailed information on adjustments to 
processing parameters and other helpful tips: (  http://www.
microchem.com/Prod-SU8_KMPR.htm    ).  

    6.    Always operate the spin coater with a cover over the spinning 
chamber and use eye protection.  

    7.    One of the most in fl uential parameters on photoresist struc-
ture height, quality, and adhesion to the substrate is proper 
baking practices. Minimization of any rapid thermal  fl uctuations 
between baking steps and slowly ramped temperature baking 
protocols will go a long way to improving photoresist perfor-
mance. In addition, the author has found that the temperature 
pro fi le across a hot plate is not constant with the center of the 
hot plate likely being at the target temperature, while regions 
closest to the hot plate edges may show a decrease in tempera-
ture between 10 and 30% of the target temperature. Take care 
to make sure your substrate is experiencing the desired baking 
temperature. The author has found that the purchase of a stan-
dard infrared thermometer is a useful tool in validating bake 
temperatures and hot plate thermal pro fi les.  

    8.    Various light sources can be used to expose photoresist. It is impor-
tant that the spectral output of the light source corresponds to the 
photoresist’s absorption spectrum. It is also important that the 
light source used is collimated. Mask aligner instrumentation with 
micromanipulators and imaging capability aid with multilayer 
alignment but are usually not necessary for single exposures.  

http://www.microchem.com/Prod-SU8_KMPR.htm
http://www.microchem.com/Prod-SU8_KMPR.htm
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    9.    The use of a standard light microscope periodically during 
photoresist development step may be helpful in determining 
when the photoresist structures are completely developed. The 
presence of a white  fi lm at the edge of a structure is indicative 
of undeveloped resist. For structures in close proximity, espe-
cially narrow “troughs” or “holes,” more aggressive agitation, 
such as sonication, may help to remove undeveloped resist.  

    10.    PDMS is very dif fi cult to clean from glassware and other lab 
tools. It highly recommended that all materials used to prepare 
and cure PDMS be disposable.  

    11.    For PDMS-PEGDA hydrogel microdevices, the PDMS-
substrate seal must be reversible and methods for sealing the 
hydrogel laden PDMS chip must be cell compatible. The 
author has found that the only way to produce a PDMS-
PEGDA microdevice that forms a reversible seal and does not 
leak is through a conformal seal. Conformal seal performance 
requires that the PDMS housing and substrate surfaces are 
very clean and free of particles. The best conformal seals form 
passively and do not require application of manual pressure. 
Conformal seals have been shown to hold a positive pressure of 
5 psi  (  24  )  but the author has found that the most robust 
method for maintaining a conformal seal is the continuation of 
negative pressure via a syringe pump in withdrawal mode. This 
can be the same negative pressure used to drive  fl ow through 
your device  (  16  )  or it can be a separate design that is only used 
to seal the interface and keep the chip from leaking  (  25  ) .  

    12.    Another understated aspect in this process is the need to selec-
tively engineer adhesive and nonadhesive interfaces. In order to 
facilitate PEGDA polymerization at the PEGDA/PDMS inter-
face and to promote PEGDA adhesion to the PDMS, the author 
recommends treating the PDMS housing with the photoinitia-
tor acetophenone in the solvent NVP. It is thought that the 
NVP dissolves the PDMS polymer structure therefore facilitat-
ing PEG-PDMS chain–chain entanglement. Furthermore, the 
presence of locally high concentrations of acetophenone and the 
free radical acceptor NVP will counteract the free radical quench-
ing effect of oxygen dissolved in the PDMS matrix. Other groups 
have recommended functionalizing the PDMS surface with 
acrylates  (  26  )  or coating with oxygen impermeable parylene c 
 (  27  )  to promote hydrogel polymerization at the PDMS inter-
face. For a more complete review on PDMS surface functional-
ization please refer to Hu et al .   (  26  ) . Conversely it is necessary 
to engineer a nonadhesive interface in order to avoid hydrogel 
tearing during the molding of PEGDA microstructures from 
SU-8 photoresist masters or blank glass slide substrates. The 
author has found that the commercially available Sigmacote pro-
vides a robust, easy-to-use, nonadhesive coating that improves 
the reliability of the PEGDA molding process.  
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    13.    All system components that are to contact cells or cell solutions 
must be sterilized prior to use. All  fl ow loop components, 
including the PDMS chip, PE tubing for perfusion, valves for 
 fl ow control, and reservoir bottles that are left in place during 
the duration of the cell culture are sterilized by either ethylene 
oxide exposure or autoclaving. Components that are only tem-
porarily used during the fabrication process are sterilized under 
UV light in a laminar  fl ow biosafety cabinet for at least 12 h. 
These components include PE tubing for solution injection, 
Sigmacoted glass slides, 200 proof ethanol and ultrapure water 
wash bottles, and UV lamp for polymerization. The PEGDA 
pre-polymer solution is sterile- fi ltered using a 0.22  μ m PES 
syringe  fi lter to remove debris and containments.  

    14.    As with all multilayer lithography, multistructure  fi delity is often 
limited by the ability to align the photomask with existing struc-
tures. The author has found that resolving >1 mm alignment tol-
erances is possible “by eye” with practice. However, when 
aligning multiple structures with micron-level precision, it is nec-
essary to use a micromanipulator or a common microscope stage 
controller coupled with a microscope. The author has found that 
the use of a mask projection photolithography technique  (  28  )  
allows for micron-level manipulation and alignment of the sub-
strate with a single wavelength of light followed by exposure of 
the pre-polymer solution using the same light path with a differ-
ent wavelength of light. This technique allows for precise align-
ment and is compatible with newer three-dimensional laser 
scanning lithography fabrication techniques  (  29  ) .          
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    Chapter 25   

 Puri fi cation of DNA/RNA in a Micro fl uidic Device       

     Andy   Fan   ,    Samantha   Byrnes   , and    Catherine   Klapperich         

  Abstract 

 Often, modern diagnostic techniques require the isolation and puri fi cation of nucleic acids directly from 
patient samples such as blood or stool. Many diagnostic tests are being miniaturized onto micro-sized 
platforms and integrated into micro fl uidic devices due to the economies resulting from smaller sample and 
reagent volumes. Often, these devices perform sample preparation in series with the diagnostic tests. 
The sample preparation steps are vital in order to purify the desired genetic material from potential inhibi-
tors that can interfere with the outcome of the test. There are various techniques used to selectively capture 
the nucleic acids while washing away potential contamination (proteins, enzymes, lipids, etc.). Two of 
the most common forms of selective capture are based on nucleic acid binding to silica surface or on the 
precipitation of nucleic acids with or without the presence of a carrier species. Each of these methods can 
be performed in liquid phase or in a solid support such as an extraction column. Here we discuss both 
methods and address micro fl uidic applications.  

  Key words:   Sample preparation ,  Micro fl uidic device ,  Diagnostic tests ,  Micro-solid phase extraction , 
 Puri fi cation of DNA/RNA ,  Blood lysis    

 

 In a traditional medical lab setting, extraction and puri fi cation of 
nucleic acids (NA) from biologically complex samples, such as blood 
or organ tissues, often involves a common set of unit processes: 
(a) isolation of target cells from a heterogeneous matrix by frac-
tionation, (b) lysis of the target cells, (c) isolation of NA from 
protein-laden lysate using additional fractionation steps, and (d) 
concentration of harvested NA. Before the advent of NA puri fi cation 
by solid-phase extraction with silica matrices  (  1,   2  ) , the above tasks 
usually required cellular debris separations with centrifugation, 
handling of toxic substances such as phenol–chloroform, and time-
consuming ice-cold precipitation of NA with alcohols. Even with 
modern advances in bench top solid-phase extraction (SPE) methods 

  1.  Introduction
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offered by commercial entities such as Qiagen, Invitrogen, and 
others  (  3  ) , a single limitation persists—the need for an accessible 
centrifuge, which implies access to a dedicated lab space with 
reliable power sources. 

 Recently, there has been a move toward miniaturization of 
diagnostics onto micro-sized platforms that include sample prepa-
ration steps  (  4–  6  ) . Besides the footprint advantage that micro fl uidic 
devices hold over dedicated lab equipment, the microscale plat-
form allows the possibility of using a smaller patient sample size, 
automation of extraction  (  7  )  and most importantly, device porta-
bility that could potentially be the driving force toward future 
point-of-care diagnostics. To take advantage of the form factor 
while keeping the lysis chemistry simple and nontoxic, the majority 
of micro fl uidic NA extraction devices rely on the combination of a 
SPE column that captures and precipitates NAs and guanidine 
hydrochloride (GuHCl) or guanidine thiocyanate (GuSCN) as the 
lysis reagent  (  8,   9  ) . In the presence of the guanidine cation, the 
most notable NA capturing technique is to utilize silica particles, 
which can be embedded within the column  (  10,   11  )  or kept as a 
separate layer from the column. An additional method of NA cap-
ture relies on a co-precipitant molecule, such as glycogen, which 
captures the NA and selectively precipitates it in the presence of a 
precipitating solvent, such as ethanol or isopropanol  (  12,   13  )  and 
small cation cofactor supplied by sodium chloride (NaCl), sodium 
acetate (NaOAc), ammonium acetate (NH 4 OAc), or lithium chlo-
ride (LiCl)  (  8  ) . Direct NA precipitation using this method, how-
ever, requires careful tailoring of the chemistry in order to avoid 
excess co-precipitation of cellular proteins and will not be consid-
ered in this chapter. 

 All of these sample preparation methods can take place on a 
fully integrated micro fl uidic chip or in small disposable systems. 
Additionally, these sample preparation methods do not differenti-
ate between the type or source of NAs, resulting in broad-spectrum 
use of these techniques with various downstream applications such 
as PCR, ELISA, and ESI-MS  (  3,   14  ) . 

 As will be detailed in Subheading  3.1 , a simple, low-cost 
micro fl uidic chip can be constructed by thermo-compression 
bonding of two sheets of Zeonor 750R plastic. Brie fl y, channels are 
formed by patterning one sheet of Zeonor by hot-embossing with 
a noncompliant master mold made from SU8. The choice of 
Zeonor as the chip material was driven by two factors: the mate-
rial is UV transparent and relatively chemically inert—both of 
which are advantageous attributes in most biological assays. This 
polymer is a cyclic polyole fi n; similar materials with similar tem-
perature and optical characteristics can be obtained from other 
suppliers. The bonded chips are  fi lled with a pre-polymer solution 
and then exposed to UV light. After polymerization, the porogens 
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and initiators are removed through washes with methanol and 
ethanol, and the resulting SPE matrix is equilibrated with lysis buf-
fer prior to NA capture. 

 From a point-of-care diagnostics stance, there are cases where a 
very small form-factor micro fl uidic device is not feasible in the  fi eld. 
For instance, in resource-poor locations where electricity is at a pre-
mium, an electrically actuated  fl uidic pump operating at lower pres-
sures can be replaced by a manual bicycle pump operating at an 
excess of 80 psi. As a result of favoring portability and laboratory 
independent operation over automation and  fl ow accuracy, an exist-
ing chip design can be scaled up such that both the SPE column and 
the “microchannel” can be packaged together in a premade plastic 
vessel like a pipette tip. Preparation of such a non-chip-based 
extraction method is described in Subheading  3.2 .  

 

      1.    Zeonor 750R, a thermoplastic polyole fi n resin (Zeon 
Chemicals, Louisville, KY).  

    2.    SU8 for making the master mold (Microchem, Newton, MA).  
    3.    Metal sputtering system for titanium and aluminum coating of 

master mold.      

      1.    Test sample (e.g., infected blood or cell culture medium).  
    2.    Resuspension buffer: 200 mM Tris–HCl, 2 mM EDTA, with 

sodium dodecyl sulfate (SDS) and Triton X-100.
    For gram-negative bacteria : Resuspension buffer should con-

tain 0.03% SDS/3.6% Triton X-100.  
   For gram-positive bacteria : Resuspension buffer should contain 

0.3% SDS/7.2% Triton X-100.     
    3.    Lysis reagent: 3 M GuSCN (from 6 M stock, Sigma Aldrich, 

St. Louis, MO).  
    4.    Proteinase K (20 mg/mL stock in 50 mM Tris–HCl (pH 8.0), 

10 mM CaCl 2 ); from Amresco (Solon, OH).  
    5.    70% Ethanol.  
    6.    Nuclease-free water.      

      1.    Channel Buffer: 1.5 M GuSCN, 50% isopropanol, 1× 
RNASecure reagent. For 5 mL of channel buffer, mix 1.25 mL 
of 6 M GuSCN, 2.5 mL of 99% isopropanol, and 200  μ L of 
25× RNASecure reagent (stock is 25× from Applied 
Biosystems,Carlsbad, CA, Cat #AM7005) in a 15 mL tube. 
Use stock immediately.  

  2.  Materials

  2.1.  Microchip 
Components

  2.2.  Microchip 
Reagents for Bacterial 
DNA Recovery from 
Cell Culture or Blood

  2.3.  Reagents for Viral 
RNA Recovery from 
Plasma or Cell-Free 
Supernatants
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    2.    Lysis buffer: 2 M GuSCN, 62.7% isopropanol, 1× RNASecure 
reagent. For 4.5 mL of lysis buffer, mix 1.5 mL of 6 M GuSCN, 
3 mL of 99% isopropanol, and 180  μ L of 25× RNASecure 
reagent in a 15 mL tube. Use stock immediately.  

    3.    70% Ethanol.  
    4.    Nuclease-free water.      

      1.    Silica particles (Sigma Aldrich, St. Louis, MO).  
    2.    Ultra-pure water.  
    3.    Hydrochloric Acid Solution: hydrochloric acid (32 wt%/vol, 

10.2 M).      

      1.    Grafting Solution: ethylene diacrylate (90% EDA), methyl 
methacrylate (99%, MMA), benzophenone (99%). Mix a 1:1 
solution of EDA and MMA with 3% benzophenone.  

    2.    SPE column pre-polymer solution: porogenic solvents 1-dode-
canol and cyclohexanol, monomer solution butyl methacrylate 
(99% BuMA) and ethylene dimethacrylate (98% EDMA). Mix 
24 wt% of BuMA, 16 wt% EDMA, 42 wt% 1-dodecanol, 
18 wt% cyclohexanol. Add ~0.4 wt% of the UV-Sensitive Free-
Radical Initiator: 2,2-dimethoxy-2-phenylacetophenone (99%, 
DMPAP). The DMPAP should be 1 wt% with respect to the 
monomers.  

    3.    0.7  μ m Silica microspheres (Polysciences, Inc., Warrington, PA).  
    4.    Methanol.  
    5.    Absolute ethanol.       

 

  A schematic of the chip-making process is shown in Fig.  1 . 

    1.    For preparation of the master mold: pre-clean 100 mm diameter 
p-type (100) Si wafers with piranha solution (1:3 vol ratio of 
30 wt% hydrogen peroxide and 98 wt% sulfuric acid) and spin-
coat 100  μ m of SU8 onto the wafer surface. After a 30 min 
prebake at 95°C, the appropriate channel features are formed 
using contact mask lithography. In general, the SPE columns 
are fabricated inside of straight micro fl uidic channels. The 
channels do not need to have a speci fi c type of sidewall (i.e., 
both isotropic and anisotropic techniques can be used). After 
pattern development, post-bake the wafers for 1.5 h at 175°C 
( see   Note 1 ).  

    2.    To aid the subsequent removal of the hot-embossed plastics 
from the SU8 mold after embossing ( see   Note 2 ), a bilayer of 

  2.4.  Acid-Treated 
Silica Slurry

  2.5.  UV Activated 
Micro-Solid Phase 
Extraction Column

  3.  Methods

  3.1.  Preparation of 
Micro fl uidic Chip with 
Embedded Micro-Solid 
Phase Extraction 
Column Applied to 
Bacterial DNA 
Extraction from Blood
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500 Å titanium/1,000 Å of aluminum should be sputtered 
onto the SU8 surface. The completed SU8 mold can be 
reused 2–5 times before structural degradation occurs from 
repeated hot-embossing.  

    3.    To construct Zeonor microchannels, the Zeonor sheets to be 
used for subsequent hot-embossing can be made by melting 
raw Zeonor pellets in a heat press at 90°C (20°C above the 
glass transition temperature of Zeonor 750R) against two  fl at 
surfaces. Shims (spacers) can be used to create sheets or plaques 
of the desired thickness; otherwise, extruded sheet material 
can also be purchased directly through vendors.  

    4.    Starting from a sheet of Zeonor, micro fl uidic channels with 
100  μ m depth and either 100 or 150  μ m in width can be 
created by hot-embossing the Zeonor against the SU8 master 
using a heat press at 90°C and 250 psi for 5 min. The 
Zeonor-SU8 duplex is then cooled for 2 min at room tempera-
ture prior to manual separation ( see   Note 3 ).  

    5.    Following separation, drill two, 1.5-mm diameter wells at each 
end of the microchannel to form the input and output ports.  

    6.    To encapsulate the microchannel, an identically sized piece of 
Zeonor was thermally bonded to the hot-embossed Zeonor 
sheet on a hot-press at 70°C, 250 psi for 2 min.  

    7.    In order to make the intra-channel solid-phase matrix, the 
channel walls should be treated with grafting agent to increase 

  Fig. 1.    Fabrication process of the micro fl uidic chip with embedded SPE column.       
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sidewall adhesion to the polymer monolith, due to the surface 
chemistry of the Zeonor plastic  (  15  ) . This can be accomplished 
by  fi lling the channels with the grafting agent, followed by 
UV-irradiation in an oven for 10 min at a wavelength of 
254 nm and at 200 mJ/cm 2 .  

    8.    After UV-irradiation, remove the excess solution from the 
channels by washing with 100  μ L of methanol; between 10 
and 33 column volume-worth (CV), where 1 CV equates to 
the SPE monolith volume.  

    9.    After grafting and washing, the SPE-proper can be made by 
 fi lling the channels with the SPE column pre-polymer solution 
and 15 wt% of 0.7  μ m silica microspheres (wet volume,  see  
 Note 4 ) and then UV-irradiated for 2 min at 200 mJ/cm 2 . 
Typically, 3–10  μ L of the SPE column pre-polymer solution is 
used to make a SPE.  

    10.    After the second UV-irradiation step, wash out any excess 
pororgen and SPE column pre-polymer solution with 100  μ L 
(10–33 CV) of methanol followed by 200  μ L (20–66 CV) of 
absolute ethanol.  

    11.    The  fi rst step of using the on-chip SPE column for the applica-
tion of bacterial DNA extraction from blood is sample collec-
tion and off-chip lysis. To simulate bacteremia, where bacteria 
are found in human whole blood, one must  fi rst take an over-
night culture (or take log-phase cultures at OD 600  ~ 0.5) and 
make serial dilutions of 10 1 –10 5  CFU/mL. Then, spin down 
the 1 mL—worth of cells at 6,800 ×  g  for 10 min, decant the 
supernatant, and resuspend each bacteria pellet in 100  μ L of 
human whole blood.  

    12.    By adding 150  μ L of resuspension buffer to the blood–bacteria 
matrix, indiscriminant cellular lysis commences with both SDS 
and Triton-X denaturing the plasma membranes of cells and 
the bacteria cell walls.  

    13.    Add 200  μ L of the lysis reagent (3 M GuSCN), vortex to mix, 
and add enough Proteinase K to a  fi nal concentration of 
0.8 mg/mL. At this stage, the  fi nal concentration of GuSCN 
is 1.33 M, which is around the upper limit where both 
Proteinase K and GuSCN can function synergistically as a pro-
tein denaturant and, at the same time, protein digestion can 
take place without proteinase K itself being denatured by the 
chaotropic agent. Furthermore, the guanidinium cations in the 
mixture also act as cofactors in NA-silica binding.  

    14.    For optimal lysis and digestion, the mixture can be incubated 
at 50°C–60°C for 30–90 min.  

    15.    Condition the on-chip SPE column with loading buffer for 
5 min (around 30  μ L total, or 10 CV) prior to introducing the 



40925 Purifi cation of DNA/RNA

sample for extraction. For the description of sample loading, 
we will assume the volume of the SPE column to be 3  μ L.  

    16.    Pipette the blood–bacteria lysate into a 1 cm 3  syringe. Then, 
using a syringe pump, load the lysate into the microchannel at 
10–15  μ L/min. The  fl ow-throughs can either be collected for 
analysis or discarded.  

    17.    Wash the microchannel with approximately 300  μ L of 70% 
ethanol (~10 CV) to remove excess proteins that may have 
adsorbed onto the column.  

    18.    Finally, elute the DNA from the column using nuclease-free 
water. Typical elution volumes range from 25 to 100  μ L 
(8–30 CVs).      

      1.    To the solid-phase extraction (SPE) column pre-polymer solu-
tion, add 15 wt% of 0.7  μ m silica microspheres (wet volume, 
 see   Note 4 ).  

    2.    Aliquot the pre-polymer mixture in 50  μ L portions into 250  μ L 
non- fi lter pipette tips ( see   Note 5 ). To polymerize the solu-
tion, the pipette tips are placed in a 254 nm UV oven and 
irradiated for 2 min at 200 mJ/cm 2 . During this time, the 
solution will turn from a clear liquid to a solid white 
monolith.  

    3.    After the polymerization is complete, wash the monoliths with 
100  μ L methanol (2 CV) followed by 200  μ L (4 CV) of absolute 
ethanol ( see   Note 6 ). For the sake of discussion we are now 
assuming that 1 CV equates to 50  μ L worth of SPE matrix.  

    4.    For performing the viral RNA extraction from cell-free super-
natants using the SPE column the pipette tip is  fi rst equili-
brated with the channel buffer;  fl uid  fl ow can be driven by 
compressed nitrogen or air at a range between 40 and 80 psi 
depending on the desired  fl ow rate. After the channel buffer 
wash, the pressure source is disconnected, the pipette tip open-
ing exposed, and then loading of the viral sample can proceed 
( see   Note 7 ).  

    5.    Mix the virus sample at 1:1 with the lysis buffer, hand-invert 
the tube at least 20 times to mix, and commence lysis by incu-
bating for 15 min at room temperature. Next, manually pipette 
the lysate into the SPE column, re fi t the compressed air source 
onto the SPE-tip complex and push the entire lysate through the 
SPE column. The  fl ow-through fractions can either be collected 
for further analysis or discarded.  

    6.    After the sample mixture passes completely over the column, 
wash the column with 500  μ L (10 CV) of 70% ethanol solution 
to remove excess salts and proteins that may have precipitated 
onto the column.  

  3.2.  Preparation of UV 
Activated SPE Column 
in Pipette Tips Applied 
to Viral RNA Extraction 
from Cell-Free 
Supernatants
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    7.    After the wash, the column is dried with air for 2 min to remove 
excess solvent.  

    8.    Finally, elute the RNA from the SPE column by washing with 
several CV-worth of nuclease-free water ( see   Note 8 ).       

 

     1.    Following the post-bake period, the masters had a negative 
pattern of the channels and had glass-like mechanical proper-
ties  (  1  ) .  

    2.    The sputter coating for the master is an optional step but the 
aluminum coating seems to help with the removal of the mas-
ter after embossing. Of course, electroplating is a much more 
robust, but also more expensive method of achieving the same 
effect.  

    3.    The master/substrate were cooled on an aluminum plate and 
separated manually when the plastic was no longer soft.  

    4.    The silica microspheres come suspended in water so the 
volume is measured and spun down in a centrifuge at 2,500 ×  g  
for 10 min. The supernatant was removed and the resulting 
pelleted silica was dried overnight at 115°C. The pellet was 
then broken up into a powder to be mixed with the porogen/
monomer solution.  

    5.    The SPE pre-polymer solution can be applied to various col-
umn geometries and volumes. Certain geometries require 
treatment to help prepare the surface so that the SPE column 
does not get pushed out of the channel under pressure. Surface 
preparation can be achieved through the use of a grafting solu-
tion or by mechanically scoring the inside surface of the chan-
nel  (  12  ) .  

    6.    The best way to store the SPE columns is in a dry, sealed bag 
with a desiccant packet.  

    7.    The input sample can be virions in a protein solution or in 
some other biological matrix such as blood. This protocol can 
also be performed using a chip-scale SPE column.  

    8.    The rate of elution should be kept slow and consistent (approx-
imately one drop every 5 s) to ensure the captured RNA is 
exposed to water long enough to return into solution from its 
precipitated form on the SPE column.          

  4.  Notes
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    Chapter 26   

 Agarose Droplet Micro fl uidics for Highly Parallel 
and Ef fi cient Single Molecule Emulsion PCR       

     Xuefei   Leng    and    Chaoyong   James   Yang         

  Abstract 

 Agarose emulsion droplet micro fl uidic technology for single copy emulsion PCR (ePCR) is a suitable 
technique for the detection of single copy DNA molecules. It improves the traditional ePCR by employing 
agarose with low melting and low gelling temperatures, which is coupled with PCR forward primers using 
Schiff-base reaction. Highly uniform monodisperse nanoliter agarose droplets each containing PCR 
reagents and single copy template are produced with a microfabricated emulsion generator. Following 
PCR, the cooled droplets transform to microbeads carrying amplicons to maintain the monocolonity of 
each droplet, which can be further analyzed. This method allows high-throughput generation of uniform 
droplets and enables high PCR ef fi ciency, making it a promising platform for many single copy genetic 
studies.  

  Key words:   Emulsion PCR ,  Micro fl uidics ,  Bioconjugation ,  Droplet ,  Genetic analysis    

 

 Compartmentalization of individual samples in aqueous droplets 
dispersed in an oil phase is becoming a powerful method for high 
throughput assays in chemistry and biology  (  1–  3  ) . For example, by 
segregating single DNA molecules in individual water-in-oil emul-
sion droplets, emulsion PCR (ePCR) offers the advantage of mas-
sively parallel colonal ampli fi cation of DNA templates, which allows 
the identi fi cation and quanti fi cation of rare mutant genes within 
large populations  (  4,   5  )  and enables a new generation of ultra-high 
throughput DNA sequencing technologies  (  6,   7  ) . 

 ePCR for single DNA molecule ampli fi cation was  fi rst imple-
mented by S. Katsura and M. Nakano in 2003  (  8  ) . In their study a 
PCR mixture containing statistically dilute templates was stirred with 
oil to generate droplets with or without single copy of template. 
After ampli fi cation, the aqueous phase was collected and analyzed 

  1.  Introduction
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using gel electrophoresis. This method has the disadvantage of a 
slow and limited analytical assay, making it almost impossible for 
statistical analysis of a large range samples. The use of microbeads 
solved this problem with its advantage of downstream, high-
throughput manipulation and analysis. To immobilize and enrich 
PCR product, D. Dressman et al. developed BEAMing (beads, 
emulsion, ampli fi cation, and magnetics) introducing primer-bound 
magnetic microbeads encapsulated with single DNA molecules in 
individual droplets  (  1  ) . DNA template was ampli fi ed on the micro-
bead in the same droplet, which prevented the possibility of mixing 
of DNA products from different droplets after lysis of emulsion 
droplets. After PCR, beads bound with ampli fi ed molecules were 
labeled by  fl uorescent probes complementary to regions of known 
allelic variations and analyzed via  fl ow cytometry. This method had 
the advantages of high sensitivity and high throughput analysis, 
which found great application in the detection of minor variants in 
a DNA population. 

 The use of microbeads in BEAMing is critical for down-
stream, high-throughput manipulation and analysis. However 
the use of microbeads still leads to many problems including 
poor PCR ef fi ciency and short product length because PCR on a 
solid surface suffers from problems such as steric hindrance 
effects and charge repulsion. Furthermore, by encapsulating 
diluted molecules and microbeads into the droplets at random, 
the resulting Poisson statistics leads to a large number of void 
droplets including empty droplets or droplets with only either 
molecule or bead, which is wasteful, thus negating the speed and 
ef fi ciency afforded by micro fl uidics. Besides, introducing micro-
beads in a chip might block microchannels easily and requires 
demanding fabrication technology of micropumps, which 
increases microchip complexity. 

 The agarose emulsion droplet micro fl uidic method aims to 
address these challenging problems. A special kind of agarose that 
has a low gelling temperature is melted and acts as an aqueous 
phase to generate droplets containing PCR mixture and single 
copy of template in a micro fl uidic chip. After ampli fi cation, the 
agarose droplets are cooled and transformed into agarose micro-
beads carrying PCR products. Fluorescence microscopy and FACS 
technology provides fast and precise analysis of results. Compared 
with conventional ePCR, this method has the advantage of high 
PCR ef fi ciency and a high yield of valid droplets by using agarose 
as a matrix to capture amplicons instead of microbeads, and high-
throughput generation of uniform monodispersed droplets by 
utilizing micro fl uidics. 

 In this method a micro fl uidic glass chip with a 200  m m (w) × 
100  m m (d) cross-channel serves as a droplet generator. The inner 
surface of the channel is hydrophobically treated to be adaptable to 
the oil sheath so that the water-in-oil droplets can remain stable. 
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The size of the generated droplets is closely related to the channel 
dimension. If the resultant agarose microbeads need to be ana-
lyzed by FACS, their diameters should be controlled to below 
80  μ m. Hence the dimension of cross-channels should be sized 
accordingly. 

