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Preface

The last decade has witnessed an unprecedented convergence of biological, physi-

cal, chemical, and engineering sciences that allows the construction of integrated

devices that could not have been feasible earlier. Diverse combinations of biotic

entities with inanimate platforms are reported that repeatedly break new grounds in

the engineering of biochips, biomimetic systems, and bioarrays. One exciting front

in this continuously developing field deals the deposition and immobilization of

live, functioning cells onto solid surfaces for biosensor applications. The present

two volumes set attempts to summarize the state of the art in this field, to highlight

several specific research aspects, to describe some of the most relevant applications,

and to point out what we believe are the most important future directions for whole-

cell sensor systems.

To accomplish this, leading scientific authorities on biosensor-related biological,

chemical, and engineering aspects have joined forces by contributing 17 compre-

hensive review chapters that have been divided into two “Whole-Cell Sensor

Systems” volumes. Volume I addresses the two main components of such systems:

the cells on the one hand and the devices on the other; the second volume is devoted

to a description of a set of present and future applications of whole-cell biosensors.

We have tried to direct the manner by which these issues are addressed here to

illustrate the multidisciplinary nature that is essential for such an imaginative

combination of diverse scientific disciplines. It is our hope that the resulting

compendium of reviews will stimulate students, teachers, and researchers from all

related fields to try and tread this exciting path.

Jerusalem Shimshon Belkin

Seoul Man Bock Gu

Editors
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Yeast Based Sensors

Mifumi Shimomura-Shimizu and Isao Karube

Abstract Since the first microbial cell sensor was studied by Karube et al. in 1977,

many types of yeast based sensors have been developed as analytical tools. Yeasts

are known as facultative anaerobes. Facultative anaerobes can survive in both

aerobic and anaerobic conditions. The yeast based sensor consisted of a DO

electrode and an immobilized omnivorous yeast. In yeast based sensor develop-

ment, many kinds of yeast have been employed by applying their characteristics to

adapt to the analyte. For example, Trichosporon cutaneum was used to estimate

organic pollution in industrial wastewater. Yeast based sensors are suitable for

online control of biochemical processes and for environmental monitoring. In this

review, principles and applications of yeast based sensors are summarized.

Keywords BOD sensor l DO electrode l Environmental monitoring l Food

analysis l Yeast based sensor
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Abbreviations

BOD Biochemical (or biological) oxygen demand

DO Dissolved oxygen

GGA Glucose–glutamic acid

HCF Hexacyanoferrate

HPLC High-performance liquid chromatography

JIS Japan Industrial Standard

LAS Linear alkylbenzene sulfonate

RC Redox color indicator

SP Surface photovoltage

YM Yeast mold

Microbes

Arxula adeninivorans, Bacillus subtilis, Candida sp., Gluconobacter oxydans,
Hansenula anomala, Issatchenkia orientalis, Kluyveromyces marxianus, Pichia
methanolica, Rhodococcus erythropolis, Saccharomyces cerevisiae, Torulopsis
candida, Trichosporon brassicae, Trichosporon cutaneum, Yarrowia lipolytica

1 Introduction

Since the first microbial cell sensor was studied by Karube et al. in 1977 [1], several

kinds of biosensors have been developed [2, 3]. The general developments in

microbial cell sensors including yeast based sensors were introduced by many

literature reports [4–14]. In yeast based sensor development, many kinds of yeast

have been employed by applying their characteristics to adapt to the analyte. For

example, Trichosporon cutaneum was used to estimate organic pollution in indus-

trial wastewater. Yeast based sensors are suitable for online control of biochemical

processes and for environmental monitoring. In this chapter, the yeast used, the

principles and yeast based sensors developments, the fields of food and environ-

mental analysis are described.

2 Yeast

The microorganisms are classified into the three kingdoms of eukarya, eubacteria,

and archaea based on the sequence homology of 16S (or 18S) RNA. The eukaryote

has a nuclear envelope, is not limited to unicellular organisms, and involves

2 M. Shimomura-Shimizu and I. Karube



unicellular protozoa, yeasts, algae, and some species of molds. Eubacteria and the

archaea, categorized as prokaryote, are defined as organisms having no nuclear

envelope and are limited to unicellular organisms. In addition, microorganisms are

also classified into three types: aerobe, facultative anaerobe, and anaerobe. Facul-

tative anaerobes can survive in both aerobic and anaerobic conditions. Yeasts are

known as facultative anaerobes. Under aerobic conditions, the microbe survives by

aerobic respiration. In contrast, under anaerobic conditions, the microbe survives by

anaerobic fermentation or respiration. Yeasts are chemoorganotrophs as they use

organic compounds as a source of energy and do not require sunlight to grow.

Saccharomyces cerevisiae has been used in baking and fermenting alcoholic

beverages for thousands of years. The application of yeasts (Candida sp., Saccha-
romyces sp., Trichosporon sp., etc.) to the development of microbial cell sensors

was reviewed recently [15].

3 Principles

In principle, the microbial cell sensors including yeast based sensors mainly involve

changes in respiratory activity, which can be categorized into two groups: activa-

tion of microbial respiration by assimilation of organic compounds and inactivation

of the respiration by inhibitory substances. These changes can be monitored by

using a dissolved oxygen (DO) electrode. The operating principle of the yeast based

sensor is to measure the change in respiration activity of immobilized yeast [16].

The yeast based sensor consisted of a DO electrode and an acetylcellulose mem-

brane-immobilized omnivorous yeast. Further, a mediator type of microbial cell

sensor has recently been developed by substitution of DO indication. The latter can

be monitored directly by an electrochemical device.

3.1 DO Measuring Systems

A DO electrode is the most general transducer for the yeast based sensor. The

membrane type electrode (Clark type) is widely used [17]. The Clark electrodes are

classified as either galvanic electrodes or polarographic electrodes. The galvanic

electrode has silver (or platinum) cathode and a lead anode, and gives rise to a

potential difference. Therefore, it is a self-driven electrode and does not require an

externally supplied voltage. This type of electrode is very simple; however, it has

disadvantages since it shows a slower response and a shorter stability than a

polarographic electrode. The polarographic electrodes consist of a platinum cathode

and a silver (or silver/silver) chloride anode, both immersed in the same solution of

saturated potassium chloride. A suitable polarization voltage between the anode and

cathode selectively reduces oxygen at the cathode. The results of these chemical

reactions are shown as a current which is proportional to the DO concentration.

Yeast Based Sensors 3



In addition, for portable and disposable use of the yeast based sensor, miniaturized

disposable type electrode (a paper-based O2 electrode) has been developed by Yang

et al. [18].

Changes due to activation of the facultative anaerobe’s respiration caused by

assimilation of chemical compounds (organic and/or inorganic compounds) are

detected by a DO electrode [19]. These changes can be estimated as substrate

concentrations. The principle in this sensor is shown in Fig. 1a. Facultative anaer-

obe microorganisms such as yeast are used in these sensors. When the yeast based

sensor is dipped into sample solution saturated with DO, the respiratory activity of

the yeast is increased, which causes a decrease in DO concentration near the

membrane. Using a DO electrode, substrate concentration can be measured from

the oxygen decrease.

Changes due to inactivation of the microorganism’s respiration caused by toxic

compounds are also detected by the DO electrode [19]. These changes can be

estimated as concentrations of the toxic compound. The principle in this sensor

type is shown in Fig. 1b. Yeast is used in these sensors. When the yeast based sensor

is dipped into sample solution saturated with DO, the respiratory activity of the

yeast is decreased, which causes an increase in DO concentration near the mem-

brane. Using a DO electrode, the concentration of a toxic compound can be

estimated from the oxygen increase.

3.2 Electron Transfer Measuring Systems

On the other hand, assimilation of organic compounds by microorganisms can also

measure analytes using redox-active substances which can serve as electron shuttles

between microorganism and electrode [19]. Electron transfers such as “mediator”

or “redox color indicator (RC)” have been applied to the construction of yeast based

a

Current

Substrates

Immobilized yeast
DO electrode

b Immobilized yeast DO electrode

O2

O2O2

O2 O2

O2

Toxin
Substrates Increase

Fig. 1 Principles of yeast

based sensor (DO).

(a) Respiration activity

measurement type for

assimilable compounds.

(b) Respiration activity

measurement type for

toxic compounds
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sensors. The principle of this sensor type is shown in Fig. 2a. Potassium hexacya-

noferrate(III) [HCF(III)] as a mediator of oxidation form and HCF(II) as a mediator

of reduction form were used for yeast based sensor development (see Fig. 2b).

Generally, organic substances are oxidized by microorganisms during aerobic

respiration. However, when HCF(III) is present in the reaction medium, it acts as

an electron acceptor and is preferentially reduced to HCF(II) during the metabolic

oxidation of organic substances. The reduced HCF(III) is then reoxidized at a

working electrode (anode) which is held at a sufficiently high electric potential.

Consequently, a current is generated and detected using the electrode system. The

mediator type of sensor enables measurement of a certain amount of target sub-

stance without the influence of DO concentration in the analyte sample.

The sensor system utilizing electron transfer has many advantages. The solubil-

ity of mediator or color indicator is much higher than that of DO. The sensor system

does not require an aeration system and can be greatly simplified to a mobile type

device. The detectable potential of the mediator is low compared with that of DO.

Therefore, the measurement is not influenced by reducing compounds and can be

adequately performed with a normal battery, due to the fact that the electric power

can be kept at the low detection potential.

3.3 Other Measuring Systems

Several other devices can also be applied to yeast based sensors [19]. The surface

photovoltage (SP) technique can be applied to a yeast based sensor [20]. The SP

device as a transducer is sensitive to the surface pH, ionic strength, and physical

adsorption. A silicon-based SP device or a lightaddressable potentiometric sensor

Mediator
(oxidized)

Substrates

Immobilized yeast

- - - - Electrode
Mediator
(reduced)

e–

Electrode

Organic
compounds

(O2 )

Metabolites
(CO2, H2O)

Mediator
(reduction form)

HCF (II)

Mediator
(oxidation form)

HCF (III)

Microbe
Respiration chain

Dehydrogenase
Cytochromes
Ubiquinone

a

b

Fig. 2 Principles of mediator measurement type yeast based biosensor (a) and of the amperometric-

mediated biosensor (b)
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measures the surface potential of the device, especially the pH of the solution near

the surface. The SP device can be easily fabricated by using a silicon chip. SP

devices have been employed in some applications such as chemical sensors for

quantification of enzyme-linked immunoassays, taste sensors, hydrogen sensors,

and monitoring sensors for metabolism in mammalian cells.

A combination of microbe and the RC as an electron transfer system can be

constructed for the yeast based sensor. As well as the mediator type, several

advantages are expected as the features of the yeast based sensors [21].

3.4 Immobilization of Yeast

Immobilization methods of microorganisms have been studied for the yeast based

sensor developments. In the case of DO electrode based sensors, gas permeability

through the microorganism-immobilized membrane is significant. When it is based

on the functions of living cells, a gentle condition for yeast immobilization must be

required. As a porous membrane, cellulose acetate or nitrocellulose (nitrate cellu-

lose) membrane is used for this purpose. Appropriate microorganisms culture to a

cell density corresponding to an absorbance at 562 nm of the cell culture drops on to

a porous cellulose acetate membrane while applying gentle suction from a water

pump. The membrane containing the entrapped cells dries by air and stores at 4�C
or room temperature. As a membrane, a Millipore Type HA membrane with a pore

size of 0.45 mm, a diameter of 47 mm, and a thickness of 150 mm is suitable for this

purpose. Both nitrocellulose and cellulose membranes can be used. The method of

trapping cells between two membranes has the advantage of making the membrane

with easy store and handle. Thus, as one of microbial cell sensors utilizing this

microbial membrane technique, the biochemical (or biological) oxygen demand

(BOD) biosensor was commercialized.

For reactor type biosensors, yeast immobilized beads acting as a support have

mainly been used combined in a flow system. The controlled pore glass beads immo-

bilize microorganisms by the adsorption method. The glass beads (20 g) with immo-

bilized yeast (6.9 � 108 colony-forming units) can be prepared by cultivating yeast in a

yeast mold (YM) medium and adding glass beads as a support. Then the yeast cells are

adsorbed onto the glass beads. The glass beads were packed into a column acting as a

reactor. The reactor packs glass or gel beads or a gel sheet with immobilized yeast.

4 Yeast Based Sensors Developments

4.1 Food Analysis

Yeast based sensors for food analysis and fermentation processes have been

developed and the work has been reviewed in several literature reports [22–27].
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For fermentation process control in brewing or fuel production, monitoring of

alcohol concentration is important. For monitoring of gaseous ethanol in a liquid

sample, Trichosporon brassicae CBS 6382 [28–30] has been used as sensing

element in a biosensor system which employed an acetylcellulose membrane and

the DO electrode (see Table 1(a)). Gaseous methanol was also determined by

T. brassicae CBS 6382 [28] (see Table 1(b)). In addition, several microbial cell

sensors were recently developed for ethanol determination using yeast [31–33].

For koji quality control in sake brewing as the fermentation process, S. cerevisiae
K701 and K9 were employed in the SP device [34]. The pH change due to the

production of organic acids in sake brewing was determined by the SP device.

Yeast activity in alcoholic fermentation was measured by the mediator system

combining HCF(III) and menadione [35].

An acetic acid biosensor is required in fermentation processes and was devel-

oped using T. brassicae [36] (see Table 1(c)). Lactic acid was determined by a

mediator type amperometric biosensor based on carbon paste electrodes modified

with S. cerevisiae [37]. Ammonia gas or ammonium ion monitoring is not only

required for food analysis and fermentation processes, but also for environmental

and clinical analysis. T. cutaneum was immobilized in a membrane for long-term

stability and was used for continuous monitoring of ammonium ion in sewage [38].

Yeast based sensors for simultaneous determinations were required for food

analysis and fermentation control. Simultaneous determination of glucose, sucrose,

and lactose was performed by S. cerevisiae, or Kluyveromyces marxianus [39].

Simultaneous determination of glucose and ethanol was performed by a nonselec-

tive microbial cell sensor for both glucose and ethanol using Gluconobacter
oxydans and a glucose electrode with glucose oxidase [40] and by G. oxydans or
Pichia methanolica. While the yeast cells of P. methanolica oxidized only ethanol,

the bacterial cells of G. oxydans were sensitive to both substrates [41].

As with the other yeast based sensors, several applications were tried. A vitamin

sensor was also studied [42]. Vitamin B1 (thiamine) in culture broth was measured

by using S. cerevisiae with a DO meter [42]. In this study, a possible mechanism of

current generation is discussed. For the off-line determination of middle-chain

alkanes, Yarrowia lipolytica was used [43]. For quality control of meat freshness,

a yeast based sensor was applied using T. cutaneum, and polyamines and amino

acids from meat in wash water were estimated by this sensor system [44].

Table 1 Characteristics of yeast based sensors developed in our group for food analysis

Target Microbe Indicator/

transducer

Measurement range

(mg L�1)

Ref.

(a) Ethanol (gaseous) T. brassicae CBS
6382

DO/electrode 2–22.3 [28–30]

(b) Methanol (gaseous) T. brassicae CBS
6382

DO/electrode 2–22.5 [28]

(c) Acetic acid (gaseous) T. brassicae CBS
6382

DO/electrode 5–54 [28, 30, 36]
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4.2 Environmental Analysis

4.2.1 Organic Pollutants Monitoring Sensors

Yeast based sensors are often used for environmental analyses such as BOD

measurements since they can detect or measure pollutants without the special

techniques required by conventional methods [45]. BOD is one of the important

pollutant indices of aquatic environments such as waste water or river because it

can measure organic pollutants. Excess contamination of organic substances in

aquatic environment causes serious eco-system damage. Many types of biosensors

such as microbial cell sensors, enzyme sensors, and immuno sensors have been

developed, and microbial cell sensors (yeast based sensors) are very suitable for

environmental monitoring because of their stability [3].

BOD is conventionally measured by a 5-day BOD method (BOD5) which is very

commonly used around the world [46, 47]. Figure 3 illustrates the principle of the

BOD5. Although it is frequently used, the procedures include 5 days incubation,

sample dilutions, and require special skills and laboratory facilities. The BOD5 also

includes a titration procedure which requires a number of chemicals. The data

obtained by BOD5 might be accurate, but it is not suitable for urgent and daily

measurements such as monitoring of waste waters from factories. The glucose-

glutamic acid (GGA) solution was defined as a standard solution for the BOD

estimation of effluents. Before development of the BOD sensor, such primary

effluent of wastewater or sewage from the pulp or food industry was hard to control

by BOD values obtained by the BOD5.

To overcome these disadvantages, a biosensor for BOD estimations was first

developed in 1977 [48, 49]. The biosensor was also the first whole-cell biosensor.

Biosensors using whole-cells of microorganisms are called microbial cell sensors,

which exploit metabolic functions of living cells. The BOD5 uses a consortium of

microorganisms, but one of the microorganism species was used in this sensor to

obtain high reproducibility of BOD estimation values. Since whole-cell biosensors

or microbial cell sensors have advantages such as low cost, long life time, and

low environmental impact, they have frequently been applied to environmental

monitoring [50].

20ºC
5 day culture

ZZZ….

Microorganisms
oxidize organic
compounds in
sample

Oxygen
residual in
sample is
titrated

Organic compound Oxygen

Fig. 3 Conceptual diagram in the principles of BOD5
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4.2.2 BODDO Sensors

With such a background, the necessity of the BOD monitoring was pointed out.

BODDO sensor consisted of a DO electrode and immobilized omnivorous yeast (see

Sect. 3.1). Figure 4 illustrates the principle of the BODDO sensor. Immobilized

yeast can oxidatively degrade most organic compounds (pollutants) in waste water

samples with high respiration activity. Yeast consumes DO in samples when it

oxidatively degrades organic compounds, and the DO electrode measures the

reduction of the DO as current decrease (sensor response). Thus, we examined

the use of a single strain and fabrication of a continuous flow system for automatic

BOD estimation [16] (see Table 2(Ia)). T. cutaneum AJ 4816 (IFO 10466) was

employed as a single strain for a BODDO sensor. This sensor was able to estimate

BOD in 20 min without special skills. The correlation of the sensor response and the

BOD values was linear between 10 and 40 mg L�1 when GGA standard solution

Microbial membrane
entrapped omnivorous
microbes

Sample 
addition
Sample
addition

Measuring
time: 20 min

Organic compounds
and oxygen in
membrane are reduced

DO
electrode

DO
electrode

(i) (ii)

Sensor response

Time

R
es

po
ns

e

Sample

(i)

(ii)

Organic
compound
Oxygen

Fig. 4 Conceptual diagram

in the principles of BODDO

sensor

Table 2 Characteristics of yeast based sensors developed in our group for environmental analysis

Target Microbe Indicator/transducer Measurement range

(mg L�1)

Ref.

(Ia) BOD T. cutaneum IFO 10466 (AJ

4816)

DO/electrode 10–40 [16]

(Ib) BOD T. cutaneum IFO 10466 DO/chip electrode 1.0–18 (det.lim. 0.2) [53]

(Ic) BOD T. cutaneum IFO 10466 DO/chip electrode (five

electrode array)

8.0–32 [55]

(Id) BOD T. cutaneum DO/electrode 2.0–20 [64]

(Ie) BOD T. cutaneum IFO 10466 (AJ

4816)

pH/SP 10–100 [20]

(II) LAS Strain A and T. cutaneum DO/electrode 0–4 [69]

(IIIa) CN� S. cerevisiae IFO 0337 DO/electrode 0.008–4 [71]

(IIIb) CN� S. cerevisiae DO/electrode 0.004–0.4 [72]

(IIIc) CN� S. cerevisiae Two DO/electrode 0–0.4 [73]
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was measured. The BODDO sensor was able to measure several kinds of untreated

waste water from fermentation plants [16].

Comparison of biodegradation characteristics of organic compounds between

the BODDO sensor method using T. cutaneum AJ 4816 [16] was performed and

compared with the conventional BOD5 method [51]. The sensor showed low BOD

values compared with the BOD5 method when soluble starch and lactose were

employed for experiments. This might be caused from the slow decomposition rate

of these compounds by the immobilized yeasts. On the other hand, the sensor

showed high BOD values compared with the BOD5 method when ethyl alcohol

and acetic acid were employed. These results suggested the oxidation rate of ethyl

alcohol and acetate to be faster than that of some standard substrates such as GGA.

As a new method for the BOD determination of primary effluent, a sensor method

was established which was defined as a Japanese Industrial Standard (JIS) (JIS K

3602) in 1990 [52].

Yang et al. developed disposable DO electrode chips that can be applied to the

BOD estimation for field monitoring (see Table 2(Ib)). At first, the single DO

electrode (15 � 2 � 0.4 mm) was constructed on silicon substrates using micro-

machining techniques [53]. This electrode is of the Clark type and T. cutaneum was

directly immobilized on the electrode surface using an ultraviolet cross-linking

resin. For measuring the GGA standard solutions, potential of �1021 mV was

applied to the working electrode. From the results, this DO electrode chip was

shown to enable measurements between 1.0 and 18 mg O2 L–1 BOD. For BOD

estimation using the DO electrode chip, a dynamic transient measuring method was

adopted and compared with the steady-state measuring BOD5 method [54]. In the

study, the measuring time was dramatically reduced.

Subsequently, using thin film technology, they fabricated an array type DO

electrode [55] (see Table 2(Ic)). One array chip was formed with five DO electrodes

(see Fig. 5). Each DO electrode on the array comprised an Ag/AgCl anode and a

silver cathode. Electrolyte, containing polyvinylpyrrolidone, soaked both anode

and cathode in each DO electrode before use. The DO electrode surface consists of

Silicone rubber
Electrolyte

Polyimide
Ag
Au

Cr

Glass

Cathode
Anode

Electrolyte
channelFig. 5 Schematic diagram of

an array type DO electrode
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a gas permeable membrane. To apply to BOD determination, T. cutaneum was

immobilized onto the cathode using the photo-crosslinkable resin. Using artificial

and domestic samples, the BOD values were compared with the BOD5 and this

sensor method and the results agreed well with those determined using both

methods.

Other BODDO sensors were also developed using different kinds of microbes, for

example Arxula adeninivorans (salt-tolerant yeast) [56–58], Hansenula anomala
[59], Torulopsis candida [60], and combinations of two microbes such as Bacillus
subtilis and T. cutaneum [61], Issatchenkia orientalis and Rhodococcus erythro-
polis [62].

4.2.3 Commercial BODDO Sensors

About 800 instruments involving BODDO sensors have been commercialized to

date (Central Kagaku Co., Tokyo, Autoteam GmbH, Berlin, etc.) since the first

commercial BODDO sensor was produced by Nisshin Electric Co. Ltd in 1983 [45].

Several companies in Japan and other countries tried to commercialize the BODDO

sensor. These sensors are based on the first BODDO sensor which detects the change

in the respiration activity of the immobilized microorganisms by a DO. These

commercialized BODDO sensors have been described in several reviews [3, 45,

50, 63].

The BODDO sensor method was established as JIS in 1990 (JIS K3602) [52].

Central Kagaku Co. offers several types of commercial BODDO sensors according

to JIS K3602 in cooperation with Nisshin Electric Co. Ltd which manufactures the

BODDO sensors. Figure 6 shows a photo of the deferred type BODDO sensor. This is

available from Central Kagaku Co. [64]. This sensor “BOD 3300” is used for in situ

continuous monitoring of samples such as waste waters. The sensor can measure up

to BOD 500 mg L�1 in 30–60 min.

Their latest BODDO sensor is a bench top instrument “QuickBOD a-1”, the
detection limit of which is BOD 2 mg L�1, only requiring GGA standard solution

and phosphate buffer for the daily measurements [64] (see Table 2(Id)). Figure 7

shows a photo of the desktop type BODDO sensor (Central Kagaku Co.). The

sandwich method using two porous membranes was used for immobilization of

T. cutaneum to obtain high reproducibility and stability. In this system, a buffer

solution as a carrier solution is continuously passed through the inner system.

Antibacterial tubes are used in the systems to maintain clear conditions. When a

sample solution is introduced into the sensor inside by a peristaltic pump, the

sample put into contact with the surface of a microbial electrode after aeration by

an air pump. Here, aeration of the carrier and sample solutions are required for the

saturation of DO concentration. Then the signal obtained from the microbial

electrode is sent to a microprocessor, and the sample solution is moved to a waste

water bottle. A detergent solution for washing the inner system and standard

solution for the calibration are used.
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4.2.4 Other BOD Sensors

According to Murakami et al., the SP technique was applied to a BOD sensor using

T. cutaneum as a biosensing element [20] (see Table 2(Ie)). The construction of an

SP device for BOD determination is described as follows. One side of the silicon

chip in the SP device has an insulating layer of silicon nitride as the sensor side. The

layer was deposited by chemical vapor deposition on a thermally oxidized layer.

The other side (back side) has two regions. One region consists of a deposited metal

layer for ohmic contact as a sensor window of 1 � 1 mm and the other region is not

coated and remains transparent. The microbial membrane, which was prepared by

sandwiching T. cutaneum (1 mg cell wet weight) between two filters made of

Fig. 6 Photographs of BOD

sensors of a deferred type

(Central Kagaku Co.)
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acetylcellulose membranes, was put onto the SP device and held between the device

and a silicone sheet to give a flow cell (see Fig. 8) [20]. Illumination from the back

side of the SP device induces a photovoltage.

When the sensor side of the SP devices is immersed in sample solution and the

potential of the solution is biased against the bulk silicon of the device using the

ohmic contact, the silicon/solution system acts as metal insulator semiconductor

Fig. 7 Photographs of BOD sensors of desktop type (Central Kagaku Co.)

Fig. 8 Schematic diagram of a flow cell in a SP yeast based sensor system
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structure. Then frequently modulated illumination induces an alternating photocur-

rent. This alternating photocurrent was treated at an SP controller and a personal

computer. A carrier solution containing 1 mM phosphate buffer (pH 7.0) with

0.15 M NaCl was pumped at a flow rate of 250 mL min�1 until the photocurrent

became stable. An analyte solution containing organic compounds was injected into

the flow cell by a peristaltic pump. When T. cutaneum in the membrane takes

organic compounds as substrates, pH will be changed by production of acidic

substances such as the carbonate ion and organic acid as results of metabolism

occurred in the cell of T. cutaneum. The changes of pH were sensitively detected by

the SP devices. The results in the BOD estimation of wastewaters obtained by both

SP-based sensor and conventional BOD5 were well correlated between 0 and about

180 mg O2 L–1 BOD [20].

Using the eukaryote S. cerevisiae, a double mediator system combining HCF

(III) and menadione was studied [65, 66]. Baronian et al. revealed that menadione

(vitamin K3; lipophilic mediator) can penetrate the outer cell membrane. Roustan

et al. applied the double mediator system for measuring yeast activity in alcoholic

fermentation [35]. Heiskanen et al. compared menadione and menadione bisulfite

using yeast, and they revealed that hydrophobic menadione was superior to its

water-soluble bisulfite derivative for probing living cells [67]. Yeasts are easily

handled, omnivorous to many kinds of organic substances, and stable even in saline

solutions. Thus, we have applied the double mediator system to BOD estimation

employing baker’s yeast S. cerevisiae [68].
Recently we have developed a highly sensitive and reproducible RC type BOD

sensor using baker’s yeast and a temperature-controlling system providing a three-

consecutive-stir unit [21]. When the incubation mixture was incubated for only

10 min at 30�C, a calibration curve for GGA concentration was obtained between

1.1 and 22 mg O2 L–1 (r ¼ 0.988, six points, n ¼ 3). The reproducibility of the

optical responses in the calibration curve was 1.77% (average of relative standard

deviations). This method was superior to the available BODDO sensor (Central

Kagaku Co.) in the detection limit (available BOD sensor’s value, 2 mg O2 L
–1),

dynamic range (2–20 mg O2 L–1), reproducibility (5%), and measuring interval

(30 min).

4.2.5 LAS Sensors

Numerous yeast based sensors have been fabricated since the development of BOD

sensor as the first microbial cell sensor. Linear alkylbenzene sulfonates (LASs) are

most commonly used for the production of detergents in synthetic anionic surfac-

tants. Biodegradation of LSA by microorganisms requires several days. However,

LAS has toxicity in itself and also contributes to increase the toxicity of other

pollutants in the aquatic environment. A large amount of LASs contained in

domestic wastewater are allowed to flow into rivers and streams.

In Japan, several ppm of anionic surfactants in a polluted river was reported. As

conventional methods for determining LAS, the methylene blue active substances
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method and high performance liquid chromatography (HPLC) are commonly

employed. However, these methods are time consuming and complex and require

large amounts of organic reagents.

For the simple and rapid determination of LAS concentration, detergent biosen-

sors indicating LAS were developed using LAS degrading bacteria (strain A) and

T. cutaneum for river water monitoring [69]. This is a reactor type sensor system

consisting of immobilized microbes and a DO electrode. The microbes were

immobilized in calcium alginate beads and the beads were packed into two columns

(reactors). In this study, correlation of LAS concentration as measured by the sensor

(strain A) and a conventional HPLC system was firstly obtained by using several

river waters containing LAS. However, the results showed low value of the

correlation coefficient (r ¼ 0.57). This result showed that the river waters were

contained many and varied substances and the substances could affect the sensor

responses.

To overcome this problem, another sensor system (sensor B) using yeast,

T. cutaneum which is an omnivorous microbe was employed to deduct a response

of the strain A sensor (sensor A) from a response of the T. cutaneum sensor as the

correction sensor (see Table 2(II)) [69]. As a result, good correlation between the

current decrease measured by sensors A and B was obtained (r ¼ 0.93). Using this

correction method, correlation of LAS concentration as measured by this sensor

method and the conventional HPLC method was compared and the correlation

obtained by this examination was dramatically improved (r ¼ 0.98). In addition,

this sensor method was not influenced by the NaCl in the river sample � at least

17.3 g L�1 chloride ion (Cl�). Thus, to prevent the influence of coexisting sub-

stances dissolved in a real sample, a dual sensing system was constructed. Finally,

LAS monitoring of river water by this sensor method was performed and changes of

LAS concentration in river water mostly corresponded with human life cycle in a

day. The optimized LAS sensor could measure 0.2 mg L�1 of LAS in 15 min and

the sensor was tested for continuous river water monitoring in situ. Thus, a practical

biosensor was constructed for water quality monitoring of river waters polluted by

synthetic anionic surfactants [45].

4.2.6 Cyanide Sensors

Cyanide compounds are highly toxic to fishes or animals including humans [70].

Nevertheless, cyanide is widely utilized in industrial applications, especially for

electroplating. Occasional accidents have taken place when industrial plants dis-

charge cyanide into environmental water. The lethal dose is in the range of

0.5–3.5 mg kg–1 body weight. Therefore, to regulate the discharge of cyanide

into the environment, the Water Pollution Control Law in Japan stipulates

1 mg L–1 of cyanide (38.5 mM) as the maximum concentration of cyanide allowed

in wastewater. Several cyanide biosensors have been developed following this

principle [71–73].
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The first cyanide sensor was made by employing a DO electrode entrapped in

yeast with an oxygen-permeable membrane, which was confirmed as a cyanide

sensor (see Table 2(IIIa)) [71]. The yeast S. cerevisiae IFO 0337 was selected as a

sensitive microorganism to cyanide. Yeast was cultivated in a YM medium at

pH 5.8, harvested by centrifugation, and then washed in a Tris-HCl buffer. The

yeast was entrapped between two porous cellulose nitrate membranes. The micro-

bial membrane incorporating the yeast was placed on the Teflon membrane cover of

a Clark-type DO electrode and covered with a nylon mesh as a protective layer. The

yeast in the microbial membrane can take up glucose, oxygen, and other nutritious

substances through the porous membrane, being exposed to cyanide as well when it

exists in the solution. This sensor was able to determine the cyanide ion (CN–) with

a linear range between 8.0 and 4000 mg L–1 (0.3–150 mM), which indicates that this

cyanide biosensor employing a reactor and a flow system has possible applications

for the monitoring of cyanide.

The second sensor employed a flow system (see Table 2(IIIb)) [72]. Yeast was

immobilized on glass beads acting as support (see Sect. 3.4); then the beads were

packed into a column acting as a reactor. The system employed two electrodes, and

the reactor was placed between them. A buffer solution containing 150 mg L–1

glucose was saturated with oxygen and carried by using a peristaltic pump. When

the cyanide solution was passed through the reactor, the respiration of yeast

immobilized on glass beads was inhibited, and the amount of oxygen consumed

by yeast decreased. As a result, the difference between postelectrode and pre-

electrode current output was reduced and considered as a response to cyanide.

This system was able to detect the cyanide ion with a linear range between 0 and

400 mg L–1 (0–15 mM), under the conditions of a flow rate of 4.5 mL min–1 and

25�C. These results indicate the possible use of this sensor in the construction of a

flow sensor system that can be applied to continuous monitoring for preventing the

discharge of cyanide from wastewater.

To ascertain applicability, the third sensor was developed for determining

cyanide in river water using an improved previous sensor system (see Table 2

(IIIc)) [73]. Then ChitopearlTM beads were chosen as the most sensitive support to

cyanide. The reactor used had a 22-mm diameter, a cross-sectional area of

381 mm2, and a length of 90 mm. The temperature was not very effective to sensor

responses from 7 to 29 C. Thus, the sensor employed a double electrode system and

the reactor was set up between the two electrodes. Under optimized conditions

consisting of a flow rate of 4.5 mL min–1, a 10 mM Tris-HCl solution (pH 8.0)

containing glucose of 150 mg L–1, and ambient temperature (approximately 20 C),

the sensor responded to CN– at a linear range from 0 to 400 mg L–1 (0–15 mM). As a

result, the sensor was sensitive enough to detect cyanide contamination from

industrial plants in river water.

Next, in order to determine the application of the sensor to river water, distilled

water (pH 5.7) was used instead of the buffer solution as carrier solution and the

distilled water did not affect the sensor response to cyanide [73]. The concentration

of sodium chloride, 10 mg L–1, did not affect the sensor response. In addition, the

maximum concentration of Mn2+, Fe2+, and Zn2+ in the Tama River in Japan did not
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have a significant effect on the sensor response. Six river water samples were used

for cyanide detection, all of them showing a linear response between 0 and

400 mg L–1 (0–15 mM) CN�. Similar responses to cyanide were obtained in spite

of differences in Cl� concentrations, BOD values, and pH of river water samples.

Herbicides such as simazine can affect the sensor response by respiratory inhibition

of S. cerevisiae. This cyanide sensor thus proved its suitability for monitoring river

water. The sensor response was maintained for 9 days but was lost after that.

Biosensors employing inhibition of microbial respiration are also affected by

other toxic compounds, such as pesticides and herbicides. Therefore, this kind of

sensor can be used for estimating total toxicity around a polluted water area.

Recently, along with other developments, luminescence-based genetically engi-

neered microbial cell sensors for water toxicity monitoring were developed using

S. cerevisiae [74]. Green fluorescent protein-based genetically engineered microbial

cell sensors were developed using S. cerevisiae for genotoxicity monitoring [75].

5 Outlook

In this review of yeast based sensors, many kinds of developments have been

introduced for environmental monitoring and food analysis [3, 12]. Especially in

the analysis of environmental samples, it is necessary to perform rapid, simple, and

multiple analyses because it highly desirable to determine the results quickly as

well as to analyze numerous samples simultaneously. Some techniques developed

for BOD sensors were useful as were some other yeast based sensors. In most yeast

based sensors, selectivity is a shortcoming. Thus, as molecular recognition ele-

ments, it has mainly been genetically transformed microbes that have recently been

engineered for selective measurements [76]. For example, BOD sensing yeast,

T. cutaneum IFO 10466, was genetically transformed using a plasmid, pAN 7-1,

for luminous BOD sensing [77]. By progression of this yeast based sensor technique,

the application will be extended, especially for environmental monitoring and food

analysis fields as described before.
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Mammalian Cell-Based Sensor System

Pratik Banerjee, Briana Franz, and Arun K. Bhunia

Abstract Use of living cells or cellular components in biosensors is receiving

increased attention and opens a whole new area of functional diagnostics. The

term “mammalian cell-based biosensor” is designated to biosensors utilizing mam-

malian cells as the biorecognition element. Cell-based assays, such as high-

throughput screening (HTS) or cytotoxicity testing, have already emerged as

dependable and promising approaches to measure the functionality or toxicity of

a compound (in case of HTS); or to probe the presence of pathogenic or toxigenic

entities in clinical, environmental, or food samples. External stimuli or changes in

cellular microenvironment sometimes perturb the “normal” physiological activities

of mammalian cells, thus allowing CBBs to screen, monitor, and measure the

analyte-induced changes. The advantage of CBBs is that they can report the

presence or absence of active components, such as live pathogens or active toxins.

In some cases, mammalian cells or plasma membranes are used as electrical

capacitors and cell–cell and cell–substrate contact is measured via conductivity or

electrical impedance. In addition, cytopathogenicity or cytotoxicity induced by

pathogens or toxins resulting in apoptosis or necrosis could be measured via optical

devices using fluorescence or luminescence. This chapter focuses mainly on the

type and applications of different mammalian cell-based sensor systems.
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1 Introduction

The cell-based biosensor (CBB) systems that incorporate whole cells or cellular

components have an obvious advantage of responding in a manner that can offer

insight into the physiological (at organelle, cellular, or tissue levels) effect of an

analyte [1]. Cell-based assays (CBA) are emerging as dependable and promising

approaches to probe the presence of pathogens in clinical, environmental, or food

samples [2–6]. Living cells are extremely sensitive to modulations or disturbances

in “normal” physiological microenvironment. Therefore, CBBs are employed to

screen and monitor “external” or environmental agents capable of causing pertur-

bations of living cells [5, 6]. Some of the CBAs utilize the metabolic responses of

cells (like cyanobacteria) to detect biological or chemical entities, like oxygen and

herbicides in water [7]. In another type, mammalian cells or plasma membranes are

used as electrical capacitors. The mechanical contact between cell–cell and cell–

substrate is measured via conductivity or electrical impedance [8, 9]. Also, mam-

malian cells are used to measure biochemical and metabolic end-products delivered

from cultured cells to the medium [6]. The CBAs can also measure the direct

electrical response of electrogenic cells such as neural cells, heart muscle cells,

pancreatic beta cells, or a neural cell network [6].

Pathogenic microorganisms must interact at a molecular proximity with cellular

components of the host cells in order to elicit the pathogenic response. The mamma-

lian plasma membrane is the first cellular interface for such an encounter with a

microbe or microbial products like toxins. Most often, as a result of this encounter,

the molecular and structural integrity of the plasma membrane is altered [10, 11].
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Plasma membranes of mammalian cells may release membrane-bound markers when

they are damaged by the action of a pathogen or toxin [12–14]. This interaction of

host cell membrane and pathogen is archetypal [15]. The damage caused by a

pathogen on plasma membrane bears a signature of the pathogen itself [15, 16].

In recent years, applications of functional detection of toxic and hazardous agents

using CBBs integrating CBAs are reported extensively [2, 3, 17–20] and offer

significant promise. Cell-based systems have proved their potential and emerged as

some of the most significant approaches in drug development, toxicology, and high-

throughput screening (HTS) [21]. Development of detection systems based upon the

physiological action of pathogens and toxins (pathogenicity) is receiving increased

attention in clinical pathology, as well as in food diagnostics, environmental moni-

toring, and biosecurity applications. Therefore, a biosensor capable of rapid and

functional screening of toxins and pathogens in food samples is in great demand to

cater to the contemporary needs of food safety and biosecurity.

The changing scenario of threats and issues of biosecurity and screening of

classified agents related to food, agricultural, or environmental safety necessitates

not only a sensitive detection regimen, but also requires a rapid, broad spectrum

screening tool that can be employed as the “first line of defense.” The nature and

capability of the detection systems must conform to challenges associated with

emerging pathogens and for unknown or little known biohazards. The present

methods of detection depend mostly on known chemical characteristics or mole-

cular recognition of target organisms, toxins, or substances [5]. In this regard,

conventional detection systems fail to detect or identify unknown or emerging

analytes, since most of these methods are specifically designed to identify a

particular organism or toxin. In this context the need for a “functional detection”

system is of utmost importance [22]. A functional detection system is capable of

reporting the presence of threat agents or substances in a physiologically relevant

manner. A living system can provide some of the key functional information about

an analyte [5, 23] which is listed below.

1.1 Toxicity of the Analyte

This can be assessed by using living systems as sensing elements, such as bacteria,

higher eukaryotic or mammalian cells, or living animals. The physiological res-

ponses, such as membrane damage, apoptosis, and necrosis of the sensing elements

as a result of exposure to test substances can be deduced to gain information about

the nature of toxicity of an analyte.

1.2 Impact on Cellular Metabolism

This can be evaluated by the alteration of signal transduction, second messenger

pathways, or enzyme pathways.
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1.3 Receptor–Ligand Interaction

A test substance might act as agonist or antagonist to a particular cell-type or groups

of cells. Therefore, a living cell containing such receptors could serve as a better

sensing probe to evaluate the agonistic or antagonistic potential of test substances.

1.4 Changes in Gene Expression

The interaction with foreign substances may alter the gene expression profiles of

sensing cells, tissues, or organs as a result of exposure. Functional genomics of

cultured cells can discern and classify agents or analytes based on their capabilities

to intervene gene expression of the sensing cells.

2 Animals as Sensor

Ideally, the best sensing system with the capability of functional detection of human

or animal threat agents would obviously be the living animals themselves. Different

animals have been used as “sentinels” for detection of toxic and harmful agents

(Table 1). In their two comprehensive reviews of the scientific literature from 1966

to 2005, Rabinowitz et al. [24] revealed evidence that animals can potentially

provide early warning of an acute bioterrorism attack as well as serve as markers

Table 1 A time-line of examples of animals as sentinels of environmental toxicants

Sentinel incidents Date References

Species Toxicant Country

Canaries Carbon monoxide England (Wales) 1870s [168, 169]

Cattle Smog England 1910s [170, 171]

Cattle Fluoride England [26]

Horses Lead USA [26]

Cattle TCE Scotland [172, 173]

Cats Mercury Japan 1950s [174]

Birds DDT USA [26]

Chickens PCB Japan 1960s [175]

Sheep OP agents USA [176]

Horses and other animals Dioxin USA 1970s [177, 178]

Dairy cattle PBBs USA 1980s [179, 180]

Sheep Zinc Peru [26]

Alligators DDT, dicofol USA 1990s [181]

Fish Pfiesteria toxins USA [26]

TCE trichloroethylene, PCBs polychlorinated biphenyls, OP organophosphate, PBBs polybromi-

nated biphenyls

Source: van der Schalie et al. [26]
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for ongoing human environmental health hazard exposure risks [24, 25]. The

sentinel animal species have been successfully used for environmental monitoring

applications, hazard and risk assessments, and detection and screening of deleteri-

ous changes in animal and human ecosystems [26].