 The role of agarose in the aqueous phase is to act as a capturing 
matrix to replace conventional primer functionalized microbeads 
to preserve the monoclonal nature of the DNA product in each 
droplet. Ultralow gelling temperature agarose (Sigma A2576) has 
a melting point of about 56°C and gelling point around 16°C. 
Once melted, this agarose will remain in liquid phase until the 
temperature drops below 16°C, which ensures easy generation of 
agarose droplets on chip under room temperature. In addition, at 
all PCR temperatures, agarose remains in liquid phase, where PCR 
can take place with high ef fi ciency. On the other hand, after PCR 
ampli fi cation, the solution form of agarose droplets can be switched 
to a solid gel phase by simply cooling the solution below the gell-
ing point. Once solidi fi ed, agarose beads will remain solid unless 
the temperature rises above 56°C. As a result, DNA products 
ampli fi ed in the droplet will maintain their monoclonality even 
after the oil phase is removed. The clonal beads can be used for 
downstream sequencing or genotyping applications. 

 There are two basic requirements to realize high throughput 
single copy DNA detection. First, each single molecule must be 
isolated from a large population. A micro fl uidic glass chip is used 
in this method to compartmentalize DNA sample by forming uni-
form monodispersed nanoliter water-in-oil agarose droplets con-
taining PCR reagents and single copy of template. Secondly, a high 
throughput analytical method is necessary to detect the signal of 
isolated molecules. To analyze, the PCR product must be main-
tained and stable in porous agarose beads. Thus, forward primer is 
conjugated to the agarose matrix using Schiff-base reaction to pre-
vent diffusion. Such primer conjugation is also described in our 
method.  

 

      1.    Ultralow gelling temperature agarose (Sigma A2576).  
    2.    40 nmole 5 ¢  end modi fi ed lambda DNA forward primer 

5 ¢ -NH 2 -(C18) 2 -TAAGCACGAACTCAGCCAGAACGA-3 ¢  is 
lyophilized in a vacuum centrifuge and stored at −20°C.  

    3.    Conjugation buffer: 0.15 M NaCl, 0.1 M NaHCO 3 , pH 8.5. 
Store at room temperature.  

    4.    Sodium periodate (NaIO 4 ) and sodium cyanoborohydride 
(NaCNBH 3 ). NaIO 4  is dissolved in ultrapure water at 0.128 M, 

  2.  Materials

  2.1.  Conjugation of 
PCR Primer to Agarose
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and NaCNBH 3  in conjugation buffer at 0.1 M. Both of them 
should be freshly made before addition.  

    5.    TAE buffer.  
    6.    2 mL PE tube.  
    7.    Ultrapure water.      

      1.    Micro fl uidic glass chip with 200  μ m (w) × 100  μ m (d) cross-
channel droplet generator. The inner surface of the channel is 
hydrophobically treated as follows: After device bonding, 
microchannels were rinsed with isopropanol, acetone, piranha 
solution (H 2 SO 4 :H 2 O 2 , 3:1), and deionized water respectively 
and dried with nitrogen gas. Channels were hydrophobically 
treated with a 0.1% solution of octadecyltrichlorosilane in dry 
toluene for 5 min. The treated channels were rinsed using dry 
toluene, isopropanol, and deionized water respectively.  

    2.    Oil sheath: Mix 4.0 g of 5225C, 3.0 g of 749 FLUID 
FORMULATION AID (Dow Corning) and 3.0 g of Silicone 
oil AR 20 (Sigma-Aldrich) together by stirring for 15 min, 
followed by 15 min ultrasonic degas.  

    3.    Syringe pumps (for pumping aqueous and oil  fl uids into the 
chip).  

    4.    PEEK tubing.  
    5.    Fluorescence Microscope.  
    6.    Ultralow gelling temperature agarose (Sigma A2576).  
    7.    Lambda DNA as PCR template (Fermentas, Canada) is dis-

solved in ultrapure water at 0.1 pM and stored at 4°C.  
    8.    Reverse primer 5 ¢ -CAAGCTTTGCCACACCACGGTATT-3 ¢  

for lambda DNA PCR is dissolved in ultrapure water at 10  μ M 
and stored at 4°C.  

    9.    2.5 units/ μ L Hot-start Blend Taq plus DNA polymerase, 10× 
polymerase buffer, and 2.5 mM dNTPs solution (TOYOBO, 
Japan).  

    10.    Agarose-conjugated forward primer ( fi nal product in 
Subheading  3.1 ).  

    11.    Peltier thermocycler.  
    12.    0.6 mL PCR tubes.  
    13.    1.5 mL PE tube.  
    14.    SYBR Green I dye.  
    15.    1× PBS buffer.  
    16.    Solvents for oil removal: acetone, isopropanol, deionized 

water.  
    17.    FACS Flow Cytometer: e.g., BD FACSAria™ II Flow 

Cytometer.       

  2.2.  Agarose Droplet 
Generation and PCR
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      1.    Weigh out 0.01 g (0.8  μ M) ultralow gelling temperature 
agarose into a 2.0 mL  fl at bottom PE tube. Add 125  μ L of 
ultrapure water into the tube and mix it on a vortex mixer 
brie fl y to distribute the agarose powder in the water. Incubate 
the tube in a dry bath at 70°C for 10 min. Mix the solution to 
make sure that all the agarose powder is melted and the mix 
becomes transparent.  

    2.    Add and mix 125  μ L of 0.128 M NaIO 4  solution to the melted 
agarose. Then immediately put the tube in refrigerator at 4°C 
and wait at least 1 h until the agarose is thoroughly solidi fi ed 
to gel.  

    3.    Carefully cut off the bottom of the tube to take out the aga-
rose gel. Put the gel into another 2.0 mL  fl at bottom PE tube 
and wash in 1.5 mL of water four times for 30 min each to 
remove the remaining NaIO 4 . During the washing process, the 
gel should be kept at a low temperature to retain its mechanical 
strength; otherwise it may be broken or dissolved to some 
extent. Centrifuge the tube at 1,700 rcf for 3 min at 4°C and 
discard all the  fl uid.  

    4.    Dissolve 40 nmole 5 ¢  end modi fi ed lambda DNA forward 
primer with 240  μ L of conjugation buffer. Incubate the NaIO 4  
oxidized agarose at 70°C for 10 min (no longer). This heating 
temperature and time must be controlled strictly as a longer 
incubation time at high temperature can cause the remaining 
NaIO 4  to break the chain of agarose molecule. When the aga-
rose gel is melted, add 240  μ L of the primer buffer solution 
and 10  μ L of 0.1 M NaCNBH 3  buffer solution. Mix and allow 
reaction to continue at 37°C overnight while stirring.  

    5.    After reaction, keep the tube at 4°C for at least 1 h until the 
agarose is thoroughly solidi fi ed to gel. Cut off both top and 
bottom of the tube to allow electrical connection to an electro-
phoresis chamber. Fix the tube using adhesive tape in a suitable 
orientation to an electrophoresis chamber containing 1× TAE 
buffer and apply electrophoresis to the gel for 30 min at 100 V 
to remove free primer.  

    6.    Wash the gel with water and store at 4°C. The volume of  fi nal 
gel product is approximately 500  μ L containing 2% agarose 
and 10  μ M primer.      

      1.    Place the micro fl uidic chip (see Fig.  1 ) on the stage of an 
inverted microscope (see  Note 1 ).   

    2.    Connect syringes for aqueous and oil phase  fl uids to chip using 
PEEK tubing and syringe pumps.  

  3.  Methods

  3.1.  Conjugate PCR 
Primer to Agarose

  3.2.  Agarose 
Droplet PCR
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    3.    Load syringes with heated oil and ultrapure water (at 65°C) 
and inject into the chip to pre-heat. Both  fl ow rates are set to 
1.0 mL/h. Meanwhile, prepare single-molecule agarose PCR 
reagents according to Table  1  (see  Note 2 ).   

    4.    Load prepared agarose PCR sample in the aqueous sample 
syringe slowly and carefully to avoid forming bubbles, which 
can damage the stability of  fl uid in chip. Set aqueous  fl ow rate 
to 0.4 mL/h and oil  fl ow rate to 4.0 mL/h.  

    5.    Monitor the droplet generation process in the chip under the 
microscope. When PCR mix replaces the pre-heated water, a 
small quantity of air evolves between the two  fl uids and can be 
observed in the aqueous microchannel. When the PCR mix 
passes through the cross junction (after the air has passed 
through) and becomes stable, wait 10 s to let the preceding air 
and droplets run to waste before collecting sample agarose 
emulsion into a 0.6 mL PCR tube (see  Note 3 ).  

    6.    Stop collecting when all the agarose PCR sample is injected 
and keep the collected emulsion at 4°C. Repeat step 2 to wash 
the aqueous sample syringe and channel with 65°C water for 
20 min and prepare the next sample.  

    7.    After the last sample emulsion is generated and cooled to 4°C, 
wait 45 min until it is solidi fi ed. Transport sample emulsions 
into 0.6 mL PCR tubes at 90–100  μ L volume each for PCR 
ampli fi cation. The thermal cycling conditions are as follows: 
94°C for 3 min (initial denaturation), 25 cycles of 94°C for 
30 s, 56°C for 30 s, and 72°C for 30 s, followed by a single 
 fi nal extension for 5 min at 72°C in a Peltier thermal cycler.  

    8.    Keep the ampli fi ed emulsions at 4°C for 1 h to let droplets 
solidify into agarose beads. Combine each sample into one 
1.5 mL PE tube.  

    9.    Remove oil from emulsion by sequentially washing using 
acetone, isopropanol, and then deionized water in this order. 
Add 1 mL of each solvent to the emulsion in the tube and 
put the tube on a vortex mixer for 30 s. Separate beads by 

  Fig. 1.    Schematic of the micro fl uidic glass chip with a cross-channel as used in this 
method.  Inlet  1 is for agarose PCR sample and  inlets  2 and 3 are for oil sheath  fl ow. Use 
a plastic three-port valve to divide oil  fl uid to two equal streams infusing into inlets 2 and 3. 
The generated emulsion is directly infused into a 0.6 mL PCR tube from the outlet.       
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centrifuging at 4°C for 4 min (30 rcf for organic solvent and 
5,400 rcf for aqueous solvent) and throw the upper solution 
away (see  Note 4 ).  

    10.    Wrap the tubes with aluminum foil and add 250  μ L of PBS 
buffer and 5  μ L 20× SYBR Green I dye each. Incubate at 4°C 
for 1 h on a rotator to let the dye stain the agarose microbeads 
containing amplicons.  

    11.    Examine each sample using a  fl uorescence microscope (see 
Note 3). Agarose beads containing amplicons will emit intense 
green  fl uorescence under blue light excitation. In contrast, 
beads with no DNA template are low in  fl uorescence. 
An example of the results produced is shown in Fig.  2 .   

    12.    Dilute the agarose beads of each sample into 1.0 mL volume 
with deionized water. Perform FACS analysis using  fl ow cytom-
eter with 100  μ m nozzle. Figure  3  shows examples of the 
signals for each sample.        

 

     1.    The environment temperature must be controlled strictly above 
25°C during the droplet generation process. This prevents the 
agarose sample from curdling into small gel pieces that will 
severely affect the uniformity of droplet size. A domestic heater 
may be used to keep a warm environment around the sample 
and micro fl uidic chip if the room temperature is below 25°C.  

  4.  Notes

  Fig. 2.    Results of single copy agarose droplet PCR. Fluorescence microscope images of agarose beads after ampli fi cation 
from template concentration of ( a ) 1.5 copy/bead, ( b ) 0.5 copy/bead, ( c ) 0.15 copy/bead, and ( d ) 0 copy/bead.       
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  Fig. 3.    FACS results of single copy agarose droplet PCR from template concentration of ( a ) 0 copy/bead, ( b ) 0.24 copy/bead, 
( c ) 0.8 copy/bead, and ( d ) 2.4 copy/bead.       
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    2.    Agarose PCR reagents must be mixed suf fi ciently before loaded 
into the syringe. As 4% agarose is thicker than other solutions, 
it should be heated to 80°C when mixing into other reagents 
excluding Taq polymerase and template. After these reagents 
are mixed and cooled to 65°C, Taq polymerase and template 
are added and distributed to the whole solution by pipetting 
thoroughly. Bubbles created during mixing must be removed 
using centrifugation.  

    3.    Try to keep the droplet generation system still to maintain 
uniformity of droplet size. If agarose beads larger than 100  μ m 
are observed under the  fl uorescence microscope (s tep 11 , 
Subheading  3.2 ), agarose microbeads must pass through a 
 fi lter membrane with 80–100  μ m grid size before performing 
FACS analysis.  

    4.    Before the removing oil procedure, make sure the gel beads are 
solidi fi ed thoroughly. A temperature of 4°C for at least 1 h is 
necessary to maintain high mechanic strength of the gel beads.          
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    Chapter 27   

 Integrated Fluidic Circuits (IFCs) for Digital PCR       

     Ramesh   Ramakrishnan      ,    Jian   Qin   ,    Robert   C.   Jones   , and    L.   Suzanne   Weaver      

  Abstract 

 The Fluidigm Digital Array IFC is a nano fl uidic biochip where digital PCR reactions can be performed 
with isolated individual DNA template molecules. This chip is part of a family of integrated  fl uidic circuits 
(IFC) and contains a network of  fl uid lines, NanoFlex™ valves and chambers. NanoFlex™ valves are made 
of an elastomeric material that de fl ects under pressure to create a tight seal and are used to regulate the 
 fl ow of liquids in the IFC. Digital Arrays have enabled a different approach to digital PCR, by partitioning 
DNA molecules instead of diluting them. Single DNA molecules are randomly distributed into nanoliter 
volume reaction chambers and then PCR ampli fi ed in the presence of a  fl uorophore-containing probe. 
Positive  fl uorescent signal indicates the presence of a DNA molecule in a reaction chamber, while negative 
chambers are blank. IFC technology enables the delivery of very precise volumes of solutions in a simple, 
fast procedure, utilizing a minimum of sample and assay reagents. The development of the IFC technology 
and the Digital Array chip has revolutionized the  fi eld of biology, and has been utilized in gene copy 
number studies, absolute quantitation (molecule counting) of genomic DNA and cDNA, rare mutation 
detection, and digital haplotyping.  

  Key words:   Integrated  fl uidic circuits ,  Digital arrays ,  Digital PCR    

 

 The detection of single DNA molecules has been made possible by 
the use of what is known as a digital polymerase chain reaction (digi-
tal PCR) approach. Conventionally, the process of digital PCR has 
involved sequential limiting dilutions of target DNA followed by 
PCR ampli fi cation  (  1–  3  ) . In theory, when the target DNA is at lim-
iting dilution levels, each of the dilutions contain a single copy of the 
target DNA template or less. PCR is then conducted with a positive 
ampli fi cation signal only observed if a DNA molecule is present. 

 The use of micro fl uidics has enabled a different approach to 
digital PCR by partitioning DNA molecules instead of diluting 
them  (  4–  6  ) . In this context, the original sample is effectively split 
into multiple partitions prior to PCR. The concentration of any 

  1.  Introduction

Gareth Jenkins and Colin D. Mans fi eld (eds.), Micro fl uidic Diagnostics: Methods and Protocols, Methods in Molecular Biology, 
vol. 949, DOI 10.1007/978-1-62703-134-9_27, © Springer Science+Business Media, LLC 2013
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sequence in a DNA sample (copies/ μ l) can be calculated using the 
numbers of positive chambers that contain at least one copy of that 
sequence. 

 The combination of digital PCR and the Digital Array IFC has 
been used to detect differences in gene copy numbers  (  6  ) , for 
absolute quantitation (molecule counting) of genomic DNA and 
cDNA  (  7  ) , and digital haplotyping  (  8  ) . Digital Array IFCs (Figs.  1  
and  2 ) have also been shown to be between 50- and 200-fold more 
sensitive in detecting the Abl-T315I mutation in messenger RNA 
than conventional techniques  (  5  ) .   

 This chapter focuses on the ability of the Digital Array IFC to 
identify and differentiate subtle copy number differences in two differ-
ent DNA samples, obtained from Coriell Cell Repositories (Camden, 
NJ), which have previously been shown to have either four copies 
(NA19221) or  fi ve copies (NA19205) of the MRGPRX1 gene  (  9  ) . 

 In particular, the protocol describes Speci fi c Target 
Ampli fi cation (STA). We have previously shown that the use of 
Speci fi c Target Ampli fi cation enables the separation of linked cop-
ies of a target gene  (  6  ) . This ensures that multiple copies of a gene, 
which are closely linked on the same chromosome, are counted 
separately on the Digital Array IFC. STA is a simple PCR reaction 
with primers for both the reference gene and the gene of interest, 

  Fig. 1.    A schematic of a digital array IFC.       
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typically performed for a limited number of thermal cycles. The 
use of limited thermal cycles enables us to avoid having to compen-
sate for different ampli fi cation ef fi ciencies between the two sets of 
primers. 

 The operating mechanism is described as follows. Fluidigm’s 
48.770 Digital Array IFC has 48 individual panels with 770 reac-
tion chamber per panel for digital PCR. Each inlet has 4  μ l of sam-
ple-assay mix pipetted into it. The mixture  fi lls the panel with the 
help of the IFC controller, which pressurizes the inlet with air, 
forcing the liquid into the array. The material used to manufacture 
the chips is permeable, enabling the air in the chip to be displaced 
by  fl uid. Each reaction chamber is approximately 0.8 nL in vol-
ume, and they are isolated from each other by pressurized valves 
that are controlled by an on-board pressurized accumulator. These 
valves partition the sample into hundreds of digital reactions 
(Figs.  1  and  2 ).  

 

      1.    PIPET-LITE LTS Pipettes from Rainin (#L-2PIPET-LITE 
LTS Pipet 0.1–2  μ l; L-20PIPET-LITE LTS Pipet 2–20  μ l; 
L-200PIPET-LITE LTS Pipet 20–200  μ l; L-1000PIPET-
LITE LTS Pipet 100–1000  μ l).  

    2.    PCR  fi ltered pipette tips from Rainin (#RT-L10F, RT-L200F, 
RT-L100F).  

  2.  Materials

  2.1.  Equipment

  Fig. 2.    A digital array IFC chip.       
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    3.    Newly opened sample preparation tubes (0.5 and 1.7 mL).  
    4.    Tube strips with attached bubble cap strips (VWR 82006-

606).  
    5.    Two biocontainment hoods to prevent DNA contamination of 

lab and samples.  
    6.    Microfuge and vortex for mixing preps.  
    7.    Standard Thermocycler; e.g., GeneAmp PCR 9700 thermal 

cycler (Applied Biosystems).  
    8.    BioMark™ System (Fluidigm Corp., real-time 

thermocycler + reader).  
    9.    IFC Controller (Fluidigm Corp.) (Fluidigm’s IFC Controllers 

are designed to prime and load Digital Array™ IFCs).  
    10.    Digital Array™ IFCs (Fluidigm Corp.)      

      1.    DNA samples NA19221 and NA19205 (Coriell Cell 
Repositories, Camden, NJ, USA).  

    2.    2× ABI TaqMan ®  PreAmp Master Mix (Applied Biosystems 
(Foster City, CA, USA), PN 4391128).  

    3.    2× ABI TaqMan ®  Gene Expression Master Mix (Applied 
Biosystems, PN 4369016).  

    4.    20× RNase P (VIC) Assay Mix (Applied Biosystems, PN 
4316844) (Primer concentrations of this particular commer-
cial assay are only 1/6 of the normal 20× assays).  

    5.    MRGPRX1 Primer and probe sequences:
   Forward 5 ¢ -TTAAGCTTCATCAGTATCCCCCA  
  Reverse 5 ¢ -CAAAGTAGGAAAACATCATCACAGGA  
  Probe 5 ¢  FAM-ACCATCTCTAAAATCCT-MGB    
 100-nmol scale desalted primers were ordered from Integrated 

DNA Technologies (Coralville, IA, USA) and 6,000 -mol 
scale HPLC-puri fi ed probe from Applied Biosystems 
(Foster City, CA, USA). 20× Assay mix contains 18  μ M 
primers and 4  μ M probe.  

    6.    20× GE Sample Loading Reagent (Fluidigm PN 85000735).  
    7.    Deionized DNA-free, DNase-free, RNase-free water (Fluidigm 

PN W3330).       

 

      1.    Combine the following for each 5  μ l STA reaction in a tube of 
a tube strip.
   (a)    2.5  μ l 2× TaqMan PreAmp Master Mix (Applied Biosystems).  

  2.2.  DNA and Reagents

  3.  Methods

  3.1.  Speci fi c Target 
Ampli fi cation (STA)
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   (b)    1.25  μ l assay mix for both RNase P and MRGPRX1 genes 
(6× RNase P (VIC) and 1× MRGPRX1. The concentra-
tion of all four primers is 900 nM in this assay mix and 
225 nM in the  fi nal STA reaction).  

   (c)    1  μ l 60 ng/ μ l genomic DNA.  
   (d)    0.25  μ l Deionized DNA-free, DNase-free, RNase-free 

water.      
    2.    STA is performed on a GeneAmp PCR 9700 thermal cycler. 

Thermocycling conditions are 95°C, 10 min hot start and  fi ve 
cycles of 95°C for 15 s and 60°C for 2 min.  

    3.    20  μ l Deionized DNA-free, DNase-free, RNase-free water is 
added to each 5  μ l reaction after the STA is completed.      

      1.    Dilute the STA products 50-fold.  
    2.    Combine the following for each 10  μ l PCR mix for one panel 

of a Digital Array chip in a 0.5 mL tube:
   (a)    5  μ l 2× Gene Expression Master Mix (Applied 

Biosystems).  
   (b)    0.5  μ l 20× RNase P (VIC) Assay Mix.  
   (c)    0.5  μ l 20× MRGPRX1 (FAM) Assay Mix.  
   (d)    0.5  μ l 20× GE Sample Loading Reagent.  
   (e)    3.5  μ l diluted STA product.          

      1.    Add about 200  μ l control line  fl uid to the containment 
accumulator.  

    2.    Place the chip in the IFC controller.  
    3.    Select the “115 Chip Prime” script and press “Start.”  
    4.    Once the chip has  fi nished priming, inspect it under a top 

down microscope to verify that the interface valves are closed 
and that the containment line is primed.      

      1.    Pipette 10  μ l sample PCR mix into each of the middle top 12 
wells of the carrier.  

    2.    Pipette 10  μ l water into each of the two hydration (H) wells of 
the carrier.  

    3.    Place the chip in the IFC controller.  
    4.    Select the “115× Load” Script, press “Start.”  
    5.    Once the chip has  fi nished loading inspect the chip under a top 

down microscope for obvious loading defects.      

      1.    Remove the blue IHS protector from the back of the chip.  
    2.    Place the chip in the loading position of the BioMark 

instrument.  

  3.2.  Digital PCR on the 
BioMark™ system

  3.3.  Priming the 
Digital Array Chip 
( See   Notes 1  and  2 )

  3.4.  Loading 
the PCR Mixes

  3.5.  Thermal Cycling 
on the BioMark 
Real-Time PCR System
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    3.    Select “Start” and “Load Chip”; the chip will be loaded into 
the instrument.  

    4.    Select the HD location where you would like to store the 
experiment data.  

    5.    Select “Application Type: Digital PCR.”  
    6.    Click “Select probes manually” and select “Two Probes.”  
    7.    Select probes “FAM_MGB” and “VIC-MGB.”  
    8.    Select protocol “Default-10 min-HotStart.pcl.” Thermocycling 

conditions include a 95°C, 10 min hot start followed by 40 
cycles of two-step PCR: 15 s at 95°C for denaturing and 1 min 
at 60°C for annealing and extension.  

    9.    Select “Start Run.”      

      1.    Launch the BioMark Digital PCR Analysis Software.  
    2.    Click “Open a Chip Run” and double-click a chip run .bml  fi le 

to open it in the software.  
    3.    Click “Sample and Detector Setup” in the Chip Explorer 

pane.  
    4.    Highlight the wells to name.  
    5.    Click “Editor” in the Sample and Detector Setup pane.  
    6.    Choose “Sample Type” from the drop-down menu in the 

Editor. Type a name for the sample.  
    7.    Choose “Detector Type” from the drop-down menu in the 

Editor. Type a name for the detector.  
    8.    Click “Update” to see the changes re fl ected in the highlighted 

wells.  
    9.    Click “Panel Summary” in the Chip Explorer pane.  
    10.    Click “Analyze” to process data.  
    11.    Click “Panel Summary” or “Panel Details.”  
    12.    Choose a view from the drop-down menu: Results Table, 

Image View, and Heat Map View.  
    13.    Save data and export as a .cvs  fi le. The  fi le can be opened in 

Microsoft Excel or Word. 
 The ratio of the numbers of the MRGPRX1 molecules to 

the RNase P molecules and its 95% con fi dence interval for each 
panel can be found in the export  fi le. The combined ratio and 
its 95% con fi dence interval from multiple panels can be calcu-
lated as described  (  10  )  (see  Note 5 ).       

  3.6.  Data Analysis 
( See   Notes 3  and  4 )
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     1.    Digital Array IFC (12.765) Layout and Pipetting Sequence 
(Fig.  1 ): Add 10  μ l of deionized water to “H” wells and 10  μ l 
of sample mixture to wells 1–12. Do not use “X” wells.  

    2.    While priming the Digital Array IFC, take care not to drip 
control line  fl uid into or onto the chip.  

    3.    The results from a representative run can be seen in Figs.  3  
and  4 .    

    4.    While samples are read in digital mode (positive versus nega-
tive chambers), it is also possible to obtain real-time PCR 
curves from the same data (Fig.  5 ).   

    5.    Typical results from such a run are shown in Fig.  6 .           

  4.  Notes

  Fig. 3.    A FAM-labeled image of a chip run comparing a 4-copy sample ( left  ) with a 5-copy 
sample ( right  ).       
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  Fig. 4.    A grayscale image of two panels (770 chambers each) from a chip run where light gray indicates a negative, dark 
gray indicates a positive hit for the VIC assay (reference), and black indicates a positive hit for the FAM assay (test), within 
a given chamber.  Panel (a) shows the 4-copy sample, while panel (b) shows the 5-copy sample.       

  Fig. 5.    Realtime PCR curves from a typical run.  Panel  ( a ) shows FAM-labeled assays, while  panel  ( b ) shows VIC-labeled results.       
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    Chapter 28   

 microFIND ®  Approach to Fluorescent in Situ 
Hybridization (FISH)       

     Andrea   Zanardi   ,    Emanuele   Barborini   , and    Roberta   Carbone         

  Abstract 

 FISH technology has gained increasing attention in the management of cancer disease, either for predic-
tive or prognostic indications. Molecular cytogenetics has greatly improved diagnostic capability of classi-
cal cytogenetics analysis of metaphase-based chromosome for the identi fi cation of genetic aberrations. The 
availability of a large number of  fl uorescent probes, each speci fi c for different genetic lesions, together with 
a robust protocol for interphase FISH, provide the pathologist with the essential tools for an accurate 
evaluation of patient’s disease. Hemato-oncological and many of the solid tumors have been comprehen-
sively characterized by peculiar genetic defects and are now routinely evaluated by interphase FISH. 
Despite the reliability of the method, which has undergone only minor changes since the 1970s, FISH 
assay is still hampered by reagents cost, preventing its adoption in large-scale oncological screening. In this 
chapter we describe a major improvement of interphase FISH assay for cytological samples through the 
description of the miniaturized device microFIND ®  that offers, besides reduction of cost per assay, a com-
pletely novel vision to the FISH technology, thanks to the perspective of full automation of FISH assay 
using a dedicated robotic platform for microFIND ®  handling, (not presently described in the chapter).  

  Key words:   FISH ,  Screening ,  Miniaturization ,  Hemato-oncological cancer ,  microFIND ®  , 
 Automation    

 

 FISH technology  (  1,   2  )  relies on a series of manual procedures on bio-
logical samples that must be performed by skilled technicians in order to 
obtain high quality results for unambiguous data interpretations. 

 Among analytical assays FISH has not been substantially 
changed since its introduction  (  3  ) : some procedures for automa-
tion have been proposed and implemented  (  4  )  to facilitate manual 
analysis; however the assay is costly and suffers the main drawback 
of not being easily scalable for disease screenings. 

  1.  Introduction
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 We have recently discovered a peculiar property of a nanotech 
coating  (  5,   6  )  that strongly immobilizes living and  fi xed, not oth-
erwise spontaneously adhering, cells and by appropriate integra-
tion with a micro fl uidic element we have developed a diagnostic 
device, microFIND ® , for FISH analysis on cytological samples. 