Even though the use of animals could provide useful information about physio-

logical risks associated with a particular agent or groups of agents for a prolonged

period of time, the limited portability and robustness for practical large scale

application for in-field or military applications preclude the use of large living

animals for biosensing. The application of living cells to monitor and screen

pathogens or toxic substances offers many advantages over using a whole animal

for functional biosensing. Li et al. [27] listed several advantages of using cultured

cells over using whole animals, such as, when cells are used for evaluation of

different analytes. The key factors of cellular function affected by those analytes

can be singled-out without interference from more complex, whole-organism or

whole-organ responses. In addition, the cell types distributed or grown in a thin

layer provide better optical observation capabilities using microscopes or other

optical devices. The time necessary to raise an animal can be avoided and, most

importantly, a wide range of medium formulations and cell lines originating from

most tissue types are commercially available [27]. In addition to these factors, some

other advantages of using cells can be attributed to their abilities of responding to

external stimuli in a way that is physiologically relevant. Moreover, culturing and

maintenance of cells are less expensive compared to animal maintenance. Also,

CBAs provide much broader and more complex functional information, such as

global information about protein synthesis and apoptotic or necrotic cell death

when compared to nucleic acid and immunochemical methods. Information

obtained by a CBA can provide insight into the mechanism of toxicant or patho-

genic action, which in turn facilitates not only detection but also agent classifica-

tion. Considering all these factors, “cell-based biosensors” (CBB) incorporating

living cells, tissues, or cellular components have become very popular and useful in

functional biosensing [2, 28]. As such, cell-based detection or screening of hazard-

ous agents is an attractive approach, since it avoids the impracticalities associated

with the use of whole animals for function-based detections or limitations of

conventional biochemical or molecular detection strategies, such as nucleic acid

or antibody-based methods (Fig. 1).

3 Cell-Based Biosensor

When used in detection systems, living cells or cellular components demonstrate

unique capability of functional evaluation of the analyte and, therefore, physiologi-

cal effect of the analyte can be deduced from the response [5]. Biosensors which

incorporate CBAs have become a reliable and promising approach to investigate

the presence of hazardous agents (such as pathogens or toxicants) in clinical,

environmental, or food samples [5, 6]. The CBB systems can screen and detect
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anomalies, disturbances, or changes in “normal” physiological activities of mam-

malian cells initiated by an “external” or environmental agent [5, 6].

In some of the CBB applications, mammalian cells or plasma membranes

derived from cells have been used as electrical capacitors or the mechanical

contact between cell–cell and cell–substrates has been measured by evaluating

the conductivity or electrical impedance [8, 9, 29]. Biological products in water,

such as herbicides or oxygen (as a metabolic end product) were detected using

the physiologic responses of cells (e.g., cyanobacteria) [7]. Biochemical and

metabolic end-products released by cultured cells into the medium in response

to analytes were measured by CBBs connected to pH sensors or potentiometers

[6]. Electrogenic cells, such as neural cells, heart muscle cells, pancreatic beta

cells, or neuronal cell networks are used extensively in CBB applications to

measure the direct electrical response of these cells when exposed to different

agents [5, 6].

To overcome issues with stability and robustness of using living cells in sensor

applications, cellular components such as lipid membranes are being used in CBB.

Cellular components derived from whole cells are more stable than the whole cell

itself and they eliminate the need for maintaining expensive cell culture setup [30–

33]. Components of cell membranes such as receptors, e.g., G-protein-coupled

receptors (GPCR), ion channel receptors, or cell surface proteins such as heat-

shock proteins are immobilized onto functionalized sensor surfaces for cell-based

detection assays [4, 34, 35].

Molecular Level

Simple Moderate

Degree of Complexity

Complex

Cellular Level Whole Animal

Fig. 1 Assessment of hazardous agents utilizing biological entities. Cell-based assays offer

function-based diagnostics with optimal complexity
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3.1 Bacterial Cells vs Mammalian Cells

The term “cell-based biosensor” has been equally implicated in the description of

detection systems employing bacterial or prokaryotic cells as well as higher

eukaryotic or mammalian cells [1, 6, 36]. There have been several reports where

whole cell microorganisms, such as bacteria and algae, were used as the recogniz-

ing elements in detection of environmental hazards such as heavy metal ions [37,

38]. Using photosynthetic green algae and cyanobacteria, Sanders and co-workers

reported sensitive detection of the nerve agents tabun (GA), tributylamine, and

dibutyl sulfide [39]. A microbial amperometric biosensor based on yeast cells was

used for detection of lactate [40]. In another type of bacterial CBB, Immonen and

Karp [41] employed two genetically engineered Lactobacillus lactis ssp. cremoris
strains for detection of nisin in food samples. A rapid and selective method for the

determination of free short-chain fatty acids in milk was developed by Schmidt and

co-workers using a microbial sensor based on thick film oxygen electrode technol-

ogy [42]. Several groups have used bacterial bioluminescence-based optical bio-

sensors or electrochemical sensors containing recombinant or wild type microbial

cells in rapid environmental monitoring systems for onsite biochemical oxygen

demand or toxicant evaluation [20, 43–47].

The advantages of using single-cell microorganism-based sensors include

rapid growth and ease of culturing. Culturing of bacterial cells is usually less

expensive than that of mammalian cell culture, and bacteria are more robust and

have better viability than mammalian cells. Despite these advantages, the mam-

malian cells can report information such as bioavailability [48], cellular metabo-

lism, and physiologic responses relevant to human and animals [9, 17, 49–52] or

cytotoxic responses [3, 12, 17, 19, 53, 54]. This type of information is important

for functional biosensing. The ability of mammalian cells to simulate the organ-

ism’s physiologic function and interact with toxicants has become an essential

tool for screening, sensing, and evaluating environment, food, or clinical hazards

[3, 5].

4 Classification of Mammalian CBBs

A variety of mammalian CBBs exist which differ widely not only in types of cells

utilized, but also in detection applicability and methodology used. Therefore, the

employment of mammalian CBBs is applicable across many fields from medical

diagnostics and drug discovery to pathogen and toxin testing. The great diversity in

this field coupled with innovative advances in the engineering of detection plat-

forms allows for a great heterogeneity in the composition and use of any individual

mammalian CBB. CBBs are broadly classified based on the function and mecha-

nism of action of the biosensing (Table 2).
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4.1 CBBs Utilizing Electrical Measurements

4.1.1 CBBs Utilizing Excitable or Electrogenic Cells

Bioelectric and chemical responses of excitable cells like cardiac myocytes [48],

neurons [5], glial cells, cultured neuronal networks [5], brain tissue slices, or

vertebrate retina [55, 56] can be utilized to deduce functional information of an

analyte [1]. In this class of CBBs, stimuli (for example, chemicals, such as toxins,

drugs, or physical stimulant, such as light or electronic signal) are added into a

detection chamber containing cells cultured on a chip. As a result of stimulus, the

cells produce action potential resulting from physico-chemical changes, such as pH

of culture medium, which is detected by an electrical device through a thin layer of

electrolyte [57, 58]. By evaluating the changes in electrophysiological activities of

the cardiac myocyte cells from rats, Liu et al. [59] demonstrated sensitive detection

of heavy metals, such as mercury, lead, cadmium, etc., using a light-addressable

potentiometric sensor (LAPS) [48].

The use of microelectrodes for extracellular recording from electrogenic cells

has become a popular technique for different applications ranging from toxicant

evaluation to drug screening [60, 61]. To conduct extracellular recordings, com-

mercial systems are available from different manufacturers, such as Plexon Inc.

(Dallas, TX), Multichannel Systems GmbH (Reutilingen, Germany), and Alpha

MED Sciences, Co. (Tokyo, Japan) [60, 62]. Researchers at the US Naval Research

Laboratory in collaboration with University of North Texas reported the develop-

ment of microelectrode array using cultured neuron for quantitative measure of

Table 2 Classification of cell-based biosensors

Function/

mechanism at

cellular levels

Cell types Primary signals

derived from cells

Device/methods used

for secondary

transduction of signals

Excitable/

electrogenic

Neuron, cardiac cells, neuronal

network

pH, flow of ions LAPS, microelectrodes

Electrical

responses

Epithelial cells,

cardiomyocytes, neuron

Electric current, flow

of ions

Impedance, IDES

Cellular

receptors

Epithelial cells, hepatocytes,

stem cells, mononuclear

cells, T- or B-cells

pH, alteration of

molecules within

cells

Cell-signaling

molecules, LAPS,

optical methods

Cellular

metabolism

Epithelial cells, hepatocytes,

stem cells

pH, ion channel,

molecular flux

pH-sensitive ISFETs,

LAPS, ion-sensors

Cytotoxicity Epithelial cells, endothelial

cells, macrophages,

myeloma, mononuclear

cells, T- or B-cells

Changes in

membrane

integrity, cellular

morphology

Optical methods,

potentiometric

methods

Genomic

responses

Epithelial cells, endothelial

cells, macrophages,

myeloma, T- or B-cells

Changes in gene

expression

Reporter gene assay,

optical methods,

cytometry

LAPS light-addressable potentiometric sensor, IDES interdigitated electrode structures, ISFET
ion-sensitive field effect transistor
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synchronization in neuronal impulses [63–66]. The typical characters of neuronal

spikes under exposure to different chemicals were correlated with type of exposure

leading to a specific pattern for a specific group of agents.

4.1.2 CBBs Utilizing Changes in Impedance

Living cells grown on a surface (adherent cell types) function similar to a simple

circuit, since they can be considered an electrical system containing conductive

fluid packaged within a membrane surrounded by another conductive fluid. The

conductive fluids make up the resistance elements of the circuit, while the mem-

brane acts as a capacitor. Impedance methods have been used to monitor tissue

cultures online and in real time [67]. Impedance-based CBBs utilize the ability of

adherent cells to change electrical impedance due to the dielectric properties of

membranes of biological materials including cells. Impedance-based measurements

rely on the phenomenon that intact living cells are excellent electrical insulators at

low signal frequencies. As cells grow or migrate to increase surface area of

coverage over an electrode surface, the effective electrode impedance rises. Adher-

ent cells grown on planar electrodes can be used as a CBB for impedance measure-

ments to indicate cell adhesion, spreading, and motility, since it has been found that

the changes in cellular motility and spreading can be associated with exposure to

different analytes [9, 29].

In a particular type of impedance-based CBB, cells derived from a male

monkey’s kidney were adherently grown on interdigitated electrode structures to

monitor impedance changes associated with cell growth [68, 69]. The cellular

behaviors of nonexcitable cells like endothelial cells [70], fibroblasts [9], or macro-

phages [71] were monitored using impedance measurements. In another type of

impedance-based CBB, Kovacs and colleagues at Stanford University and at the US

Naval Research Laboratory achieved functional agent sensing by monitoring

changes in membrane impedance [72, 73]. Prolonged cellular growth period and

morphological changes have been implicated as disadvantages of impedance-based

biosensing.

4.2 CBBs Utilizing Biological and Physiological Measurements

4.2.1 CBBs with Cellular Receptors

One of the salient features of CBBs is that the cellular events initiated by analytes or

agents can be interpreted and explicated both for detection as well as to deduce

functional information about the mechanism of action of the analyte. A typical cell–

analyte event is initiated by the intimate interaction of cellular receptors (most often

referred to as “membrane receptors”) with the foreign agents (analyte or ligand).

Receptors may serve as the “entry port” for the foreign materials into the cell. For

Mammalian Cell-Based Sensor System 29



example, mammalian membrane proteins act as receptors for bacterial surface

proteins and aid in the internalization of the bacteria [74] or may induce down-

stream intracellular signaling pathways upon binding to membrane receptors (for

example, GPCRs) [75]. In-depth information about biosensing strategies using

natural cellular receptors are reported elsewhere [76, 77]. Since most CBBs directly

or indirectly exploit cellular receptors as the first biorecognition element, the

receptors warrant significant attention in the field of development of cell-based

biosensing strategies. A “rational design” of CBBs can become much easier when

enough information about types of receptors expressed by a particular cell-type is

available, and that information can effectively be utilized for pathogen or hazardous

agent detection.

4.2.2 Cellular Receptors Used for Biosensing and Their Types

Cellular receptors are proteins (glycoproteins or lipoproteins) typically associated

with cell membrane (or within the cytoplasm or cell nucleus) that bind to molecules

or chemical entities (ligands) such as proteins and hormones, and upon binding the

structural conformation of the receptor changes, resulting in the initiation of the

cellular response. As such, ligand-induced changes in the behavior of receptor

proteins results in physiological changes in the cell that represent the biological

effect of the ligand. In a receptor-based biosensor, the typical cellular responses

initiated by the ligand (in this case the analyte) can be interpreted to identify the

analyte (detection), since receptor–ligand interactions are often specific or at least

provide information about structural similarities about a group of analytes. For

example, estrogen receptors on a cell bind to estrogen-like foreign substances called

xenoestrogen (having structural similarity to estrogen and considered as environ-

mental pollutants) and elicit estrogenic responses in estrogen responsive cell

types [78].

Based on structural and functional characteristics, membrane receptors were

classified into four major categories, namely, ion channel receptors, G-protein-

linked receptors, receptors with a single transmembrane domain, and enzyme-

linked receptors [76, 79], and are summarized in Table 3.

Ion Channel Receptors

Ion channel receptors, ionotropic receptors, or ligand-gated ion channels (LGIC)

are responsible for the physiological activities which coordinate information flow in

the brain and control behavioral activities. Any disturbance in the control of this

balance leads to deleterious outcome, resulting in abnormal activity (e.g., epilepsy),

behavioral disorders (e.g., anxiety), or even neuronal cell death (excitotoxicity)

[80]. The LGICs activated by extracellular ligands may be divided into four super-

families: (1) Cys-loop superfamily, (2) glutamate receptors (NMDA, N-methyl-

D-aspartate; AMPA, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; and
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kainite), (3) TRP (transient receptor potential) channels, and (4) ATP-gated chan-
nels. In mammals, the Cys-loop superfamily comprises cationic receptors (nico-

tinic, 5-HT, and zinc activated) and anionic receptors [g-aminobutyric acid

(GABA) and glycine receptors]. The members of this superfamily exhibit important

physiological functions and mutations may lead to a range of pathological states.

Ligands specific for this class of receptors include endogenous chemicals such as

neurotransmitters. Typical examples of these include GABA, glycine, serotonin,

and ATP.

G-Protein-Coupled Receptors

A vast array of cellular signaling pathways are mediated through GPCRs, interact-

ing with numerous signaling molecules of diverse structure and function, including

hormones, neurotransmitters, and local mediators. GPCRs consist of a single

polypeptide chain spanning the lipid bilayer which includes several transmembrane

segments. Endogenous ligands belonging to this class that are important target

analytes for sensor technology include all neurotransmitters, most hormones and

autocoids, chemotactic factors, and exogenous stimulants such as odorants [76]. For

example, Whitaker and Walt [81] recently developed a fiber-optic single-cell array-

based biosensing method using Chinese hamster ovary (CHO) cell line ectopically

expressing different human GPCRs to detect and analyze real-time Ca2+ responses

resulting from exposure to various agonists.

Receptors with Single Transmembrane Segments

Some of the crucial cell-signaling pathways are regulated by a group of receptors

with single transmembrane segments. The prominent members of this group

include growth factors, such as epidermal growth factors, platelet-derived growth

factors, fibroblast growth factors, and nerve growth factors. Structurally these

receptors are segmented into three domains, an extracellular domain responsible

for ligand binding, a single transmembrane segment responsible for signal trans-

mittal and conformational events, and cytoplasmic domains eliciting cellular

responses by activating signal transduction pathways. Proteins such as phosphory-

lase C, GTPase-activating protein, and phosphatidylinositol 3-kinase are some

classical examples of this receptor type.

Enzyme-Linked Receptors

Enzyme-linked receptors are probably the most studied group of receptors pertain-

ing to pharmacological and clinical applications. These receptors are also trans-

membrane proteins having ligand-binding domains on the outer surface of the

plasma membrane, while the signaling elicitor component may or may not be
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physically associated with the transmembrane domain. Broadly, these receptors are

grouped into five major categories (adopted from Subrahmanyam et al. [76]) as

follows. (1) Receptor guanylyl cyclase – ligand specificity is peptide hormones

secreted by heart muscle cells. (2) Receptor tyrosine kinase (RTK) – this is a high

affinity cell surface receptor containing a large transmembrane domain and a

glycosylated extracellular domain. There are approximately 20 RTK families

based on their affinity to different ligands [82], such as epidermal growth factor

family, insulin receptor family, fibroblast growth factor family, vascular endothelial

growth factor family, and others. (3) Cytokine receptor superfamily – this group

includes growth hormone prolactin and antigen-specific receptors on T- and B-

lymphocytes that regulate proliferation and differentiation in the hematopoietic

system [83]. (4) Tyrosine phosphatases – these interact with phosphotyrosines on a
particular type of protein and play significant roles in cell signaling. (5) Serine/
threonine protein kinases – these perform various functions such as suppression of

proliferation and stimulation of synthesis of extracellular matrix (ECM). Phospha-

can, a chondroitin sulfate proteoglycan of nervous tissue, is a typical example of

ligand for this class of receptors [84].

4.2.3 Receptors for Host–Pathogen Interaction

Multicellular organisms express specialized surface receptors called “cell adhesion

receptors” so as to form tight associations with neighboring cells and with ECM to

facilitate building cell layers, tissues, and organs. Cell adhesion receptors are

constituted by different protein families, most important of these are the integrins,

the cadherins, the immunoglobulin superfamily cell adhesion molecules (IgCAMs),

the selectins, and the syndecans [85]. It is well established that, in addition to their

structural role, adhesion receptors in most cases also play a crucial role in signal

transduction from the exterior to the interior of the cell [86]. As a result of these

multiple functions, the expression of adhesion receptors on the cell surface is

critical and integrities of these proteins are conserved in multicellular organisms.

However, due to the nature of the surface exposure, signaling capacity, and conser-

vation, these receptor proteins have evolutionarily became ideal targets for patho-

gen interaction, communication, and invasion [85, 87].

Several ECM proteins and adhesion receptors are targeted by different patho-

genic microorganisms (Table 4). Three major classes of these receptors� integrins,

cadherins, and IgCAMs� are discussed below with regard to their interactions with

pathogenic microorganisms.

Integrin Receptors and Interacting Pathogenic Bacteria

Integrins are cell surface receptors that are glycoprotein in nature and interact with

ECM proteins or recognize membrane-bound counter receptors and elicit intracellu-

lar signal transduction. Some outer membrane proteins expressed by enteropathogens
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like Yersinia species, Y. pseudotuberculosis and Y. enterocolitica, and Shigella
(IpaC protein) function as ligands for mammalian b1-integrin receptors. Gram-

positive bacteria such as Staphylococcus aureus or Streptococcus pyogenes interact
with integrins by recruiting ECM proteins. These ECM proteins are adhesins in

nature and include fibronectin-binding proteins A and B (FnBP-A and -B) of

S. aureus or Sfb1 (also called F1) of S. pyogenes [88, 89]. Enteropathogenic

Escherichia coli (EPEC) interacts with b1-integrins through its surface intimin

adhesin [90]. EPECs insert a protein into the host cell membrane called transe-

pithelial intimin receptor (Tir ) which serves as the counter receptor for the bacteria-

associated intimin [91]. Evidence from in vitro experiments using cultured cells

indicates that the region of Tir that is recognized by intimin displays homologies to

b1-integrin receptors, leading to the belief that intimin might also bind to certain

cellular integrins [92].

Immunoglobulin Superfamily Cell Adhesion Molecules

and Associated Pathogenic Bacteria

Cell adhesion molecules of the immunoglobulin superfamily are characterized by the

presence of at least one immunoglobulin-like domain in their extracellular part. The

immunoglobulin domain functions as a site for binding and recognition. IgCAMs

appear as integral membrane proteins or coupled to the membrane via a glycosyl-

phosphatidylinositol anchor. The prominent pathogen exploiting IgCAMs is found

in the genus Neisseria, where pathogenic N. gonorrhoeae and N. meningitidis
both express adhesins, the colony opacity-associated (Opa) proteins that bind to

Table 4 Pathogens targeting cell adhesion molecules

Species ECM protein/receptor

Borrelia burgdorferi FN/b1 integrins

Mycobacterium leprae FN, LN/b1 and b4 integrins

Mycobacterium bovis BCG FN/b1 integrins

Neisseria gonorrhoeae and N. meningitidis FN, VN/b1 and b3 integrins

Porphyromonas gingivalis b1 integrins

Shigella flexneri b1 integrins

Staphylococcus aureus FN, LN, Col/b1 integrins

Streptococcus pyogenes and S. dysgalactiae FN/b1 integrins

Yersinia pseudotuberculosis and Y. enterocolitica b1 integrins

Immunoglobulin-related cell adhesion

molecules (IgCAMs)

Haemophilus influenzae CEACAMs

Moraxella catarrhalis CEACAMs

Neisseria gonorrhoeae and N. meningitidis CEACAMs

Cadherins

Listeria monocytogenes E-cadherin

CEACAMs carcinoembryonic antigen-related cell adhesion molecules, Col collagen, FN fibronec-

tin, LN laminin, VN vitronectin

Source: Hauck et al. [85]
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members of the carcinoembryonic antigen-related cell adhesion molecule (CEA-

CAM) family, a subgroup of IgCAMs that elicits the pathogenesis of this microor-

ganism [85, 87, 93].