 The device is composed of a glass slide with a nanotech coat-
ing, and a polymeric micro fl uidic pad  (  7  )  with a microchannel and 
two wells for loading and aspiration of reagents. The micro fl uidic 
pad is coupled to the slide in order to have the slide constituting 
the bottom surface of the microchannel. Cells are loaded in the 
microchannel and allowed to adhere on bottom surface (of the 
coated slide). Due to the strong adhesion on the nanotech coating 
the analytical protocol can be carried out without loosening of 
cells, despite the signi fi cant shear stress caused by moving  fl uids 
inside the microchannel. 

 Following this approach, FISH can be performed in a minia-
turized setting, strongly reducing sample requirement, reagents 
and probe volume. With dedicated automation, microFIND ®  pro-
vides an affordable and scalable method for genetic based-cancer 
screenings. 

 In this method we describe the device and a protocol for FISH 
on bone marrow and peripheral blood cells for the evaluation of a 
common type of leukemia, the chronic lymphocytic leukemia 
(CLL). 

 Speci fi cally two genetic abnormalities have been tested for:

    1.    Deletion of locus D13S25 at 13q14.3 region that is one of the 
most common abnormalities in CLL. These patients have the 
best prognosis and most of them do not need therapy.  

    2.    Trisomy 12, an additional chromosome 12, which is a relatively 
frequent  fi nding, occurring in 20–25% of patients, indicating 
an intermediate prognosis.      

 

      1.    microFIND ®  device is composed of two parts: a glass slide 
partially functionalized with a nanotech coating and a poly-
meric pad with micro fl uidic circuitry constituted by a straight 
channel acting as small volume reaction chamber and by two 
access wells (Tethis S.p.A., Milano, Italy). A larger diameter 
well within a cone-shaped pit is dedicated to sample/reagent 
loading (IN well), while smaller diameter well is dedicated to 
aspiration (OUT well).  

    2.    Pads are contained in a plastic “assembler” designed to both 
store the pad in a proper way and prepare the  fi nal device (see 
Subheading  3  and Fig.  1 ).   

  2.  Materials

  2.1.  microFIND ®  
Device
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    3.    Sample and reagents loading: standard pipettes with 50 and 
10  μ l tips.  

    4.    Sample aspiration: a 10 ml syringe equipped with dedicated 
adaptor composed of 10 cm tube and sucker (Tethis S.p.A) is 
required for liquid removal.  

    5.    As alternative for liquid aspiration the use of a motorized 
syringe equipped with a 20 ml syringe with a 1.5 mm tube is 
also possible (KDs 120, KD Scienti fi c, Inc., Holliston, MA, 
USA).      

      1.    Peripheral blood (PB) or bone marrow (BM) from a donor, 
in EDTA or Heparin stored at room temperature for not 
more than 48 h or at 4°C for not more than 4 days. Samples 
were kindly provided by Policlinico Ospedale Maggiore Ca’ 
Granda Milan, Italy, according to hospital ethical regulations 
(see Note 1).      

  2.2.  Samples

  Fig. 1.    Device assembly. ( a ) one coated slide and one assembler with a pad; ( b ) example of  fi tting the slide in the assem-
bler; ( c ) example of pressing the slide in correspondence of the pad; ( d ) example of the device ready to be used.       
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      1.    Puri fi ed water (e.g., Milli-Q, Millipore, MA, USA) (see  Note 2 ).  
    2.    1× DPBS Dulbecco phosphate buffer saline (Euroclone S.p.A. 

Italy).  
    3.    TURK or Trypan blue for cell count (Sigma).  
    4.    Mineral oil.  
    5.    Mounting Media plus DNA counterstain ready to use 

(Vectashield, Vector Laboratories, Inc. CA, USA).  
    6.    Immersion oil, type FF (Cargille Laboratories, USA).  
    7.    FISH Probes (CE, IVD), LSI D13S25 Spectrum Orange™, 

LSI 13q34 Spectrum Green™; CEP ® 12 Spectrum Orange™ 
(Abbott Molecular, Illinois, USA).      

      1.    Red blood lysis buffer (RBL) (for red blood cell lysis): 0.15 M 
NH 4 Cl, 9.93 mM KHCO 3 , and 0.13 mM EDTA (ethylenedi-
aminetetraacetic acid) in puri fi ed H 2 O.  

    2.    Carnoy’s  fi xative: mix 3 parts of methanol 100% and 1 part of 
Glacial acetic acid (Carlo Erba, Italy).  

    3.    2× SSC: mix 100  μ l of 20× SSC (saline–sodium citrate buffer, 
Sigma) and 900  μ l of puri fi ed H 2 O.  

    4.    Digestion buffer: mix 10  μ l of 1 N HCl, 5  μ l of 10% pepsin 
(Sigma, powder diluted in water at pH  £  7.0), 989.5  μ l of 
puri fi ed H 2 O and bring it to 37°C (see  Note 4 ).  

    5.    Post  fi xative: mix 26  μ l of 37% formaldehyde, 100  μ l of 10× 
DPBS, 50  μ l of MgCl 2  1 M (powder diluted in water) in 824  μ l 
of puri fi ed H 2 O.  

    6.    Denaturing solution: 70% Ultrapure formamide in 2× SSC: 
mix 700  μ l of ultrapure formamide, 100  μ l of 20× SSC (pH 
5.3) and 200  μ l of puri fi ed H 2 O. Adjust pH to 7.0–8.0.  

    7.    Ethanol solutions: dilute 100% ethanol in puri fi ed H 2 O (700  μ l 
in 300  μ l for 70%, 850  μ l in 150  μ l for 85%).  

    8.    Post-hybridization wash solution 1 (0.3% NP40 (Tergitol, 
Sigma) in 0.4× SSC): mix 155 ml of NP-40, 10 ml of 20× SSC 
in 488.5 ml of puri fi ed H 2 O.  

    9.    Post-hybridization wash solution 2 (0.1% NP40 in 2× SSC): 
mix 0.5 ml of NP-40, 50 ml of 20× SSC in 449.5 ml of puri fi ed 
H 2 O.      

      1.    Coplin Jars (AGAR Scienti fi c Ltd, Essex UK).  
    2.    Glass Coverslips 18 × 18 mm (Zeuss super, Zeuss Padova, 

ITALY).  
    3.    Microtiter Pipette and Tips P2, P10, P200, P1000 (Gilson, 

Inc., Middleton, WI, USA).  

  2.3.  Reagents 
and Chemicals

  2.4.  Reagents 
Preparation 
( See   Note 3 )

  2.5.  Materials 
and Instruments
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    4.    Slide hybridizer 37°C–75°C (Thermobrite™, Abbott 
Laboratories, Illinois, USA).  

    5.    Cell count chamber (i.e., Burker chamber) (Brand GmbH, 
Germany).      

      1.    Microscope. For image acquisition and analysis, signals were 
evaluated using an Olympus BX61 microscope. A 100 W mer-
cury lamp with a life maximum of about 200 h is recommended 
(see  Note 5 ).  

    2.    Camera. F-View II camera (Olympus, PA, USA).  
    3.    Objectives. The objective has a profound in fl uence on the 

brightness, resolution, and general quality of the image. A 40× 
objective in conjunction with 10× eyepieces is suitable both for 
scanning and for routine FISH analysis. When a higher 
magni fi cation is needed, satisfactory results can be obtained 
with a 100× achromatic oil immersion objective (UPlanSApo 
100× immersion objective, N.A. 1.40).  

    4.    Immersion oil. Immersion oil used with immersion objectives 
should be formulated for low auto- fl uorescence and speci fi cally 
for  fl uorescence microscopy use (see  Note 6 ).  

    5.    Filters. Olympus U-MNIBA3 FITC for Spectrum Green 
probes, U-MWIG3 Cy3 for Spectrum Orange probes, 
U-MNUA2 DAPI.  

    6.    Images were acquired using Cell^A software (Olympus) and 
elaborated with Adobe Photoshop 7.0 program (Adobe System 
Incorporated).       

 

 In this protocol we report the development of FISH starting from 
living not- fi xed or  fi xed cells from standard cytogenetic pellet on 
microFIND ®  using speci fi c probes for CLL, a common hemato-
oncological disease, detecting chromosome 12 polisomy and the 
region of chromosome 13 13q14.3. 

      1.    microFIND ®  is operative once the micro fl uidic pad is attached 
to the coated side of the slide. For this purpose, the plastic 
package element hosting micro fl uidic pads (see Fig.  1a ) acts as 
assembling tool.  

    2.    The device is prepared by:
   (a)    Holding the coated slide in your  fi ngers from the short 

side and  fi tting it to the plastic element containing the 
micro fl uidic pad (Fig.  1a, b ).  

  2.6.  Microscope 
Equipment and Filters

  3.  Methods

  3.1.  Device Assembly
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   (b)    Pressing gently the slide in order to let pad adhere to 
coated side (easily identi fi ed by microFIND ®  logo) 
(Fig.  1c ).  

   (c)    Removing the assembler (Fig.  1d ).  
   (d)    Pads will stay in contact with slides and will be lifted off 

from the assembler (see  Note 7 ).      
    3.    Once pad and slide are attached each other, microFIND ®  is 

ready for use.      

  microFIND ®  is designed to perform FISH directly on cytogenetic 
pellet, prepared according to standard procedures, or on living 
not- fi xed cells, prepared as a cellular suspension in isotonic buffer 
from patient blood. Below we report the protocol for the prepara-
tion of living not- fi xed cells from BM and PB: cytogenetic pellet 
can be prepared with available standard protocols. 

      1.    Store BM and PB patient samples either in EDTA or Heparin 
at room temperature or 4°C until usage (up to 4 days from 
collection if stored at 4°C).  

    2.    Protocols below are designed to process volumes from 1 ml 
down to 0.1 ml (respectively “Standard” or “Reduced” 
volume of patient samples).  

    3.    Standard volume of patient samples:
   (a)    Place 0.5 ml of BM or 1 ml of PB in 15 ml centrifuge 

tube.  
   (b)    Add RBL to a volume of 10 ml.  
   (c)    Keep 5 min at 4°C.  
   (d)    Centrifuge at 425 rcf (relative centrifugal force) for 

5 min.  
   (e)    Discard supernatant.  
   (f)    Resuspend again cells in 10 ml of RBL buffer.  
   (g)    Centrifuge at 600 rcf for 5 min.  
   (h)    Resuspend cells in 1 ml of 1× DPBS.  
   (i)    Transfer to 1.5 ml tube.  
   (j)    Wash twice in 1× DPBS by centrifuging in a microfuge at 

500 rcf for 5 min.  
   (k)    Before loading in microFIND ®  resuspend cells in 1× DPBS 

at a concentration between 8,000 and 15,000 cells/ μ l 
(optimal concentration of cell suspension is 10,000 cells/ μ l), 
after cell count with a cell count chamber (e.g., Burker 
chamber).      

    4.    Reduced volume of patient samples: For samples from PB a 
volume down to 0.5 ml can be processed following the same 

  3.2.  Cellular Sample 
Preparation

  3.2.1.  Cellular Suspension 
of Living Not-Fixed Cells 
from BM and PB
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procedure as above. For samples derived from BM a volume 
down to 0.1 ml can be processed with the following protocol:
   (a)    Place 0.1 ml of BM in 1.5 ml centrifuge tube.  
   (b)    Add RBL to a volume of 1.5 ml.  
   (c)    Keep 5 min at 4°C.  
   (d)    Centrifuge at 425 rcf for 5 min in a microfuge.  
   (e)    Discard supernatant.  
   (f)    Resuspend again cells in 1.5 ml of RBL buffer.  
   (g)    Centrifuge at 600 rcf for 5 min in a microfuge.  
   (h)    Resuspend cells in 1 ml of 1× DPBS.  
   (i)    Wash twice in 1× DPBS by centrifuging in microfuge at 

500 rcf for 5 min.  
   (j)    Before loading in microFIND ®  resuspend cells in 1× DPBS 

at a concentration between 8,000 and 15,000 cells/ μ l 
(optimal concentration of cell suspension is 10,000 cells/ μ l) 
(see  Note 8 ).           

       1.    Before use, pre-incubate microFIND ®  at 37°C (using a hot 
plate, or a slide hybridizer), for at least 2 min.  

    2.    Keeping microFIND ®  on the hot plate/hybridizer, pipette 
1.5  μ l of cell suspension into the IN well and slightly aspirate 
from the OUT well on other side of the microchannel with the 
manual syringe or with the motorized syringe (at 25 ml/h) for 
a maximum of 2 s, to favor the loading of cell suspension into 
the microchannel (see  Note 9 ) (Fig.  2 ).   

    3.    Incubate for 4 min at 37°C.  
    4.    Do not empty the microchannel: pipette 20  μ l of  fi xative 

Carnoy in the bottom of the IN well with a 10  μ l tip.  
    5.    Wait for 2 min at 37 ± 1°C, then add another 30  μ l of  fi xative 

into the IN well and aspirate completely from the OUT well.  
    6.    Cells are now tightly immobilized in microFIND ® .  
    7.    Observe the microchannel area under a Bright Field micro-

scope. Examine the number of nuclei per  fi eld under a 10× 
objective. A minimum of approximately 150 cells per  fi eld is 
recommended for optimum assay results (see Fig.  3  for an 
example of optimal cellular density inside the microchannel).   

    8.    In case of a suboptimal cell concentration per  fi eld it is sug-
gested to repeat the procedure of adhesion and  fi xation on a 
new microFIND ®  (see  Note 10 ); moreover in case of cellular 
suspension with low cellular number, it is recommended to 
decrease the volume of the suspension buffer down to few  μ l 
(not more than 2–3  μ l) and load 1.5  μ l on microFIND ®  to 
recover most of the cells.  

  3.3.  Cell Adhesion 
Protocol and Fixation

  3.3.1.  Adhesion 
and Fixation of Cells 
Suspension from 
Living Not-Fixed Cells
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    9.    At this step microFIND ®  can be processed for FISH analysis or 
stored at room temperature in dry conditions, protected from 
light, for 24 h.  

    10.    If patient cells must be reanalyzed it is recommended to pre-
pare cytogenetic pellet from the remaining sample, keep it at 
−20°C, and perform the analysis on a new microFIND ®  fol-
lowing the protocol for standard cytogenetic pellets.      

      1.    Prepare a cytogenetic pellet according to the standard 
procedure.  

    2.    Before cell loading in microFIND ®  it is recommended to eval-
uate cell density, to avoid cell clogging in the microchannel: 
after pellet preparation take 1  μ l of cell suspension and spot on 
a standard glass slide; let the  fi xative evaporate and observe cell 
density under a Bright Field microscope at 10× magni fi cation 
(see Fig.  4a  as example of low cell density and Fig.  4b  as opti-
mal cell density).   

  3.3.2.  Loading and 
Adhesion of Standard 
Cytogenetic Pellet

  Fig. 2.    Cell loading. ( a ) Example of loading of cell suspension in the “IN” well; ( b ) example of brief aspiration from the “OUT” 
well to allow cell entry inside the microchannel (only for living not- fi xed samples) and subsequent adhesion; ( c ) example 
of wrong operation of excessive aspiration causing the loss of cells.       

  Fig. 3.    Bright  fi eld image at 10× of a microFIND ®  to show optimal cell concentration after adhesion.       
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    3.    If cell density is optimal, proceed with loading, otherwise dilute 
or concentrate the pellet with Carnoy  fi xative accordingly.  

    4.    Load 1.5  μ l of cytogenetic pellet into the IN well, at room 
temperature, and wait 2 min ( see   Note 11 ).  

    5.    Put microFIND ®  at 37°C and wait until the complete evapora-
tion of Carnoy’s  fi xative (~5–10 min) ( see   Note 12 ).  

    6.    Cells are now tightly immobilized in microFIND ® .  
    7.    Observe the microchannel area under a Bright Field micro-

scope. Examine the number of nuclei per  fi eld under 10× 
objective. A minimum of approximately 150 cells per  fi eld is 
recommended for optimum assay results ( see  Fig.  3 ).  

    8.    If an optimum cell density has not been reached repeat steps 1 
and  2  and check again by microscopy. This operation can be 
repeated several times until an optimal cell concentration is 
reached in the microchannel ( see   Note 13 ).  

    9.    At this step microFIND ®  can be processed for FISH analysis or 
stored at room temperature in dry conditions, protected from 
light for 24 h.       

  After loading of microFIND ®  with cell suspension (either from liv-
ing not- fi xed cells or from standard cytogenetic pellet) all the 
reagents for FISH analysis ( see  Subheading  3.4.1  below) except 
the probe will be used according to the following scheme, from A 
to D ( see  Fig.  5 ). 

    1.    Reagent loading (Fig.  5a ): Dispense a drop of reagent in the 
IN well with a pipette (volume is indicated below).  

    2.    Partial aspiration from the OUT well (Fig.  5b ): to let the 
reagent  fl ow inside the microchannel: aspirate with the manual 
syringe as shown in the  fi gure (or with motorized syringe at 
50 ml/h) until the reagent drop on the IN well is reduced to 
a minimum ( see  Fig.  5b ).  

  3.4.  FISH Protocol

  Fig. 4.    Estimation of cytogenetic pellet concentration. ( a ) Bright  fi eld image at ×10 of low cell density; ( b ) bright  fi eld image 
at ×10 of optimal cell density.       
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    3.    Incubation (Fig.  5c ): follow the indicated Subheading  3.4.1  
for incubation conditions.  

    4.    Removal of reagent excess (Fig.  5d ) ( see   Note 14 ): aspirate the 
residual drop over the IN well, touching it with the suction 
cup of the syringe.     

 At the end of step D, if required according to the protocol, start 
again from step A with the next reagent. 

  FISH protocol consists of a series of reagent passes through the 
device as listed below. The hybridization with the  fl uorescent probe 
can be performed in two ways using the protocol for “Denaturation” 
or “Co-denaturation” ( see   Note 15 ). If using “Denaturation” for 
samples of living not- fi xed cells, follow the complete protocol 
described below. For samples prepared from standard cytogenetic 
pellet start this protocol from  step 5 .

    1.    All the reagents must be used according to the above scheme 
(from A to D).  

    2.    50  μ l of 2× SSC: 15 min at 37°C.  
    3.    50  μ l of Digestion buffer: 10 min at 37°C.  
    4.    50  μ l of 1× DPBS: 5 min at room temperature.  
    5.    50  μ l of Post- fi xative: 5 min at room temperature.  

  3.4.1.  Reagents Volume, 
Incubation Time, and 
Temperature Conditions

  Fig. 5.    FISH protocol. ( a ) Dispensing of reagents into the “IN” well; ( b ) aspirating from the “OUT” well; ( c ) aspiration from 
the OUT well and incubation for the indicated time; ( d ) removing of reagent excess from the “IN” well.       
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    6.    50  μ l of 1× DPBS: 5 min at room temperature.  
    7.    30  μ l of EtOH 70%: 1 min at room temperature.  
    8.    30  μ l of EtOH 85%: 1 min at room temperature.  
    9.    30  μ l of EtOH 100%: 1 min at room temperature.  
    10.    50  μ l of Denaturing solution: 3 min at 75°C ( see   Note 16 ).  
    11.    30  μ l of EtOH 70%: 1 min at room temperature.  
    12.    30  μ l of EtOH 85%: 1 min at room temperature.  
    13.    30  μ l of EtOH 100%: 1 min at room temperature.       

      1.    Most of commercial probes are provided already denatured, 
but if the probe is not denatured you will need to denature it 
separately following manufacturer instruction.  

    2.    In the case of co-denaturation, the probe will be denatured 
with the sample DNA directly in the microchannel.  

    3.    The amount of probe mix needed for each channel is 0.5  μ l.     

      1.    After the last incubation with EtOH 100% ( step 9 , 
Subheading  3.4.1 ) empty the microchannel completely from 
the OUT well.  

    2.    Place microFIND ®  at 60°C for 2 min to dry completely.  
    3.    Load the probe by aspirating 0.5  μ l of hybridization mix with 

a P2 pipette; to correctly  fi ll the channel, direct the tip toward 
microchannel entry ( see  Fig.  6 ).   

    4.    Wait a few seconds to let the probe  fi ll the microchannel 
completely.  

  3.5.  Probe Preparation

  3.5.1.  Hybridization with 
Denaturation (For Both 
Living or Fixed Cells)

  Fig. 6.    Probe loading. Example of how to load the probe on the bottom of the “IN” well, by 
directing the tip toward the channel; the probe will  fi ll the channel by capillarity.       
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    5.    Cover both wells with a drop (approximately 5–10  μ l) of 
mineral oil to prevent evaporation of probe: use a 10  μ l tip to 
pipette oil on the bottom of the IN well and on top of the 
OUT well.  

    6.    Hybridize the samples on a slide hybridizer (ThermoBrite™ or 
similar) in controlled humidity conditions, however not above 
75–80% relative humidity, following the probe manufacturer’s 
suggested time and temperature. If you don’t have a slide 
hybridizer, you can reach these conditions incubating 
microFIND ®  in a closed box with a vessel  fi lled with saturated 
NaCl solution on the bottom, in a dry incubator ( Note 17 ).      

  Co-denaturation is suitable and reproducible for CEP (Chromosome 
Enumeration Probes) LSI (Locus Speci fi c Identi fi er) probes 
Although some times with lower signal to noise ratio. 

      1.    After the  fi rst ethanol scale ( step 9 , Subheading  3.4.1 ), empty 
the microchannel completely from the OUT well.  

    2.    Place microFIND ®  at 60°C for 2 min to dry completely.  
    3.    Load the probe, pre-heated at 75°C, by aspirating 0.5  μ l of 

hybridization mix using a P2 pipette: to correctly  fi ll the chan-
nel direct the tip toward microchannel entry ( see  Fig.  6 ).  

    4.    Wait a few seconds to let the probe  fi ll the microchannel 
completely.  

    5.    Cover both wells with a drop (approximately 5–10  μ l) of min-
eral oil to prevent evaporation of probe.  

    6.    Co-denature the samples at 75°C for maximum 5 min.  
    7.    Hybridize the samples following probe manufacturer’s sug-

gested time and temperature.      

  After the adhesion procedure (Subheading  3.3.2 ) leave microFIND ®  
at 37°C for at least 5 min to ensure complete  fi xative evaporation, 
then follow the previous Subheading “For Samples Derived from 
Living Not-Fixed Cells” starting from step 3 (Load the probe), 
then proceed with co-denaturation, by directly loading the probe 
in microFIND ® , as described above, incubating at 75°C for maxi-
mum 1.5 min, then hybridizing the samples following probe man-
ufacturer’s suggested time and temperature.    

      1.    After hybridization, remove the pad grabbing it by its  fl ap and 
pulling it away from the slide (Fig.  7 ).   

    2.    Perform post-hybridization washes by dipping the slide in 
coplin jars containing: Wash Solution 1 (pre-heated at 73°C) 
for 30 s and Wash Solution 2 at room temperature for 30 s.  

    3.    Air dry the slide and mount coverslip with 4  μ l of Vectashield 
per microchannel; the slide is then ready for the analysis.      

  3.5.2.  Hybridization with 
Co-denaturation

   For Samples Derived from 
Living Not-Fixed Cells

   For Standard Cytogenetic 
Pellet

  3.6.  Post-hybridization 
Washes
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      1.    Slides are analyzed by  fl uorescence microscopy.  
    2.    Cells that are suitable for analysis and evaluation are located in 

the microchannel area ( see  Fig.  8a ): do not analyze cells that 
are located in the correspondence of the IN and OUT wells if 
they appear as aggregates.   

    3.    First the sample is analyzed at low magni fi cations (10×) to 
identify, through DAPI inspection, cells of interest ( see  Fig.  8b  
for a selected area of analysis).  

    4.    A detailed evaluation of 200 cells at high magni fi cation (100×) 
(scored per probe/per patient) showed that an average of 
97.8% of cells were clearly positive for both probes.  

    5.    Examples of FISH experiments on four CLL patients are 
reported in Fig.  9  (100× magni fi cation). Three patients resulted 

  3.7.  Fluorescence 
Microscopy Analysis 
of FISH

  Fig. 7.    Pad removal. After the overnight hybridization pad can be removed by pulling its  fl ap.       

  Fig. 8.    Example of staining of cells in microFIND ® . ( a ) Low magni fi cation images of DAPI staining (×4) showing the sug-
gested analysis area of the microchannel; ( b ) ×20 magni fi cation of a selected area of the microchannel for FISH analysis; 
 white dots  represent staining of chromosome 12 CEP probe.       
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  Fig. 9.    FISH results on four CLL patients with CEP12 and LSI 13q14.3 probes. Patient (Pat.) 1 shows chromosome 12 
trisomy ( see white   arrows  indicating three  dots  per nucleus), Pat. 2 shows both chromosome 12 trisomy and LSI 13q14.3 
deletion ( see white   arrows  indicating single dot per nucleus), Pat. 3 shows LSI 13q14.3 deletion, and Pat. 4 shows a normal 
genetic asset.       

positive and one negative for the genetic lesions tested; white 
arrows in Patient (Pat.) 1, 2, 3 indicate the presence of a 
speci fi c lesion in the nucleus.   

    6.    The percentage of positivity for each single lesion is reported 
in Table  1 .        
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     1.    Patient samples consist of white blood cells isolated from total 
blood and resuspended in saline buffer. Different methods of 
puri fi cation are suitable, such as density gradient centrifuga-
tion (Ficoll method), hypotonic lysis buffer, or RBL buffer 
treatment, as described in this protocol.  

    2.    Puri fi ed H 2 O must have a controlled pH of 7.0. Uncontrolled 
pH in the water source can lead to degradation of  fl uorophores 
during post-hybridization washes.  

    3.    It is recommended to prepare fresh solutions each time.  
    4.    Prepare digestion buffer 15 min before use and keep at 37°C 

until use. It has been tested that Pepsin reaches optimal mem-
brane digestion activity after a pre-heating time.  

    5.    Routine microscope cleaning and periodic preventive mainte-
nance by the manufacturer’s technical representative are rec-
ommended; check the usage time of the microscopy mercury 
lamp: old lamps can result in a worse signal/noise ratio and 
therefore can produce inappropriate results. Use the indicated 
 fi lters according to the information on probe’s  fl uorophores; 
signal brightness can be improved using the correct  fi lters.  

    6.    Immersion oil contributes to two characteristics of the image 
viewed through the microscope:  fi ner resolution and bright-
ness. These features are most critical under high magni fi cation: 
therefore use an immersion oil with refractive index suitable to 
your objective and matching the mounting media employed.  

    7.    The polymeric material of the micro fl uidic pad slowly releases 
a minimal amount of volatile compounds that could modify 
the properties of the slide coating. This is the reason why slides 
and pads have separated packages. For this reason, the assem-

  4.  Notes

   Table 1 
  Percentages of positivity of speci fi c probes, with respect to 
the observed genetic aberrations   

 N=Negative 
 P=Positive  +12  del 13q14.3 

 Pat. 1  P  63%  N  100% 

 Pat. 2  P  53.5%  P  48.5% 

 Pat. 3  N  100%  P  76% 

 Pat. 4  N  99%  N  98.5% 

  +12 refers to trisomy of chromosome 12, del 13q14.3 to deletion of the speci fi c region 
of chromosome 13  
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bling of microFIND ®  must be done when ready for the FISH 
protocol; the device must therefore be prepared and used 
within 1 h. During these operations, avoid touching the slide 
coating since this would result in degraded performance of the 
device.  

    8.    Samples for FISH can also be derived by procedure of cell 
puri fi cation, like IMAC procedure (Immuno-af fi nity metal 
assisted chromatography) or FACS ( fl uorescence activated cell 
sorting); for instance, this is the case for the analysis of plasma 
cells deriving from multiple myeloma patients. In such case the 
amount of selected cells is often low and the preparation of a 
cytogenetic pellet for standard FISH can cause dramatic cellu-
lar loss: therefore cellular suspension can be prepared directly 
from living cells resuspended in a small volume of isotonic buf-
fer. It is suggested to reduce the volume in not more than 5  μ l 
of isotonic buffer and directly load the sample on the device to 
be able to recover all the cells present in the sample. Cell  fi xation 
and FISH analysis will occur inside microFIND ® , avoiding 
cellular loss.  

    9.    After loading the cell suspension of living not- fi xed cells, do 
not completely aspirate the liquid from the microchannel. This 
would dramatically impair cell adhesion. It is important that no 
air bubbles pass through the channel before the Carnoy 
 fi xative has been loaded.  

    10.    microFIND ®  is able to ef fi ciently immobilize living not- fi xed 
cells in isotonic buffer with a low amount of protein: salt and 
water-based buffers inactivate the surface after the  fi rst incubation 
with the cellular suspension; therefore it is not recommended 
to reload the cellular suspension after the  fi rst incubation and 
cell immobilization.  

    11.    For an effective adhesion, be sure that your sample has been 
resuspended in fresh Carnoy  fi xative. Perform a check for cell 
density ( see  Fig.  4 ): if it is too concentrated proceed with a 
dilution of the pellet with fresh Carnoy, otherwise if too 
diluted, centrifuge the pellet again and resuspend in a lower 
volume. Repeat the check for cell density; a proper cellular 
dilution is crucial for an optimal result; refer to Fig.  4b  as a 
correct reference.  

    12.    Carnoy’s  fi xative evaporation time depends on environmental 
factors like room temperature and relative humidity mainly. 
Evaporation will take a longer time in a highly humid environ-
ment, and vice versa.  

    13.    Contrary to the living cell preparation, cytogenetic pellet can 
be repeatedly loaded in microFIND ®  to reach an optimal 
cellular number and distribution, particularly if the sample has 
a low cell density. In case of multiple loading, be sure that the 
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cytogenetic pellet is a uniform suspension, free of clumps. This 
is a critical point since cell aggregation will impair the correct 
loading of microFIND ® . Between subsequent loading Carnoy 
 fi xative must be completely evaporated. It is possible to speed 
up this step by placing microFIND ®  at 75°C for few minutes.  

    14.    To eliminate the liquid in excess on the IN well it is suf fi cient to 
place the suction cup over the residual volume while aspirating 
and the drop should disappear in an instant. Be sure that during 
all the incubations the reagent reservoir on the IN well DOES 
NOT DRY OUT: in dry environmental conditions (relative 
humidity below 20%) check the volume of the drop and, if 
it decreases rapidly, add an equal amount of reagent volume.  

    15.    Recently the protocol of probe co-denaturation has been 
proposed as alternative to signi fi cantly reduce the protocol 
duration. However, using co-denaturation with microFIND ® , 
reproducible results have been obtained only with CEP probes, 
while with LSI probes the results have not always been satisfac-
tory, suggesting that the denaturation protocol must be 
recommended as  fi rst choice.  

    16.    Check the heating block temperature before starting probe 
denaturation.  

    17.    Do not incubate microFIND ®  in incubators for cell culture: the 
high humidity can cause condensation on the slide and conse-
quent detachment of the polymeric micro fl uidic pad, leading to 
probe diffusion and incorrect hybridization conditions.          
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    Chapter 29   

 An ELISA Lab-on-a-Chip (ELISA-LOC)       

     Avraham   Rasooly      ,    Hugh   A.   Bruck   , and    Yordan   Kostov      

  Abstract 

 Laminated object manufacturing (LOM) technology using polymer sheets is an easy and affordable method 
for rapid prototyping of Lab-on-a-Chip (LOC) systems. It has recently been used to fabricate a miniature 
96 sample ELISA lab-on-a-chip (ELISA-LOC) by integrating the washing step directly into an ELISA 
plate. LOM has been shown to be capable of creating complex 3D micro fl uidics through the assembly of 
a stack of polymer sheets with features generated by laser micromachining and by bonding the sheets 
together with adhesive. A six layer ELISA-LOC was fabricated with an acrylic (poly(methyl methacrylate) 
(PMMA)) core and  fi ve polycarbonate layers micromachined by a CO 2  laser with simple micro fl uidic 
features including a miniature 96-well sample plate. Immunological assays can be carried out in several 
con fi gurations (1 × 96 wells, 2 × 48 wells, or 4 × 24 wells). The system includes three main functional 
elements: (1) a reagent loading  fl uidics module, (2) an assay and detection wells plate, and (3) a reagent 
removal  fl uidics module. The ELISA-LOC system combines several biosensing elements: (1) carbon nano-
tube (CNT) technology to enhance primary antibody immobilization, (2) sensitive ECL (electrochemilu-
minescence) detection, and (3) a charge-coupled device (CCD) detector for measuring the light signal 
generated by ECL. Using a sandwich ELISA assay, the system detected Staphylococcal enterotoxin B 
(SEB) at concentrations as low as 0.1 ng/ml, a detection level similar to that reported for conventional 
ELISA. ELISA-LOC can be operated by a syringe and does not require power for operation. This simple 
point-of-care (POC) system is useful for carrying out various immunological assays and other complex 
medical assays without the laboratory required for conventional ELISA, and therefore may be more useful 
for global healthcare delivery.  

  Key words:   ELISA ,  Lamination ,  Charge-coupled device ,  Micromachining ,  Micro fl uidics , 
 Staphylococcal enterotoxins ,  Enhanced chemiluminescence ,  Carbon nanotubes ,  Point-of-care-
settings ,  Food safety    

 

 Enzyme-linked immunosorbent assay (ELISA)  (  1,   2  )  is one of the 
most common immunological methods used for medical diagnos-
tic and research applications to identify and detect proteins based 
on their binding to immobilized antibodies. In an ELISA “sandwich 

  1.  Introduction
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assay,” a primary antibody is immobilized on a solid surface of a 
microtiter plate in order to bind with a target antigen. After wash-
ing the unbound material, a secondary labeled antibody (with an 
enzyme) is bound to the same target to detect the captured anti-
gen. The binding of the secondary antibody to the target protein 
is quanti fi ed by measuring the activity of an enzyme tagged for the 
secondary antibody (e.g., by optical colorimetric or  fl uorescence 
reaction). 

  Most ELISA assays are performed in 96-well plates which require 
a laboratory setting with dedicated instruments, including plate 
washers, and optical colorimetric, densitometry or  fl orescent detec-
tors. Normally the ELISA assay is slow (e.g., several hours) and 
requires large volumes of samples and reagents. In recent years, 
many LOC devices have been developed with the aim of simplify-
ing and improving the performance of immunoassays. Although 
the majority of LOCs still utilize optical-based immunodetection 
 (  3–  16  ) , a few use other technologies including electrochemical 
detection in combination with nanoparticles  (  17  ) , superparamag-
netic beads  (  18  ) , and a microcantilever transducer combined with 
an impedance analyzer  (  19  ) . However, ELISA is still the gold stan-
dard and the most commonly used assay mainly because of the 
numerous assays and reagents already developed for ELISA during 
the last few decades. 

 Shifting to a new platform requires developing new assays and 
reagents which may not be practical unless the new format offers a 
great advantage. Moreover ELISA is simple, low cost and many 
samples can be assayed simultaneously, while the new detection 
methodologies are relatively complex, expensive, and require 
“exotic” technologies. More importantly, few LOC technologies 
can simultaneously test as many samples as the “classical” ELISA. 
One approach for resolving the limitations of ELISA is applying 
new technologies for the ELISA format which may enable retain-
ing the ability to use current assays and reagents while broadening 
the use of the assay, especially in settings without a laboratory (i.e., 
Point-of-Care). The main limiting factors of using ELISA without 
a laboratory are the need for a detector and a washer. Developing 
low cost simple washers and detectors for Point-of-Care settings 
may enable broader use of the ELISA format in these settings.  

  We recently developed a miniaturized 96-well ELISA plate  (  20  ) , 
requiring as little as 5  μ l of sample that can be combined with a 
CCD camera  (  20–  24  ) , to carry out low-cost immunodetection 
without a laboratory. However, the use of this miniature plate 
requires manual application of the various reagents needed for the 
assay. To eliminate the need for manual  fl uid handling, we devel-
oped an ELISA lab-on-a-chip (ELISA-LOC) which integrates the 
washing step directly into an ELISA plate  (  25  ) . ELISA-LOC 

  1.1.  The Need for 
a New ELISA Format

  1.2.  Lab-on-a-Chip 
for ELISA
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combines three functional elements: (1) reagent loading  fl uidics, 
(2) assay and detection wells plate, and (3) reagent removal  fl uidics. 
So ELISA-LOC enables the performance of ELISA assays without 
a plate washer since it is integrated directly into the plate assay.  

  The most commonly used technology used for LOC fabrication is 
polydimethylsiloxane (PDMS) replication  (  26,   27  ) , mainly because 
it is relatively low cost, easy to fabricate, and easy to seal. As a mate-
rial, PDMS is desirable because it is biocompatible, has low af fi nity 
for biomolecules and cells, has relatively high permeability to gases, 
and has a higher transmission of visible light. Some disadvantages 
of PDMS are the technology is not suitable for mass production, 
long time periods are needed for curing which slows prototype 
development, PDMS swells in some organic solvents making it 
dif fi cult to control feature size, the mechanical strength is low 
enough to make it dif fi cult to handle, and it is more dif fi cult to 
fabricate multilayer 3D-con fi gured devices. 

 Another method for rapidly and inexpensively prototyping 
LOC devices is LOM using direct machining of polymer sheets 
 (  28–  32  ) . In LOM, the patterns and features of the device are cut 
in thin sheets of polymer  fi lm, such as acrylic, polycarbonate or 
polyester, normally with a CO 2  laser cutter, followed by assembly 
and bonding by successive lamination with an adhesive  (  30  )  or 
heat  (  31,   32  )  to produce a three-dimensional object or device. 

 LOM is very effective for rapid prototyping because all of the 
steps are relatively fast and inexpensive. The micro fl uidics  fl ow pat-
tern can be rapidly designed using a CAD program in a very short 
time (depending on the complexity of the design). The laser cutter 
functions as a printer accessible directly from the CAD program, 
which enables rapid design, fabrication, and product realization. 
Finished multilayer LOC devices can be completed and ready for 
testing in as little as several hours. The method is reasonably versa-
tile in allowing the design of complex  fl uidic structures, with more 
complex  fl ow networks requiring more layers. For simpler designs, 
the technique is fast enough that a single machine can produce 
hundreds of units per day. 

 One critical element of LOM is the micromachining of features 
using techniques such as laser machining. Laser fabrication can 
work in either  vector  (line cutting) or  raster  (area etching) modes. 
Vector mode is most useful for cutting through the entire depth of 
the workpiece while in raster mode the laser passes back and forth 
across the surface, creating progressively advancing lines in a linear 
pattern that “ fi ll out” the raster image. The distance of advance for 
each line is normally less than the actual dot-size of the laser, so the 
engraved lines overlap slightly to create a continuous and uniform 
engraving. Laser cutters utilize a computer for controlling engrav-
ing/cutting patterns made by the laser, in a manner similar to the 
function of a printer or plotter, where the printing head is replaced 

  1.3.  LOM for ELISA-
LOC Fabrication
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by the laser. Graphic programs, such as CorelDraw, are used to cre-
ate the design that is converted by the laser cutter device driver into 
instruction for the engraving/cutting operation. These instructions 
enable the laser cutter to control the laser “printing” path, the speed 
at which the beam moves across the material and the laser intensity 
and pulse frequency, which determine the power delivered to the 
engraving surface. During laser micromachining, the workpiece 
material is oxidized or vaporized so that the fumes and debris must 
be removed by ventilation from the cabinet enclosure. The fumes 
and debris can also potentially contaminate the lens and mirror sur-
faces. To avoid such contamination, the cutting site is continuously 
 fl ushed with a jet of ventilation air supplied by a compressor.  

  Most ELISA assays utilize optical detectors to measure the binding 
of the secondary antibody to the immobilized antigen. In most 
assays, such binding is measured and quanti fi ed optically by mea-
suring the activity of the enzyme bound to the secondary antibody 
(e.g., optical colorimetric or through  fl orescence reaction). Most 
of the optical detectors currently used for ELISA analysis utilize 
photodiodes or photomultipliers. As an alternative optical detec-
tor, charge-coupled device (CCD) cameras are a relatively simple 
low cost instrument for optical detection and CCDs have been 
used with several different types of array immunosensors  (  33–  36  ) . 
The main advantage of CCD cameras for ELISA is that as spatial 
detectors, CCDs can be used for analyzing light from a relatively 
large space (e.g., from the entire surface of an ELISA plate). This 
is in contrast to photo diodes or photo multipliers which are 
“point” detectors measuring light over a small area (e.g., from a 
single well on an ELISA plate). To overcome the limitations of 
point detectors for the analysis of larger spaces, the measured sur-
face (e.g., ELISA plate) is normally scanned. Such scanning requires 
mechanical movement of the plate or the use of many detectors to 
cover the plate surface. Since a CCD camera can visualize the entire 
plate at once it does not require an additional scanning system and 
therefore they are relatively lower in cost, easier to operate, more 
reliable, and readily available.  

  The ELISA-LOC system combines several biosensing elements: 
(1) Carbon nanotube (CNT) technology to enhance primary anti-
body immobilization, (2) sensitive ECL (electrochemilumines-
cence) detection, and (3) a charge-coupled device (CCD) detector 
for measuring the light signal generated by ECL. The large sur-
face area of the CNTs (typically 400–1,000 m 2 /g for HiPco) was 
used to increase the amount of primary antibody on the plate, and 
thus improved the sensitivity of ELISA assays to Staphylococcal 
enterotoxin B (SEB) from 1 to 0.01 ng/ml  (  37  ) . While  fl uorescence 
or colorimetric detection is widely used for ELISA detection, 
 fl uorescence detection requires an illumination source, as well as 

  1.4.  CCD-Based 
Detectors for ELISA

  1.5.  Improving 
Sensitivity 
of ELISA-LOC
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excitation and emission  fi lters which complicate the CCD detec-
tor and increase cost. Colorimetric assays are not as sensitive, so 
for the ELISA-LOC a sensitive enhanced chemiluminescence 
(ECL) assay  (  21,   23  )  can be used for detection with a simple but 
sensitive CCD imager  (  38,   39  ) .  

  We used ELISA-LOC for the detection of Staphylococcal entero-
toxins (SEs) which are a group of 21 (known) heat labile toxins 
produced by  Staphylococcus aureus . SEs are implicated in several 
illnesses including food-borne diseases resulting from the con-
sumption of a broad variety of contaminated food (e.g., dairy 
products, unrefrigerated meats, salads, bakery products, etc.) 
 (  40–  44  )  causing various gastrointestinal symptoms such as vomit-
ing, nausea, and diarrhea even at low levels of exposure (e.g., total 
intake of SEA of approximately 20–100 ng per person)  (  45  ) . 
In addition, SEs have also been implicated in other diseases such as 
atopic eczema  (  46–  48  ) , rheumatoid arthritis  (  49,   50  ) , and toxic 
shock syndrome  (  51  ) , and are also recognized as potential 
bioweapons  (  52–  55  ) . Many pathogenic  S. aureus  strains contain 
several SE genes  (  56–  59  ) . SEs are traditionally assayed immuno-
logically mainly with ELISA. Rapid detection of SEs is important 
for public health, especially for managing SEs outbreaks.   

 

      1.    Single-walled carbon nanotubes (CNTs) (Carbon Solutions, 
Inc., Riverside, CA).  

    2.    3:1 v/v Mixture of concentrated (98%) sulfuric acid: 70% nitric 
acid for CNT oxidization and shortening.  

    3.    Poly(diallyldimethylammonium chloride) polymer (PDDA) 
(Sigma-Aldrich, St. Louis, MO).  

    4.    Rabbit anti-SEB af fi nity puri fi ed IgG, 0.01 mg/ml in 20 mM, 
pH 8.0 PBS buffer (Toxin Technology, Sarasota, FL).  

    5.    Fisher (FS-14) Sonicator (Fisher Scienti fi c, Pittsburgh, PA).  
    6.    Beckman mini centrifuge (Beckman, Fullerton, CA).      

      1.    Clear 0.25 mm thick polycarbonate  fi lm and 1/8 in. (3.2 mm) 
black acrylic (Piedmont Plastics, Beltsville, MD).  

    2.    Adhesive: 3M 9770 adhesive transfer double-sided tape 
(Piedmont Plastics, Beltsville, MD).  

    3.    Epilog Legend CO 2  65W computer controlled laser cutter 
(Epilog, Golden, CO).  

    4.    Corel Draw 11 (Corel Corp. Ontario, Canada).  
    5.    Alignment plate with two pins for aligning multiple layers.      

  1.6.  Staphylococcal 
Enterotoxins

  2.  Materials

  2.1.  Preparation of 
CNT Immunosensor

  2.2.  Design and 
Fabrication of 
ELISA-LOC Using LOM
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      1.    Staphylococcal enterotoxin B (SEB) (Toxin Technology, 
Sarasota, FL).  

    2.    Phosphate buffer (PBS) (20 mM, pH 8.0).  
    3.    Washing buffer: 20 mM PBS, pH 7.4.  
    4.    Blocking buffer: 1% Bovine serum albumin (BSA) w/v in 

PBS.  
    5.    Horseradish peroxidase (HRP)-conjugated anti-SEB IgG, 

0.01 mg/ml in 20 mM, pH 8.0 PBS buffer (Toxin Technology, 
Sarasota, FL).  

    6.    Immun-Star HRP Chemiluminescence Kit (Bio-Rad, Hercules, 
CA).  

    7.    HRP substrate:  o -Phenylenediamine dihydrochloride (OPD) 
(Sigma-Aldrich, St. Louis, MO).  

    8.    SXVF-M7 Cooled CCD camera (Adirondack Video Astronomy, 
Hudson Falls, NY).  

    9.    Tamron manual zoom CCTV 4–12 mm, f1.2 lens, (Spytown, 
Utopia, NY).  

    10.    Enclosure for CCD and ELISA-LOC setup.  
    11.    LED light box optical  fi lters (optional—for  fl uorescence 

measurements).  
    12.    ImageJ software; developed and distributed freely by NIH 

(  http://rsbweb.nih.gov/ij/download.html    ).       

 

      1.    Carbon nanotube preparation: CNTs were prepared as 
described in previous work  (  21,   23,   37  )  as follows.  

    2.    30 mg of CNTs were  fi rst shortened and oxidized by mixing 
with a concentrated sulfuric acid and nitric acid mixture (3:1 
v/v) and sonicating for 6 h.  

    3.    The CNTs were then extensively washed in water (100 ml) 
until neutralized (pH 7.0). using a centrifuge.  

    4.    The CNTs were then dispersed in 100 ml 1 M NaOH solution 
for 5 min to achieve net negative charged carboxylic acid 
groups.  

    5.    They were washed again with water (100 ml).  
    6.    CNT-Antibody functionalization: A linker molecule to the car-

bon nanotube was used  (  60  )  to facilitate functionalization. 
Polydiallyldimethylammonium chloride (PDDA) is positively 

  2.3.  ELISA-LOC SEB 
Assay and Detection

  3.  Methods

  3.1.  Preparation 
of CNT Immunosensor

http://rsbweb.nih.gov/ij/download.html
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charged and the SEB antibody is negatively charged, so anti-
bodies are electrostatically adsorbed onto the carbon nano-
tube. This positively charged polycation was adsorbed by 
dispersing the CNTs in 50 ml of 1 mg/ml PDDA in 0.5 M 
NaCl for 30 min, followed by centrifugation (12,000 ×  g ) for 
15 min and washing with 100 ml of water.  

    7.    The CNTs were functionalized by dispersing in rabbit anti-
SEB IgG in phosphate buffer solution (20 mM, pH 8.0) at a 
concentration of 0.01 mg/ml for 1 h at room temperature to 
allow adsorption of the antibody onto the CNT surface.  

    8.    After centrifugation (15 min at 12,000 ×  g ) and washing exten-
sively with water (10 ml), the modi fi ed CNTs were stored at 
4°C in pH 8.0 phosphate buffer at a concentration of approxi-
mately 1 mg/ml for no more than 2 weeks before use.      

      1.    Corel Draw computer aided drawing (CAD) software was used 
to design the patterns and features of the device.  

    2.    Before cutting, layers of polycarbonate (PC) and acrylic 
(poly(methyl methacrylate) (PMMA)) were coated with 3M 
9770 adhesive transfer double-sided tape.  

    3.    Remove approximately 1 cm of the liner from one side of the 
double-sided adhesive tape roll.  

    4.    Align and attach this portion of the tape with the polymer sur-
face to be bonded (e.g., polycarbonate  fi lm or acrylic layer).  

    5.    With a ruler, press the tape against the polymer surface and 
slowly unwind the tape and press it against the acrylic surface 
with the ruler to prevent air bubbles.  

    6.    Cut the tape.  
    7.    To create a polymer surface with adhesive on both sides, repeat 

for the other side of the polymer.  
    8.    The cutting and engraving was done with a CO 2  laser cutter as 

described in previous work  (  20,   22,   24  ) , which is designed to 
work with thin sheets of polymer  fi lm, such as acrylic, polycar-
bonate, and polyester.  

    9.    Depending on the material being cut, different power levels 
and speed settings have to be used to ensure a clean cut. Cutting 
parameters need to be determined empirically (see  Note 1 ).  

    10.    After cutting, the edge of the PC, PMMA and double-sided 
tape needs to be cleaned using a toothbrush and a needle.  

    11.    The layers were assembled and bonded by successive lamina-
tion with adhesive  (  30  )  to produce a three-dimensional device 
 (  28–  32  ) . For LOM, the liner is removed from the adhesive on 
each layer. Each layer is then aligned using guide holes machined 

  3.2.  Fabrication 
of Laminated LOC
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in all layers. A simple plate with two pins is used to align the 
layers (Fig.  1 ) which are  fi rst joined together with gentle 
pressure.   

    12.    The polycarbonate layers were bonded to the acrylic with 
double-sided pressure-sensitive adhesive transfer tape (see 
 Notes 2 – 4 ). Since the transfer tape is bonded to the acrylic 
prior to machining, during machining the adhesive is removed 
in the area which will contact with the  fl uid. Thus, the sample 
has minimal contact with the adhesive during LOC operation.      

  Figure  2 -I shows the multilayer, 3D micro fl uidic structure of the 
laminated LOC ELISA-LOC fabricated using the aforementioned 
LOM techniques. The device consists of (A) an interchangeable 
 fl uid delivery system (Fig.  2 -I-A) which functions as the top of the 
plate and can be con fi gured to perform assays in several different 
formats; (B) a miniature 96-well plate (Fig.  2 -I-B) where the assays 
are carried out and detected; and (C) a  fl uid outlet system used to 
remove reagents from the wells (Fig.  2 -I-C) attached to the bot-
tom of the plate. The arrows in the  fi gure show the direction of the 
 fl ow.  

 The design overlay of the ELISA-LOC (Fig.  2 -II) and pictures 
of the actual device (Fig.  2 -III) show its major features, while the 
actual device is fabricated with black PMMA to minimize optical 
cross talk, Fig.  2 -III shows a device fabricated with clear PMMA to 
show the elements of the device. To visualize the details, the device 
was loaded with  fl uorescein dye and photographed, after washing 
(Fig.  2 -IV). The wells with the outlet holes (the bright spots in the 
center of the wells) and the outlet channels (the bright lines across 
the wells) are shown clearly in this image. The  fl uids are kept in the 
wells by surface tension. The diameter of the wells is 3 mm and the 
width of the channels and the hole in the bottom of the wells is 
approximately 0.2 mm. 

  3.3.  Design 
and Fabrication 
of ELISA-LOC

  Fig. 1.    Multilayer LOC assembly: An aligning plate ( a ) with two pins and two layers to be 
assembled ( b  and  c ).       
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      A.    Fluid delivery system 
 The  fl uidic delivery system also forms the cover for the wells in 
the assay plate and is used to deliver assay reagents including 
HRP-labeled secondary antibodies, wash buffers, HRP sub-
strate for enzymatic detection, and ECL reagents to generate 
the light from the HRP enzymatic reaction. The  fl uidics are 
arranged to create groups of wells (“nodes”), as described 
above, to divide the plate into different assays. 
A simpli fi ed  fl uidics with only two nodes is shown in Fig.  2 -I-
A. The  fl uid delivery system has an inlet port (1) which is con-
nected to a syringe or pump for reagent delivery, an optional 
input  fl uid distribution splitter  (2) to distribute reagents 
between nodes, and a  fl uid loading chamber (3) with a pres-
sure equalization vent (4). As shown in Fig.  2 -I, the inlet sup-
plies  fl uid (Fig.  2 -I-A) to four nodes (only two shown), each 
delivering reagents to two 12-well sample rows. The nodes can 
be made smaller (e.g., a single 12 sample row), or the nodes 
can be interconnected to carry out a single assay in all 96 
wells.  

    B.    96-Well assay plate 
 The plate assay is fabricated with black PMMA, (Fig.  2 -I-B), 
each of the 96 assay wells (5) has a volume of 13  μ l with 

  3.3.1.  Components of the 
ELISA-LOC

  Fig. 2.    Functional elements of ELISA-LOC: Diagram I shows an expanded 3D design of an ELISA-LOC, II shows the complete 
design overlay of the assembled 96-well device, and III shows the actual device and enlarged wells assembly is shown in 
IV. In the expanded diagram I, the three main layered elements of the LOC are shown:  fl uid delivery (I-A), which serves as 
the cover for the device, sample wells (I-B) for assay incubation and detection, and the outlet system (I-C) for  fl uid removal. 
The  arrows  in the  fi gure show the direction of the  fl ow.       
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holes on the bottom, serving as an outlet for  fl uid removal 
(see  Note 5 ). 

 An important and innovative aspect of ELISA-LOC is the 
use of a  fl uid tension passive valve to control  fl ow. Valves to 
control liquid  fl ow complicate fabrication of LOC, increase 
cost and can reduce reliability. We use a simple “surface ten-
sion” valve, which is an approximately 0.2 mm diameter hole 
in the bottom of the well, to control  fl ow as shown in Fig.  2 -
IV. Fluid surface tension keeps the  fl uid in the wells (e.g., dur-
ing binding antibody antigen). When a vacuum is applied 
through the outlet,  fl uid can be sucked through the holes and 
empty the wells to the outlet channels.  

    C.    The outlet system for  fl uid removal 
 The bottom of the assay plate is attached to the outlet system 
(Fig.  2 -I-C) and connected to a syringe used for  fl uid removal. 
The eight outlet channels (6) are positioned under the holes 
on the bottom of the wells. Groups of two channels are con-
nected from both ends to the negative pressure distribution 
splitters (7), providing low pressure from both sides of the 
channels. The distribution splitters are connected to the outlet 
port (8) of a pump or syringe. When a vacuum is applied to the 
outlet port (8),  fl uid from the wells moves into the channels. A 
syringe may also be used, such that no electric power is required. 
The 3D  fl uidic path through the chip is in both the horizontal 
(within layers) and vertical (between layers) directions, as 
shown by the arrows in Fig.  2 -I. Horizontal  fl ow within the 
layers  fi lls the  fl uid delivery system (3) and the outlet channels 
(6). Vertical  fl ow between the three layers moves  fl uids between 
layers from the  fl uid delivery to the wells (5) and from the 
wells to the outlet system (6).      

  Figure  3  shows the layers of the laminated ELISA-LOC for each of 
the three elements as shown in Fig.  2 . These three elements are the 
 fl uid delivery system (Fig.  3a ), the 96-well assay plate (Fig.  3b ), 
and the outlet system for  fl uid removal (Fig.  3c ). The LOC is con-
structed with PMMA cores laminated with  fi ve layers of thin poly-
mer bonded with adhesive following the method described in 
Subheading  3.2 . The relatively thick PMMA core provides rigidity 
to the assembly and space for high volume  fl uidic reservoirs (e.g., 
for the wells). In Fig.  3 , the core well layer (III) and the bottom 
layer (VI) are both 3.2 mm PMMA, a rigid polymer. All the other 
layers are 250  μ m polycarbonate (PC), except for the distribution 
layer II, which is 1.6 mm PC. Layers II, III, and V are laminated 
with the adhesive prior to CO 2  laser micromachining. The layers 
are assembled by aligning them with the adjoining layers using the 
alignment holes (elements 9A and 9B in Fig.  3 ) in a two-pin device 
(Fig.  1 ). These alignment holes are used again after the samples 
have been deposited into the wells to align the  fl uidic distribution 

  3.3.2.  Fabrication 
of ELISA-LOC
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layer prior to bonding. The individual layers in the design shown 
in Fig.  3  are presented in a top-down view. The layer numbers cor-
respond to their order in the chip, with layer I on top. The func-
tional elements shown in Fig.  3  are labeled using the numbering 
scheme introduced in Fig.  2 .  

  Fig. 3.    Outline of the six layer ELISA-LOC: The three main elements of the six layers ELISA-
LOC are shown as in Fig.  2 :  fl uid delivery ( a ), samples wells ( b ), and the outlet system ( c ) 
for  fl uid removal. In the  fi gure, layers are  numbered  in order from the top layer down (I to 
VI). All the layers are 250  μ m PC, except the distribution layer II, which is 1.6 mm PC, and 
well layer III and bottom layer VI, which are 3.2 mm PMMA. Two con fi gurations of the 
device are shown: four interconnected nodes (II-A) with its corresponding cover (I-A) and 
four independent nodes (II-B) with its corresponding cover (I-B). The main elements of the 
system are for  fl uid delivery ( a ) inlet (1) connected to a syringe for reagent delivery, which 
is a single port for interconnected nodes (I-A and II-A) or four ports for the independent 
nodes (I-B and II-B). The input  fl uid distribution splitter (2) distributes reagents between 
the nodes if the interconnected design is used (II-A); otherwise this element can be omit-
ted. The  fl uid loading chamber (3) with its pressure vents (4) are the main components of 
the  fl uid delivery element (layers I and II). The assay plate ( b ) includes the PMMA wells in 
layer III for assay incubation and detection (5-A). Each well is fabricated with a small hole 
(5-B) in the bottom, which serves as  fl uid outlet (5-B) in layer IV. The outlet system ( c ) was 
designed with two outlet channels per node (6) in layer V, placed directly under the well 
holes. All outlet channels are interconnected via two negative pressure distribution split-
ters (7-A) engraved in the PMMA and connected to the outlet port (8) for a pump or 
syringe, which runs through all the layers. All the layers include two alignment holes (9-A 
and 9-B).       
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 The  fl uid delivery system is shown in Fig.  3  panel a with two 
different con fi gurations. I-A is one node con fi guration for loading 
all 96 wells with the same reagents and I-B is a four node 
con fi guration to load each of the four nodes, each with 24 wells, 
with the same reagents. In layer I, the system inlet (1) is connected 
to a syringe for reagent delivery either at a single port where all the 
nodes are interconnected to deliver the same reagents to all 96 
wells (IA and IIA), or with four ports, each delivering reagents to 
a node with 24 wells (IB and IIB). Layer I also includes pressure 
vents (4) to let air out during  fi lling (see  Note 6 ). 