Cadherins and Interacting Pathogens

Cadherins are transmembrane glycoproteins that mediate tight homotypic cell–cell

association [94]. Cadherins possess five cadherin-motif subdomains in their extra-

cellular segment which allow them to dimerize with neighboring cadherin mole-

cules in the presence of Ca2+ [95]. Listeria is considered to be the most prominent

example of pathogenic bacteria engaging cadherins. Listeria monocytogenes,
a Gram-positive, facultative intracellular pathogen, expresses a family of adhesins

termed internalins that mediate the invasion of this pathogen into different cell

types [96]. Cossart’s group at the Pasteur Institute, France has led the way in

understanding the Listeria surface proteins, such as internalins and their interac-

tions with host cell receptors. Two types of internalins are proposed to be the key

virulence factors playing important roles in the host cell adhesion–invasion mecha-

nism for Listeria: Internalin B (InlB) aids in the invasion into a number of different

cell types and seems to associate with different receptors such as Met receptor

tyrosine kinase [97, 98], while internalin A (InlA) allows the bacteria to penetrate

efficiently human epithelial cells [99]. This property is based on InlA binding to

human E-cadherin [100]. Interestingly, like the homophilic interaction between

cadherins, the binding of InlA to E-cadherin is Ca2+ dependent. As cadherins are

linked to the actin cytoskeleton, it is not surprising that InlA-mediated invasion can

be blocked by agents that disrupt the integrity of the actin cytoskeleton such as

cytochalasins [101, 102].

Other Mammalian Surface Proteins

The intimate physical interaction between host–pathogen is mediated by several

other surface expressed molecules on mammalian cell membrane. Prominent

examples of this are the group of proteins called heat-shock protein (Hsp). Our

group has discovered that under thermal stress conditions Listeria monocytogenes
can over-express a 104 kDa surface alcohol acetaldehyde dehydrogenase desig-

nated Listeria adhesion protein (LAP), which acts as a ligand to a ubiquitous

mammalian heat-shock protein (Hsp60) and aids in bacterial adhesion and translo-

cation in intestinal epithelial cells [103–105]. Interestingly, physiological stressors

and nutritional status can up- or downregulate the expression of LAP, and thereby

its interaction with its receptor Hsp60 [106, 107]. Viruses also utilize receptors to

gain entry into host cells. These may include one or more attachment receptors and

at least one entry receptor [108]. Interaction with attachment receptors increases

infectivity but may be an optional requirement [109, 110]. Examples of attachment

receptors include cell-bound heparan sulfate molecules for HIV [110] and herpes
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simplex virus [111]. The entry receptors for HIV are CD4 and members of the

extended chemokine receptor (CCR) family (also known as co-receptors) [112].

Some viruses use multiple alternative receptors to enter a host cells. For example,

HIV uses CCR5, or CXCR4, CCR2b, CCR3, CCR8, and CCR9 to enter host cells.

The repertoire of host cell surface receptors available to a given virus comprises the

receptor array. Specific interaction of virus with the host cell depends on the

availability of a minimal set of receptors from a series of available receptors in

that host cell surface [108].

4.2.4 Application of Receptors in Functional Biosensing

The application of receptors for cell-based sensing is a technique which has been

used for a long period of time. CBAs for HTS are a widely used technique in drug

discovery and in clinical/pharmacological applications [21]. In recent years, inter-

facing of electronics and optical technologies has aided in technological advance-

ment and instrumentation for CBAs. Some examples of pioneering technologies

using receptor-based HTS, utilizing GPCRs [113], and ion channels [114, 115] are

FLIPR (Molecular Devices) and Photina (PerkinElmer). Both are automated sys-

tems for measuring calcium concentrations in cellular compartments. The former

uses fluorescence imaging while the latter utilizes luminescence assays. Other

optical tools such as confocal imaging and laser scanning microscopy and cyto-

metry enable acquisition of real-time and time-lapse cellular and sub-cellular

images. Laser scanning imaging utilizing fluorescence imaging techniques is now

routinely used for HTS and to evaluate receptor–ligand interactions [116].

Several automated systems are now available to monitor receptor–ligand inter-

action. FMAT 8100 HTS (Applied Biosystems) is a system which employs a

macroconfocal scanning platform to visualize and quantify protein–peptide or

protein–protein interactions in real-time [117]. ArrayScan (Cellomics) is used to

perform high-content cell-based imaging assays to monitor cellular localization of

molecules, cell–cell interactions, and cytotoxicity or receptor (GPCR) internaliza-

tion [118–121].

4.3 CBBs Based on Metabolic Measurements

The metabolic activities of a cell are a function of its interactions with surrounding

environment or agents. The changes to the extracellular environment due to cell

metabolism (as a result of exposure to physical or chemical factors) can be

measured. Manifestation of cellular metabolism is associated with changes in the

rate of acidification of the media and changes in medium composition or character-

istics, such as changes in extracellular pH or concentrations of different ionic

species initiated by secreted cellular metabolites, such as glucose, lactate or ammo-

nia [122]. Other common methods for metabolic sensing using living cells include
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oxygen and/or carbon-dioxide consumption or production and microcalorimetry

[23]. Well-established biochemical sensors such as glass electrodes, pH-sensitive

ISFETs (ion-sensitive field effect transistors), or LAPS can be utilized to monitor

pH-changes, Clark electrodes for oxygen, and amperometric (enzyme sensing)

devices for glucose and lactose monitoring [5, 6, 67]. Ion-selective ISFET can be

used to monitor the concentrations of the ionic species. Such a potentiometric

sensor was used to detect the effect of histamine as a model toxin on human

umbilical vein endothelial cells [123]. With the advent of metabolomics, CBAs

are receiving increased attention to screen various toxicants. For example, hepato-

cytes express high levels of drug-metabolizing enzymes (both phases I and II) and

have been widely used in CBA platforms to evaluate the hepatotoxic potentials of

various drug molecules or environmental toxicants [124, 125].

In another type of cell-based sensing platform, stem cell-based systems are used

to evaluate agents which affect cell metabolism. Stem cell-based systems offer a

promising and innovative alternative for obtaining large numbers of cells for early

efficacy and higher toxicity screening, allowing improved screening of drug or

toxicant molecules. The applications of adult and embryonic stem cell-based

screening are popular choices in several areas of HTS including cardiotoxicity

[126], hepatotoxicity [127], genotoxicity/epigenetic [128] and reproductive toxi-

cology [124]. In another study, embryonic stem cells derived from a mouse were

induced to differentiate in vitro to cardiomyocytes or neurons and were cultured on

the surface of LAPS in order to monitor changes in extracellular ion concentrations

[48]. The metabolic measurements offer functional information relevant to the

analyte. At the same time, cross-talks between metabolic pathways may preclude

specific detection of a particular analyte, since different toxicants or pathogens

evoke different cellular responses, such as signaling pathways or targeting of

different organelles.

4.4 CBBs Based on Optical Measurements

Optical assays utilizing the properties of various probing molecules such as color,

fluorescence, or luminescence are utilized to acquire real-time and in-situ infor-

mation about cell–cell or cell–analyte interaction. With the advent of novel organ-

elle specific fluorophores it is possible to visualize a particular cellular component

such as nucleic acids, mitochondria, or lipid membranes [129]. CBAs based upon

fluorescent or luminescent properties for HTS application are probably the most

powerful tools available to cell-biologists today [116, 120, 121, 130]. There have

been several other optical methods employed to detect biological agents by moni-

toring cell death events. Cytotoxic agents which cause cell damage can be screened

by using suitable markers for cytotoxicity. The hallmarks of cell death are mem-

brane damage or nucleic acid degradation which eventually leads to either apoptotic

or necrotic cell death [131, 132]. The quantification of cell death can be done by

using appropriate enzyme substrate or fluorescent dyes [3, 12]. Several bacteria or
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mammalian cells have been genetically engineered to emit light (luminescence)

when exposed to toxic compounds or pathogens [133–136]. In another type of

optical assay cell viability was measured by monitoring respiration by optical

oxygen sensing using a fiber-optic phosphorescent phase detector [137].

4.5 Genomic Biosensors

Genomic biosensors perform functional analysis of agents or drugs based on gene

expression profiles in target cells [138]. A detailed review on genomic biosensors

can be found elsewhere [139]. A genome based biosensor, such as GenomeScreen

(developed by Aurora Biosciences Corp.), scans the genome broadly and identifies

relevant genes in live cells. A library of cell clones is generated with a randomly

integrated promoterless fluorescent reporter gene (such as b-lactamase) throughout

the genome. A fluorescence activated cell sorting step is performed on this “Gene-

Tag” library to isolate clones (of cells) based on the expression levels of individual

tagged genes. This method is very specific and can provide information at the gene

level; however, limited choice of appropriate cell lines with intact signal transduc-

tion pathways precludes wide use of this type of CBB.

4.6 CBBs Based on Cytopathogenicity

CBAs incorporating cytotoxicity measurements are gaining increasing importance

in sensor design and detection strategies. The iniquitous distinction of “pathogens”

is designated to the microorganisms which have the capability of inducing diseased

conditions in other organisms such as humans, animals, and plants. The hallmark of

the pathogenesis by a pathogen is the disruption of a normal physiological condition

of the host. Such pathogenic organisms can be detected by damage inflicted upon

the host system. Several pathogens are known to cause damage of varying severity

to human and animal cells or tissues. A comprehensive list of such pathogens and

their target cells is illustrated in Table 5.

4.6.1 Cytopathogenicity Assay for Pathogenic Bacteria or Toxins

Impairment of a host cell by pathogenic microbes or toxins often bears a “finger-

print” of that particular pathogen or toxin. These types of assays not only testify the

presence of particular pathogens or toxin but also provide information about the

functionality of the pathogen or toxin. Cytopathogenicity assays furnish critical

information about the biological and physiological interactions occurring between

host and pathogen (Fig. 2). Therefore, these cell-based cytotoxicity assays can

distinguish a viable pathogen from a nonviable one. This information is often
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Table 5 Human or animal cell lines used for cytopathogenicity assay for foodborne bacteria

Bacteria Cell line Cell type Source Cytopathic effects

Salmonella CHO Epithelial Chinese hamster ovary Elongation, detachment

Vero Fibroblast Monkey kidney Lysis, protein synthesis

inhibition

HEp-2 Epithelial Human laryngeal Invasion

JY B-cell Human Invasion

H9 T-cell Human Invasion

Henle-

407

Epithelial Human jejuna Intracellular growth

J774 Macrophage Mouse Intracellular growth

HeLa Epithelial Human cervix Toxicity, actin

polymerization

HT-29 Epithelial Human colon Apoptosis

E. coli Vero Fibroblast Monkey kidney Lysis, protein synthesis

inhibition

CHO Epithelial Chinese hamster ovary Lysis, toxicity

Henle-

407

Epithelial Human jejuna Adhesion

HEp-2 Epithelial Human laryngeal Adhesion, toxicity

MAC-T Epithelial Bovine mammary gland Invasion

MDBK Epithelial Bovine kidney Invasion

HeLa Epithelial Human cervix Toxicity, apoptosis

T84 Epithelial Human colon Apoptosis

Y1 Epithelial Human adrenal gland Rounding, detachment,

cAMP

W138 Fibroblast Human lung Toxicity

J774 Macrophage Mouse Apoptosis

HT-29 Epithelial Human colon Apoptosis

Shigella HeLa Epithelial Human cervix Cell death, protein

synthesis inhibition

Vero Fibroblast Monkey kidney Lysis, protein synthesis

inhibition

3T3 Fibroblast Mouse Invasion, actin

polymerization

U937 Monocyte Human Apoptosis

Mf Macrophage Mouse Invasion, apoptosis

Campylobacter HeLa Epithelial Human cervix Distended cells (CDT

effect)

Vero Fibroblast Monkey kidney Distended cells (CDT

effect)

AZ-521 Epithelial Human stomach Vacuolation

Ped-2E9 B-cells Mouse Toxicity

Yersinia J774 Macrophage Mouse Exocytosis, apoptosis

HEp-2 Epithelial Human laryngeal Invasion, lysis

Vibrio CHO Epithelial Chinese hamster ovary Elongation, cAMP

accumulation

Listeria Caco-2 Epithelial Human colon Adhesion, invasion,

apoptosis

CHO Epithelial Chinese hamster ovary Detachment, lysis

Henle-

407

Epithelial Human jejuna Intracellular growth,

death

Vero Fibroblast Monkey kidney Toxicity

(continued)
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very important from an industrial (especially food manufacturing) point of view, as

nonviable bacterial cells typically cannot cause disease and are excluded from the

purview of safety regulations. In contrast, immunological and nucleic acid based

methods for detecting pathogens and toxins primarily rely on chemical properties or

molecular recognition to identify a particular agent. As a result, no functional

(biological and physiological) information can be obtained from such assays.

4.6.2 Cytotoxicity Assay

The cytopathogenicity of a pathogen or toxin is revealed by the damage of the target

host cells or tissues incurred by host–pathogen interaction. The common outcomes

of a bacteria or toxin mediated injury to a eukaryotic cell are manifested by cell

membrane damage or pore formation, cell death via apoptosis or necrosis, cell lysis,

or detachment of cells from substrata (Fig. 2). The effect conveyed by pathogenic

microorganisms or their toxins can be assayed using cytopathogenicity or cytotox-

icity assays [4, 67]. A typical cytopathogenicity or cytotoxicity assay can be

performed either directly by microscopic methods or by indirect determination of

eukaryotic cell membrane damage or pore formation. The direct microscopic

evidence, such as rounding of Vero cells, is routinely used to evaluate the presence

of certain pathogens or toxins [140, 141]. Membrane damage can be measured by

incorporation of dyes like trypan blue or propidium iodide [12, 53, 54, 142].

Diffused enzymes, such as alkaline phosphatase (ALP) or lactate dehydrogenase

that are released from eukaryotic cells as a result of membrane damage, can also be

assayed colorimetrically or spectrophotometrically to assess the extent of the cell-

damage [12, 19]. However, there are limitations to assays probing for released

Table 5 (continued)

Bacteria Cell line Cell type Source Cytopathic effects

HEp-2 Epithelial Human laryngeal Invasion

J774 Macrophage Mouse Intracellular growth

RAW Macrophage Mouse Intracellular growth

HeLa Epithelial Human cervix Toxicity

HUVEC Endothelial Human umbilical vein

endothelial cell

Intracellular growth

Hep-G Epithelial Human liver Intracellular growth,

apoptosis

3T3 Fibroblast Mouse Invasion, plaque

formation, lysis

L-M Fibroblast Mouse Invasion, plaque

formation, lysis

NS1 Myeloma Mouse Lysis, toxicity

Ped-2E9 B-cell Mouse hybridoma Lysis, apoptosis

RI-37 B-cell Human–mouse hybridoma Lysis, apoptosis

Ramos

RA1

B-cell Human Lysis, apoptosis

Source: Bhunia et al. [4]
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Fig. 2 Schematic diagram of CBB based on cytopathogenicity. Cellular processes in response to

pathogens or toxins (external stimuli) can be exploited for evaluation of cytotoxicity. In a CBB

system based on cytopathogenicity the cells release extracellular that is enzymes, such as alkaline

phosphatase or lactate dehydrogenase or intracellular molecules, such as calcium ions. These

marker molecules are detected as estimators of cytotoxicity
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enzymes. These enzymes may not be present in all types of cells, and the effect of a

certain membrane-degrading pathogen or toxin may not produce pores large

enough to release more sizeable proteins. Other assays such as 3-[4,5-dimethyl

thiazolyl-2]-2,5-diphenyltetrazolium bromide (MTT) or 4-[3-(4-iodophenyl)-2-(4-

nitrophenyl)-2H-5-tetrazoliol]-1,3-benzenedisulfonate (WST-1) can report patho-

gen or toxin mediated cytotoxicity based upon parameters of proliferation, viability,

or activation [143–145].

4.7 CBBs Using a 3D Cell Culture System

Mammalian cells cultured in three-dimensional (3D) configurations are considered

a major breakthrough in biosensor design. Cells are grown in a biocompatible

scaffold such as collagen, matrigel, hydrogel, or aliginate gel to provide a 3D

architecture emulating tissues in the body [146]. Cells grown in 3D configuration

more accurately represent gene expression, cell differentiation and other biological

activities similar to in vivo models than 2D culture system [147–149]. The 3D cell

culture system has been used to study host-cell–pathogen interaction for several

microorganisms including Salmonella Typhimurium [150], uropathogenic E. coli
[151], Pseudomonas aeruginosa, cytomegalovirus, and norovirus [152, 153].

Recently, collagen encapsulated hybridoma B-cells in 3D scaffold were success-

fully used in an array format in 96-well plate for detection of Listeria monocyto-
genes and Bacillus cereus toxins [3]. The 3D cell culture model shows much

promise to be an integral part of the cell-based biosensor for HTS in pathogen

testing, drug discovery and point-of-care applications [152, 154].

4.8 Current Status of Cell-Based Biosensing

The applications of biosensors that incorporate whole mammalian cells to detect

foodborne pathogens are drawing increasing importance. This is because mamma-

lian CBBs have the unique potential of distinguishing viable bacterial cells from

those that are nonviable. As mentioned previously, this serves as a critical parame-

ter in the food industry, since nonviable bacterial cells or inactive toxins do not raise

any concern. The development of a CBB which could be used in the food industry is

still undergoing rigorous laboratory validations. Some of the key developments in

this area are listed below.

4.8.1 Electrical Cell–Substrate Impedance Sensing

“Electrical cell–substrate impedance sensing” (ECIS) was developed by Giaever

and Keese [9] for the detection of changes in cellular morphology (Fig. 3e). In ECIS,
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Fig. 3 Different strategies of construction of cell-based biosensors exploiting changes in electrical

properties. (a) CBB that measures changes in electrical potential. An analyte interacts with a

receptor located in the cell membrane. After interaction, an ion influx is caused by a signal cascade

involving cyclic-adenosine monophosphate (cAMP). Changes in the electric potential of the cell

are measured by a silicon-based semiconductor, which is located inside the support. The cell may

be stimulated by a microelectrode. (b) Same cell as shown in (a) but the cell is immobilized on

microelectrodes. Semiconductor structures may also be integrated into the support. (c) An immo-

bilized CBB based on the bioelectric recognition assay (BERA). The measuring electrode is

inserted in the immobilized cell-gel bead, while the reference electrode is inserted in a cell-free

gel bead. The cell-gel beads contain mammalian cells those were engineered to carry analyte-

specific antibody in the membrane at high density on the cell surface. The assay principle is that

attachment of the analytes to their corresponding antibodies will result in structural changes of the

cell membrane, which is measured as changes occur in the cell membrane electric potential.

Measurement and reference electrodes are connected via wiring to a data converter, which assess

the membrane potential changes. (d) Isolated receptors may also be immobilized inside artificial

cell membranes (lipid bilayer). Electrical current flow through this membrane yields information

about the analyte. (e) CBB based on measurement of the impedance, i.e., the resistance and the

capacitance are deduced by measuring the current and voltage across a small empty electrode.

Then adherent cells are grown to cover the electrode. As a result, the cell membranes block the

current flow causing changes in impedance. (e) Cellular functions measured by electric cell

substrate impedance sensor (ECIS), which measures various cellular attributes such as: barrier

function, cell membrane capacitance, morphology changes, cell motility, cell–cell proximity,

proximity of cells to the surface ((a), (b) and (d) are redrawn from Keusgen [168])
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sensing is achieved by measuring the changes in the impedance of a small micro-

electrode in response to AC current flow. High-resolution recording of ECIS are

able to indicate changes in cellular morphology at a nanoscale level. This multi-

chambered biosensing system has been used to detect minute pathogen-induced

changes in the cellular response that are normally invisible in conventional micro-

scopic techniques. Equipped with greater sensitivity, ECIS also acquires data in real

time and is capable of quantifying intracellular and intercellular changes. This

sensor has commercial applications in several areas; including in vitro toxicity

testing, signal transduction involving GPCRs for drug discovery, cancer cell inva-

sion, and the testing of endothelial cell barrier function [155]. This was one of the

initial breakthroughs to bring the concept of a mammalian or higher eukaryotic

whole cell-based biosensing system for diagnostics application.

4.8.2 Bioelectric Recognition Assay

Kintzios and colleagues [31] developed a CBB that employed the so-called bio-

electric recognition assay (BERA). Animal and plant cells immobilized on BERA

sensors are capable of reflecting the electric response to various ligands bound to

the cells. This sensor measures the changes to the cell membrane potential due to

either cell–analyte interactions or the oxidation of membrane lipids. For example,

the positive signals obtained in the BERA system reflects the binding of viruses to

surface antibodies, which changes their membrane potential and not the entry of

viruses in immobilized cells (Fig. 3c). Further refinement of membrane engineering

technology to allow insertion (electroinsertion method) of virus-specific antibodies

on the surface of cultured mammalian cells (such as fibroblasts) has improved the

specificity of the sensor [156]. This biosensor technology is also available com-

mercially with an intended target market of food manufacturing and clinical

diagnostics.