 Layer II is used for  fl uid distribution to the wells. An input  fl uid 
distribution splitter (2) distributes reagents between the nodes if the 
interconnected design is used (IIA). This element can be omitted 
when four independent nodes are used (IIIB). Reagents (buffers, 
secondary antibody, ECL reagent, etc.) are loaded for distribution 
into the wells in the  fl uid loading chamber (3). This layer is a dou-
ble-sided adhesive layer. The volume of  fl uid distributed to the wells 
can be determined by varying the thickness of PC used. 

 The 96-well assay plate is shown in Fig.  3  panel b. Layer III is 
normally made of black PMMA and contains the wells for assay 
incubation and detection (5A). This layer has adhesive on the bot-
tom. Layer IV forms the bottom of the wells, each with a small 
hole (5B) to serve as a  fl uid outlet when vacuum is applied. 

 Figure  3  panel c illustrates the outlet system, which removes 
 fl uid from the wells via the  fl uid outlet. Layer V is made of PC and 
has eight outlet channels placed directly under the well’s holes of 
layer IV. It was designed with two outlet channels per node (6), 
each corresponding to a row of wells. This layer has adhesive on 
both sides. The bottom layer, layer VI is fabricated with PMMA 
and the elements are engraved in the PMMA (rather than cut all 
the way through). Layer VI allows all the outlet channels to be 
interconnected from both ends via two negative pressure distribu-
tion splitters (7A and 7B) engraved in the PMMA. The splitters are 
connected to the outlet port (8) for a pump or syringe to apply a 
vacuum, which drains the wells and moves the reagents in the 
channels. 

 As discussed above, the sample wells and the outlet (Layers 
III–VI) are preassembled, while the  fl uid delivery system is attached 
as a cover (Layers I–II) using the alignment holes after the samples 
are added to the wells.  

  In order to assemble the device, the assay plate, with its 96 wells 
(Fig.  2 -I-B), and the outlet nodes (Fig.  2 -I-C) are both preas-
sembled. After loading samples into the wells, the  fl uid delivery 
system is used to cover the LOC. Fluids are delivered to the assem-
bled LOC via the input port (Fig.  2 -I-A-1) and the reagents are 
split among the four nodes. The immunological assay is carried out 
and monitored in the assay wells (5). The outlet of the device (8) 
is connected to a pump or syringe for  fl uid delivery.   

  3.3.3.  Assembly 
of ELISA-LOC
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  Whilst the ECL assay described in this chapter does not require 
illumination,  fl uorescence detection is also possible using an LED-
based light box together with the CCD detector described in pre-
vious work  (  20,   22,   24  ) . This consists of an enclosure, a custom 
LED-based light box with exchangeable  fi lters for illumination, an 
SXVF-M7 camera equipped with a Sony ICX-429ALL CCD with 
752 × 582 pixels, and a Tamron manual zoom CCTV 4–12 mm, 
f1.2 lens. 

 Fluorescence detection can be used to test that there are no 
unanticipated leaks or mixing between nodes. For this, the four 
independent nodes con fi guration (Fig.  3a ) was used with two 
nodes (I and III) loaded with  fl uorescein and two nodes (II and 
IV) with buffer. In the four node 96-well  fl uidics con fi guration 
(Fig.  4b ), seven of the eight rows of wells were loaded with 
 fl uorescein and the last row loaded with buffer to measure back-
ground. The  fl uorescein emission was detected with the CCD-
based  fl uorescence detector (see  Notes 7 – 9 ).  

 In both the single node and 4-node con fi gurations, no 
 fl uorescence signal is seen from the buffer-only lanes, suggesting 
that there are no  fl uid leaks between the wells and that the nodes 
function independently. The 4 mm focal length of the CCD detec-
tor zoom lens enables wide angle imaging from a short distance 
(9 cm) which is suitable for signal detection from the broad array 
of assay formats, however as seen in Fig.  4 , the intensity of the light 
at the edge of the image is lower than at the center and the image 
is curved. Such a “ fi sh eye” image is typical for wide-angle lenses 
(e.g., 4 mm), especially with close-up photography. The distortion 
can be  fi xed by computer enhancement of the image or by increas-
ing the focal length of the zoom lens. However, increasing the 
length of the lens will increase the size of the detector.  

  In an ELISA assay, there are several  fl uid handling steps: the 
primary antibody immobilization in the ELISA plate wells, the 
addition of the sample to the well, the washing away of unbound 
sample, addition of a labeled secondary antibody, and, following 
an additional washing step, the labeled antibody is assayed and 
measured. To perform these steps, current ELISA systems rely on 
manual pipetting or use separate equipment for reagent delivery 
and for washing. Fluid handling could be simpli fi ed by incorporat-
ing micro fl uidics into the ELISA plate to perform liquid handling 
steps with no additional equipment.

    1.    Preassemble the ELISA-LOC components described in 
Subheading  3.3 , (the  fl uid delivery system, the 96-well assay 
plate, and the outlet system for  fl uid removal), using the LOM 
methods described in Subheading  3.2 .  

    2.    Functionalization of the plate: To prepare the plate assay, 15  μ l 
of antibody functionalized CNT solution (prepared in 

  3.4.  Fluorescence 
Detection with 
ELISA-LOC Using 
LED-CCD-Based 
Detector

  3.5.  ELISA-LOC Assays
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Subheading  3.1 ) was dropped into the wells of the 96-well 
sample chip.  

    3.    This is then dried and rinsed with 2 ml washing buffer for 
5 min to eliminate any loose or partially immobilized CNTs.  

    4.    The CNT-antibody modi fi ed wells were then blocked with 1% 
BSA for 30 min.  

    5.    Samples of various concentrations of SEB in PBS buffer solu-
tion are manually added to the ELISA-LOC wells (with the 
primary antibody–CNT complex) using 15  μ l SEB sample per 
well. A range of concentrations of SEB in buffer (0.01–50 ng/
ml) was used in this study.  

    6.    After loading the samples, the  fl uid delivery system top is 
bonded onto the 96-well plate, sealing the plate. The entire 
assembly is then incubated for 60 min at room temperature.  

  Fig. 4.    Two con fi gurations of  fl uid delivery system: ( a ), Con fi guration with four independent 
nodes (marked I–IV) and ( b ), Single node 96-well  fl uidics con fi guration. To demonstrate 
that there is no cross talk between nodes, in the single con fi guration, seven of the eight 
rows of wells were loaded with  fl uorescein, and for the four independent nodes 
con fi guration, nodes I and III were loaded with  fl uorescein and the nodes II and IV were 
loaded with buffer. Both chips were detected with a CCD camera. The ELISA-LOC was 
illuminated by blue LED with blue excitation  fi lter and the signals of the detection wells 
were detected by the CCD camera, equipped with a green emission  fi lter.       

 



46529 An ELISA-LOC

    7.    The following steps were then performed by the ELISA-LOC 
 fl uidics system with reagents loaded sequentially into the load-
ing  fl uid delivery system inlet (Fig.  2 , I-a) using a syringe (con-
nected to the outlet shown in Fig.  2 -6) to move the  fl uids. In 
this con fi guration, no external power was needed to operate 
the device and cross mixing and diffusion between channels 
was not an issue because after the initial loading of the samples, 
the same reagents (wash buffer, secondary antibody, ECL 
reagents) are used for all steps.
   (a)    The plate was washed with 2 ml of washing buffer deliv-

ered using a syringe via the  fl uid delivery system (while the 
device is slightly tilted to prevent air bubbles).  

   (b)    The buffer was removed via the  fl uid outlet system (bonded 
to the bottom of the plate).  

   (c)    Following washing, 2 ml of HRP conjugated anti-rabbit 
IgG (0.01 mg/ml) in PBS buffer was injected via the  fl uid 
delivery system and incubated for 1 h.  

   (d)    This was followed by three more cycles of washing with 
2 ml of PBS washing buffer as described above.  

   (e)    The ECL assay was performed by adding 2 ml of ECL 
buffer (mixing the two solutions from Chemiluminescent 
Kit in a 1:1 volume ratio) and by measuring ECL 
intensity.      

    8.    In the presence of HRP (bound to the secondary antibody), 
luminol in the ECL reagents reduces hydrogen peroxide, 
which emits light as it returns to its basal state and is detectable 
using the CCD detection setup. No illumination of the LOC 
is required because the ECL is light-emitting and is not a 
 fl uorescence assay.      

  As seen in Fig.  5 -I, the row with no SEB (row A) seems to be bright 
especially at the edge of the wells because of evanescent light pass-
ing through the PC (see  Note 10 ) as shown in more detail in 
Fig.  5 -II for rows A and B. A 3D analysis of panel 5-II is presented 
in 5-III showing a high signal at the edge of the well and a low 
signal (marked with an arrow) at the center. To minimize the effects 
of this light, only the center of the well (the dark portion) is mea-
sured (marked by a circle in Fig.  5 -II). While the assay can resolve 
the 10× differences (e.g., between 0.01 and 0.1 ng/ml), it cannot 
discriminate 5× differences (e.g., between 0.1 and 0.5 ng/ml). 

    1.    Signal intensities from the CCD images were quanti fi ed using 
ImageJ (see  Note 11 ) and the dose response curve was plotted 
(Fig.  5 -IV). The CCD image intensities (Fig.  5 -I) show an 
increase in the signal corresponding to increasing concentra-
tion of SEB (Fig.  5 -IV).  

  3.6.  ELISA-LOC 
Detection and Analysis 
of Staphylococcal 
Enterotoxin B
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    2.    The ImageJ data were then imported into Microsoft Excel for 
further analysis. To measure the signal from each well, a circle 
(e.g., 20 pixels in radius) in ImageJ was used to measure the 
region of interest, which covers roughly 75% of the surface of 
each well on the plate.  

  Fig. 5.    ELISA-LOC detection of Staphylococcal enterotoxin B (SEB): Various concentrations 
of SEB were tested in a four node ELISA-LOC. I. The initial CCD image; II an enlarged 
image of rows A and B (the measured area marked with a  circle ), III. A 3D ImageJ analysis 
of  panel  II with an  arrow  pointing to the measured area and IV a plot of the signal/noise 
ratio (the noise is derived from row A with no SEB). The experiment was arranged so that 
each of the eight concentrations of SEB (0, 0.01, 0.1, 0.5, 1, 5, 10, 50 ng/ml) was loaded 
each in a row (represented by  letters  ). The  side triangle  shows the order of loading the 
samples from high to low SEB concentrations, each of the eight concentrations ( rows ) 
were loaded with 12 replica columns (the  numbers ).       
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    3.    The signal for the individual wells was calculated as the average 
of the intensity values of the respective pixels. The value 
obtained with a concentration of 0 ng/ml SEB was de fi ned as 
the background. The signal-to-noise ratio (SNR) was further 
used to quantify the SEB concentration.     

 The limit of detection (LOD) represents a measured concentration 
that generates a signal three times the standard deviation above 
background, which is 0.1 ng/ml. This is comparable to the sensi-
tivity of standard ELISA assays for Staphylococcal enterotoxins, 
which generally use optical detection, and have LOD ranges from 
0.1 to 10 ng/ml  (  61  ) . The typical LOD for commercial colorimet-
ric ELISA systems is from 0.5 to 2 ng/g of food  (  62–  67  ) .   

 

     1.    The laser power and speed for cutting polymers has to be 
determined empirically. It is recommended to use the mini-
mum laser power to reduce overheating or burning the mate-
rial. The appropriate settings are arrived at by trial and error. It 
is good practice to use the minimum necessary power for cut-
ting to minimize burning of the material and localized heating 
of the workpiece. The power settings for the vector mode used 
for fabrication depend on the cutting objective. In most cases, 
vector cutting is designed to be through cutting which can be 
done at high power and high beam speed. It is essential to 
clean debris from the cuts after laser cutting as well to avoid 
blocking the channels by polymer and adhesive debris.  

    2.    The type of adhesive used for LOC systems is seldom reported 
making it dif fi cult to reproduce the designs of others. Several 
adhesive tapes can be used for bonding, including 3M 9770, 
3M 9690, and 3M 501FL. 3M 9770 is an adhesive transfer 
tape with 2.0 mil (51  μ m) hi-strength acrylic adhesive 330MP 
on a 4.2 mil (106  μ m) polycoated Kraft liner. According to the 
manufacturer, the adhesive will hold securely after exposure to 
numerous chemicals including oil, mild acids, and alkalis. The 
tape can be used for short periods (up to an hour) at tempera-
tures up to 120°C. The adhesive transfer tape is normally 
applied on one or both sides of a particular layer. To apply the 
tape, the liner is  fi rst removed from one side followed by bond-
ing to the polymer surface (e.g., polycarbonate). Once the 
polymer/adhesive assembly is created, it can be cut in the laser 
cutter. Final assembly then involves removing the remaining 
liner, alignment of the layers and application of pressure to 
make the bond. The main challenge with this adhesive tape is 

  4.  Notes
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that the adhesive may  fl ow when pressure is applied during 
bonding. When the design involves small channels, the  fl owing 
adhesive can block the small channels.  

    3.    The double-coated tape 3M 9690 uses 330MP adhesive 2.8 mil 
(70  μ m) on a clear 2 mil (50  μ m) polyester carrier. The adhe-
sive in this system may  fl ow less than 3M 9770, resulting in less 
blocking of channels, although the potential still exists. The 
polyester carrier can be used as one of the layers for the 
micro fl uidics replacing a polycarbonate layer, thereby simplify-
ing production. However, as with 3M 9770, channel blocking 
can still occur. Unfortunately the, polyester carrier used in 3M 
9690 exhibits auto  fl orescence so it is less useful when 
 fl orescence detection is desired.  

    4.    The 3M 501FL is called ultra-clean laminating adhesive trans-
fer tape, and it comes without polyester backing. The 25  μ m 
adhesive layer may reduce  fl ow into the channels; it uses a 
50  μ m PET, silicone liner (3M 9770 uses a polycoated Kraft 
liner) which seems to produce cleaner cuts, especially when 
engraving is used.  

    5.    The “holes” for the wells on the assay plate are 3 mm in diam-
eter, which allows for analysis of 20  μ l samples (only ~13  μ l 
used). Smaller holes make the loading of the sample less repro-
ducible because the  fl uid meniscus within the wells causes light 
diffraction, which complicate quanti fi cation.  

    6.     Loading the  fl uidics:  One issue with performing the assay is 
occasionally air bubbles will become trapped in the  fl uidic sys-
tem. A simple solution for this problem is to place the LOC at 
a slight angle thus decreasing the trapping of air bubbles in the 
system. The air outlets (Fig.  3 -A-4) enable air venting.  

    7.    For the CCD detector, to measure light uniformity, it is impor-
tant to measure the light with a long enough exposure time 
(e.g., 60 s) to measure the CCD uniformity when all of the 
wells are loaded with the same FITC  fl uorescence sample. If 
the lighting is not uniform, correction values for each well can 
be calculated and use for measurement composition.  

    8.    For the CCD detector, to measure the effectiveness of the 
 fi lters, it is recommended to perform two long exposures (e.g., 
3 min) without the assay plate, one with the LEDs on and one 
with the LEDs off. Ideally, the two measurements should be 
very similar (the blue  fi lters pass only blue light which is blocked 
by the green  fi lters). The difference between measurements 
may suggest that the blue  fi lters do not block all green light 
and/or the green  fi lters do not block all blue light.  

    9.    For taking images, a fully open aperture (e.g., f1.2) will enable 
shorter exposure times, but focusing will be more limited and 
the image less sharp.  
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    10.     Controlling noise : Fluorescence emission and scattered 
excitation light can propagate through the chip, causing cross-
talk between adjacent channels. This can become a major 
source of optical noise in the system  (  22,   28,   68  ) , which 
reduces the sensitivity of the measurements. To limit the effect 
of  fl uorescence background, PC, and not Mylar, which is a 
commonly used material for lamination-based fabrication, was 
used as the main fabrication material due to its lower 
 fl uorescence background  (  22  ) . Using black material decreases 
the noise. Adding air gaps between channels did not reduce 
the background noise.  

    11.    For data analysis, use the ImageJ high contrast visualization, 
which will not affect the values but will enable easy selection of 
the spots.          
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    Chapter 30   

 Multiplexed Surface Plasmon Resonance Imaging 
for Protein Biomarker Analysis       

     Eric   Ouellet   ,    Louise   Lund   , and    Eric   T.   Lagally         

  Abstract 

 The reliable detection of ligand and analyte binding is of signi fi cant importance for the  fi eld of medical 
diagnostics. Recent advances in proteomics and the rapid expansion in the number of identi fi ed protein 
biomarkers enhance the need for reliable techniques for their identi fi cation in complex samples. Surface 
plasmon resonance imaging (SPRi) provides label-free detection of this binding process in real-time. This 
chapter details the fabrication of an SPR imaging instrument and its use in analyzing molecular binding 
interactions with the use of a high-density micro fl uidic SPRi chip, capable of multiplexed analysis as well 
as various immobilization chemistries. Controlled recovery of bound biomarkers is demonstrated to enable 
their identi fi cation using mass spectrometry. Finally, activated leukocyte cell adhesion molecule (ALCAM), 
a protein biomarker associated with a variety of cancers, is identi fi ed from human crude cell lysates using 
the micro fl uidic surface plasmon resonance imaging (SPRi) instrument.  

  Key words:   Surface plasmon resonance (SPR) imaging ,  Micro fl uidic arrays ,  Poly(dimethylsiloxane) , 
 PDMS ,  HeLa cells ,  Biomarkers ,  Mass spectrometry ,  Self-assembled monolayers    

 

 Protein biomarker interactions are of fundamental importance in 
biology and medicine. With the publishing of the human genome 
sequence and the corresponding growth of systems biology as a 
method to discover individual markers of human disease, high-
throughput techniques for measuring protein–protein interactions 
are increasingly required  (  1–  5  ) . 

 Surface plasmon resonance (SPR)  (  6,   7  )  is a widely used sur-
face-sensitive method for biomolecular interactions analysis (BIA) 
capable of measuring molecular binding events at a metal surface. 
This is accomplished by coupling the photon energy from  p -polar-
ized incident light to the surface free-electrons at the metal–dielec-
tric interface. The resulting oscillations of free-electron density are 

  1.  Introduction
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called surface plasmons. A change in the local refractive index due 
to binding of molecules to the metal surface changes the propaga-
tion constant of these surface plasmons, resulting in a changing 
re fl ectivity of the incident light at the detector  (  8  ) . 

 SPR provides real-time, label-free detection of binding kinetics 
by monitoring the re fl ectance as a function of time or by monitor-
ing the angle of minimum re fl ectance as a function of time. Over 
the past decade, a growing number of publications using SPR as a 
detection tool have been reported  (  9  ) . Surface plasmon resonance 
imaging (SPRi) is capable of sensing multiple interaction spots 
simultaneously by using a parallel detector such as a charge-cou-
pled device (CCD) camera, rather than using point detection. 
Through its combination of the advantages of spectral SPR with 
parallel detection, SPRi is regarded as a method of choice for high-
throughput binding af fi nity applications  (  1,   2,   10  ) . In the past, this 
method has been used as a detection tool for af fi nity studies on 
DNA hybridization  (  11,   12  ) , DNA–RNA binding  (  13  ) , DNA–
protein binding  (  3,   14  ) , aptamer–protein binding  (  15  ) , antibody–
antigen binding  (  16,   17  ) , detection of proteins from whole blood 
 (  18  ) , and drug detection from saliva  (  19  ) . However, commercial 
SPRi instruments are currently limited to a single target analyte 
stream across multiple immobilized ligand spots  (  20  ) . Currently, 
commercial high-throughput SPR instruments employ either a 
cross- fl ow channel geometry, such as BioRad’s ProteOn XPR  (  21, 
  22  )  or a  fl ow cell-based system that have many ligand spots (up to 
400 with Biacore’s FlexChip)  (  23  )  but can only interrogate a single 
analyte in a single experiment. 

 Micro fl uidics has the potential to increase the throughput of 
SPRi by fabricating hundreds of individual reaction chambers in a 
small footprint, while simultaneously reducing the volumes of 
ligand and analyte required to perform a binding af fi nity assay. In 
addition, micro fl uidics has demonstrated the ability to accelerate 
reaction rates due to small volume requirements and reduction of 
diffusion distances  (  24,   25  ) , to permit a better control over the 
reaction conditions because of the ability to quickly replenish 
reagents and/or change the local environment conditions  (  26  ) , 
and to give greater reproducibility and precision due to automa-
tion via a computer-controlled manipulations  (  27  ) . 

 In recent years, the integration of SPRi and micro fl uidics sys-
tems has emerged to provide a powerful platform for the identi fi cation 
of protein biomarkers related to disease diagnostics  (  10,   17,   28  ) . In 
this chapter, a high-throughput micro fl uidic device capable of ana-
lyzing up to 264 different protein biomarkers from complex mix-
tures is presented, through the use of its element-addressable 
chambers  (  29  ) . The protocol describes a complete process for the 
fabrication of micro fl uidic arrays and an SPR imager for the detec-
tion of proteins in a complex mixture. The immobilization of recog-
nition elements is described using a carboxymethyl dextran hydrogel 
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surface, widely popularized by GE Healthcare’s Biacore platform. 
Composed of a 3-D matrix harboring activated carboxyl groups, this 
hydrogel improves the density of bound ligands compared to a pla-
nar metal surface, improving the overall detection of protein bio-
markers. We demonstrate the methods presented here through an 
experiment to detect a representative biomarker from crude cell 
lysates. Activated leucocyte cell adhesion molecule (ALCAM, 
CD166) is a cell surface member of the immunoglobulin superfam-
ily and is involved in cell–cell interactions through homophillic and 
heterophillic binding  (  30  ) . Widely expressed in a variety of normal 
tissues, ALCAM was  fi rst identi fi ed on thymic epithelial cells and 
activated leucocytes, as well as in a wide variety of tissues and cells, 
including epithelia, lymphoid, myeloid cells,  fi broblasts, neurones, 
hepatocytes, pancreas acinar and islet cells, and bone marrow  (  30, 
  31  ) . Upregulation of ALCAM protein expression has been corre-
lated with many cancers including prostate  (  32  ) , breast  (  30  ) , pancre-
atic  (  31,   33  ) , ovarian  (  34,   35  ) , and skin cancer  (  36  ) . Finally, 
controlled recovery of binding species is presented for downstream 
mass spectrometry puri fi cation and identi fi cation.  

 

      1.    Four inch (4″) silicon wafers are used for both the control and 
 fl ow layer molds containing the desired features, and are 
designed using CAD software (ProgeCAD).  

    2.    Poly(dimethylsiloxane) (PDMS) elastomer and curing agent 
(RTV615 A + B kit, GE Silicones).  

    3.    Trimethylchlorosilane.  
    4.    High-Resolution 20,000 DPI transparency mask (Cad/Art 

Services) of gold features created using CAD software.  
    5.    SF-11 glass slides (3″ × 1″ × 1.1 mm, Schott Glass).  
    6.    Positive photoresist (Shipley SPR220-7.0).  
    7.    Developer: MF-24A (Microchem Corp.).  
    8.    Gold Etchant: TFA (Transene Company, Inc.).  
    9.    Chromium Etchant: 1020 (Transene Company, Inc.).  
    10.    Piranha Solution: 5:1 (v/v) H 2 SO 4 :H 2 O 2 . CAUTION! Pour 

the sulfuric acid into the hydrogen peroxide. This will create a 
highly volatile exothermic reaction capable of degrading 
organic molecules.      

      1.    Aluminum breadboard (12″ × 12″), mounting brackets and 
optical breadboard (Thorlabs).  

    2.    Motorized rotation stages with mounting plates (URS Series) 
and motion controller (SMC100 Series, Newport).  

  2.  Materials

  2.1.  Micro fl uidic 
Device Fabrication

  2.2.  SPR Imager 
Fabrication
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    3.    Dovetail optical rails (12″), lens mounts (1″), rotation mount 
(1″), optical posts and post-holders (Thorlabs).  

    4.    Near-IR LED (780 nm) with constant current power source.  
    5.    Near-IR CCD Camera with Lens (Uniq).  
    6.    SF-11 dispersion glass prism (30 × 30 mm) (Ealing cat no. 

24-2966).  
    7.    Collimation lens, 780 nm band-pass  fi lter, linear polarizer 

(25.4 mm diameter, Edmund Optics).  
    8.    Custom-machined aluminum plate with 23 × 25 mm hole 

(1/8″ thickness).      

      1.    23 Gauge blunt-end needles (BD Medical).  
    2.    Tygon Micro-Bore Tubing, Formulation S-54-HL (0.020 ID; 

0.060 OD) (Saint-Gobain).  
    3.    10 mm Solenoid 3-way valves with manifold and  fi ttings 

(Clippard Minimatic).  
    4.    Air supply connected to regulator with 50 PSI gauge capable 

of giving 10–15 PSI.      

      1.    HeLa cells (cat. no. CCL-2, ATCC, Manassas, VA).  
    2.    Dulbecco’s modi fi ed Eagle’s serum (DMEM) (Thermo Fisher 

Scienti fi c), supplemented with 10% v/v quali fi ed fetal bovine 
serum (FBS) (Invitrogen), an additional 2 mM  L -glutamine 
(Thermo Fisher Scienti fi c) and 0.1 U/L penicillin (Thermo 
Fisher Scienti fi c).  

    3.    2-Mercaptoethanol.  
    4.    10 mM Phosphate-buffered saline (pH 7.4).  
    5.    1% NP 40 buffer: is made from NP-40 buffer (Sigma-Aldrich) 

supplemented with 50 mM Tris–HCl and 150 mM NaCl (pH 
8.0) and 70% water ( see   Note 1 ).  

    6.    Protease inhibitor tablets with EDTA (Complete, Roche).      

      1.    17.6 mM Cysteamine hydrochloride (Sigma-Aldrich) in 70% 
ethanol ( see   Note 2 ).  

    2.    CM Dextran: 8 mg/mL carboxymethyl-dextran sodium salt in 
aqueous solution of 50 mM  N -hydroxysuccinimide (NHS) and 
200 mM 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide.  

    3.    10 mM Phosphate-buffered saline (pH 7.4).  
    4.    25  μ M Protein A from  Staphylococcus aureus  (Sigma-Aldrich).  
    5.    1 M Ethanolamine.  
    6.    10 mM Sodium acetate (pH 4.5).  
    7.    130 nM Recombinant human ALCAM protein (R&D Systems, 

cat no. 656-AL).  

  2.3.  Micro fl uidic 
Connections

  2.4.  HeLa Cell Culture 
and Lysis

  2.5.  SPR Imaging 
Array Preparation
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    8.    1.67  μ M Monoclonal anti-human ALCAM antibody (R&D 
Systems, clone 105901).  

    9.    50 mM Sodium hydroxide.      

      1.    Digestion buffer: 1% sodium deoxycholate and 50 mM ammo-
nium bicarbonate.  

    2.    0.5  μ g/ μ L Dithiothreitol (DTT) (Sigma-Aldrich): Dissolve in 
water ( see   Note 3 ).  

    3.    13.5 mM Chloroacetamide (Sigma-Aldrich): Dissolve in water.  
    4.    0.5  μ g/ μ L Trypsin: Sequencing Grade Modi fi ed Trypsin, 

Porcine (Promega).  
    5.    1× Sample Buffer: is prepared by mixing 12 mL acetonitrile with 

4 mL tri fl uoroacetic acid, 2 mL acetic acid, and 400 mL water.  
    6.    Buffer A: 0.5% acetic acid, 99.5% water ( see   Note 4 ).  
    7.    Buffer B: 80% acetonitrile (High performance liquid chroma-

tography (HPLC) grade), 0.5% acetic acid, 19.5% water ( see  
 Note 4 ).  