4.8.3 CANARYTM: A B-Lymphocyte-Based Biosensor

One of the first commercially available cell-based sensors having application to

food, clinical, and environmental diagnostics or in the biosecurity area is a geneti-

cally engineered CBB developed at MIT’s Lincoln Laboratory, called Cellular

Analysis and Notification of Antigen Risks and Yields (CANARY) [135]. In

this system, B-lymphocytes were engineered to express bacteria-specific antibodies

(immunoglobulin). Simultaneously, a calcium responsive bioluminescent cytoplas-

mic protein – “aequorin” from a jellyfish (which emits light when intracellular

calcium concentration increases) – was also engineered in such a way that when an

antigen (e.g., bacterial cell surface protein) binds to the antibodies on the engi-

neered B-cell surface, a downstream signal transduction cascade triggers intracel-

lular calcium flux. As a result, the jellyfish protein in the cytoplasm of the

engineered B-cell will almost instantaneously emit light which can be detected
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with a luminometer [135, 157]. As such, this biosensor reports the presence of an

analyte, such as E. coli O157:H7, as soon as it binds to the biosensor’s receptors.

4.8.4 Cell-Based Sensor Using Ped-2E9 Hybridoma B Lymphocyte

In another type of CBB the foodborne pathogens Listeria monocytogenes or

Bacillus cereus (whole bacterial cells or toxins) were detected using murine

hybridoma B-cells (Ped-2E9) [3, 12, 17, 19, 53, 54, 158]. These organisms or

toxins can infect and produce detectable cytotoxicity to Ped-2E9 cells; as a result,

the hybridoma cells release ALP. The released enzyme can be detected colorimet-

rically in 1–6 h, which is directly related to the virulence potential of Listeria or

Bacillus spp. [12, 17, 19].

4.8.5 Artificial Cell-Based Sensor

An artificial cell-based sensor was developed to detect a pore-forming hemolysin

produced by Listeria monocytogenes – listeriolysin O (LLO) by using a nanocom-

posite material of small unilamellar liposomes containing fluorescent dyes. The

liposomes were encapsulated in porous silica using alcohol-free sol–gel synthesis

methods. The immobilized liposomes act as a cellular compartment containing the

fluorescent dyes. The released dyes as a result of LLO mediated pore formation

report the presence of the toxin [159]. The real advantage of this type of synthetic

cell-based sensor is that it is composed purely of “nonliving” components, so shelf-

life is very long and preservation is simple when compared to mammalian cell-

based sensors.

5 Limitations and Drawbacks of CBBs

Cell-based sensors have emerged as a promising approach to address several issues

such as functional identification of an analyte [1], screening of a group of molecules

or chemical species [5], or in drug discovery and development as well as environ-

mental monitoring [6]. However, there are several issues which may limit extensive

application of CBBs such as specificity, reliability and robustness, stability, and

shelf-life.

Some CBBs lack specificity and fail to identify the analyte type [60]. For

example, different cellular events, such as cytotoxicity/cell death events or cell-

signaling pathways may manifest a similar outcome. Membrane active toxins

such as hemolysins and cytolysins from different microbes may cause similar

damage to membrane structure of mammalian cells, or different adrenergic com-

pounds might elicit similar cAMP or cGMP mediated cellular signaling events. The
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discriminatory analysis for the specific detection of an analyte may become difficult

when only relying on the hallmark of cellular fate.

CBBs may lack robustness because mammalian cells when cultured in vitro are

generally fragile and prone to damage even with slight changes in their growth

environment. Thus the cellular microenvironment, e.g., media pH or media compo-

sition, must be maintained properly during a CBA. The reliability of the assay

depends on maintaining a “true” tissue or organ environment, which often requires

sophisticated design of platforms. A classical example of such an issue is observed

when neuronal networks or neurons are cultured in 3D instead of 2D formats; they

tend to provide much better information [5]. Another limitation of using CBBs is

receptor desensitization, which can occur during repetitive analysis. Loss of recep-

tor response is a general problem, regardless of whether the biosensor uses the

receptor on the intact living cells or on an artificial support [160, 161].

Another drawback of CBBs is lack of stability and prolonged shelf-life, which

are considered crucial properties needed for field application. Long-term cryogenic

storage of the cells in liquid nitrogen traditionally reduces the viability, and

application of dimethyl sulfoxide (DMSO) as a cryo-protectant might also reduce

the number of viable cells [162, 163]. Prolonged storage of the mammalian cells in

cultured condition requires extensive facilities such as carbon-dioxide, controlled

temperature, and humidity which may hinder in-field application of CBBs. There-

fore, to overcome these obstacles, efforts are being made to maximize onsite

deployability of CBBs by encapsulating cells in 3D protective materials such as

collagen [3]. In addition, field-deployable platforms are being made using cell-

support components to prolong the self-life of sensor [164].

One of the most desirable goals is to make the sensors affordable to the users.

Since mammalian cell culture is expensive, it is imperative to develop low cost

CBBs. Therefore, the development of biosensor platforms utilizing biolumines-

cence or fluorescence-based detection is possible using a simple, hand-held lumin-

ometer or spectrofluorometer.

6 Concluding Remarks and Future of CBBs

As is the case with any technology, biosensing using cell-based approaches is

presently undergoing developmental phases. There are limitations (discussed in

Sect. 5), but concerted efforts are being made to overcome such limitations to make

CBBs available for onsite use and for widespread applications. The power of

cellular receptors or signaling pathways has been integrated with analyte-specific

antibodies on surface of mammalian cells to render specificity [135]. Application of

protease inhibitors [165] and cell-cycle inhibitors [166] in growth medium or cells

grown under modified growth conditions [17] have shown to extend shelf-life.

These strategies may prove to be encouraging in future development in cell-based

sensor for onsite application. With the advent of laser scanning imaging devices

[3], micro and nano electronics [167], and fluorescence probes, a new paradigm of
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cell-based sensing is definitely emerging. The capacity of CBBs to provide useful

information concerning physiological responses to a variety of potentially biohaz-

ardous analytes coupled with innovative advances in detection platforms substanti-

ates them as the leaders in the next generation of functional biosensing.
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Fluorescent and Bioluminescent Cell-Based

Sensors: Strategies for Their Preservation

Amol Date, Patrizia Pasini, and Sylvia Daunert

Abstract Luminescent whole-cell biosensing systems have been developed for a

variety of analytes of environmental, clinical, and biological interest. These analyt-

ical tools allow for sensitive, rapid, simple, and inexpensive quantitative detection of

target analytes. Furthermore, they can be designed to be nonspecific, semispecific, or

highly specific/selective. A notable feature of such sensing systems employing

living cells is that they provide information on the analyte bioavailability and

activity. These characteristics, along with their suitability to miniaturization, make

cell-based sensors ideal for field applications. However, a major limitation to on-site

use is their “shelf-life.” To address this problem, various methods for preservation of

sensing cells have been reported, including freeze-drying, immobilization in differ-

ent types of matrices, and formation of spores. Among these, the use of spores

emerged as a promising strategy for long-term storage of whole-cell sensing systems

at room temperature as well as in extreme environmental conditions.

Keywords Bioluminescence l Cell preservation l Fluorescence l Spores l Whole-

cell biosensing systems
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1 Introduction

A biosensor is an analytical device comprised of a biological sensing component

coupled to a transduction element that produces a measurable signal in response

to an environmental change or a target analyte. Various biological recognition

elements such as binding proteins, antibodies, enzymes, and whole cells, among

others, have been employed in biosensors. In particular, the use of microbial cells as

bioreporters for detection of environmental pollutants and other biologically rele-

vant chemicals has become a trend in environmental, clinical, and biological

analysis. Whole-cell bacterial biosensing systems have been developed by inserting

a plasmid into the cell that encodes for a regulatory protein and a reporter protein

under the control of an inducible operator/promoter. The reporter protein is under

the promoter’s transcriptional control and is expressed in a dose-dependent fashion

in the presence of specific compounds/analytes recognized by the regulatory pro-

tein, allowing for quantitative detection of the analytes. Specifically, fluorescent

and bioluminescent proteins such as the green fluorescent protein (GFP) and its

variants, red fluorescent protein (DsRed), bacterial, firefly, and sea pansy luci-

ferases, as well as b-galactosidase, that can be detected by chemiluminescent

substrates, have been used as reporter proteins in whole-cell sensing. Fluorescence

and bioluminescence detection provides high sensitivity due to the high quantum

yields of luminescence reactions [1], which results in a linear relationship between

the analyte concentration and the light signal occurring over a wide dynamic range

of concentrations. The main characteristics responsible for the widespread applica-

tion of fluorescent and bioluminescent reporter genes in whole-cell sensing are their

low cost, safety, rapid response and convenience of use. Both types of reporter

genes allow in situ analysis of biological samples. Fluorescent reporter proteins

such as the GFP and its variants are autofluorescent and, therefore, do not require

addition of substrates or cofactors. The stability of fluorescent proteins at biological

pH and the lack of endogenous homologues make them an attractive tool for

detection of a variety of analytes in many different assay configurations and plat-

forms. However, the overall sensitivity of such proteins may be hindered due to the

background fluorescence of the biological components in the analyzed samples. In

that regard, bioluminescent reporter proteins such as bacterial, firefly, and sea pansy

luciferases have a distinct advantage over fluorescent proteins in that they can

deliver higher assay sensitivity. This is because bioluminescent proteins do not

require an external excitation source, thus eliminating the possible interference by

fluorescent compounds present in biological systems. A drawback of the use of

bioluminescent reporters relates to the requirement for substrates and/or cofactors

to trigger the bioluminescence reaction. In the case of whole-cell biosensors that

employ intact cells, this may pose a problem given that the substrates need to be

able to cross the cell membrane, and thus permeability issues may arise. When

bacterial luciferase is employed as the reporter, the need for exogenous substrate is

eliminated if the entire luxCDABE gene cassette is used. In this cassette, the luxA
and luxB genes code for two distinct bacterial luciferase subunits, while the other
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genes code for enzymes involved in the synthesis of the substrate, namely, a long-

chain aldehyde [2]. It should also be noted that some bioluminescent proteins such

as certain bacterial luciferases are heat sensitive, a factor that restricts their wide-

spread use. A versatile and widely used reporter in a variety of applications is

b-galactosidase. The versatility of this reporter protein stems from the fact that its

enzymatic activity can be measured by electrochemical, fluorescent, chemilumi-

nescent, and colorimetric detection methods. From all these detection methods, the

one that affords better detection limits when using b-galactosidase is chemilumi-

nescence [3].

Bacterial sensing systems include two principal types, based on the expression of

the reporter protein, which can be either constitutive or inducible. In the former type

the reporter protein is constantly expressed by placing the reporter gene under the

control of a constitutively active promoter. The decrease in intensity of the signal

produced by the reporter protein indicates a decrease in metabolic activity of the

cells, which is due to any toxicants present in the environment of the cells (Fig. 1).

Use of constitutive systems to monitor the toxicity of aquatic samples was first

reported almost three decades ago [4]. One of the prominent features of these

nonspecific bacterial biosensors is that they can be used to detect mixed toxicants

[5]. Unpredictable additive effects of such mixed toxicants in complex mixtures and

environmental samples can also be assessed [6]. Furthermore, commercialized

testing kits that make use of constitutive expression reporter cells to monitor the

toxicity of samples are now available. Specifically, testing kits such as Microtox

and Lumistox are based on inhibition of luminescence from the spontaneously

bioluminescent bacterium Vibrio fischeri, caused by the presence of toxic com-

pounds.While constitutive systems are effective in providing information about the

toxicity of complex mixtures and samples, there are some challenges that still need

to be addressed. Complex environment factors such as distribution of nutrients and

inhibitory compounds that inactivate expression of the reporter gene may yield

false positive results [7]. Moreover, decrease in the metabolic activity of the cells

Fig. 1 Schematic

representation of a

constitutive whole-cell

sensing system in which the

reporter protein is placed

under the transcriptional

control of a constitutively

active promoter. In the

absence of toxic chemicals

the reporter protein is

constantly expressed and a

steady signal is measured.

In the presence of toxic

chemicals the signal is

reduced or totally inhibited
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for any reasons other than the presence of toxic chemicals could yield unreliable

results. In addition, potassium, sodium, and magnesium ions have been shown to

alter the luminescence in V. fischeri [8].
Alternatively, in inducible bacterial sensing systems a measurable signal is

elicited only upon activation by target analytes or certain stress factors. The

sensor’s response consists of a dose-dependent increase in the production of

reporter protein and, consequently, in the signal intensity. In the case of sensing

systems responding to target compounds (Fig. 2), the presence of a biorecognition

element, which is comprised of a regulatory/recognition protein and a specific

promoter region of DNA, ensures that the system is extremely specific/selective

to those molecules or classes of molecules. For example, regulatory sequences from

heavy metal resistant bacteria have been fused to reporter genes for construction of

highly specific and sensitive bacterial biosensors for heavy metal detection. Induc-

ible whole-cell biosensors for stress factors are constructed by placing the reporter

gene under the control of the promoter of a stress-response regulon. Such promoters

are induced by various stimuli/chemicals; therefore, these biosensors are semi-

specific in nature. The stress regulons are activated as a protection/repair system

in response to agents that may provoke genetic or metabolic damage to the cells.

A variety of whole-cell sensing systems have been designed and developed over

a time span of almost 20 years [9–13]. Microbial biosensors have been extensively

used to detect analytes of interest, such as, metals, anions, sugars, drugs, organic

pollutants, and quorum sensing signal molecules [13–16]. Examples of metals

include mercury [17, 18], chromium [19], lead [20, 21], copper [22], aluminum

Fig. 2 Schematic representation of an inducible whole-cell sensing system in which the reporter

protein is placed under the transcriptional control of a promoter inducible by a target compound. In

the absence of analytes, the regulatory protein is bound to the promoter and inhibits the reporter

gene transcription. In the presence of analytes, the regulatory protein binds the analyte, and

releases itself from the promoter, thus activating the reporter gene transcription and leading to

signal production
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[23], iron [24, 25], zinc [26], and silver [27]. The detection limits for some of the

metals have been reported to be at nanomolar levels. Anions, such as, arsenite,

arsenate, and antimonite [28, 29], nitrate [30], and phosphates [31] have been

detected by whole-cell sensing. Among organic compounds, cell-based biosensors

have been described for alkanes [32], benzene and its derivatives [33, 34], aromatic

compounds [35], polychlorinated biphenyls [36], chlorocatechols [37, 38], dihy-

droxylated(chloro)-biphenyls [39], hydroxylated polychlorinated biphenyls [40],

L-arabinose [41], tetracyclines [42], and N-acylhomoserine lactones [16]. Further-

more, whole-cell sensing systems have been developed, which are responsive to

different kinds of stress, including, heat shock, oxidative stress [43, 45], protein

damage [46–48], DNA damage [45, 49–51], and membrane damage [52].

A remarkable feature of living cells is their ability to provide information on the

bioavailability and activity of compounds present within the cell. This is parti-

cularly important when those are analytes that have been targeted for detection. As

compared to isolated sensing proteins, bacterial sensing cells present additional

advantages; these include their ability to self-replicate, the lack of need for exten-

sive purification processes before their use, tolerance to relatively harsh environ-

ments, and higher stability. Consequently, whole-cell sensing systems are robust

and convenient to use. On the other hand, their responses are slower than those of

protein-based biosensors and the need for cell culture before use further increases

the overall assay time. Additionally, it should be pointed out that self-replication,

while advantageous in terms of sensor availability, may be a disadvantage from the

analytical point of view because it makes it harder to control the concentration of

sensing reagent during the assay. Inducible whole-cell sensing systems are also

very attractive compared to chromatographic and spectroscopic techniques and

bioassays in environmental and biomedical sensing. The main reason for that lies

in the possibility of analyzing samples directly or upon minimal preparation, thus

avoiding the lengthy and costly sample pretreatment steps needed with the above

methods. Additionally, whole-cell sensing does not require expensive instrumenta-

tion and highly-trained technical personnel. A further advantage of whole-cell

biosensors is that they are amenable to miniaturization and automation, thus

enabling multiplex analysis, high-throughput screening, and field applications.

Despite their advantageous analytical features, whole-cell biosensors have been

restricted to use in laboratory settings due to limitations posed by the need for

keeping the sensing cells alive and providing them with an environment rich in

nutrients, oxygen, etc. One of the major concerns that are still unresolved is the

“shelf-life” of bacterial sensor strains. The effective storage of bacterial biosensing

systems requires the preservation of the viability as well as activity and analytical

performance of the cells. The ability to keep reporter bacteria at ambient tempera-

ture for long periods of time without the need for any special requirements, while

maintaining their analytical characteristics, is still a major challenge. Preservation,

long-term storage, and portability of sensing bacteria are some of the critical

features that need to be achieved for on-site applications. To that end, several

approaches are currently being employed, which include drying, continuous culti-

vation, immobilization, and sporulation methods. The features, advantages, and
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disadvantages, as well as new advances of these methods, as related to the stability

and potential on-site use of luminescent whole-cell sensing systems, are critically

discussed in this chapter.

2 Drying Methods

Freeze-drying is one of the most common methods for storing whole-cell sensing

bacteria and other microbial cultures. Although various methods are used for

freeze-drying microorganisms, there are some fundamental common steps. Speci-

fically, cells are grown to an optimal growth phase before they can be mixed with

drying preservation agents. Next, the mixture is frozen at low pressure to allow for

sublimation of frozen water. These desiccated cells can then be stored for a period

of time, and rehydrated when required for further sensing use. However, the

survival rate of freeze-dried cells is very low and decreases during long-term

storage [53]. Therefore, to ensure revival of a sufficient amount of cells, a relatively

high amount of cells is required for the freeze-drying process. Optimal conditions

for survival and stability of freeze-dried cells vary depending upon the organism. In

general, the most critical parameters are growth phase before drying, growth media,

desiccation tolerance, preservation agents, and rehydration methods.

The growth phase ensuring the highest recovery after freeze-drying may vary.

For example, it was observed that Lactobacillus rhamnosus stationary phase cells

had the highest recovery of 31–50%, while only 2% of the early log phase cells of

the same species could survive the drying process [54]. In contrast, the survivability

of Sinorhizobium and Bradyrhizobium cells was reported to be highest at the lag

phase of growth [55]. The optimal cell concentration before drying is also known to

affect the survival rate [56]. As far as the growth media composition is concerned,

sucrose has been shown to enhance the viability as well as to maintain the activity

and performance of freeze-dried sensing cells. For example, the activity of freshly

cultured whole-cell biosensing systems for phenolic compounds was compared to

that of the same cells after they were freeze-dried in the presence of 10% glucose,

12% sucrose, or 10% glucose þ 12% sucrose, and stored at �20 and �70�C for

several months. It was observed that cells freeze-dried in the presence of sucrose

and stored at �70�C exhibited the highest relative activity when challenged with

phenolic compounds [57]. In another study, Carvalho et al. showed that the viability

of freeze-dried cells was higher when the cells were grown in the presence of

mannose, as compared to fructose, lactose, or glucose [58, 59]. A study by Streeter

et al. indicated that survival of Bradyrhizobium japonicum could be significantly

enhanced by the presence of trehalose in the growth medium [60]. However,

Cho et al. reported that the luminescence activity of Janthinobacterium lividum

increased due to the addition of trehalose to the growth medium just prior to freeze-

drying [61].

It is important to note that survivability does not necessarily correlate with the

activity and analytical performance of the cells. As an example, high salinity of the
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growth medium is known to enhance the viability of the freeze-dried biosensing

bacterial cells, while not necessarily ensuring maintenance of their activity. Ped-

azhur et al. showed that the cell activity not only depends on the salinity but also the

type of growth medium used [62]. Preservation additives are usually mixed along

with the cells prior to the freeze-drying process. These include glycol, glycerol, and

sulfoxide derivatives such as dimethyl sulfoxide. These compounds are known to

reduce the concentration of salt around the cells and induce partial dehydration

during the freezing process. Some cryoprotective agents adsorb on the microbial

surface and cause the removal of water from the cell [63]. Additives that form a

saturated liquid with very high viscosity upon freezing are known as amorphous

glass forming protective agents. Ice and salt crystals that form during the freezing

process can damage the cell wall of the microorganism. Such highly viscous

compounds reduce mobility, keep the structure of ice amorphous within and around

the cell, and prevent the harmful waste products produced by the bacteria from

concentrating around the cell [64–66].

The stability of freeze-dried bioluminescent bacteria under ambient temperature

conditions was studied by Ulitzur et al. [8]. The freeze-dried sensing cells were

stored at 25 and 30�C for 3, 5, and 7 days, reconstituted after these times, and

evaluated for their sensing ability to their target analytes, namely cadmium and

parathion. The results obtained were compared to those shown by sensing cells

from the same batch that had been kept at 4�C. It was concluded that storage for up
to 7 days, both, at 25 and 30�C, did not lead to a significant reduction in overall

luminescence, rather the sensing bacteria maintained their initial analytical perfor-

mance [8]. In another study by Stocker et al., arsenite/arsenate sensing cells were

applied to a paper strip, vacuum dried, and stored at 20, 4, or 30�C [67]. The data

collected showed that the performance of arsenite/arsenate sensing bacterial cells

was maintained for at least 2 months when stored in the tested conditions. Notably,

freeze-drying enables easy and inexpensive shipping of sensing bacteria at room

temperature, thus reducing the high operational costs posed by shipping in a chilled

container. On the other hand, cost and complexity of the technique represent some

of the disadvantages of this preservation method.

3 Immobilization Methods

Immobilization of cells is extensively utilized for storage and preservation of

whole-cell biosensing systems. Various immobilization techniques have been

developed, including encapsulation in polymer gels, entrapment in different types

of matrices, and adsorption, as well as covalent attachment to solid supports, such

as fiber optics, microchips, microtiter plates, membranes, and glass slides (Fig. 3).

In that regard, the immobilization of cells within polymeric matrices either of

organic or inorganic nature has received much attention and has been the focus of

numerous studies. In order to keep optimum biostability and efficiency of whole-

cell sensing systems, the matrix used for immobilization should keep the cells
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isolated from each other. This prevents self aggregation, and protects the cells from

microbial attack, while providing essentially the same local aqueous microenviron-

ment of biological media. For a matrix encapsulation/entrapment method to be

effective, certain requirements need to be met. The biosensing cells’ response may

be affected by the environmental stress that the cells are subjected to. Therefore, the

conditions associated with preparation of the matrix and entrapment of the cells

should be sufficiently mild to keep the cells alive and active in such a manner that

the reproducibility of the method is not compromised. Ideally, prolonged storage

should result in no inactivation and no growth of the encapsulated cells during that

time. No growth is essential to maintain a constant number of cells, and thus the

reproducibility of the sensing system. This is especially challenging since Escher-
ichia coli and most other microorganisms are known to proliferate rapidly. Addi-

tionally, minimal background signal and high sensitivity of the sensing cells are

parameters that need to be tightly controlled.

3.1 Sol–Gel Entrapment

Sol–gel entrapment offers several advantages regarding the preservation and stor-

age of whole-cell biosensors. The sol–gel matrix is highly porous and possesses

mechanical strength as well as chemical and thermal stability that protects the

immobilized cells for relatively long periods of time without affecting their analyt-

ical performance. Moreover, since polymerization of the sol–gel matrix can be

Covalent Attachment Adsorption

Entrapment in matrixEncapsulation in polymer gel

Fig. 3 Schematic representing various immobilization methods of whole-cell sensing systems
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carried out at room temperature, the whole cells can be incorporated within the

matrix without any special precautions. Silicates are usually employed as precur-

sors in the entrapment of bacteria within sol–gel (Fig. 4). An advantage of silicate-

based materials is that they are optically transparent, and thus render themselves as

biocompatible matrices for encapsulation of biological optical biosensing systems.

Recent studies have showed the successful use of silicates for encapsulation of

whole cells in sol–gel. Yu et al. demonstrated that genetically engineered cells

capable of detection of organophosphates maintained 95% activity for 2 months

after sol–gel encapsulation in a silica matrix [68]. Different entrapment methods

using tetramethyl orthosilicate (TMOS) and sodium silicate were also evaluated for

their effect on the activity and viability of the cells. The use of TMOS as the starting

material for encapsulation led to generation of methanol, which caused the effi-

ciency of the sensing cells to be lower than that in the sodium silicate matrix.

However, the activity of encapsulated cells, in both matrices, was higher than that

displayed by free cells stored in buffer solution [68]. The effect of release of

methanol from TMOS during its polycondensation process on heat shock sensing

bacteria was investigated by Premkumar et al. [69, 70]. These researches investi-

gated the response of biosensing bacteria that were encapsulated in TMOS matrix

and stored at 4�C for 4 weeks. For that, a strain containing a lux-fusion of the

promoter of the heat shock gene grpE was tested to assess the methanol effect. The

luminescence signal from the strain showed a relatively small induction of the heat

shock system compared to the deliberate addition of a heat shock inducer, thus

suggesting limited effect of methanol on the cells during gel formation. The

bacteria behaved as if they were exposed to 0.01 M methanol, which is far below

the lethal dose for bacteria [69]. As reported above, one of the concerns in sol–gel

encapsulation of whole cells using alkoxides is the release of alcohol, which is toxic

to the cells. To address this problem, Amoura et al. employed a strategy based on

the formation of alumina gel from preformed boehmite colloids containing glyc-

erol. They demonstrated that the cells were able to maintain their viability for

30 days [71]. It is important to note that sol–gel encapsulated cells need to be kept in
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wet/humid conditions since drying of the matrix can significantly alter their viabil-

ity and activity [70]. To circumvent the need for wet/humid conditions during the

encapsulation of cells in sol–gel matrices, Tessema et al. proposed a freeze-drying

compatible sol–gel process [72]. Freeze-drying is a harsh process in which dehy-

dration may induce a stress response from the cells. To minimize this effect and to

stabilize the activity of the cells, protective additives such as trehalose and glucose

were added. The authors observed that sol–gel encapsulated cell-based-sensors that

were prepared with more than 10% trehalose maintained their activity after the

freeze-drying process. These studies revealed that the freeze-dried sol–gel immo-

bilized cells were somewhat stable. The luminescence emission of bacteria harbor-

ing a luminescent reporter after 6 weeks at �20�C was 70% of the initial value

observed prior to cell storage. Long-term storage of sol–gel encapsulated sensing

bacteria is limited by the increase in cross-linking of the network over time, which

in turn causes the internal solvent to be expelled from the matrix, resulting in a

change of the internal polarity and viscosity, as well as a decrease in the average

pore size. The latter, renders the entrapped sensing cells inaccessible to the analyte.

3.2 Agar Immobilization

Another attractive method of storage of whole-cell biosensors relies on the use of

agar as the immobilization matrix. Agar is a dried hydrophilic colloid extracted

from the cell wall of certain algae of the class Rhodophyceae. Specifically, it is an

agarose-based polysaccharide able to form hydrogels. Agar has certain advantages

over other materials, including its easy preparation, low cost, and good mechanical

and acid stability. These characteristics make agar an attractive matrix for the

encapsulation of whole-cell biosensors. In that regard, Park et al. evaluated the

effect that storing at 4�C during 6 weeks had on agar immobilized Salmonella
typhimurium cells harboring a plasmid that contained the DNA damage-inducible

SOS promoter fused to the promoterless luxCDABFE operon from Photobacterium
leiognathi [73]. It was observed that the sensing bacteria could be stored for up to

4 weeks without any significant loss in sensitivity. In a different study Mitchell and

Gu investigated the immobilization of 12 bacterial strains within 2 different matri-

ces, agar and TMOS-based sol–gel in a 96-well plate [74]. For each system, a

series of parameters were needed to optimize the responses of the sensing strains

employed, i.e., percent agar, matrix drying time, and cell-matrix volume were

evaluated. The optimum conditions proved to be 1.5% w/v agar concentration

and 100 mL volume for agar immobilization, and 50 mL volume and 20 min drying

time for immobilization in the sol–gel matrix. The responses of the cells imme-

diately after encapsulation were similar, regardless of the type of matrix. However,

when the reproducibility of the response was tested over a period of 4 weeks, the

cells that were immobilized within the agar showed less week-to-week deviation

than the cells encapsulated in the sol–gel matrix. This improved reproducibility was

possibly due to the presence of nutrients and LB media in the agar matrix.

66 A. Date et al.



3.3 Cryogel Immobilization

A relatively new method utilized in the immobilization of whole cells involves the

use of cryogels. Cryogels are gel matrices that are formed in moderately frozen

solutions of monomeric or polymeric precursors. Cryogels typically have inter-

connected macropores that allow for the diffusion of solutes of any size, as well as

mass transport of nano- and even microparticles. The unique structure of cryogels

provides them with excellent osmotic, chemical, and mechanical stability, thus

making them promising matrices for immobilization of whole cells. Polyvinyl

alcohol (PVA) is an example of polymer employed in the preparation of cryogels

for cell entrapment. PVA is a biologically compatible, nontoxic, and readily

available low-cost polymer. Moreover, this matrix is a nonbrittle gel material and

exhibits little abrasive erosion. Lopez-Fouz et al. studied the effect of storage of

Rodococcus fascians cells in PVA-polyethylene glycol (PEG) cyrogel on the

efficacy of hydrolysis of the phytochemical limonin [75]. The encapsulated cells

were viable and maintained reproducible response for at least 1 month without

nutrient supplementation, when stored at 4�C.

4 Sporulation Methods

Although the previously described methods offer good properties for preservation

and storage of whole-cell sensing systems, they still fall short when the bacterial

sensors need to be stored for a long period of time and transported to locations

where certain facilities, such as refrigeration, are not available, and to environments

with harsh conditions, such as high salt, extreme pHs, cold, dry heat, wet heat,

drought, etc. Therefore, there is a need for storage and transport methods for whole-

cell sensing systems, which are inexpensive, effective in preserving cells’ viability

and activity in a wide range of conditions, and easy to use. One promising method

of preservation of the sensing bacteria involves the formation of spores.

Some bacteria, such as Bacillus and Clostridium, can adapt to changing envir-

onments and harsh conditions by forming highly resistant spores (Fig. 5). The

process of spore formation, called sporulation, involves different stages, including

initiation, chromosome segregation, sporulation-specific cell division, differential

gene expression, and specific signal transduction mechanisms. The result of this

process is a dry, dormant, and hardened vehicle designed to preserve the DNA even

in very unfavorable conditions. A spore is composed of a set of protective structures

arranged in series of concentric shells, whose most important function is to lock the

bacterial DNA into a stable crystalline state, excluding any toxic molecules that

may be present in the surrounding environment. Resistance of spores depends on

three substructures: the core, cortex, and coat of the spore (Fig. 6). The interior

compartment contains the DNA, which is complexed with small acid soluble

proteins [76]. The core is surrounded by the cortex, which is composed of a layer
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of loosely cross-linked peptidoglycans [77]. Finally, the outer surface, i.e., the coat,

is made of multilayered protein shells [78]. Spores are metabolically inactive,

highly resilient, and stable for long periods of time. The mature spore released

from the mother cell can survive in a metabolically dormant state for hundreds, if

not thousands, of years without losing its viability [79]. During the dormant stage,

the spores carry out no detectable synthesis or oxidative metabolism, but can

acquire normal cell functions within minutes in response to specific germinants in

the environment. In spite of their inert state, they can sense even small amounts of

nutrients, and respond by germinating to vegetative growing cells [79].

These unique features of spores prompted us to employ them for stabilization

of whole-cell biosensors. Specifically, our approach is based on the use of spore-

forming bacteria for the development of sensing systems, and the generation

of spores as a simple, inexpensive, stable, and resistant way of preservation,

storage, and transport of whole-cell biosensors. As mentioned above, spores can

be germinated to generate viable and metabolically active cells. In our work, we

have used spore-forming bacteria such as Bacillus subtilis and Bacillus megaterium
for development of luminescent sensing systems for two model analytes, namely

arsenic and zinc [26]. The two sensing systems were analytically characterized by

Outer coat
Inner Coat

Cortex

Core

Fig. 6 Schematic of the

cross-section of a bacterial

spore showing a complex

structure comprised of

concentric layers. Bacterial

DNA is locked in the core

Fig. 5 Scanning electron

microscopy (SEM)

photograph of Bacillus
subtilis spores. Magnification

4,500�.Scale bar: 1 mm
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exposing them to varying concentrations of target analytes. Subsequently, these

sensing cells were converted to spores and stored for a period of time at room

temperature. The spores were then germinated to vegetative cells, which were

employed for sensing. We demonstrated that these spore-based sensing systems

retained their analytical performance in terms of detection limits, dynamic range,

and reproducibility after storage at room temperature for up to 24 months, as well as

after three cycles where the cells alternated between being dormant or active, i.e.,

sporulation–germination cycles. Figure 7 shows a schematic representation of the

experimental setup including sensing–sporulation–germination cycles. The poten-

tial advantages of using spore-based biosensors include heat, cold, and drought

stability, thus permitting their application in extreme environmental conditions,

safety record established, for example, through use of spores as probiotics [80] and

simple and economic production of spores based on commonly used microbio-

logical protocols.

An interesting study that employed spores for real-time measurement of bacte-

rial contamination of platelets concentrates was performed by Rotman et al. [81].

The target bacteria, when present, induced the formation of a spore germinant by

hydrolyzing a germinogenic substrate. This germinant revived the spores, and

produced acetyl esterase, which was detected by employing a fluorescent substrate.

Although this system was not used as a storage method for cell-based sensors, it

certainly illustrated the advantages offered by spores in terms of stability and

safety. Among other examples demonstrating the advantages of spores is the report

by Marston et al. on the effects of long-term storage of spores immobilized in a

PVA cryogel on the viability and biosynthesis activity of the vegetative cells [82].

The authors demonstrated that the immobilized spores maintained their viability for

at least 1.5 years. Another application was illustrated by Lee et al., when using

spores as a sensor for germinants in spatially confined nonbiofouling microwells.

Fig. 7 Sensing–sporulation–germination cycles employing spore-based whole-cell sensing systems
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The biospecific interactions between biotinylated B. subtilis spores and streptavidin
were used for selective attachment of spores to the bottom of the microwells [83].

The viability of the patterned spores was confirmed by inducing germination. The

authors showed that, in principle, the spores could be spatially confined and stored

in microwells and could be revived in the presence of germinating agents, thus

enabling detection of these compounds. Surface display of proteins on spore

surfaces is also one of the emerging techniques that may be employed in the

development of sturdy bacterial biosensors. As an example, Du et al. were able to

display a specific antibody and the GFP on the surface of Bacillus thuringiensis
[84]. The spore surface display system may provide a durable supporting matrix

similar to that of chemical polymer beads, which is easy and economical to produce

in large quantities.

5 Conclusions

Fluorescent and bioluminescent whole-cell sensing systems proved to be valuable

analytical tools, which allow sensitive, rapid, and inexpensive quantitative detec-

tion of target analytes. Depending on the required applications, whole-cell-based

biosensors can be designed to be nonspecific, semispecific, or highly specific/

selective. They are amenable to miniaturization and, therefore, they would be

ideal for on-site analysis. However, a main limitation for that is the relatively

short shelf-life of living sensing cells. A good amount of work has been performed

towards the development of efficient and reliable methods for preservation and

storage of whole-cell sensing systems. Freeze-drying of the cells and various

immobilization techniques to entrap the cells have been employed to maintain the

viability and activity of the sensing systems. Each of these methods offers some

unique advantages that make it attractive for cell preservation. Nevertheless, each

of them has some drawbacks. For instance, although freeze-drying provides an easy

and reliable method of preservation, it is an expensive and time-consuming process.

Immobilization within polymeric matrices generally provides good physical pro-

tection of the cells and mechanical stability. However, biodegradation, bacterial

growth, and performance problems may arise, depending on the nature of the

polymer used. Additionally, the preservation time afforded by these methods is

relatively short, up to a few months, and control of storage temperature appears to

be needed or preferred. On the other hand, construction of spore-based whole-cell

sensing system is a new method that has been effectively employed for long-term

(up to 2 years) preservation of sensing cells at room temperature, as well as at 37�C,
28�C with relative humidity >80%, �20�C, and desiccated. Spores are also attrac-

tive as vehicles for transport of whole-cell sensing systems out of the laboratory and

are amenable for incorporation into portable devices. To that end, spore-based

whole-cell sensing systems could be integrated into miniaturized analytical plat-

forms, such as microcentrifuge microfluidics platforms, microchips, and optic

fibers. It is envisaged that such spore-based sensing systems can be packaged
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along with all needed reagents, thus generating micrototal analytical systems

(m-TAS), which would provide a viable tool for environmental and clinical on-

site analysis. Moreover, the natural hardiness and ruggedness of spores are expected

to enable the use of whole-cell sensing systems in harsh environments. This would

be particularly beneficial where appropriate storage and transport facilities are

insufficient or unavailable.
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Electrochemical Cell-Based Sensors

Eliora Z. Ron and Judith Rishpon

Abstract One of the recently developed monitoring technologies involves the use

of whole cell biosensors. Such biosensors can be constructed to detect expression of

genes of interest and the effect of the environment on this expression. These

biosensors are essential for monitoring environmental stress, such as general

toxicity or specific toxicity caused by pollutants. Currently, a large spectrum of

microbial biosensors have been developed that enable the monitoring of gene

expression by measuring light, fluorescence, color, or electric current. The electro-

chemical monitoring is of special interest for in situ measurements as it can be

performed using simple, compact, and mobile equipment and is easily adaptable for

online measurements. Here we survey the potential application of electrochemical

biosensors with special focus on monitoring environmental pollution.

Keywords Monitoring environmental pollution l Electrochemical biosensors
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1 General Principles

Electrochemical whole cell sensors measure the activity of reporter genes whose

products can be determined electrochemically. As an example – b-galactosidase,
the product of the lacZ gene, can be quantified electrochemically (as well as

colorimetrically) and used for determining the relative concentration of bacteria

expressing lacZ, or in gene fusion downstream to promoters of interest.

2 Advantages of Electrochemical Cell Sensors

The advantages of electrochemical measurements include:

l Speed
l Can be used online and in situ
l Sensitive – as a rule, electrochemical determinations are highly sensitive and can

detect relatively low activities
l Reproducible
l easy to manipulate and multiply
l Ease of miniaturization
l Quantification is independent of the presence of oxygen and can be performed in

turbid solutions

Because of these properties, electrochemical biosensors are especially useful for

monitoring environmental pollution, as they can be used in the site that has to be

monitored and monitor accurately in water, turbid water, or soil.

3 A Typical Electrochemical Sensor Cell and Its Uses

A typical system employs a compact analyzer and disposable electrodes, and

enables simultaneous measurements of several samples [1]. The system and one

electrochemical cell are shown in Fig. 1. As already noted above, the system can be

miniaturized and even monitored by the use of a hand-held computer (Fig. 2) [2].

Electrochemical measurements of whole cell sensor can determine the activity

of a native, natural gene. As an example – the level of b-galactosidase activity can

reflect the concentration of bacteria that can ferment lactose, and can be employed

for uses such as determination of coliforms in water [3, 4]. The same procedure can

also be used to determine the water quality, as the expression of b-galactosidase
will be lowered by toxic substances in the water.

Another more common use involves genetically manipulated genes. Thus, it is

possible to fuse the gene coding for the reporter downstream to a promoter whose

activity we want to monitor. As an example – the lacZ gene coding for b-galactosi-
dase can be fused downstream to a promoter that responds to the presence of heavy
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Fig. 1 Schematic presentation of an electrochemical sensing device

Fig. 2 Miniaturized electrochemical sensing device
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metals [5]. This genetic construct can be used for monitoring the concentration of

heavy metals. Moreover, it is possible to move such an engineered gene into several

types of cells and monitor the expression of genes in bacteria, yeasts and even in

mammalian tissue cultures [1, 6, 7].

The construction of an efficient and specific biosensor depends on the choice of

promoter as well as reporter gene.

4 Choosing a Promoter

The promoter used is dictated by the environmental factor that needs to be moni-

tored. Thus, promoters are chosen that respond to heavy metals, organic solvents,

temperature, etc.

Several factors are considered for choosing a responsive promoter, the two major

ones being sensitivity and specificity. As a rule, biological systems are very

sensitive and bacterial gene promoters can detect parts per billion of heavy metals

and can detect hydrocarbons even as vapor. However, the promoters often respond

to groups of compounds rather than to a specific one. For example, promoters that

detect cadmium usually also detect all other heavy metals – mercury, zinc, and

copper, and some also detect lead [5].

A variety of well characterized promoters is available for genetic manipulations.

These include promoters for various heavy metals [6, 8–16], hydrocarbons and

organic solvents [7, 17–21], pesticides [11, 22], salicylates [23], various organo-

phosphorus nerve agents [24, 25], mutagens, and genotoxins [26, 27]. There are

also available promoters for the evaluation of general toxicity [27–31].

If the required promoter is not available, it is always possible to identify new,

suitable promoters. Today, this can be done using transcriptomic or proteomic tech-

nologies and identify genes which are under the control of the relevant promoters.

For example, promoters responsive to the presence of a certain toxin can be identified

by exposure of microbial cultures to the toxin and looking for specific increase in

gene expression. The expression of each gene is determined by looking at the

whole set up of proteins (proteomes) on two-dimensional gel electrophoresis, or

in microarrays which determine the relative transcriptional activity from each gene

[32]. Once the responsive genes are identified, their promoters can be amplified by

polymerase chain reaction (PCR) and cloned upstream to a suitable reported gene.

5 Choosing a Reporter Gene

The reporter systems are usually enzymes that catalyze an easily monitored reac-

tion. For example, the activity of the enzyme b-galactosidase, which splits

b-galactose bonds, can be determined electrochemically. In addition to the widely

used b-galactosidase, other enzymes, such as alkaline phosphatase, can also be used
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[6, 7, 33–35]. The use of several enzymes facilitates a differential sensing of two

pollutants by one biosensor.

It should be noted that each reporter has its unique properties that can be useful

for monitoring [6, 7]. For example, a comparison between b-galactosidase and

alkaline phosphatase is presented in Fig. 3. It shows that while the b-galactosidase
responds slower than the alkaline phosphatase reporter, it is much more sensitive.

6 In Situ and Online Measurements

An important aspect in biosensing is the ability to monitor in situ and preferably

online. For monitoring environmental pollution, having biosensors that can be used

in the field dispenses with the need to bring samples to the laboratory, and enables

real time assessment of the level of pollution. The electrochemical measurements

are highly sensitive, reproducible, and employ a compact analyzer and disposable

electrodes. These systems enable simultaneous measurements of several samples.