    8.    Puri fi cation Tip: Empore Disk C18 (3M Company) packed 
into a 200  μ L pipette tip  (  37  ) .  

    9.    HPLC Chip: Used with Agilent Technologies LC-MS/MS 
(ProtID-Chip-43 (II) G4240-62001).       

 

      1.    Attach mounting brackets to the backside of the optical bread-
board and fasten the breadboard vertically on the optical table.  

    2.    Attach one end of an optical rail onto a rotation stage, in line 
with the zero position. Mount the rotation stage at the upper 
end of the optical breadboard, with position 0 at the bottom.  

    3.    Attach the second optical rail on the second rotation stage as 
described in  step 1 . Mount the second rotation stage on top of 
the other allowing enough clearance for motion. Both optical 
rails should be pointing downwards.  

    4.    Connect the two rotation stages to the motion controller to 
control the motion. Adjust the position of the top rotation 
stage to 45 °, and −45 ° for the bottom stage. This step will 
require the use of the motion controller software ( see   Note 5 ).  

    5.    Insert the linear polarizer into the manual rotation mount, and 
all other optics in lens mounts.  

    6.    Attach the polarizer, the band pass  fi lter and the CCD camera 
to the bottom rail. Attach the collimation lens assembly and 
the LED to the top optical rail.  

  2.6.  Sample 
Preparation for Mass 
Spectrometry

  3.  Methods

  3.1.  SPR Imager 
Instrumentation
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    7.    Mount the prism on the custom machined aluminum plate by 
carefully inserting it from the top side, through the hole. When 
properly inserted, the prism should be sitting a few millimeters 
above the surface of the plate. Attach the plate to the optical 
post and mount on the optical table using a post-holder.  

    8.    Connect the LED to a constant current power source and con-
nect the CCD to a computer. Run the CCD software in live 
capture mode.  

    9.    Align the surface of the prism to the center of the rotation stage 
by adjusting the height of the post. Align all other optics on the 
optical rails to have the LED light pass through the collimation 
lens assembly and the prism, and re fl ected back through the 
band pass  fi lter, the polarizer, and to the CCD camera. Proper 
alignment will be accomplished when the CCD camera cap-
tures the light from the LED. Careful alignment is crucial to 
the successful operation of the SPR imager ( see   Note 6 ).  

    10.    Enclose the SPR imager assembly to minimize stray light and 
dust from entering the system and the optics. A schematic of the 
imager with corresponding photographs is shown in Fig.  1 .       

       1.    Clean both the  fl ow and control molds. Remove small dust 
particles using a nitrogen stream. Never touch any part of the 
photoresist pattern and do not use any liquids.  

    2.    Treat the molds with trimethylchlorosilane (TMCS) by placing 
500  μ L in a vial and incubating both molds for 1 h in a con-
tainer in a fume hood. This step silanizes the molds for easy 
PDMS removal.  

    3.    For the control layer, mix PDMS pre-polymers at a 1:5 ratio 
using 25 g Part A and 5 g Part B. Pour the liquids into a dis-
posable cup and mix thoroughly. Place the control mold into 
an aluminum dish and add the mixture. You may need to press 
down on the mold to ensure uniformity ( see   Note 7 ).  

    4.    Degas the PDMS in a dessicator to remove bubbles. If smaller 
bubbles are left on the surface, use a scalpel to pop them.  

    5.    For the  fl ow layer, mix PDMS pre-polymers at a 1:20 ratio 
using 15 g Part A and 0.75 g Part B. Degas the mixture in a 
dessicator.  

    6.    Spin coat the PDMS mixture onto the  fl ow layer mold at
    2,500 rpm for 60 s to give a membrane thickness of 10  μ m. 
When pouring the degassed PDMS mix, do so at a short dis-
tance from the mold and fast as to prevent the formation of 
bubbles ( see   Note 8 ).  

    7.    Bake both molds in an oven at 80°C for 30 min.  
    8.    Take both molds out of the oven and cut out the PDMS from 

the control layer at the edges of the wafer using a scalpel blade. 
Carefully peel the PDMS from the control mold.  

  3.2.  Micro fl uidic 
Device Fabrication

  3.2.1.  PDMS 
Microchannels Fabrication
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    9.    Immediately align the PDMS from the control mold to the 
PDMS from the  fl ow layer using a stereo microscope. It helps to 
roughly align all control layers to the corresponding  fl ow layers 
in order to avoid dust accumulation. Use the alignment marks 
on the corners to guide you. Do not try to peel off the PDMS 
from the  fl ow layer. After  fi nal alignment, gently press on the 
PDMS to remove any trapped air between the two layers.  

    10.    Place the aligned device in an oven at 80°C for 2 h.  
    11.    Take the aligned device out of the oven and cut out the device 

from the mold using a scalpel blade. Trim off the edges of the 
device to  fi t a 3″ × 1″ gold slide.  

  Fig. 1.    Schematic of the surface plasmon resonance imager. ( a ) The incoming collimated Near-IR (  l   = 780 nm) LED light 
beam transits the prism and illuminates the surface of the chip. The re fl ected light is then  fi ltered and collected by a CCD 
camera. ( b ) The CCD camera and associated optical components are attached to one of two optical rails, controlled by two 
superimposed motorized rotation stages. The two rotation stages are driven by a stage controller that adjusts their posi-
tions  in-sync . ( c ) The prism is  fi xed in place between the two optical rails using a custom prism mount. The micro fl uidic 
device is placed on a layer of refractive index matching  fl uid on the surface of the equilateral SF11 glass prism. ( d ) The 
entire setup is constructed in an upright position in order to facilitate the use of micro fl uidic chips and enclosed to protect 
from stray light and dust.       
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    12.    Using a boring needle, punch out inlets and outlets of the 
device ( see   Note 9 ).  

    13.    Remove any PDMS shards by using adhesive tape and store in 
a dust-free environment until needed. Be careful not to press 
on the device as the layers may stick together.      

      1.    Clean an SF-11 glass slide in piranha solution at 80°C for 
15 min. CAUTION! Rinse thoroughly in  fl owing deionized 
(DI) water for 2 min before drying in a nitrogen stream.  

    2.    Sputter 50 Å of chromium on the glass followed by 450 Å 
of gold.  

    3.    Put the gold-coated slide on a hot plate for a dehydration bake 
at 150°C for 5 min. Remove the slide from the hotplate and let 
cool down to room temperature for 5 min.  

    4.    Pipette positive photoresist along the length of the slide as to 
cover approximately half of its width. Spin coat at 500 rpm 
spread cycle for 5 s followed by 5,500 rpm for 40 s to give an 
approximate thickness of 6  μ m.  

    5.    Remove the coated gold slide from the spinner and pre-bake 
on a hot plate at 115°C for 2 min. Wait 10 min to let the pho-
toresist rehydrate.  

    6.    Place the coated gold slide on the platform of a mask aligner, 
followed by the transparency mask, followed by a 5″ × 5″ glass 
plate to ensure a hard contact between the mask and the pho-
toresist. Expose the photoresist to 400 nm UV light for 65 s. 
Remove the slide from the mask aligner and wait 15 min for 
photoresist to relax before developing.  

    7.    Develop the gold pattern in developer solution with gentle 
agitation for approximately 2 min. Rinse in  fl owing DI water 
immediately for at least 2 min and blow dry with nitrogen. 
This step reveals the pattern for the gold spots. Check the 
quality of the pattern under a stereo microscope before con-
tinuing. Repeat the development in 15 s increments to remove 
excess photoresist.  

    8.    Post-bake the developed gold slide on a hot plate at 115°C for 
2 min. Remove from the hot plate and let cool down to room 
temperature for 10 min.  

    9.    Immerse gold slide in gold etchant at room temperature for 
20 s. Immediately rinse the slide in  fl owing DI water for 
2 min and dry in a stream of nitrogen. Immerse the slide in 
chromium etchant for 5 s. Immediately rinse the etched slide 
in  fl owing DI water for 2 min and dry the etched slide in a 
stream of nitrogen. This step etches the gold and chromium 
to reveal gold spots where the photoresist pattern was devel-
oped in  step 7 .  

  3.2.2.  Gold Substrates 
Fabrication
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    10.    Strip the remaining photoresist in acetone for 2 min. Rinse the 
slide in  fl owing DI water and dry in a stream of nitrogen.  

    11.    Clean the etched gold slide in piranha solution as described in 
 step 1 .      

      1.    Place PDMS device (with microchannels facing up) and a gold-
patterned glass slide (gold pattern facing up) in a UV-Ozone 
cleaner. Care must be taken to ensure there are no dust parti-
cles on either surface. Expose surfaces to UV-Ozone for 10 min 
( see   Note 10 ).  

    2.    Immediately pipette 50  μ L of absolute ethanol on the gold 
patterned slide (gold pattern facing up) and bring the PDMS 
device (microchannels facing down) on top of the gold slide.  

    3.    Align the gold spots with the PDMS chambers by gliding the 
PDMS device across the gold-pattern substrate until the gold 
spots register with the microchambers using a microscope and 
the alignment marks to help during the process.  

    4.    Gently press down on the PDMS device to bring the microchan-
nels into contact with the gold-patterned substrate. Care must be 
taken not to collapse the microchannels against the substrate.  

    5.    Incubate the assembled device in an oven at 80°C for 2 min to 
evaporate the ethanol.  

    6.    Take the assembled device out of the oven and gently press 
down in areas where air bubbles may be trapped. Care must be 
taken to ensure there are no trapped air bubbles between the 
PDMS and substrate.  

    7.    Incubate the assembled device in an oven at 80°C for 1 h to 
allow bonding to occur. An overview of the fabrication steps 
involved is outlined in Fig.  2 .        

      1.    HeLa cells are maintained in DMEM.  
    2.    Harvest cells at 90% con fl uency by placing the culture dish 

containing the cells on ice. Discard the media and gently wash 
three times with 15 mL of cold PBS.  

    3.    Add 1 mL of PBS to the cells and remove them from the bot-
tom of the culture dish using a cell scraper.  

    4.    Collect the cells in a 15 mL tube and spin at 650 ×  g  for 4 min 
at 4°C.  

    5.    Carefully remove the supernatant without disturbing the cell 
pellet.  

    6.    Resuspend the cell pellet in 1 mL of 1% NP40 buffer and ¼ 
protease inhibitor tablet. Add 1  μ L of 2-mercaptoethanol and 
pipette to mix. Spin at 10,000 ×  g  for 20 min ( see   Note 11 ).  

    7.    Carefully collect the supernatant without disturbing cell debris 
and store at 4°C until needed (Subheading  3.4.2 ,  step 17 ).      

  3.2.3.  Bonding Device to 
Gold-Patterned Substrate

  3.3.  HeLa Cell Culture 
and Collection of HeLa 
Lysate
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       1.    Using blunt-end needles, bend the end at a 90 ° angle using 
forceps. Cut off the Luer-Lok ®   fi tting and reopen the collapsed 
end using forceps.  

    2.    Connect the Tygon tubing to the longer end of the needle and 
 fi ll the tubing with water using a syringe.  

    3.    Connect the bent needle to a control inlet of the micro fl uidic 
device, and connect the tubing to the port  fi tting of a solenoid 
valve on the manifold. Connect the input port of the manifold 
to the air supply.  

    4.    Actuate the solenoid valve to let 10–15 PSI of air enter the 
tubing. This will allow the water to enter the microchannel in 
the micro fl uidic device. Upon  fi lling the microchannel, the 
pressure exerted on the water- fi lled microchannel will de fl ect 
the microvalve membrane, pinching off the  fl ow layer below.  

    5.    Repeat  steps 1 – 4  for all remaining control inlets. These steps 
will allow for the actuation of the micro fl uidic valves in the 
control layer.  

    6.    Connect the  fl uidic inlets and outlets to a needle connector 
(above) and place the outlet tubing into a suitable waste con-
tainer ( see   Note 13 ).      

  3.4.  SPR Imaging of 
ALCAM Biomarker 
Binding in Real-Time 
( See   Note 12 )

  3.4.1.  Micro fl uidic Device 
Pneumatic Connections

  Fig. 2.    Micro fl uidic surface plasmon resonance imaging chip. ( a ) Chip cross-sectional view fabricated using 
poly(dimethylsiloxane) (PDMS) soft lithography showing the control and the  fl ow layer. The PDMS layers are irreversibly 
bonded to an SF11 glass substrate patterned with gold spots (47.5 nm gold with 5 nm chromium) for SPR sensing. 
( b ) Photograph of the micro fl uidic device showing one of 66 chamber arrays.       
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      1.    Clean both the glass surface of the prism and the device with 
lens cleaner and lens paper. Ensure all surfaces of the prism are 
clean and free of any dust. Ensure proper placement of the 
prism on the SPR imager.  

    2.    Place a small drop of refractive index matching  fl uid (1.7300, 
Cargille Series M) in the center of the surface of the prism. Place 
the micro fl uidic device on the prism ensuring that no air bubbles 
get trapped between the device and the prism. Should a bubble 
get trapped, remove the device and repeat from step 1.  

    3.    To the sample inlet, add the cysteamine hydrochloride solution 
(17.7 mM in 70% ethanol,  see   Note 2 ). Actuate the solenoid 
valves for the micro fl uidic pump to introduce the solution in the 
device by peristaltic motion. Incubate for 1 h at room tempera-
ture. Figure  3  shows the details of the micro fl uidic device includ-
ing the loading and washing modes of operation  (  29  ) .   

    4.    Rinse the device by pumping 70% ethanol at the sample inlet 
to remove the remaining cysteamine solution.  

    5.    Purge the device with PBS injected from the wash inlet for 
30 min at an equivalent  fl ow rate of 50  μ L/min.  

    6.    From the CCD camera, select a region of interest (ROI) 
around a gold spot. Set the starting angle to 48 ° and record 
the pixel intensity (re fl ectivity) of the ROI at that angle. Repeat 
in 0.05 ° increments up to 54 °. The resulting plot of re fl ectivity 
versus angle will show a dip in re fl ectivity with a minimum. 
This angle is known as the surface plasmon resonance angle. 
Set the working angle below the minimum angle inside the 
linear region of the curve.  

    7.    Select regions of interest (ROIs) for every gold spot and begin 
acquiring images from the CCD in real time. Plot the intensity 
from each ROI against time. A pixel intensity baseline value of 
60–80 is typical.  

    8.    Flow PBS in the device for 10 min to achieve a stable baseline 
( see   Note 14 ).  

    9.    Switch to the sample inlet and inject the CM dextran for 
30 min at an equivalent  fl ow rate of 5  μ L/min ( see   Note 15 ).  

    10.    Switch to the wash inlet and wash the surface with PBS for 
10 min until a stable baseline is achieved.  

    11.    Inject Protein A in sodium acetate buffer (pH 4.5) via the sam-
ple inlet for 15 min at 5  μ L/min. Protein A will be positively 
charged at that pH and will react with the activated carboxyl 
groups on the surface. Protein A is used to orient the antibody 
immobilization for optimal results ( see   Note 16 ).  

    12.    Switch to the wash inlet and wash the surface with PBS for 
10 min until a stable baseline is achieved.  

  3.4.2.  Micro fl uidic Array 
Imaging and Recovery 
of Bound Species
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    13.    Inject the ethanolamine via the sample inlet for 30 min at 
5  μ L/min. This step is used to block unreacted ester groups on 
the surface to prevent any nonspeci fi c binding.  

    14.    Switch to the wash inlet and wash the surface with PBS for 
10 min until a stable baseline is achieved.  

    15.    Inject the ALCAM antibody via the sample inlet for 15 min at 
5  μ L/min.  

    16.    Switch to the wash inlet and wash the surface with PBS for 
10 min until a stable baseline is achieved.  

    17.    Inject the HeLa cell lysate (that was prepared and collected in 
Subheading  3.3 ) through the sample inlet for 15 min at 5  μ L/
min ( see   Note 17 ).  

  Fig. 3.    Mask design of the micro fl uidic device. The chip consists of a top control layer and a bottom  fl ow layer. The  fl ow 
layer has microchannels of 100  μ m width by 10  μ m height. The control layer contains 1,132 microvalves (100  μ m wide 
and 150  μ m long) that are used to isolate and control the  fl ow of  fl uids beneath. This layer also contains a micropump that 
can pump to the array of 264 individually addressable chambers, each with a volume of 700 pL. To control the loading of 
an individual chamber, a row multiplexer ( top left ) gates the entrance of  fl uid to a speci fi c group of four chambers. A series 
of four chamber valves are then opened or closed to allow loading of a speci fi c chamber within the group ( top middle ). 
Upon loading a ligand through the sample input port, the remaining sample can be  fl ushed to the sample output port via 
the wash loop. A series of chaotic advection micromixers ( top right ) allow serial dilutions into six different concentrations 
by mixing the sample with diluent. (Reproduced from ref.  29  with permission from The Royal Society of Chemistry).       
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    18.    Switch to the wash inlet and wash the surface with PBS for 
15 min at 100  μ L/min until a stable baseline is achieved.  

    19.    Remove the waste container and add a suitable container to 
collect the bound proteins.  

    20.    Inject 50 mM sodium hydroxide through the sample inlet for 
20 min at 100  μ L/min.  

    21.    Switch to the wash inlet and wash the surface with PBS for 
10 min at 100  μ L/min until a stable baseline is achieved. 
Figure  4  shows the resulting sensorgram with the binding 
response at each step.   

    22.    Store collected samples at −20°C until needed. A typical sen-
sorgram is shown in Figure  4 .       

       1.    Dilute 10  μ g of collected protein to 1  μ g/ μ L in digestion buffer.  
    2.    Add 1  μ g of dithiothreitol (DTT) per 50  μ g of sample protein 

and incubate for 30 min at 37°C.  
    3.    Add 1  μ g of chloroacetamide per 50  μ g and incubate at 37°C 

for 20 min away from light.  
    4.    Add 1  μ g of Trypsin per 50  μ g to proteins and incubate over-

night at 37°C, away from light.  
    5.    Following the trypsin digest, dilute the peptides 4× in sample 

buffer. Ensure that sample pH is below 3 ( see   Note 18 ).      

      1.    Add 40  μ L of methanol to the tip and spin at 750 ×  g  for 2 min 
( see   Note 19 ).  

  3.5.  Mass 
Spectrometry of 
Recovered Proteins

  3.5.1.  In-Solution Digestion

  3.5.2.  Solid-Phase 
Puri fi cation of Peptides

  Fig. 4.    SPRi sensorgram for ALCAM detection in crude HeLa cell lysate on the micro fl uidic chip. The binding was monitored 
at each step and the corresponding binding response is represented as the difference between baselines.       
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    2.    Add 40  μ L of 1× Sample Buffer to the tip and spin at 750 ×  g  
for 2 min.  

    3.    Load peptides to the tip and spin at 800 ×  g  for 8 min.  
    4.    Wash the tip with 20  μ L of Buffer A by centrifugation at 800 ×  g  

for 5 min. Ensure that the entire buffer is out of the tip.  
    5.    Elute the peptides from the tip into a microcentrifuge tube by 

adding 20  μ L of Buffer B and spinning at 750 ×  g  for 5 min.  
    6.    Transfer the eluted sample to a 96-well plate.  
    7.    Place samples in a dessicator and dry without heat for 30 min. 

Store dried peptides at 4°C until needed.      

      1.    The following steps assume the use of a 6500 Series Accurate-
Mass Quadrupole Time-of-Flight (Q-TOF) LC-MS/MS.  

    2.    Add 5  μ L of buffer B to each well of the 96-well plate to resus-
pend the dried peptides.  

    3.    Load the 96-well plate into the autosampler of the machine.  
    4.    Insert a proprietary HPLC chip into the unit.  
    5.    Run the unit to begin peptide separation and identi fi cation. 

When complete, the MassHunter software will display the 
results. Figure  5  shows representative MS spectra.   

    6.    Analyze the results from the LC-MS/MS MassHunter software 
using Spectrum Mill software to identify the proteins present in 
the sample. A typical MS spectrum is shown in Figure 5.        

 

     1.    In all instances water refers to puri fi ed water at 18.2 MΩ cm 
resistivity.  

    2.    Cysteamine hydrochloride is prepared in 70% ethanol to pre-
vent the swelling of PDMS when injected in the micro fl uidic 
chip. Swelling will delaminate the PDMS from the substrate.  

    3.    Dithiothreitol (DTT) is required to break the disul fi de linkages 
between cysteine residues. To prevent the disul fi de bonds from 
reforming, chloroacetamide is used to modify the reactive 
cysteine -SH groups, forming  s -carboxylmethylated cysteines.  

    4.    Prepare Buffers A and B in brown vials and protect from 
light.  

    5.    The SMC100 controller software is used to register the rotation 
stages and control their motion. These require the use of a serial 
port on the computer. Alternatively, the motion control can be 
controlled using LabView software (National Instruments) with 
the libraries supplied by the motor manufacturer.  

  3.5.3.  Mass Spectrometry

  4.  Notes
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  Fig. 5.    ( a ) Representative MS spectrum for HeLa lysate from a Quadrupole time-of- fl ight mass spectrometer. ( b ) High-
resolution spectra of peptide fragments from the M2 isoform of the cancer biomarker pyruvate kinase (PKM2). ( c ) High-
resolution spectra of peptide fragments for the reporter heat shock protein (HSPA5).       

    6.    During the operation and the alignment of the SPR imager, 
the angle on both the rotation stages should be changed 
 in-sync .  

    7.    Part A refers elastomer base and Part B refers to the curing 
agent.  

    8.    Since the speed and time varies by spinner type, a calibration 
curve should be generated for best results. Unless otherwise 
stated, the text assumes the use of a Laurell WS-400-6NPP-
LITE spinner.  

    9.    For best reproducibility and performance, use an arbor press 
punching machine with a 23 gauge boring needle.  

    10.    Alternatively, bonding can be achieved by using air or oxygen 
plasma.  
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    11.    This step is crucial in order to remove any cell debris which can 
block the microchannels on the micro fl uidic device.  

    12.    The method here describes the detection of ALCAM, a pro-
tein biomarker from human crude cell lysate, and can easily be 
adapted for higher throughput screenings. Further expansion 
of this method to include identi fi cation of several other protein 
biomarkers can be performed in these micro fl uidic arrays.  

    13.    Avoid disconnecting and reconnecting the needles at the PDMS 
inlet and outlet as this can damage the in/outlets over time.  

    14.    Although PDMS is permeable to air, degassing of all solutions 
is recommended in order to avoid introducing bubbles which 
may affect the  fl ow rate and introduce artifacts in the SPR 
sensorgrams.  

    15.    Prepare CM dextran the night before and add NHS/EDC 
when ready to reduce reaction time required.  

    16.    The protein A buffer solution should be approximately pH 4.5 
to ensure that it is below the isoelectric point (p I ) of the pro-
tein A. Reduced immobilization ef fi ciencies have been observed 
at pH above the p I .  

    17.    This step is crucial and care must be taken to prepare the HeLa 
lysate so as not to introduce bubbles or cell debris.  

    18.    Use acetic acid to alter pH.  
    19.    Ensure all the methanol has passed through the tip. Otherwise, 

replace with a new tip and recondition with methanol.          
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    Chapter 31   

 Surface Acoustic Wave (SAW) Biosensors: Coupling 
of Sensing Layers and Measurement       

     Kerstin   Länge   ,    Friederike   J.   Gruhl   , and    Michael   Rapp        

  Abstract 

 Surface acoustic wave (SAW) devices based on horizontally polarized surface shear waves enable direct 
and label-free detection of proteins in real time. Signal response changes result mainly from mass increase 
and viscoelasticity changes on the device surface. With an appropriate sensor con fi guration all types of 
binding reactions can be detected by determining resonant frequency changes of an oscillator. To create 
a biosensor, SAW devices have to be coated with a sensing layer binding speci fi cally to the analyte. 
Intermediate hydrogel layers used within the coating have been proven to be very suitable to easily immo-
bilize capture molecules or ligands corresponding to the analyte. However, aside from mass increase due 
to analyte binding, the SAW signal response in a subsequent binding experiment strongly depends on the 
morphology of the sensing layer, as this may lead to different relative changes of viscoelasticity. Bearing 
these points in mind, we present two basic biosensor coating procedures, one with immobilized capture 
molecule and a second with immobilized ligand, allowing reliable SAW biosensor signal responses in 
subsequent binding assays.  

  Key words:   Biosensor ,  Surface acoustic wave ,  SAW ,  SAW resonator ,  Protein coupling ,  Protein detection , 
 Surface modi fi cation ,  Dextran ,  Polyethylene glycol ,  Carbodiimide chemistry    

 

  Special types of surface acoustic wave (SAW) devices providing 
horizontally polarized surface shear waves allow the design of 
SAW-based biosensors for direct and label-free detection of biomol-
ecules in real time  (  1–  3  ) . A SAW device typically consists of a 
piezoelectric substrate, such as lithium tantalate (LiTaO 3 ) or 
quartz, with interdigital transducers (IDT) as a planar electrode 
structure. The SAW is generated on the substrate by applying a 
high-frequency alternating voltage via the IDTs. For the detection 
of proteins the device surface has to be coated with capture 

  1.  Introduction

  1.1.  SAW-Based 
Biosensors
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molecules or ligands binding speci fi cally to the analyte of interest 
 (  3  ) . Binding reactions on the biosensor surface are detected by 
determining changes in surface wave velocity caused mainly by 
mass adsorption or viscosity changes in the sensing layer  (  4–  6  ) . In 
the literature two different IDT designs are typically used: the SAW 
resonator  (  3,   7  )  and the SAW delay line design  (  3,   8,   9  ) . The latter 
provides a free sensor surface without electrode structures allowing 
any coating including metallization. In the case of a gold coating, 
standard procedures based on alkane thiols  (  10  )  forming 
self-assembled monolayers (SAM) are typically used to compose 
the sensing layer. In contrast to this, the SAW resonator design 
does not permit any conductive layer because the sensor surface is 
completely covered with IDT electrodes. As we work exclusively 
with SAW resonators, the procedures described in this chapter use 
nonconductive coatings only. However, they are basically suitable 
for both types of SAW biosensor designs. In addition, these proce-
dures can be applied on other acoustic sensing devices such as 
Lamb wave or Love wave devices and even on quartz crystal 
microbalances. 

 Generally, direct adsorption of the layer components on the 
SAW device surface would be the easiest way; however, as this 
method usually suffers from a lack of reproducibility, other immo-
bilization methods, such as covalent coupling, are preferred  (  11  ) . 
Prior to the application of biospeci fi c layers the SAW resonators 
should be coated with a suitable polymer to chemically homoge-
nize the device surface. A suitable material for this purpose is 
parylene C (poly-(2-chloro- p -xylylene)), which can be deposited 
by chemical vapor deposition methods (CVD) at room temperature 
 (  12  ) . Parylene layers provide a chemically stable and homogeneous 
surface with almost no intrinsic mechanical stress and low intrinsic 
attenuation for the surface acoustic waves. Covalent binding on 
the inert parylene surface is possible by means of activation via 
plasma treatment and subsequent silanization of the parylene  (  13  ) . 
However, for the detection of proteins it is useful to couple the 
corresponding capture molecules not directly on the parylene layer 
but via an intermediate hydrogel layer  (  7,   13  ) . This approach 
enables mild reaction conditions so that capture molecules, e.g., 
antibodies, will keep their functionality  (  14  ) . Furthermore, hydro-
gels have been shown to be good shielding layers against 
nonspeci fi c interactions  (  15  ) .  

  For our biosensor coatings we use two types of hydrogels, dextrans 
or polyethylene glycols (PEG), for coupling of capture molecules 
or ligands  (  6  ) . Dextrans immobilized on the sensor surface typi-
cally represent a three-dimensional (3D) hydrogel scaffold, because 
functional groups occur not only on the top but also within the 
hydrogel layer. On the other hand, PEGs immobilized in an  end-on 
con fi guration (i.e., the polymer chains are aligned perpendicularly 

  1.2.  Effect of the 
Intermediate Hydrogel 
Layer on the SAW 
Signal Response
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to the device surface) represent a two-dimensional (2D) hydrogel 
scaffold since functional groups occur only on the top of the hydro-
gel layer. In principle, hydrogels based on 3D scaffolds should 
allow a greater number of binding sites in the sensing layer, imply-
ing a higher binding capacity than hydrogels based on 2D 
scaffolds. 

 Basically, any analyte binding in these hydrogel layers leads to 
mass loading and thus to a frequency shift of the sensor response. 
However, mass increase is not the only effect in fl uencing the SAW 
biosensor signal. Another important parameter is the change of 
viscoelasticity of the sensing layer due to analyte binding. Changes 
of viscoelasticity are, amongst other factors, greatly in fl uenced by 
the initial layer thickness with regard to the penetration depth of 
the SAW as well as changes of other viscoelastic properties based 
on the morphology of the complete layer setup  (  16  ) . Hence, this 
effect may be promoted by sensing layers based on 3D scaffolds 
allowing analyte binding within the layer. A change of viscoelastic-
ity during analyte binding might counteract or add to the effect of 
mass loading, i.e., leading to reduced or increased SAW signal 
responses  (  5,   6,   16,   17  ) . 

 Morphology and thickness of the intermediate hydrogel layer 
in fl uence the signal response of SAW biosensors, depending on the 
type of applied af fi nity assay and on the amount of binding sites in 
the sensing layer; the latter provided by capture molecules or 
ligands corresponding to the analyte. Only a limited amount of 
capture molecules can usually be immobilized in the sensing layer 
due to size and availability. In this case, a relatively thin 3D hydro-
gel layer such as dextran with a low molar mass implying low chain 
length, or a 2D hydrogel layer like PEG should be used. On the 
other hand, ligands, i.e., small molecules interacting speci fi cally 
with the analyte, may allow a large number of binding sites in the 
sensing layer. In this case, a relatively thick 3D hydrogel layer such 
as dextran with a higher molar mass implying higher chain length 
should be used. In consequence, depending on the amount of the 
immobilized binding partner desired, the hydrogel has to be 
chosen carefully considering layer thickness and morphology to 
get an optimal signal response  (  5,   6  ) .  

  As previously mentioned, it is advantageous to couple capture 
molecules or ligands corresponding to the analyte via an interme-
diate hydrogel layer. In particular, hydrogels providing carboxyl 
groups allow the covalent coupling of capture molecules or linker 
proteins, as well as ligands, under mild reaction conditions by 
means of carbodiimide chemistry (Fig.  1 ). In this case, the car-
boxyl groups are activated by a carbodiimide, e.g., 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC), and converted into 
an active ester, usually by means of  N -hydroxysuccinimide (NHS). 
The NHS-ester reacts with the amino groups of proteins. The 

  1.3.  Immobilization 
of Capture Molecule 
or Ligand
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EDC/NHS coupling procedure is the most common and cur-
rently most used method  (  11  ) . If the intermediate hydrogel pro-
vides amino groups, they can be converted into carboxyl groups by 
using dicarboxylic acid anhydrides to allow the same coupling 
scheme. However, the reaction conditions of the conversion reac-
tion may also in fl uence the morphology of the sensing layer and 
have to be considered carefully  (  18  ) .  

 A disadvantage of the carbodiimide-based coupling procedure 
results from the randomized distribution of amino groups all over 
the protein molecule. This may lead to a blocking of binding sites 
after the coupling step, resulting in loss of signal response. For this 
reason a directed coupling of capture molecules via linker proteins 
may be preferred. This could be achieved, for example, by binding 
the corresponding antibody via Fc receptors such as protein A or 
G, or if biotinylated capture molecules are available by using bio-
tin-binding proteins, such as streptavidin  (  11  ) . However, it has to 
be taken into account that additionally introduced linker molecules 
may lead to a higher thickness of the sensing layer. This could be a 
problem for detection methods that imply a transduction mecha-
nism near the surface, such as evanescent  fi eld techniques  (  11  )  or 
SAW biosensors  (  5,   6  ) . In consequence, layer composition and 
concentrations of the single components have to be adjusted for 
each application to obtain optimal results in a subsequent assay, 
but approximate values valid for a group of sensing layers and 
applications can easily be given. 

 In this chapter we present general procedures to prepare SAW 
biosensors for af fi nity assays with either immobilized capture 

  Fig. 1.    Coupling procedures for capture molecules on carboxylated surfaces.       
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molecules or immobilized ligands corresponding to the analyte. 
Hydrogels providing carboxyl groups are used. Capture molecules 
are immobilized randomly oriented via a thin 3D dextran layer or 
via a 2D PEG layer. Additionally, capture molecules are immo-
bilized in an oriented manner by means of linker molecules, which 
are also immobilized via a thin 3D dextran layer or via a 2D PEG 
layer. Ligands are immobilized via a thick 3D dextran layer. The 
decision on which of these basic procedures should be used for 
a given application, can be made with the considerations men-
tioned above.   

 

      1.    SAW device: A shear horizontal SAW resonator based on a 
small (4 × 4 mm 2 ) 36° YX-LiTaO 3  device with gold transducers 
and a frequency of operation in aqueous media of 428.5 MHz 
( see   Note 1 ) is used.  

    2.    Electronic setup: SAW measurements are performed in an 
oscillator circuit developed in-house with the SAW resonator 
as the frequency-determining element. Output signals are 
obtained as difference frequencies relative to a permanently 
oscillating reference oscillator, featuring a constant frequency 
in the range of 434 MHz. Difference frequency changes ( see  
 Note 2 ) are monitored continuously with a time resolution of 
1 s. The frequency resolution of the data acquisition is 1 Hz. 
The short-term noise is approximately 40 Hz.  

    3.    SAW device integration: A  fl ow cell was designed in-house, in 
which the SAW device is mounted upside down onto isolated 
contact pads of a circuit board and coupled capacitively. A 
 fl ow channel located between the contact pads allows the 
 fl uid to pass along the SAW path. The dimensions of the  fl ow 
channel at the sensor position are 0.6 × 0.6 × 4 mm 3 , corre-
sponding to an effective sample volume of 1.44  μ l. Stainless 
steel capillaries, inner diameter 0.8 mm, are used as connec-
tions to the  fl uidics.  

    4.    Fluidic setup: A  fl ow injection analysis (FIA) system equipped 
with two peristaltic pumps, Ismatec (Wertheim/Germany) 
and an injection valve, Besta-Technik (Wilhelmsfeld/
Germany), is used. Polytetra fl uoroethylene (PTFE) tubes 
serve as connections between single components and as sam-
ple loop. The volume of the sample loop (including connect-
ing tubes) is 220  μ l. Volumes of sample and reagent solutions 
are to be 250  μ l each. A schematic of the FIA system and its 
settings is shown in Fig.  2 .       

  2.  Materials

  2.1.  SAW Biosensor 
Measurement Setup
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      1.    Polymer: Parylene C dimer (di(2-chloro- p -xylylene)), Specialty 
Coating Systems (Indianapolis/USA).  

    2.    Silane: (3-Glycidyloxypropyl)trimethoxysilane (GOPTS).  
    3.    Rinsing solution: Acetone.      

      1.    Hydrogel 1: Dicarboxy polyethylene glycol (DC-PEG),  M  r  
2,000, Rapp Polymere (Tübingen/Germany).  

    2.    Hydrogel 2: Aminodextran (AMD),  M  r  3,000, Life Technologies, 
Karlsruhe, Germany.  

    3.    Hydrogel 3: AMD,  M  r  70,000, Life Technologies, Karlsruhe, 
Germany.  

    4.    Glutaric anhydride (GA).  
    5.    Solvents: Dichloromethane (DCM), bidistilled water, dimethyl 

formamide (DMF).  
    6.    Rinsing solutions: Bidistilled water, DMF, acetone.      

      1.    Running buffer: Phosphate buffered saline (PBS), pH 7.4, 
containing 10 mM phosphate buffer, 137 mM NaCl, and 
2.7 mM KCl.  

    2.    Immobilization buffer: Sodium acetate is diluted in bidistilled 
water to a concentration of 10 mM. The pH value of the solu-
tion is adjusted with KOH in such a way that the pH value of the 
resulting mixture containing capture molecule or linker will lie 
within the range of 5–6 ( see   Note 3 ). The immobilization buffer 
can be divided into working aliquots and stored at −20°C.  

    3.    Activation solution:  N -(3-dimethylaminopropyl)- N  ¢ -
ethylcarbodiimide hydrochloride (EDC) is rapidly weighed 
and dissolved in water at 0.4 M.  N -hydroxysuccinimide (NHS) 
is weighed and dissolved in water at 0.1 M. Freshly prepared 
solutions of EDC and NHS are mixed in a ratio of 1:1 imme-
diately before use ( see   Note 4 ) to obtain a mixture containing 
0.2 M EDC and 0.05 M NHS. Non-dissolved quantities of 
EDC or NHS can be stored at −20°C.  

  2.2.  Surface 
Homogenization and 
Activation

  2.3.  Coating with 
Hydrogel Layer

  2.4.  Coupling of 
Proteins (i.e., Capture 
Molecule or Linker)

  Fig. 2.    Fluidic setup and system settings.       
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    4.    Capture molecule (e.g., antibody) binding speci fi cally to the 
corresponding analyte (e.g., antigen) is dissolved in immobili-
zation buffer. The concentration depends on the application 
( see   Note 5 ). A reasonable concentration to start is 1.5  μ M.  

    5.    Linker (e.g., biotin-binding protein, such as streptavidin) bind-
ing speci fi cally to the corresponding capture molecule (e.g., 
biotinylated antibody) is dissolved in immobilization buffer. 
For the subsequent coupling step capture molecule is dissolved 
in running buffer. Both concentrations depend on the applica-
tion ( see   Note 5 ). A reasonable linker concentration to start is 
1.8  μ M. A reasonable capture molecule concentration to start 
is 0.05  μ M.  

    6.    Deactivation solution: Ethanolamine hydrochloride is diluted 
in bidistilled water at 1 M. The pH value of the solution is 
adjusted with HCl to a  fi nal pH value of 8.5. The solution can 
be divided into working aliquots and stored at −20°C.      

      1.    Activation solution contains 1 M NHS and 1.2 M diisopro-
pylcarbodiimide (DIC) dissolved in DMF. The solution must 
be prepared immediately before use ( see   Note 4 ).  

    2.    Rinsing solutions: DMF, bidistilled water.  
    3.    Ligand (small molecule) binding speci fi cally to the correspond-

ing analyte is dissolved in DMF. The concentration depends 
on the application ( see   Note 5 ). A reasonable concentration to 
start is 1 mM.      

      1.    Running buffer: PBS, pH 7.4 ( see   item 1  in Subheading  2.4 ).  
    2.    Analyte buffer: PBS, pH 7.4 ( see   item 1  in Subheading  2.4 , 

 Note 6 ).  
    3.    Blocking solution: Bovine serum albumin (BSA) is dissolved in 

running buffer at 1 mg/ml.  
    4.    Rinsing solutions for cleaning sample loop in between the 

measurements: 2-propanol, bidistilled water.       

 

      1.    Homogenization with parylene C: 
 Coat all SAW devices used in binding experiments with 0.1  μ m 
parylene C using a commercial parylene deposition system, 
Labcoater 1, PDS 2010, Speedline Technologies (Indianapolis/
USA), to obtain a chemically homogeneous surface ( see   Note 7 ).  

    2.    Activation of parylene surface: 

  2.5.  Coupling of Small 
Molecules (i.e., 
Ligand)

  2.6.  Measurements 
with the SAW 
Biosensor

  3.  Methods

  3.1  Homogenization 
and Activation of the 
SAW Device Surface
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 Activate the parylene C-coated SAW devices by a two-step 
process: oxidation via plasma treatment and subsequent 
silanization. For this, treat the SAW devices 15 s in a plasma 
cleaner (PDC-32G, Harrick Plasma, NY, USA) at 0.2 mbar air 
pressure and 50 W power. Immediately after the oxidation 
step, apply GOPTS on the device surfaces (5  μ l per SAW 
device). After 1 h silanization reaction, rinse the devices with 
dry acetone and dry them with nitrogen. The activated SAW 
devices have to be introduced to the next step (i.e., coating 
with hydrogel) immediately.      

      1.    Coating with hydrogel 1, DC-PEG,  M  r  = 2,000: 
 Apply a solution of 1 mM DC-PEG in DCM on the activated 
parylene surfaces (10  μ l per SAW device). After evaporation of 
the solvent, heat the devices to 70°C for 20 h. After that, rinse 
the SAW devices thoroughly with hot bidistilled water, 
 T  = 60°C, and with room temperature bidistilled water ( see  
 Note 8 ) and dry them.  

    2.    Coating with hydrogel 2, AMD,  M  r  3,000, or hydrogel 3, 
AMD,  M  r  70,000, and subsequent carboxylation: 
 Apply an aqueous solution of AMD on the activated parylene 
surfaces (10  μ l per SAW device). The concentration depends 
on the application ( see   Note 9 ). Reasonable concentrations to 
start are 1 mM for AMD,  M  r  3,000, and 0.1 mM for AMD,  M  r  
70,000. After 20 h reaction, rinse the SAW devices thoroughly 
with bidistilled water and dry them. Convert the amino groups 
to carboxyl groups by means of GA in DMF,  c  = 2 mg/ μ l (10  μ l 
per SAW device). After 30 h reaction, rinse the SAW devices 
with DMF and acetone and dry them.      

      1.    Use a SAW device coated with DC-PEG,  M  r  2,000, or a SAW 
device coated with carboxylated AMD,  M  r  3,000 ( see  
Subheading  3.2 ). Insert the SAW device in the  fl ow cell and 
integrate it in the measurement setup as described in  item 3  of 
Subheading  2.1 .  

    2.    Monitor the SAW sensor signal during the coupling procedure. 
An overview of the FIA system settings involved is given in 
Table  1 .   

    3.    Switch the FIA system to rinse/load mode and set the  fl ow 
rate to 0.03 ml/min.  

    4.    Rinse the carboxylated SAW device with running buffer until a 
stable baseline can be observed.  

    5.    If prepared in advance, defrost vials of EDC, NHS, immobili-
zation buffer and deactivation solution. Otherwise, use freshly 
prepared solutions.  

  3.2.  Coating of the 
SAW Device Surface 
with Hydrogel Layer

  3.3.  Coupling of 
Proteins (i.e., Capture 
Molecule or Linker) 
with FIA System
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    6.    Prepare the EDC/NHS activation solution immediately before 
use. Load the solution into the sample loop.  

    7.    Activate the carboxylated SAW device surfaces by injecting 
the EDC/NHS mixture in the running buffer for 8 min ( see  
 Note 10 ).  

    8.    Rinse with running buffer for 8 min.  
    9.    During the rinsing step, load the solution of the capture mol-

ecule (e.g., antibody) or linker (e.g., biotin-binding protein, 
such as streptavidin) dissolved in immobilization buffer into 
the sample loop.  

    10.    Couple the capture molecule or linker on the activated surface 
by injecting the mixture in the running buffer for 8 min.  

    11.    Rinse with running buffer for 8 min.  
    12.    During the rinsing step, load the deactivation solution into the 

sample loop.  
    13.    Deactivate potentially remaining NHS-ester groups by inject-

ing the deactivation solution in the running buffer for 8 min 
( see   Note 11 ).  

    14.    Rinse with running buffer for 4 min and switch the  fl ow rate to 
0.05 ml/min ( see   Note 10 ). Wash for further 15 min. Finish 
the measurement.  

   Table 1 
  Coupling of proteins with FIA system: solutions and system 
settings   

 Time (min)  Mode  Reagents 

 Before start  Load  Activation solution: EDC/NHS 

 0–1  Flow rate: 
0.03 ml/min rinse 

 Running buffer 

 1–9  Inject  Activation solution: EDC/NHS 

 9–17  Rinse  Running buffer 

 13–14  Load  Protein solution: capture 
molecule or linker  17–25  Inject 

 25–33  Rinse  Running buffer 

 29–30  Load  Deactivation solution: 
ethanolamine  33–41  Inject 

 45–60  Flow rate: 
0.05 ml/min rinse 

 Running buffer 

 60  End of measurement 
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    15.    In the case of immobilized capture molecule, such as antibody, 
the SAW biosensor is ready for measurements.  

    16.    In the case of immobilized linker (e.g., biotin-binding protein) 
a subsequent binding of capture molecule (e.g., biotinylated 
antibody) is required. Monitor the SAW biosensor signal 
during the binding procedure. An overview of the FIA system 
settings involved is given in Table  2 . The  fl ow rate is main-
tained at 0.05 ml/min. Load the solution of capture molecule 
dissolved in running buffer into the sample loop. Inject the 
solution in the running buffer for 4 min. Rinse with running 
buffer for 4 min. Finish the measurement. Now the SAW bio-
sensor is ready for measurements.   

    17.    Perform measurements with the SAW biosensor using the FIA 
system ( see  Subheadings  3.5  and  3.6 ) immediately after the 
SAW biosensor is ready.      

      1.    Use SAW devices coated with carboxylated AMD,  M  r  70,000 
( see   step 2  in Subheading  3.2 ). Insert the SAW devices in a 
glass chamber containing DMF vapor.  

    2.    Prepare the activation solution as described in  step 1  of 
Subheading  2.5  immediately before use.  

    3.    Activate the carboxylated SAW device surfaces by applying the 
activation solution (15  μ l per SAW device) and 2 h reaction at 
room temperature.  

    4.    Rinse the SAW devices with DMF and dry them with nitrogen.  
    5.    Couple the ligand on the activated surfaces by applying the 

ligand solution (15  μ l per SAW device) and 20 h reaction at 
room temperature.  

    6.    Rinse the SAW devices with DMF and bidistilled water and 
dry them.  

  3.4.  Coupling of Small 
Molecules (Ligand)

   Table 2 
  Binding experiments with FIA system: solutions and system 
settings   

 Time (min)  Mode  Reagents 

 Before start  Load  Protein solution 

 0–1  Flow rate: 0.05 ml/min rinse  Running buffer 

 1–5  Inject  Protein solution 

 5–9  Rinse  Running buffer 

 9  End of measurement 
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    7.    SAW biosensor surfaces are now ready for measurements ( see  
 Note 12 ). Perform measurements with the SAW biosensor 
using the FIA system (see Subheadings  3.5  and  3.6 ).      

      1.    Use a SAW biosensor with immobilized capture molecule or 
ligand corresponding to the analyte ( see  Subheadings  3.3  and 
 3.4 ). If the SAW biosensor is already inserted in the  fl ow cell 
and integrated in the FIA system due to previous preparation 
steps, proceed with the next step. If not, insert the SAW bio-
sensor in the  fl ow cell and integrate it in the measurement 
setup as described in Subheading  2.1 .  

    2.    Monitor the SAW sensor signal during the testing procedure. 
An overview of the FIA system settings involved is given in 
Table  2 .  

    3.    Switch the FIA system to rinse/load mode and set the  fl ow 
rate to 0.05 ml/min.  

    4.    Rinse the SAW biosensor with running buffer until a stable 
baseline can be observed.  

    5.    Load the blocking solution into the sample loop.  
    6.    Inject the blocking solution in the running buffer for 4 min.  
    7.    Rinse with running buffer for 4 min.  
    8.    Finish the measurement. Signal heights can be determined by 

calculating the mean of the signal response curves in a de fi ned 
range of 30 s after the injection interval ( see  Fig.  3 ). If the 
signal height obtained is 1 kHz or higher, the SAW biosensor 
is not suited for binding experiments and has to be discarded 
( see   Note 13 ). If the signal height obtained is below 1 kHz, 
the SAW biosensor is ready for binding experiments. Perform 

  3.5.  Measurement 
with SAW Biosensor: 
Blocking Step/Quality 
Testing

  Fig. 3.    SAW signal responses for analyte (1) and non-analyte (2) samples injected in the 
running buffer. Injection interval: 1–5 min, evaluation interval: 5.0–5.5 min.       
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binding experiments with the SAW biosensor using the FIA 
system ( see  Subheading  3.6 ) immediately after the SAW bio-
sensor is ready.       

      1.    Use a SAW biosensor with immobilized capture molecule or 
ligand corresponding to the analyte which passed the quality 
test ( see  Subheading  3.5 ). Due to the latter it is already inserted 
in the  fl ow cell and integrated in the measurement setup.  

    2.    Monitor the SAW sensor signal during the binding experiment. 
An overview of the FIA system settings involved is given in 
Table  2 .  

    3.    Switch the FIA system to rinse/load mode and set the  fl ow 
rate to 0.05 ml/min.  

    4.    Rinse the SAW biosensor with running buffer until a stable 
baseline can be observed.  

    5.    Load the analyte solution into the sample loop.  
    6.    Inject the analyte solution in the running buffer for 4 min.  
    7.    Rinse with running buffer for 4 min.  
    8.    Finish the measurement. Signal heights can be determined by 

calculating the mean of the signal response curves in a de fi ned 
range of 30 s after the injection interval ( see  Fig.  3 ).  

    9.    Clean the sample loop with rinsing solutions before starting a 
new binding experiment ( see   Note 14 ).       

 

     1.    The operation frequency of the SAW device is one of the 
parameters determining the magnitude of the signal response. 
In principle, the higher the frequency, the higher the SAW 
signal response. However, the penetration depth of the surface 
acoustic wave decreases with increasing operation frequency, 
which could lead to reduced signal responses ( see  also  Note 5 ). 
Therefore, the chosen frequency must neither be too high nor 
too low. We think best results should be obtained with a similar 
SAW resonator con fi guration as used here. However, if another 
operation frequency has to be used, then all coating-relevant 
data affecting the thickness of the sensing layer should be 
reconsidered. If a higher frequency is used it might be necessary 
to adjust all coating parameters towards a lower resulting layer 
thickness. Conversely, if a lower frequency is used it could be 
advantageous to adjust all coating parameters towards a higher 
resulting layer thickness to improve the sensor performance. In 
case of a delay line device all considerations concerning the 

  3.6.  Measurement 
with SAW Biosensor: 
Binding Experiment

  4.  Notes
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layer composition most likely must be reconsidered regardless 
of its operation frequency.  

    2.    Difference frequencies below 20 MHz are more easily count-
able by a commercially available frequency counter than the 
absolute frequency of several hundreds of MHz of a SAW 
device. As difference frequencies (relative to the reference 
oscillator) were used as signal output, and as the frequency of 
the reference oscillator is higher than that of the SAW biosen-
sor, processes leading to frequency decrease in the oscillator 
circuit, such as mass increase, result in increasing frequencies 
on the monitor. In some cases changes of viscoelasticity domi-
nate, which may result in decreasing frequencies on the moni-
tor. For the sake of clarity, signal response curves were plotted 
to start at 0 Hz (see Fig. 3).  

    3.    The pH value of the coupling reaction has to be chosen regard-
ing two facts. First it has to ensure that the amino groups of 
the protein molecules to be coupled are positively charged 
while maintaining a negative charge of the carboxyl groups on 
the surface to allow electrostatic attraction. Second, it has to 
allow the reaction with the active ester.  

    4.    Rapid weighing of EDC is recommended due to the hygro-
scopic nature of EDC. Fresh preparation of carbodiimide 
mixtures is recommended due to the reduced stability of 
those solutions.  

    5.    The optimal amount (and hence the concentration of the 
reagent solution) of capture molecule, linker or ligand depends, 
among others, on the morphology of the hydrogel layer. If, for 
instance, the thickness of the sensing layer, including immobi-
lized capture molecules or ligands, is too high, the subsequent 
interaction of analyte and corresponding binding partner might 
not be detected due to the limited penetration depth of the 
surface acoustic wave, which would lead to a loss of signal 
response. As the coupling ef fi ciency is one of the parameters 
determining the morphology of the sensing layer, the concen-
trations of the reagent solutions have to be optimized for each 
application and only approximate values can be given here.  

    6.    Ideally, running buffer and analyte buffer are the same to pre-
vent effects of the sample medium on the SAW signal response. 
If this is not possible, e.g., due to the sample medium in which 
the analyte is delivered, analyte signals still can be determined 
by the difference of the signal response before and after the 
injection interval, both monitored while rinsing with running 
buffer and thus avoiding medium effects.  

    7.    The surface of the SAW resonator consists of two materials: 
LiTaO 3  and gold. As chemical coupling procedures can typi-
cally be optimized for one of the materials only, starting from 
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the device surface might result in inhomogenities of the 
subsequently prepared sensing layer. The initial coating with a 
polymer provides a chemically homogeneous surface resulting 
in a sensing layer without inhomogenities.  

    8.    High temperature variations can damage the SAW device. 
Besides, it is easier to rinse off the remaining molten DC-PEG 
with hot water than with cold water.  

    9.    The thickness (and hence the concentration of the reagent 
solution) of the 3D hydrogel AMD has to be chosen regarding 
two facts. First, the density of the AMD layer must be 
suf fi cient to prevent nonspeci fi c adsorption of the sample 
medium in the subsequent assay. Second, in case of potential 
disadvantageous effects resulting from changes of viscoelastic-
ity of the sensing layer, the thickness must not be too high, 
which in turn depends mainly on the morphology of the 
sensing layer. Therefore, the concentration of the hydrogel 
solution has to be optimized for each application and only 
approximate values can be given here.  

    10.    The incubation time is one parameter to control the EDC/
NHS coupling ef fi ciency. It has been proven to be useful to 
chose the reaction times (and hence injection intervals) to be 
longer during the coupling reaction (8 min) than during the 
analyte binding (4 min). Therefore, in order to avoid increased 
reagent consumption, the  fl ow rate is reduced to 0.03 ml/min 
during coupling procedure compared to 0.05 ml/min during 
the SAW biosensor binding experiments. When the EDC/
NHS coupling procedure is  fi nished, the  fl ow rate is set to that 
of the binding experiments (0.05 ml/min) to increase the rins-
ing ef fi ciency and to allow a  fi rst evaluation of the signal stabil-
ity considering subsequent SAW biosensor measurements.  

    11.    When performing the EDC/NHS coupling procedure, it has 
to be guaranteed that after the reaction there are no free NHS-
ester groups remaining, because any protein used in a subse-
quent sample could couple to these active ester groups leading 
to false positive results. Therefore, a deactivation step is per-
formed using a primary amine, such as ethanolamine, at a 
slightly alkaline pH to react with potentially remaining NHS-
ester groups and prevent them from other coupling reactions 
in subsequent binding experiments.  

    12.    The shelf life of SAW biosensors with immobilized ligands 
depends on the application. In our experiments, such biosen-
sors could be stored up to 2 weeks at 4°C without loss of 
functionality.  

    13.    It is not recommended to perform more blocking steps until 
the BSA signal meets the requirements, because proteins contained 
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in the sample of a subsequent binding experiment could bind 
nonspeci fi cally to the BSA, leading to false positive results.  

    14.    After each sample injection, the sample loop should be cleaned 
with the rinsing solutions to avoid carryover effects.          
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    Chapter 32   

 Microchip UV Absorbance Detection Applied 
to Isoelectric Focusing of Proteins       

     Junjie   Ou    and    Carolyn   L.   Ren         

  Abstract 

 Isoelectric focusing (IEF) is considered as an attractive separation technique for biologically amphoteric 
compounds (e.g., proteins and peptides) based on their isoelectric point (pI). With the advancement in 
micromachining technology, microchip format IEF has attracted signi fi cant attention. Both single-point 
and whole column imaging detection (WCID) methods have been employed for analyzing the separation 
performance in a microchip. WCID is more favorable than single-point detection because the latter 
requires the focused bands to be mobilized and thus adds more complexity to the design and operation of 
such microchips. Fluorescence- and UV absorbance-based WCID have been successfully adapted in glass 
and PDMS microchips. We have developed polydimethylsiloxane (PDMS) microchips for IEF applications 
where UV-WCID is employed for evaluating the separation performance. The chips are designed for use 
in the iCE280 analyzer (Convergent Bioscience Inc., Toronto), for capillary-based IEF where UV-WCID 
is employed for analyzing the separation performance. Three kinds of microchips that have been success-
fully developed using standard soft lithography technology are described in detail.  

  Key words:   Micro fl uidic chip ,  Isoelectric focusing ,  Protein separation ,  UV absorption detection , 
 Whole channel imaging detection    

 

 Isoelectric focusing (IEF) is a powerful and practical method for 
high-resolution separation of amphoteric molecules such as pep-
tides, proteins, and components within complex biological mix-
tures. Capillary-based isoelectric focusing (CIEF) is a miniaturized 
approach to carry out IEF in capillaries, with fused silica being the 
most common material used in this technique  (  1–  3  ) . With the 
advancement in micromachining techniques, microchip format IEF 
has emerged and been successfully adopted for academic research 
and industrial processes over the past decade  (  4,   5  ) . In microchip 
based IEF, similar to CIEF, a microchannel connecting two res-
ervoirs is  fi lled with a mixture of carrier ampholytes and samples. 

  1.  Introduction
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The two reservoirs are  fi lled with acidic buffer (anolyte) and basic 
buffer (catholyte), respectively. Upon applying an axial electric 
 fi eld, a linear pH gradient is formed in the microchannel, and the 
samples focus at the position where the pH becomes equal to their 
isoelectric points (pI). 

 For the method of single point detection, the focused zones 
need to be pumped passing through the detection point using 
chemical, hydrodynamic, or electroosmotic mobilization methods 
for detection purposes  (  4,   6  ) . The single point detection method 
restricts IEF applications to a certain extent because the mobiliza-
tion process, i.e., transporting the focused zones usually increases 
analysis time and lowers the resolution and repeatability of the 
separation  (  7  ) . An excellent alternative is whole column imaging 
detection method (WCID) developed by Pawliszyn and coworkers 
 (  8  ) , which does not require the mobilization process and thereby 
avoids the above-mentioned problems. 