In addition, since the measurement is not optical, it is also possible to perform

measurements in crude or turbid solutions – important for determining pollutants in

water systems or even in soil.

7 Monitoring Environmental Pollution

Electrochemical biosensors are especially useful for monitoring pollutants such as

heavy metals, genotoxic agents, and hydrocarbons [5–7, 30, 36]. It is here that the
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ability to perform measurements in situ and online is most advantageous. As an

example, we constructed a biosensor for cadmium pollution, which consists of the

lacZ gene expressed under the control of the cadmium-responsive promoter zntA
[37]. This whole cell biosensor could detect, within minutes, nanomolar concentra-

tions of cadmium in water, seawater, and soil samples, and it was used for

continuous online and in situ monitoring [5]. In addition to cadmium, this biosensor

can detect the presence of a variety of heavy metals – mercury, zinc, and copper.

Moreover, it was possible to monitor the concentration of cadmium for many hours

online [5].

8 Conclusions

Electrochemical monitoring of whole cell sensors offers the tools for in situ and

online monitoring with simple equipment that can easily be manipulated and

miniaturized. Therefore we believe that with the advance of portable computers

and electronic devices, electrochemical monitoring will become a method of

choice, especially for monitoring environmental pollution.
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Microbial Cell Arrays
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Abstract The coming of age of whole-cell biosensors, combined with the continuing

advances in array technologies, has prepared the ground for the next step in the

evolution of both disciplines – the whole cell array. In the present chapter, we highlight

the state-of-the-art in the different disciplines essential for a functional bacterial array.

These include the genetic engineering of the biological components, their immobiliza-

tion in different polymers, technologies for live cell deposition and patterning on

different types of solid surfaces, and cellular viability maintenance. Also reviewed

are the types of signals emitted by the reporter cell arrays, some of the transduction

methodologies for reading these signals, and the mathematical approaches proposed

for their analysis. Finally, we review some of the potential applications for bacterial

cell arrays, and list the future needs for their maturation: a richer arsenal of high-

performance reporter strains, better methodologies for their incorporation into hard-

ware platforms, design of appropriate detection circuits, the continuing development of

dedicated algorithms for multiplex signal analysis, and – most importantly – enhanced

long term maintenance of viability and activity on the fabricated biochips.
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1 Introduction

1.1 The Array Concept: Nucleotides, Proteins, and Cells

Within a relatively very short period, biological microarrays have revolutionized

our ability to identify, characterize, and quantify biologically relevant molecules.

The principle in all arrays is almost identical: a large family of well-defined reactive

molecules is fixed onto a mapped solid surface grid, and exposed to a multicompo-

nent analyte mixture. Sites at which a recognition event has occurred (such as by a

complementary nucleic acid sequence) are identified by one of several possible

detection techniques (e.g., fluorescence). The characteristics of the sample – and

hence the constituents and/or the response of the studied system – can then be

discerned from the identity and nature of the bioreceptor molecules occupying these

sites. Using this principle, an increasingly large number of applications are being

developed in medicine, biology, toxicology, drug screening, and more.

Most arrays in use today are based on nucleic acid oligonucleotides [1–3]; other

arrays contain antibodies [4], enzymes [5], or other proteins [6]. The advantages in

all of these configurations mostly stem from the extremely high specificity inherent

in each individual recognition event occurring on the array surface. A different

analytical approach may be generated if the array components are not molecules but

rather live cells. Although much of the specificity characterizing molecular recog-

nition is lost, this is more than compensated for by the ability to assay directly
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biological effects on live systems. This approach, initially aimed towards gene

expression studies [7], can be successfully utilized for numerous additional appli-

cations, efficiently combining effect-testing with analyte identification. Conse-

quently, a variety of future applications are envisaged for such cell-based systems

in the medical, industrial, pharmaceutical, and environmental realms, including

drug and chemicals screening or environmental monitoring [8–12]. In this chapter

we review the state-of-the-art in this rapidly developing field, focusing on microbial

whole-cell arrays.

1.2 Advantages of Cell Array Technology

In contrast to biosensing technologies based on molecular recognition, the use of

whole cells as sensing entities allows the investigation of the activity of the tested
sample rather than the identity of its components. Functional cellular responses

that can be analyzed in this manner include gene expression, metabolic activity,

viability, bioavailability, toxicity, and genotoxicity, measuring either specific or

global biological effects of the target analyte(s). Most of these vital responses can

only be assayed by the use of live systems; while chemical methods may often yield

lower detection thresholds and provide a more sensitive analytical performance, no

chemical assay can provide information on the effects of the tested compound as

sensed by a live cell. Furthermore, the use of live cells allows for reagent-less,

nondestructive real-time monitoring of the biological effects as they develop, with

no need for preparatory and analytical steps such as staining or hybridization. In an

array format, these advantages are supplemented by the combinatorial effects of

multiplexed sensors, comparable to the principles inherent in electronic nose [13] or

tongue [14] devices. Once the technical hurdles outlined in the following sections

are surmounted, a miniaturized array format will permit a high-throughput sample

analysis, superior to current microtiter plate-based screening technologies. The

envisaged miniaturization can eventually lead to the construction of portable

instrumentation for both laboratory and field use, for applications such as toxicity

assessment or mutagenicity testing. The rapidly developing field of molecular

systems biology could doubtlessly also make use of such tools for the unraveling

of complex biological processes.

1.3 Eukaryotic Vs Prokaryotic Cell Arrays

While the current chapter focuses on prokaryotic cell arrays, eukaryotic systems

serve as good examples for the growing interest in the field of whole-cell arrays for

high-throughput screening. It has been suggested that arrays of eukaryotic cells can

be used in a variety of applications, including biosensing, single-cell analysis,

therapeutic agent identification, and quantitative cell biology [15–18]. The techni-

ques used for the generation of such arrays and for the positioning of cells vary,
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ranging from photolithography to inkjet technology [19–21]. Specific examples

include patterning of cell-adhesive self-assembled monolayers using microcontact

printing [22], photo- and electropatterning of hydrogel-encapsulated living fibro-

blasts arrays [23], and inkjet printing of viable mammalian cells [24]. Of special

weight is the development of a microarray-driven technique for the analysis of gene

function in mammalian cells [25]. Upon the addition of adherent cells and a lipid

transfection reagent, microscope slides printed with cDNAs become living micro-

arrays, with clusters of cells overexpressing defined gene products. Since its

introduction, this “transfected cell microarray” technique was used for the identifi-

cation of apoptotic genes [26, 27], modified for large-scale RNAi studies [28–30]

and offered as a tool for high-throughput drug discovery [31].

Whereas eukaryotic cell arrays, particularly those based on mammalian systems,

possess the unique advantage of more closely simulating human cellular responses,

prokaryotic cell systems have numerous compensatory benefits. The cells are easy

to grow and maintain, large and homogenous populations are readily obtainable,

and suitable cell immobilization and preservation methodologies are available.

Prokaryotic cells are also more robust and less sensitive to their physical and

chemical environment, and less susceptible to biological contamination. Further-

more, microbial cells are much more amenable to the physical and/or chemical

manipulations required to pattern them in the array format. Possibly the most

important bacterial characteristic in this context is the facility by which they can be

genetically tailored to emit the desired signal in the presence of target compound(s)

or specific environmental conditions. In most cases, this is achieved by the fusion of

a sensing element – a selected promoter – to a suitable molecular reporter system

[32–36]. The expression of two independent reporter systems in a single organism

has also been reported [37–39]. Furthermore, such sensor cells can detect analytes in

different media, such as water, gas, and soil [40–42].

To progress from a panel of genetically engineered sensor cells to an actual array

on a solid platform, several biological and physical issues need to be addressed.

These are covered in the following sections.

2 Microbial Cell Array Building Blocks

2.1 Genetic Engineering of Microbial Reporter Cells
and the Panel Concept

One of the main advantages inherent in the use of microorganisms as building

blocks for whole-cell arrays is the facility by which they can be genetically

engineered to respond by a dose-dependent signal to environmental stimuli. Two

parallel research approaches have been employed for this purpose, focusing on

either constitutive or inducible reporter gene expression, often referred to as “lights

off” and “lights on” assays [8].
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The “lights off” concept is based on measurement of the decrease in signal

intensity, such as that produced by a naturally luminescent bacterium (Vibrio
fischeri) [43] or a genetically modified one [8]. More relevant to the present chapter

is the “lights on” approach, based on the molecular fusion of a reporting gene

system to gene promoters from selected stress response regulons. It has been

demonstrated that with the use of the appropriate stress-responsive promoters it is

possible to construct bacterial reporter strains which generate a dose-dependant

signal in response, for example, to the presence of heat shock-inducing agents [44],

oxidants [32, 34], or membrane-damaging substances [45]. As no single reporter

strain is expected to cover all potential cellular stress factors, it has been proposed

that a panel of such stress-specific strains be used [33]. Similar panels have been

shown to respond sensitively to environmental pollutants such as dioxins [46] and

endocrine disruptors [47]. For the development of genotoxicity assays, the promo-

ters serving as the sensing elements were selected from among DNA-repair operons

such as the SOS system; the reporters used were either bacterial lux or b-galactosi-
dase [36, 48]. Other reports proposed the use of a green fluorescent protein (GFP)

gene from the jellyfish Aquorea victoria, or its variants, as an alternative reporter

system for the same purpose [49, 50]. Using GFP as a reporter, Norman et al. [51]

have demonstrated that the ColD plasmid-borne cda gene promoter was preferable to

other SOS gene promoters recA, sulA, and umuDC. A yeast-based (Saccharomyces
cerevisiae) GFP system for genotoxicity assessment is being continuously improved

upon by Walmsley and coworkers [52–54].

Another class of inducible systems includes those that can sensitively detect a

specific chemical or a group of chemicals. They are usually based on promoters of

genes involved in the metabolism pathway of, or the resistance mechanism to, the

compound to be detected. Since the pioneering work of Sayler and coworkers in the

construction of a lux fusion for the specific detection of naphthalene and salicylate

[55, 56], there has been a steady stream of similar constructs responsive to different

organic or inorganic pollutants and classes of pollutants. Bioluminescence has

served as the reporter in many of these cases, with a few examples of b-galactosi-
dase activity and GFP accumulation [8, 10, 57–59]. In view of their global signifi-

cance as environmental pollutants, heavy metals were the targets for a large number

of these sensor systems [60].

2.2 Reporters and Signals

As indicated in the preceding section, the signals emitted by microbial reporters can

be generated either by the presence of a protein (e.g., GFP or other fluorescent

proteins), a carotenoid (crtA; [61, 62]), or by the activity of an enzyme. The latter

category includes bacterial luciferase (lux) and b-galactosidase (lacZ), as well as
others: insect luciferase (luc), alkaline phosphatase (phoA), b-glucuronidase (uidA),
and b-lactamase (bla) [63–67]. Depending on the reporter gene used and on the

substrate provided to its product, the emitted signals can be detected optically (by
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bioluminescence, fluorescence, or colorimetry), or electrochemically [57]. Addi-

tional assays, also applicable to array formats, may be based on cell viability, for

example, by the Live/Dead system [68] or by surface plasmon resonance analysis

[69], cell length [70], or cellular well-being and growth. The latter has been

demonstrated microscopically, using single YFP-tagged cells in narrow micro-

fluidic channels [71].

2.3 Data Analysis: Interpreting the Array Response Pattern

Data emanating from the individual responses of an array of specific stress-respon-

sive bacteria should not only allow the detection of a wide range of toxic chemicals

but also indicate the type of biological activity involved. With a sufficient number

of array members, each chemical or group of chemicals will be characterized by its

own specific signature, which can then be used both to identify the chemicals in the

sample and to indicate their biological activity.

Indeed, Lee et al. [72] demonstrated the different response patterns of a cell

array chip constructed from 20 luminescent reporter strains following a separate

exposure to three chemicals of different biological activities. The same group also

reported the fabrication of an oxidative stress-specific bacterial cell array chip [73].

Nine chemicals were selected to test the capabilities of this array when analyzing

different oxidative effects. The results clearly show that each of the toxicants tested

generated a distinct response pattern. Moreover, it was shown that each strain was

responsive to one or more of the compounds tested, but that the responses were

dependent upon the production of superoxide radicals, i.e., the strains were unre-

sponsive to compounds that were similar in structure but lacked the ability to

generate such radicals. These findings demonstrate that such an array can be used

to elucidate the nature of the adverse effect of toxic chemicals, and suggest that

their response pattern-based classification should be made according to the chemi-

cals’ mode of action rather than their structure.

An attempt to identify toxicants on the basis of their biologic fingerprint by a

pattern classification algorithm was made by Ben-Israel et al. [74], using Esche-
richia coli strains carrying lux genes fused to several stress-responsive gene pro-

moters (micF, lon, fabA, katG, and uspA). The reporter strains were exposed to

various toxic chemicals, and the recorded luminescence was used for the character-

ization of the signature of each toxicant. A compound’s signature was determined

on the basis of the dependence between the induced luminescence and the com-

pound’s concentration. The data were analyzed with SAS software (SAS Institute

Inc., Cary, N.C.) by use of a discriminant analysis (DA) method, allowing quanti-

tative and qualitative assessment of toxic chemicals tested. Of the 25 compounds

tested, 23 were identified by this strategy in a 3-h procedure. The signature of a

binary mixture was predicted by use of the learning data characterizing each

toxicant separately and a good correlation (R2 � 0.85) was found between the

observed and the predicted response patterns. The authors also showed that closely
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related chemicals, in particular those with a similar mode of action, tended to

cluster in the same subgroup.

The results of Lee et al. [73] and Ben-Israel et al. [74] imply that the biological

recognition strategy can provide a means for assaying a compound’s mode of

action. Maybe the strongest evidence for the validity of this hypothesis was

provided when hierarchical clustering analysis was applied to a compendium of

drug-hypersensitivity profiles generated by screening dozens of different com-

pounds against a comprehensive collection of yeast deletion mutants [75, 76].

Hierarchical clustering is widely used for DNA microarray expression data inter-

pretation [1, 77], and was demonstrated to be a handy tool for the identification of

the cellular functions of uncharacterized open reading frames (ORFs) via a refer-

ence database of distinct expression profiles [78]. When hierarchical clustering was

applied to the compendium of sensitivity profiles mentioned above, compounds

with similar cellular effects clustered together, revealing anticipated and novel

insights into their mode of action.

To evaluate further options for array data analysis we have generated a very

large data set using five bioluminescent reporter strains exposed to five model

toxicants and to a buffer control. Forty randomly arrayed repeats were carried out

in 384-well microtiter plates, and the emitted light was quantified every 5 min for

2 h [79]. The data were then analyzed using different mathematical and statistical

approaches. Five of the six treatments were identified by an artificial neuron

network 30 and 60 min after exposure, while all six were identified by the same

method after 120 min. Bayesian decision theory and the nonparametric nearest-

neighbor technique [80] were also applied to the collected data [81]. Similarly,

classifiers were designed based on the data collected 30, 60, and 120 min after

exposure. The Bayesian classifiers performed better and were able to identify the

sample’s contents within 30 min with an error rate estimate that did not exceed 3%

at a 95% confidence level and with zero false negatives. To test the validity of the

Bayesian pattern classification algorithm in real-world environments, tap water and

wastewater samples were spiked with two of the model chemicals (potassium

cyanide and paraquat). Subsequently, the spiked samples were introduced to the

reporter strain panel, the response patterns of which were correctly recognized by

the Bayesian classifier [81].

2.4 Cell Array Substrates

Similarly to oligonucleotide or protein arrays, cell arrays need to be spotted on a

compatible substrate. Numerous materials are available for this purpose, including

silicon, glass, and various polymers. Silicon, extensively used within the semicon-

ductor field, is an attractive option, as integrated circuit technologies can easily be

employed for cell array fabrication [82, 83]. Micromachining technologies make it

possible to tailor the silicon chip to the required topographical specifications, by

patterning microfluidic channels, microchambers, valves, and additional structures
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[84, 85]. Cell arrays might also be generated directly on electrical components, such

as photo-diodes, light emitting diodes, or field effect transistors.

Although well-established, the machining of silicon platforms is relatively

complex, time-consuming, and expensive. Glass, being highly biocompatible and

transparent, is an attractive and cost-effective alternative. Similarly to silicon, it is

amenable to the etching of microfluidic channels and chambers [86], as well as to

various chemical or physical treatments that modify surface characteristics and cell

attachment [87–89].

Various polymers are widely used to assemble microfluidic channels and other

surface structures. Polydimethylsiloxane (PDMS) is often preferred as an array

material because of its ease in handling, optical transparency, and biocompatability.

Tani et al. [90] reported a three-dimensional microfluidic network system for

constructing on-chip bacterial cell array bioassays; microchannels fabricated on

two separate PDMS layers were connected via perforated microwells on the

silicon chip to form a three-dimensional microfluidic network. A PDMS maze

was used to observe bacterial motion under nutrient depletion to study quorum

formation [91]. PDMS channels have been similarly used to study the persistence

of bacteria under stress [71], where the proliferation of single cells could be

monitored.

Other substrates reported for the support of cell arrays included optical fiber

bundles [92, 93] and gold surfaces [69]. In the former case, the responses from

individual cells could be measured independently. In the latter, cells were immo-

bilized on gold plates using self-assembled cysteine-terminated synthetic oligopep-

tides. An interesting tack towards a broad use of cell array biochips was pursued by

Ingham et al. [94]. The researchers have fabricated a miniaturized, disposable

microbial culture chip, a “micropetri dish”, by microengineering growth compart-

ments on top of porous aluminum oxide (PAO). The chip, placed on nutrient agar,

acts as the surface on which an exceptional number of microbial samples (up to one

million wells per 8 � 36 mm chip) can be grown, assayed, and recovered.

2.5 Cell Array Deposition Techniques

Several approaches have been proposed and demonstrated for arraying the cells in

the required pattern. Useful tools for this purpose are array robots of various kinds.

For example, using an Affymetrix 417 arrayer robot (Affymetrix, Santa Clara, CA),

Fesenko et al. [95] have fabricated an acrylamide-based hydrogel bacterial micro-

chip (HBMChip). The microchip consisted of an array of hemispherical gel ele-

ments, 0.3–60 nL in volume, attached to a hydrophobic glass surface and containing

microbial cells. Whilst array robots may be the “natural” choice for cell deposition,

others have suggested innovative printing techniques based on ink-jet, laser, or

microcontact technologies.

Flickinger et al. [96] formulated reactive microbial inks; piezo tips were used to

generate ink-jet deposited merR::lux-harboring E. coli dot arrays using a latex ink
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formulation. Luminescence was induced with 20 ng mL�1 Hg2+, and the array

responded within 1 h. Mercury was also detected with similar immobilized or

nonimmobilized constructs at lower concentrations, down to the parts per trillion

scale, albeit not in an array format [97–99].

Boland and coworkers developed a method for fabricating bacterial colony

arrays on soy agar using commercially available ink-jet printers [100]. Bacterial

colony arrays with a density of 100 colonies per cm2 were obtained by directly

ejecting E. coli onto soy agar-coated substrates at a high arraying speed. Adjusting

the concentration of bacterial suspensions allowed single colonies to be obtained.

Barron et al. [101] used a laser-based printing method to transfer genetically

modified bioreporters bacteria onto agar-coated slides. Both authors imply that

the developed technique enables an array consisting of different bacterial strains

to be fabricated. The former suggests loading different bacteria strains into different

cartridges for creating mixed colony arrays from different bacteria types. The latter

indicates that, as an orifice-free technique, it allows the patterning of different cell

types adjacently by switching the laser’s target disks without concerns relating to

cleaning cycles or potential contamination.

Another recently proposed methodology for the construction of bacterial arrays

is microcontact printing. The utilization of PDMS stamps for printing an E. coli
array on agarose was demonstrated by Xu et al. [102]. Taking a somewhat different

approach, Weibel et al. [103] described the use of microcontact agarose stamps

prepared by molding against PDMS masters to print bacterial colony arrays on agar

plates. By this technique, the group has generated a colony array out of several

different strains of bacteria in a scale of 1–2 mm per element. Alternatively,

microcontact printing of an adhesive organic monolayer was used in a four-step

soft lithography process to fabricate 12 mm square bacteria “corrals” on a silicon

wafer substrate [104].

2.6 Cell Immobilization, Maintenance, and Long-Term Storage

The live cell “spots” on the array surface need to be deposited in such a manner that

will not only place the cells in the appropriate pattern in relation to each other and to

the sensing device’s signal transducer, but will also allow long-term cell preserva-

tion. Various approaches for viability and activity maintenance of live reporter cells

over prolonged periods of time for environmental monitoring and toxicity assess-

ment have been reviewed by Bjerketorp et al. [105]. Reported solutions include

freeze/vacuum drying [106–108] as well as cell encapsulation and entrapment in a

large variety of polymers. Methods used for the fabrication of bacterial cell arrays

(mostly of genetically engineered bioluminescent reporters) included agar [72, 73],

agarose [90], alginate [109, 110], carrageenan [111], collagen [112], latex [96], and

polyacrylamide [95]. The latter has been reported to cause loss of viability [109,

113]. Noteworthy is the work of Akselrod et al. [114] who, following the pioneering

work of Ashkin and coworkers in optical force-based particle manipulation [115,
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116], have assembled microarrays of living bacterial cells in a polyethylene glycol

diacrylate (PEGDA) hydrogel with optical traps. Using PEGDA as a scaffold to

support the optically organized arrays and fix the position of the cells, a 5 � 5 two-

dimensional array of E. coli was formed in the hydrogel and cell viability after 43 h

was confirmed by gfp induction. An entirely different approach to on-chip long-

term cell viability maintenance can be inferred from Balagaddé et al. [117]. A chip-

based bioreactor that uses microfluidic plumbing networks to prevent actively

biofilm formation was created. The device allowed steady-state growth in six

independent 16-nL reactors which served as “microchemostats” and enabled

long-term culture maintenance.