 There are two commonly used detection methods for IEF 
applications, each of which has its pros and cons: laser-induced 
 fl uorescence detection (LIF), and ultraviolet (UV) absorbance 
detection. LIF has been widely used for microchip-based CE analy-
sis due to its superior selectivity and sensitivity  (  9,   10  ) . However, 
LIF detection normally requires the derivatization of proteins with 
a  fl uorescent label, which is time consuming and expensive. More 
importantly, the derivatization of proteins can alter their properties 
such as charge, molecular weight, hydrophobicity or can affect sta-
bility by rupture of disul fi de linkages. In addition, labeling reactions 
result in a distribution of labeling products that often degrade sepa-
ration ef fi ciency  (  11  ) . Although the UV absorbance detection 
method eliminates the need of derivatization, it has not been widely 
applied to microchip-based separations mainly due to the low detec-
tion sensitivity. The sensitivity of UV absorbance detection method 
is proportional to its light path, which in most applications is the 
channel height. The channel height is limited by the fabrication 
techniques. To fully utilize the advantages of UV absorbance detec-
tion, there has been growing interest in developing techniques to 
apply UV absorbance detection for microchip-based separations. 

 A CIEF instrument implemented with UV-WCID (iCE280 
Analyzer) has been commercially available from Convergent 
Bioscience Inc. (acquired by Cell Biosciences in 2010) since 1998. 
Although this instrument has been widely adopted as a powerful 
tool for research and development as well as for quality control by 
many leading pharmaceutical companies (e.g., P fi zer, Amgen, 
Bristol-Myers Squibb, and Genentech), it has several disadvantages 
associated to the use of capillaries. These include, detection sensi-
tivity limited by the inner diameter of the capillary used (100  μ m), 
lens effect in detection due to the capillary’s round cross-sectional 
area, and limited potential for multidimensional separation. To 
enhance the detection sensitivity, a metal slit with a 65  μ m-wide 
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opening must be manually glued on top of the capillary to block 
any stray light from entering the detector, which has proven to be 
challenging. Moreover, two hollow  fi bers must be glued to the 
separation capillary to separate the electrolytes in the reservoirs 
from the samples in the capillary. These manual processes also 
increase the cost of the cartridge. In this chapter, we focus on 
introducing the techniques we have recently developed for apply-
ing UV-WCID to microchip-based IEF aiming to address the limi-
tations inherent to the cartridge used in the iCE280 analyzer.  

 

      1.    3-in. silicon wafers are used as a substrate to make masters for 
replica molding of polymer microchips (Wafer Reclaim Services 
LLC, San Jose, CA, USA). These wafers are cleaned by manu-
facturers prior to shipping and are dehydrated on a hot plate at 
200°C for 30 min prior to use ( see   Note 1 ).  

    2.    SU-8 2000 series photoresist (SU-8 2005, 2015, 2025 and 
2075) and propylene-glycol-monoether-acetate (PGMEA) 
developer (Microchem, Newton, MA, USA) ( see   Note 2 ).  

    3.    Photomasks with the designs created using a computer-aided 
design (CAD) program are made from Mylar  fi lms (CAD/Art 
Services Inc., Brandon, OR, USA).  

    4.    Trichloromethylsilane (TCMS).  
    5.    A combined spin-coating and heating system (Brewer Science, 

Rolla, MO) with a liquid dispensing unit.  
    6.    An UV exposure system / mask aligner (Newport, Irvine, 

CA, USA).  
    7.    Isopropanol.  
    8.    Ultrapure water.  
    9.    Glass vacuum desiccator.      

      1.    Porogenic Solution: polystyrene of molecular weight (MW) 
192 kDa dissolved at 1 g/mL in toluene.  

    2.    Sylgard 184 PDMS kits with prepolymer base and curing agent 
are obtained from Dow Corning (Midland, MI, USA). Unless 
stated otherwise, the PDMS prepolymer mixture is freshly pre-
pared by thoroughly mixing PDMS prepolymer base and cur-
ing agent at a weight ratio of 10:1 and degassing for 30 min 
under vacuum.  

    3.    Standard microscope glass slide (1 × 3 in.).  
    4.    Toluene, acetone and ethanol for rinsing cycle.  
    5.    Air plasma cleaning system.      

  2.  Materials

  2.1.  Master Fabrication

  2.2.  Macroporous 
PDMS Membrane
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      1.    Nickel slit sheets (3 mm × 6.5 cm) with a 65  μ m wide opening 
(StenTech, Mississauga, ON, Canada) ( see   Note 3 ). This metal 
slit is glued on the top of the microchannel to block the stray 
UV light from entering the detector for some applications.  

    2.    Quartz slides (1 × 3 in.) (SPI Supplies, West Chester, PA, USA). 
These slides must be cleaned in a solution of H 2 SO 4 /H 2 O 2  
(3/1, v/v) and then dehydrated on a hot plate at 200°C for 
30 min prior to use (see Note 4).  

    3.    PMMA holders (1 × 3 in.) (Convergent Bioscience Inc., 
Toronto, Canada) with a 1 mm wide, 6 cm long slit ( see   Note 
5 ), used to support the microchip and assist its best  fi t with the 
iCE280 analyzer.  

    4.    Fused-silica capillaries (50  μ m inner diameter × 100  μ m outer 
diameter and 100  μ m inner diameter × 168  μ m outer diameter) 
(Polymicro Technologies, Phoenix, AZ, USA), used to con-
nect the microchannel with the sample reservoir and waste res-
ervoir for continuous operation.  

    5.    Regenerated cellulose dialysis membrane with molecular weight 
cut-off (MWCO) of 12–15 kDa) (Spectrum Laboratories, Inc., 
Rancho Dominguez, CA, USA), used to replace the hollow 
 fi ber used in the commercial cartridge to separate the electro-
lytes in the reservoirs and the sample in the channel.  

    6.    Vacuum oven.  
    7.    Tool for punching holes in PDMS. Biopsy punches of various 

diameters may be used for this purpose.  
    8.    Optical Microscope      

      1.    Poly(vinylpyrrolidone) (PVP; MW, 360 kDa), poly(vinyl alco-
hol) (PVA; MW, 13–23 kDa) and methyl cellulose solutions are 
dissolved in deionized (DI) water to the desired concentration, 
and then stored at room temperature ( see   Notes 6  and  7 ).  

    2.    0.2  μ m pore size cellulose acetate  fi lter (Sartorius, Gottingen, 
Germany).  

    3.    Myoglobin and  β -lactoglobulin are dissolved in DI water at a 
concentration of 5 mg/mL, respectively, and stored at 4°C.  

    4.    Low molecular mass pI markers of 4.65, 5.12, 6.14, 7.05, 
8.18, and 8.79 (Convergent Bioscience Inc., Toronto, ON, 
Canada) stored at 4°C.  

    5.    Carrier ampholytes (Pharmalytes, pH range 3–10), stored at 4°C.  
    6.    Solution of human hemoglobin control containing HbA, HbF, 

HbS, and HbC (Helena Laboratories, Beaumont, TX, USA), 
stored at 4°C.  

    7.    The anolyte and catholyte are 0.1 mol/L phosphoric acid and 
0.1 mol/L sodium hydroxide containing 1.5% PVP, respectively.  

  2.3.  Microchip 
Fabrication

  2.4.  Isoelectric 
Focusing with 
UV-WCID Evaluation
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    8.    Sample solutions for IEF are prepared in DI water containing 
1.5% PVP, 2% Pharmalytes (pH range 3–10) and different pro-
teins or pI markers, stored at 4°C ( see   Note 8 ).  

    9.    iCE280 analyzer (Convergent Bioscience, Toronto, ON, 
Canada), used to perform all IEF-WCID experiments ( see  
 Note 9 ).       

 

      1.    Spin-coating: To prepare a master, a silicon wafer is  fi rst spin-
coated with SU-8 negative photoresist at 1,800 rpm for 35 s, 
giving rise to a 100  μ m high microchannel ( see   Note 10 ).  

    2.    Soft baking: The wafer coated with SU-8 is then baked at 65°C 
for 5 min and then 95°C for 15 min, and slowly cooled to 
room temperature ( see   Note 11 ).  

    3.    UV-exposure: The photomask ( see   Note 12 ) is placed on the 
SU-8 layer of the soft baked wafer, and then the entire struc-
ture is put into the mask aligner. The designs on the mask are 
transferred to the coated photoresist through UV exposure at 
a dose of 800 mJ/cm 2  ( see   Note 13 ).  

    4.    Post-exposure baking: After pattern transfer, the wafer coated 
with SU-8 is baked using the settings in the following order: 
65°C for 5 min, 95°C for 10 min, 65°C for 5 min, and 50°C 
for 5 min. Afterwards, the wafer is slowly cooled down to room 
temperature ( see   Note 14 ).  

    5.    Development: After post-exposure baking, the wafer coated 
with SU-8 photoresist is placed in a holder so that the wafer 
can be suspended in a jar  fi lled with the SU-8 developer, 
PGMEA. Development time varies with the desired thickness. 
The developed wafer is then washed with isopropanol. If white 
solute is observed, then the wafer needs to be put back to the 
developer for another 30 s. This procedure is repeated until no 
white solute is observed, indicating that all of the non-cross-
linked SU-8 has been removed. Finally, the wafer is washed 
with ultrapure water and blown dry with air.  

    6.    Silanization: The wafer with the developed design is placed in a 
glass vacuum desiccator where a small plastic bottle of TCMS is left 
open. The wafer is left in the desiccator for approximately 25 min, 
and then stored in a wafer transport holder ( see   Note 15 ). This 
wafer is used as a master to replicate the design in PDMS.      

      1.    The solution of polystyrene (PS) in toluene is spin-coated on a 
microscope glass slide (1 × 3 in.) at 3,000 rpm for 30 s. Then 
the glass slide is baked at 60°C for 30 min to  fi rmly deposit the 
PS  fi lm on the substrate.  

  3.  Methods

  3.1.  Fabrication of 
Master and PDMS 
Mold Using Soft 
Lithography 
Technology

  3.2.  Preparation 
of Macroporous 
PDMS Membrane
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    2.    A mixture of Slygard PDMS prepolymer base and curing agent 
is thoroughly mixed, and diluted with porogenic solution (tol-
uene/polystyrene) ( see   Note 16 ). After degassing, the result-
ing suspension of diluted PDMS mixture is spin-coated on the 
top of the PS  fi lm deposited on the glass slide prepared in the 
previous step ( step 1 ) and then soft baked on a hot plate at 
60°C for 1 h. This PDMS layer is the membrane to be used for 
IEF separation.  

    3.    The resulting glass slide is pretreated by air plasma and brought 
into contact with another PDMS layer (2 mm thick) contain-
ing two reservoirs (2  μ m in diameter), which is also pretreated 
by air plasma to irreversibly bond them together ( see   Note 
17 ). The distance between the two reservoirs is the desired 
separation channel length.  

    4.    The bonded PDMS membrane and PDMS layer with two res-
ervoirs are then peeled off from the glass slide. The resulting 
membrane is then immersed into toluene, acetone and etha-
nol, successively, to remove porogenic solvents, and then dried 
in an oven under vacuum at 50°C for 12 h ( see   Note 18 ).      

      1.    The mixture of PDMS prepolymer and curing agent is poured 
onto the master ( see   Note 19 ) and cured in the vacuum oven 
for 1 h at 80°C. After curing, the PDMS substrate with a thick-
ness of 2 mm is peeled off from the master, and cut to a size of 
1 × 3 in. Two 3 mm diameter holes are punched at the reser-
voir locations.  

    2.    Another 2 mm thick PDMS substrate without any features is 
also prepared by simply pouring the PDMS prepolymer mixture 
onto a blank silicon wafer, curing it in the vacuum oven for 1 h 
at 80°C and then cutting it to a size of 1 × 3 in. ( see   Note 20 ).  

    3.    The chip is made by bonding the PDMS substrate with the 
channel features (prepared in  step 1 ) to the blank PDMS sub-
strate (prepared in  step 2 ) via air plasma treatment for 45 s at 
29.6 W ( see   Note 21 ).  

    4.    The PMMA holder is glued under the PDMS microchip serv-
ing as a supporting base to prevent chip deformation.  

    5.    The nickel slit sheet with a 65  μ m opening is glued onto the 
PDMS microchip under an optical microscope ( see   Notes 22  
and  23 ) by aligning the opening with the microchannel.      

      1.    A PDMS layer with a 100  μ m wide, 100  μ m high, 56 mm long 
microchannel is prepared using standard soft lithography tech-
nology  (  12  ) . This layer will serve as the bottom substrate of 
the  fi nal microchip.  

    2.    The upper substrate of the microchip is prepared from another 
piece of PDMS layer fabricated with two 6 mm square, 40  μ m 

  3.3.  Fabrication of the 
First Generation of 
PDMS Microchip

  3.4.  Fabrication of 
the Second Generation 
of PDMS Microchip 
Sandwiched with a 
Dialysis Membrane
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high recesses, which are separated with a distance of 57 mm 
( see   Note 24 ) using standard soft lithography technology. Two 
reservoirs with 2 mm in diameter are punctured through the 
center of the recesses in the upper PDMS substrate.  

    3.    The mixture of PDMS prepolymer and curing agent diluted 
with toluene (1:2 or 1:1, v/v) is spin-coated onto a clean glass 
microscope slide ( see   Note 25 ). The layer acts as “mortar” for 
binding the dialysis membrane in place. Sacri fi cial dialysis 
membranes with the desired size (6 mm square) are stamped 
onto the PDMS mortar for 1 min and then placed onto the 
recesses of the upper PDMS substrate for 1 min before being 
removed and discarded. Two fresh dialysis membranes are then 
put into the recesses to replace those membranes stamped with 
the PDMS mortar, respectively. The procedures are illustrated 
in Fig.  1 .   

    4.    The resulting PDMS substrate glued with the dialysis mem-
branes is irreversibly bonded with the bottom PDMS substrate 
prepared in  step 1  via air plasma. The combined PDMS chip is 
then placed in the vacuum oven to cure for 1 h at 65°C to 
harden the PDMS mortar.  

    5.    A layer of glue is applied to the outer wall of two pieces of 
capillaries with an inner diameter of 50  μ m and an outer diam-
eter of 100  μ m. These capillaries are used to connect the 
microchannel with the sample reservoir and the waste reservoir 
for continuous operation. Then, the capillaries are manually 
inserted into the two ends of the microchannel until the capil-
laries reach the edge of dialysis membrane ( see   Note 26 ). This 
step is done under an optical microscope.  

    6.    The PDMS microchip sandwiched with the dialysis membranes 
and embedded with the injection and discharge capillaries is 
cut to the desired dimension and placed on the PMMA holder 
( see   Note 5 ). A metal slit with a 65  μ m wide, 50 mm long 
opening is carefully aligned with the microchannel and glued 
onto the top of the PDMS chip under an optical microscope 
( see   Note 22 ). Two large reservoirs are glued on the top of the 
resulting microchips. A schematic microchip sandwiching a 
PDMS membrane is shown in Fig.  2 .       

      1.    A 50  μ m thick SU-8 (SU-8 2025) layer is spin-coated onto a 
quartz substrate ( see   Note 4 ) at 500 rpm for 25 s followed by 
a spin-coating speed of 1,500 rpm for 30 s ( see   Note 2 ). The 
substrate is then soft baked on a hot plate at 65°C for 5 min 
and at 95°C for 7 min to remove the photoresist solvent and 
 fi nally cooled to room temperature ( see   Note 11 ).  

    2.    UV exposure is performed in a UV mask aligner at the wave-
length of 365 nm for a dose of 300 mJ/cm 2  ( see   Notes 13  and 
 27 ). Post-exposure bake is performed on a hot plate at 65°C 

  3.5.  Fabrication of the 
Third Generation of 
PDMS/SU8/Quartz 
Hybrid Microchip
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  Fig. 1.    Schematic fabrication procedures of PDMS microchip sandwiching dialysis membrane 
for IEF-WCID (reproduced from ref.  14  with permission from American Chemical Society).       
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for 5 min and at 95°C for 6 min, successively. Afterwards, the 
substrate is cooled slowly to room temperature ( see   Note 14 ). 
The pattern is developed by dipping the substrate into the 
PGMEA developer for 7 min to dissolve the unexposed SU-8 
( see  Subheading  3.1 ,  step 5 ).  

    3.    The PDMS prepolymer mixture is poured onto a blank silicon 
wafer and cured for 1 h at 80°C to prepare a blank PDMS layer 
without any feature. After curing, the PDMS layer with a thick-
ness of 2 mm is peeled off from the silicon wafer and cut to a 
size of 1 × 3 in. Two holes of 3 mm diameter are punched 
through the PDMS layer at the reservoir locations.  

    4.    After pretreatment with air plasma at a dose of 29.6 W for 60 s, 
both the PDMS layer and the quartz substrate coated with 
SU-8 are brought into contact such that the PDMS contacts 
the SU-8 layer encloses the microchannel in the SU-8. The  fi nal 
chip is a hybrid PDMS/SU-8/Quartz chip, as shown in Fig.  3 . 
Similarly, other hybrid chips with straight channels of 100  μ m 
wide, 100  μ m deep, 5 cm long, or 50  μ m wide, 200  μ m deep, 
5 cm long, respectively, are fabricated according to the above-
mentioned procedures with minor adjustments (particularly for 
the depth of SU-8—( see   Notes 2 ,  10 ,  13  and  14 ).   

    5.    The resulting hybrid microchip is positioned on the PMMA 
holder ( see   Note 5 ) for IEF-WCID analysis.      

      1.    Prior to measurement, the iCE280 analyzer is turned on 
according the guidelines from the manufacturer.  

    2.    A volume of 20 ml PVP solution (1.5%, w/v) is added to one of 
the two reservoirs and then sucked into the microchannel using 
a vacuum pump connected to the other reservoir to condition 

  3.6.  IEF-WCID 
Measurement of 
Proteins with the 
iCE280 Analyzer

  Fig. 2.    Schematic depiction of the micro fl uidic chip ( side view ) sandwiching a macroporous PDMS membrane covering 
( a ) whole channel and ( b ) two ends of channel (reproduced from ref.  13  with permission from Elsevier Science).       
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the microchannel. The microchannel is preconditioned by the 
PVP solution for 30 min ( see   Note 28 ). Afterwards, the solu-
tions in both reservoirs are removed using a syringe.  

    3.    The sample solution (20  μ L) is  fi lled into the whole channel 
using a vacuum pump.  

    4.    Both anolyte and catholyte solutions (20  μ L for each) are simul-
taneously added into the left reservoir and right reservoir of the 
microchip using two pipettes, respectively ( see   Note 29 ).  

    5.    The microchip is quickly placed in the chamber of iCE280 
analyzer for IEF. Focusing is performed by  fi rst applying a 
voltage difference of 1,500 V for 4 min and then maintaining 
it by applying a voltage difference of 3 kV until the focusing is 
 fi nished. A typical electrophoretic pro fi le for IEF-WCID analy-
sis is shown in Fig.  4 . Between different runs, the channel is 
washed with the PVP solution for 5 min.        

 

     1.    The silicon wafer must be dehydrated and slowly cooled down 
to room temperature prior to use. The dehydration process 
lasts for about 4 h depending on the humidity of the room. 
Otherwise, the SU-8 feature may peel off from the wafer, 
resulting in a shorter lifetime of the master. It is necessary to 
remove the dust or dirt that may have accumulated on the 
wafer surface using nitrogen prior to spin-coating.  

    2.    The thickness of the spin-coated SU-8 layer is in fl uenced by 
the spin-coating speed and the viscosity of the SU-8 as recom-

  4.  Notes

  Fig. 3.    ( a ) Diagram of the fabrication process and ( b ) side view of hybrid PDMS/SU-8/quartz chip (reproduced from ref.  15  
with permission from Royal Society of Chemistry).       

 



51732 Microchip UV Absorbance Detection

mended by the manufacturer. It is highly recommended to 
develop protocols for a speci fi c system.  

    3.    Nickel slit sheets were custom-ordered. This slit sheet should 
be aligned with the microchannel molded in the PDMS chip to 
block the stray light from entering the detector, which in the 
IEF-WCID applications is a CCD camera. Care should be taken 
to align the slit sheet under an optical microscope. The slit must 
be collimated with the light beam that illuminates the channel.  

    4.    This pretreatment for quartz slides is very important in order 
to obtain a satisfactory hybrid chip. Otherwise, the SU-8 layer 
may peel off from the quartz slide easily, resulting in a shorter 
lifetime of the fabricated chip.  

    5.    The holder with a 1 mm wide, 6 cm long slit is used to support 
the PDMS chip because PDMS chips tend to deform due to 
their softness. Furthermore, the holder is designed to  fi t into 
the iCE280 analyzer and the slit is designed to allow the UV 
light to pass through the holder and the channel for detection.  

  Fig. 4.    IEF separation of ( a ) hemoglobin control AFSC, ( b ) myoglobin, and ( c ) the degenerative pI markers mixture on a 
PDMS microchip with a 100  μ m high, 100  μ m wide channel using IEF-WCID (reproduced from ref.  14  with permission from 
American Chemical Society).       
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    6.    Unless stated otherwise, all solutions should be prepared in 
water that is puri fi ed with an ultrapure system.  

    7.    All solutions should be  fi ltered using a 0.2  μ m pore size cellu-
lose acetate  fi lter prior to use.  

    8.    It is recommended to prepare the fresh sample of pI markers 
for IEF-WCID measurement because some pI markers might 
have been decomposed in the sample prepared previously even 
they are stored in a fridge at 4°C.  

    9.    The commercial iCE280 analyzer (Convergent Bioscience) for 
IEF-WCID consists of a deuterium (D2) lamp as the light 
source and a whole-column optical absorption imaging detec-
tor operated at 280 nm. During the process of sample focus-
ing, the light beam from the lamp is focused onto the separation 
channel by a bundle of optical  fi bers and a cylindrical lens. The 
UV absorption image of the whole channel is captured by a 
CCD camera.  

    10.    The SU-8 master is fabricated on a silicon wafer. The thickness 
of the spin-coated SU-8 layer is dependent on the type of SU-8 
and the spinning speed. Each type of SU-8 has a speci fi c amount 
of solvent that determines its viscosity and thus its spin-coated 
thickness at a given spinning speed. Each SU-8 covers a speci fi c 
range of thickness: SU-8 2005, 5–8  μ m; SU-8 2015, 15–40  μ m; 
SU-8 2025, 25–80  μ m; and SU-8 2075, 75–180  μ m. It is pos-
sible to create other thicknesses by multiple coatings with a 
combination of different types of SU-8 photoresist.  

    11.    The soft bake removes the solvent from the SU-8 and solidi fi es 
it so that it will not stick to the mask during the exposure.  

    12.    A series of designs, each of which contains a 5 cm long, 50  μ m 
or 100  μ m wide channel and two 6 mm square recesses, are 
commercially printed onto Mylar  fi lms which serve as the 
photomasks.  

    13.    The UV exposure creates a chemical reaction in the exposed 
SU-8 that cross-links the material to make it harder. Areas that 
are not exposed will dissolve away in the developer. It is impor-
tant to choose the right dose of the UV light for the desired 
thickness. Too low a dose will cause the SU-8 features to lift 
off since the cross-linking will not extend down to the sub-
strate and too high will create features much larger than the 
designed. The procedures include (i) setting the auto-exposure 
dose; (ii) putting the wafer spin-coated with SU-8 photoresist 
in the mask aligner; (iii) placing the mask with the printed side 
down on the wafer; (iv) applying a vacuum pressure of 5 inHg 
(0.17 bar), which reduces the gap between the mask and SU-8 
layer and thus reduces the diffraction of light; and (v) activat-
ing the UV exposure dose while ensuring the UV shield is in 
place for protection.  
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    14.    The post-exposure baking completes the cross-linking. During 
this procedure the exposed regions should become visible. 
Cooling down time should be increased for thicker photore-
sists. Cracking or lifting off of the SU-8 is likely caused by 
thermal stress created during the cooling down period.  

    15.    After the SU-8 feature is developed, the wafer should be 
silanized to prevent PDMS from sticking to the SU-8 master 
and silicon wafer during the replica molding process. TCMS is 
a dangerous silanization chemical. Therefore, a vapor mask 
should be worn for processing and the entire assembly should 
be placed in a fume hood  

    16.    The concentration of polystyrene in the suspension determines 
the pore diameter of the resulting PDMS membrane  (  13  ) . The 
ratio of PDMS base to curing agent affects the membrane’s 
mechanical strength. The effects of the curing temperature and 
time have been found trivial on the membrane morphology. 
The optimum preparation conditions are found to be a combi-
nation of the PDMS prepolymer (10/1, mass ratio of PDMS 
base to curing agent) and the same mass ratio of PS/toluene 
solution (10%, w/w). The thickness of the PDMS layer depends 
on the spin-coating speed and duration time. In our case, the 
resulting membrane is about 10  μ m thick and the pore diam-
eter is about 2  μ m.  

    17.    After bonding, baking on a hot plate at 60°C for 1 h would 
make the bonding stronger. Plasma treatment times will depend 
on the power and pressure of the plasma system used. 
Conditions should be optimized such that the PDMS becomes 
hydrophilic to ensure good bonding.  

    18.    The resulting PDMS layer bonded with the macroporous 
PDMS membrane can be used to fabricate a PDMS microchip 
for IEF-WCID analysis, and the procedures are the same as 
described in Subheading  3.4 ).  

    19.    The masters with positive SU-8 features are fabricated using 
standard soft lithography technology. The straight channels 
have the same length of 5.3 cm with different cross-sectional 
areas of either 100 × 100  μ m or 200 × 50  μ m.  

    20.    As the blank PDMS substrate serves as the bottom layer of the 
resulting microchip, its homogeneous thickness is also very 
important for IEF-WCID analysis. This is because the varia-
tion in its thickness leads to the variation in the channel cross-
sectional areas and results in hydrodynamic pressure  fl ow in 
the microchannel, which in turn causes motion of the focused 
bands resulting in low repeatability of IEF-WCID analysis.  

    21.    For storage of fabricated chips, the channel is kept wet by  fi lling 
the reservoirs with water after bonding, and the reservoirs are 
also sealed with plastic  fi lm.  
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    22.    In the absence of this step it would take a longer time to align 
the slit to the microchannel as the opening section of the metal 
slit must perfectly overlap with the separation channel to 
enhance the sensitivity of UV absorption detection. Great care 
and experience are required to perform this procedure.  

    23.    For the microchips with different aspect ratio channels, their 
layout is kept the same. The  fi nal microchip consists of three 
substrates (20 mm wide and 75 mm long): one supporting 
base and two PDMS substrates with the channel and reservoirs 
in the uppermost substrate. The metal slit is glued on the upper 
substrate with its opening aligned with the microchannel.  

    24.    The thickness of the bottom and upper PDMS substrates is 
kept at 2 mm. The upper PDMS substrate has two 6 mm 
square, 40  μ m high recesses, which would contain two pieces 
of 6 mm square dialysis membranes.  

    25.    The thickness of the PDMS mortar layer is controlled by the 
weight ratio of the PDMS prepolymer to toluene, spin-coating 
speed and duration time, which play vitally important roles in 
successfully sandwiching the dialysis membrane into a PDMS 
microchip for IEF-WCID analysis  (  14  ) . The optimal condi-
tions are presented as follows: the PDMS mortar with a 1:1 
weight ratio of PDMS prepolymer to toluene should be spin-
coated at 6,000 rpm for 40 s to make a 5  μ m thick mortar layer 
on a microscope glass slide. The gap surrounded the dialysis 
membrane is very small by using this mortar layer. Furthermore, 
the design of the recess facilitates excellent sealing between the 
two PDMS substrates.  

    26.    The capillaries are incorporated into the chip for channel sur-
face preconditioning and sample injection and discharge, which 
facilitate IEF-WCID experiment and shorten the analysis time.  

    27.    A series of designs each of which contains a 5 cm long and 50 
or 100  μ m wide channel are commercially printed onto Mylar 
 fi lms to make photomasks.  

    28.    PVP is selected to dynamically coat the channel wall of micro-
chips, which is necessary to suppress EOF and prevent protein 
adsorption to channel walls for IEF-WCID analysis  (  15  ) .  

    29.    For the IEF-WCID evaluation of the  fi rst generation of micro-
chip  (  16  )  and the third generation of hybrid microchip, the 
anolyte and catholyte solutions must be simultaneously  fi lled 
into their respective reservoirs, immediately after the sample is 
 fi lled into the channel. A voltage difference should be applied 
to the liquid through the electrodes in the reservoirs as soon as 
the reservoirs are  fi lled to minimize the diffusion between the 
electrolytes and the samples. The uneven liquid height in the 
two reservoirs is likely accompanied with the meniscus differ-
ence, which results in the Laplace pressure and hydrodynamic 
 fl ow through the channel. This undesired hydrodynamic  fl ow 
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will affect the IEF separation performance. For the IEF-WCID 
evaluation of the second generation microchip, the integrated 
dialysis membrane allows the sample injection to be separated 
from the anolytes and catholytes through the injection and dis-
charge capillaries which eliminates the induced hydrodynamic 
pressure between two reservoirs, as a result, repeatability of 
IEF-WCID analysis is enhanced.          
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