Only a few of the reports referred to above have investigated long-term cell

viability maintenance or the ability to store the fabricated array for long periods.

Recombinant bioluminescent E. coli responsive to nalidixic acid and laser-printed

on agar-coated slides maintained their activity after shipment at ambient tempera-

ture followed by storage for up to 2 weeks at 4�C [101]. Furthermore, it was

indicated that the orifice-free aspect of this laser procedure may be useful in the

design of an off-the-shelf bacterial biosensor that can be stored without loss of

activity, since it allows for transfer of lyophilized bacteria. The active sensor

lifetime and the shelf lifetime of an optical imaging fiber-based live bacterial cell

array biosensor were investigated as well [93]. The sensors retained their sensing

ability for at least 6 h when stored in an ambient environment and demonstrated a

shelf life of 2 weeks at 4�C.
Regardless of the inherent analytical qualities of any live cell array and of its

performance when freshly deposited, future implementations of such arrays will

depend on successful long-term storage and viability preservation. With this objec-

tive in mind, the results of the studies summarized in this section, while providing

an improvement over earlier reports, are nevertheless still unsatisfactory. Future

studies will need to address this essential aspect of any future whole-cell sensor

array; possibly one of the more promising avenues of research will focus on the

synthesis and formulations of new immobilization matrices [105]. Another poten-

tially useful approach may be in the testing of new osmo- and cryo-protectants,

including novel compounds isolated from highly desiccation- or freeze-resistant

organisms.

2.7 Enhancement of Array Sensitivity

One of the drawbacks inherent in the array format is that the signal emanating from

the small amount of the cells that can be concentrated in microliter- or even

nanoliter-size spots may be very low. An increase in signal intensity would allow

more sensitive analyte detection, as well as the use of simpler (and thus cheaper)

detectors.

Enhancement of signal intensity, or modifications in response sensitivity and the

timing of its onset, can be achieved by genetic manipulations of the promoter

region, the reporter gene(s), or the host cell. Insights as to possible avenues for
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modifying reporter specificities were provided by Galvao and de Lorenzo [118];

considerations for performance optimization were elegantly outlined by van der

Meer et al. [119] as well as by Marqués et al. [120]. An enhancement of biosensor

capability by modifying the origin of reporter genes was also demonstrated [121].

For example, E. coli strains carrying fusions of selected oxidative stress-responsive
promoters to Photorhabdus luminescens lux showed higher bioluminescent levels

than strains carrying the same promoters fused to the luxCDABE genes from

V. fischeri, while the detection thresholds of the strains were similar, regardless

of the luciferase used. A substrate-specific approach to electrochemical signal

amplification was reported by Neufeld et al. [122]; p-aminophenol (PAP), the

end-product of the activity of the b-galactosidase reporter enzyme, acted as an

activator of the sensor element used in that construct, fabA.
A complementary tactic for sensitivity enhancement may lay in improving

optical signal acquisition rather than reporter performance. Reporter response

monitoring, down to single-molecule detection, was achieved using laser-induced

fluorescence coupled with confocal spectroscopy [123]. Also relevant in this field

are efforts to develop complementary metal oxide semiconductor (CMOS) detector

modules for bioluminescence and fluorescence measurements, as well as the use of

fluorescence flow cytometry (FCM) to measure fluorescent reporter response [124].

3 Microbial Cell Array Applications

3.1 Toxicity Assessment and Monitoring

While the envisaged applications of live whole-cell arrays are numerous, many of

the current reports either address environmental applications or test the effect of

environmentally relevant chemicals. Most prominent among these are the attempts

to use the arrays as tools in toxicity testing. Standard approaches to toxicity

bioassays center around the quantification of the negative effects of the tested

sample on a test organism population. Originally based on the use of live organisms,

recent years have seen a shift to cellular and subcellular alternatives; particularly

attractive in this respect is the possibility of genetically tailoring microorganisms to

respond to specific sets of toxic chemicals [8]. Microbial cell arrays are a logical step

forward: a panel of genetically engineered microorganisms, each modified to

respond to a different class of chemicals, and together covering a broad range of

potential toxic effects. In each of the panel members, different gene cascades are

elicited in response to different stress factors and different biochemical responses are

expressed [125–128]. The use of such a strain panel for multiplexed toxicity analysis

has been proposed by several authors [33, 58, 129, 130]. Published reports on

multigenotype cell arrays designated for toxicity assessment purposes are reviewed

hereafter. These, as well as multigenotype cell arrays designated for other purposes,

are summarized in Table 1.
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Biran and Walt [92] introduced a high-density ordered array of individually

addressed single cells, occupying thousands of microwells etched on the distal end

of an optical imaging fiber. While no surface modification was needed in order to

place and maintain yeast cells in the microwells, for fabricating E. coli arrays the
microwell surface was modified with polyethylenimine (PEI) to allow better adhe-

sion of the cells to the microwells through electrostatic interactions. In two

subsequent studies, Walt and coworkers have detected mercury [131] and genotox-

ins [93] using such cell arrays. In the first study, a genetically modified E. coli
strain, containing the lacZ reporter gene fused to the heavy metal-responsive gene

promoter zntA, was used to fabricate a mercury biosensor. Single-cell lacZ expres-

sion was measured when the array was exposed to mercury and a response to

20 ng mL�1 Hg2+ could be detected after 1 h. In the second study, mitomycin C at

similar concentrations was detected by E. coli cells carrying a recA::gfp fusion after
90 min. The researchers further demonstrated the simultaneous embedding of

different strains into the array. As cells were randomly dispersed into the micro-

wells by centrifugation, each strain was encoded with a unique fluorescent dye

or protein. This fluorescent signature, in turn, facilitated the locating of strain

members [92].

Tani et al. [90] presented an on-chip format for high-throughput whole-cell

bioassays (Fig. 1). Their assembly included a silicon substrate, perforated with

wells and placed between two microchanneled PDMS layers. One PDMS layer was

used to inject a reporter-agarose mix into the wells. After gelation, the other PDMS

layer was placed on the other side of the silicon substrate and was used to expose the

immobilized reporter cells to the sample. Using this setup, the interactions between

various types of samples and strains could be monitored in one assembly in a

combinatorial fashion. The operation of the array was exemplified by the simulta-

neous exposure of different E. coli hosts, all harboring a plasmid-borne umuD::luc
fusion, to different concentrations of mitomycin C. The toxin was detected at

concentrations down to 0.02 mg L�1.

Table 1 Multigenotype microbial cell array implementations

Purpose Reporter Signal Substrate Immobilization

matrix/method

Reference

Toxicity assessment

and monitoring

E. coli Fluorescence Fiber optic – [93]

E. coli Bioluminescence Silicon Agarose [90]

E. coli Bioluminescence Plastic Agar [72, 73]

E. coli Electrical current Silicon – [132]

Gene expression

and function

analysis

E. coli Bioluminescence Nylon

membrane

– [7]

S. cerevisiae Growth Agar plates – [135]

E. coli Growth Agar plates – [145]

Antibody detection GP/GN*

pathogens

Fluorescence Nitrocellulose-

coated glass

Adsorption [89]

Protein detection E. coli Fluorescence Glass DEP [148]

Sugar determination E. coli Electrical current Silicon k-Carrageenan [111]
*Gram positive/Gram negative
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Lee et al. [72] used a standard 384-well plate and a self-constructed 96-well

acryl chip as platforms for the development of two biosensor arrays. Twenty

recombinant bioluminescent bacteria, harboring different promoters fused to

bacterial lux genes, were deposited in the wells of either the chip or the 384-well

plate after agar immobilization and the responses from the cell arrays were char-

acterized using three chemicals that cause either superoxide damage (paraquat),

DNA damage (mitomycin C), or protein/membrane damage (salicylic acid); only

2 h were needed for analysis. On the same acryl chip platform, an oxidative stress-

specific cell array was fabricated [73]. The chip consisted of 12 agar-immobilized

bioluminescent strains, each responsive to a different type of oxidative stress. Array

performance, tested with nine chemicals, displayed the desired selectivity: not only

did the array respond to paraquat and four of its radical producing structural

analogs, but also exhibited different response patterns to each of the five substances.

The use of an electrode platform for toxicity detection was demonstrated by

Popovtzer et al. [132], who constructed an electrochemical biochip for water

toxicity detection. The silicon biochip contained an array of 100-nL electrochemical

chambers, harboring E. coli cells, genetically engineered to express lacZ in response

to stress promoter (grpE and dnaK) activation. b-Galactosidase activity was moni-

tored by electrochemical determination of the concentration of PAP, the enzymatic

hydrolysis product of p-aminophenyl b-D-galactopyranoside (PAPG), and a clear

electrical signal was produced following an exposure to ethanol (0.5%) or phenol

Fig. 1 A whole-cell array combined with a three-dimensional microfluidic network. (a) Agarose

immobilization of the reporter cells on a PDMS chip and sample introduction. (b) Biolumines-

cence imaging using a bacterial reporter strain harboring a plasmid-borne umuD::luc fusion, in

response to mitomycin C. (c) Bioluminescence imaging using several reporter strains in response

to mitomycin C. From Tani et al. [90] with permission
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(1.6 mg L�1). This approach, while requiring the addition of an external substrate,

does not involve lysis of the cells. Like bioluminescence, it is thus suitable for

continuous online measurement of enzymatic activity, even in turbid solutions

and under anaerobic conditions. The use of an electrochemical signal also appealed

to Matsui and colleagues [112], who performed an electrochemical mutagen screen-

ing on a microbial chip combined with a scanning electrochemical microscopy

(SECM) device. The microbial chip was fabricated by embedding 5 nL of colla-

gen-immobilized umuC::lacZ Salmonella typhimurium in microcavities on a glass

substrate. Overall, lower limits of detection of 2-aminoflouren, mitomycin C, and

2-aminoanthracene were obtained by the microbial chip as compared to the conven-

tional umu test [133], but it should be noted that the definition of the detection limit

was different and exposure times were longer.

3.2 Gene Expression and Function Analysis

As indicated in the introductory section, DNA microarrays have been extensively

used in recent years for the determination of gene expression and function. None-

theless, the technology is not free of limitations. Bacterial mRNA isolation might

yield undesired artifacts due, for example, to the instability inherent in the molecule

[134]. In addition post-transcriptional and post-translational regulations are not

detected by transcriptional analysis. Hence, from a function analysis point of

view, DNA microarray technology may generate hypotheses rather than establish

affiliations between genes to their functions. Live cell arrays offer a solution to

these drawbacks, as they dismiss the need for mRNA isolation and keep gene

functions in their full cellular context.

For gene expression analysis, Van Dyk et al. [7] – among the first to advance the

concept of using live cells as array components – described the LuxArray: a

collection of selected 689 nonredundant functional promoter fusions to P. lumines-
cens luxCDABE in live E. coli strains, representing close to 30% of the predicted

transcriptional units in this bacterium. For array manufacturing, duplicate cultures

of the E. coli reporter strains were grown overnight in a set of 96-well plates.

Sterilized 8 � 12 cm porous nylon membranes were placed in contact with solid

LB growth media in a culture dish. Printing of spots on top of the membranes at a

density of 16 spots per cm2 was accomplished using a robot equipped with a high-

density replication tool. Following cell printing, the arrays were incubated for 6 h at

37�C to allow the cells to grow and to increase the bioluminescent signal. Then the

membranes were moved to new plates, containing either LB media or LB media

supplemented with nalidixic acid, which were placed at 37�C to continue growth.

Images were collected every 2 h from 0 to 8 h after relocation with a cooled charge-

coupled device camera. Using this format, new LexA-regulated SOS genes were

discovered, as well as new nalidixic acid-upregulated genes that are not a part of the

general DNA-damage response.
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Other prominent work is that of Tong et al. [135], who introduced synthetic

genetic array (SGA) analysis for mapping genetic interaction networks in yeasts. In

its simplest form, SGA involves a series of replica-pinning procedures in which

mating and meiotic recombination are used to cross a query mutation to a large

collection of gene-deletion mutants. The final pinning procedure results in a high

density ordered array of double-mutant haploid strains the growth of which is

monitored, and nonviable or fitness-reduced double mutants identify functional

relationships between genes. When put into practice for the first time [135],

8 query mutations were crossed to a deletion mutant library of all ~5000 nonessen-

tial yeast genes [136], and a network of 291 interactions among 204 genes was

generated. The authors extrapolated that an order of 300 SGA screens covering

selected query genes will provide an effective working genetic scaffold, and in

successive work preformed 132 such screens, focused on query genes involved in

diverse molecular mechanisms [137]. The large scale analysis yielded a detailed

network of connected gene functions and clusters of genetic interaction profiles

which, among others, highlighted particular pathways that buffer one another and

helped unravel the biological function of uncharacterized genes. Recent applica-

tions of SGA analysis provided evidence for interactions between mRNA export

factors and sites of mRNA turnover and storage [138], identified gene silencing

processes [139], and elucidated regulatory systems of protein function [140]. In

addition, SGA analysis permits one to cross query mutations to yeast strain collec-

tions other than the collection of viable gene-deletion mutants. Kinase targets and

previously uncharacterized essential genes were identified when crossing query

mutations to libraries of overexpressed and essential yeast genes, respectively

[141, 142].

As illustrated by SGA analysis, the complete set of S. cerevisiae deletion

mutants [136] has opened the door for high-throughput screens of the yeast genome.

Sensitivity tests using ordered arrays of viable gene-deletion mutants at a density of

768 strains per plate have revealed new DNA damage response genes as well as a

large group of genes required for multidrug resistance [75, 143]. Moreover, such

sensitivity tests were shown to be a powerful tool for inferring the mode-of-action

of bioactive compounds [75, 76]. In an attempt to miniaturize further the technol-

ogy, Xie et al. [144] have developed a strategy for arraying the full collection of

~6,000 yeast deletion strains on a single plate. Their strategy relies on nanoliter cell

printing using a microarray robot, followed by cell array imaging using a charge-

coupled device system.

The path of exploring genetic interaction networks with large collections of

double-mutant strains was recently pursued by bacteriologists as well [145]. The

method is termed GIANT-coli and allows mass generation of E. coli double mutant

strains. It is based on the Hfr conjugation gene transfer system and uses two

comprehensive E. coli mutant libraries of ~4,000 single-gene deletions, each

marked with a different antibiotic-resistance gene. In essence, an Hfr donor strain

carrying a marker replacing a selected open reading frame is spread as a lawn on

agar plates and mated with robotically arrayed F- single-gene knockouts carrying a

different marker. Finally, cells are pinned onto a plate containing both antibiotics to
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select for double recombinants, and after growing them for an experimentally

determined time, sick and healthy mutants are screened for and scored. When

validated with a 12 x 12 genetic interaction matrix – yielding 66 distinct pair-wise

double mutant strains – GIANT-coli identified 12 negative or positive synthetic

interactions. All identified interactions were either previously described or inde-

pendently confirmed by established methodologies, affirming the effectiveness of

the method.

3.3 Antibody and Protein Detection

Solid phase immunoassays with intact bacterial cells immobilized as antigens on

enzyme-linked immunosorbent assay (ELISA) plates have been developed with

various bacteria [146]. Utilizing cell surface antigen–antibody interactions, whole-

cell assays are particularly useful when the antigens that react with the antibodies

against a certain pathogen are unknown. In addition, isolation of pure antigens is

often complex and labor intensive [147]. Combining the advantages of a cell-based

immunoassay with the benefits of a miniaturized array format, Thirumalapura et al.

[89] applied a bacterial array biochip to antibody detection. Gram-negative and

Gram-positive strains were printed on nitrocellulose-coated glass substrates with a

microarray printer. After cell printing and adsorption, the binding of monoclonal

antibodies to surface antigens of the immobilized bacteria was examined with

fluorophore-labeled secondary antibodies. Monoclonal antibodies specific for the

O-antigen of Gram-negative Francisella tularensis or Gram-negative S. typhimur-
ium bound to F. tularensis or S. typhimurium, respectively, but not to other Gram-

negative bacteria printed on the same slide. Likewise, Monoclonal antibodies

specific for the peptidoglycan of Gram-positive Staphylococcus aureus recognized
S. aureus cells but not Gram-positives Streptococcus pyogenes and Listeria mono-
cytogenes, while monoclonal antibodies against L. monocytogenes specifically

bound L. monocytogenes cells. Sensitivity was also investigated and was found

to be 0.1 mg mL�1. Finally, the authors reported the cell array’s successful detection

of anti-F. tularensis antibodies in canine serum samples declared positive for

tularemia.

Cell surface characteristics can also be employed for protein detection. An array

biochip was developed in which recombinant bacteria expressing specific surface

capture proteins were spatially arrayed in microfluidic channels by dielectropho-

resis to detect protein molecules that are difficult to purify and immobilize [148].

Specifically, E. coli cells were genetically engineered to express an outer membrane

protein containing a streptavidin-binding peptide. Using flow cytometry and fluo-

rescently-labeled streptavidin molecules, the affinity of the capture ligand for the

target protein was confirmed. Then “probe cells” and negative control cells, which

do not bind to the target, were spatially organized and immobilized by dielectro-

phoresis on an integrated microfluidic system. The system coupled a glass wafer, on

which an electrode array was fabricated, with a PDMS layer, which contained
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microfluidic channels and was placed on top of the glass substrate. Using two

different channels, probe cells were immobilized on one electrode, while negative

control cells were immobilized on another. When fluorescently-labeled streptavidin

molecules were injected through both channels, a significantly higher fluorescent

signal was recorded on the probe cell electrode, demonstrating the protein detection

capabilities of the described cell array.

3.4 Other Applications

Cell-based arrays were also proposed for additional uses. Held et al. [111] described

a microbial biosensor array electrode platform, integrated in a flow-injection

system, for mono- and disaccharide determination. Transport mutants of E. coli
were immobilized in carrageenan in front of an O2-sensing gold electrode; selec-

tivity was endowed by the specific sensitivity of each mutant to a different sugar.

Sakaguchi et al. [110] constructed a biochemical oxygen demand (BOD) measure-

ment biochip. Nine cavities, 0.7 mm in diameter, were fabricated in a 3 � 3 array

on an acrylic platform. Cells of the marine luminous bacterium Photobacterium
phosphoreum were immobilized inside the micro-holes using sodium alginate.

Samples were introduced into the bacteria-containing micro-holes, in 5-mL ali-

quots, and the array chip was incubated at room temperature for 20 min. After

incubation, the degree of luminescence increase, resulting from cellular assimila-

tion of organic substances, served for BOD quantification. Light intensity was

measured using either laboratory equipment or a self-developed on-site system

consisting of a digital camera and a laptop computer. Good performance of both

systems was reported with standard solutions as well as actual wastewater samples.

4 Concluding Remarks and Future Outlook

Recent advances in array technologies on the one hand, and the coming of age of

whole-cell biosensors on the other, have prepared the ground for the next step in the

evolution of both disciplines – the whole-cell array. As indicated in the previous

section, envisaged applications for such arrays are numerous; nevertheless, it

should be clearly stated that to date these applications have yet to be implemented

outside the realms of the research laboratory. The present review, which highlights

the state-of-the-art in different disciplines essential for a functional microbial array,

also serves to bring forward the numerous hurdles which need to be passed before

the technology matures. Possibly the most urgent need is to improve dramatically

maintenance of cell activity and viability over prolonged periods after array fabri-

cation; this challenge has hardly been addressed to date. Also essential are an

improved arsenal of reporter strains, better methodologies for incorporation of

such cells into the hardware platforms, development of appropriate detection

circuits, and the availability of dedicated algorithms for multiplex signal analysis.
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As the paths to all of these objectives are relatively straightforward, it is tempting to

envisage how, within a relatively short period, microbial cell arrays may turn into

efficient tools for basic microbiological studies as well as for industrial high-

throughput chemical/pharmaceutical screening applications, environmental moni-

toring and food safety.
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Abstract The interaction of biological systems with synthetic material surfaces is an 
important issue for many biological applications such as implanted devices, tissue 
engineering, cell-based sensors and assays, and more generally biologic studies 
performed ex vivo. To ensure reliable outcomes, the main challenge resides in the 
ability to design and develop surfaces or artificial micro-environment that mimic 
‘natural environment’ in interacting with biomolecules and cells without altering their 
function and phenotype. At this effect, microfabrication, surface chemistry and 
material science play a pivotal role in the design of advanced in-vitro systems for cell 
culture applications. In this chapter, we discuss and describe different techniques 
enabling the control of cell-surface interactions, including the description of some 
techniques for immobilization of ligands for controlling cell-surface interactions and 
some methodologies for the creation of well confined cell rich areas.
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1 Introduction

The interaction of biological systems with synthetic material surfaces is an important issue 
for many biological applications such as implanted devices, tissue engineering, cell-based 
sensors and assays, and more generally biologic studies performed ex vivo [1–4].

In vitro assays are based on culturing cells on artificial surfaces that have properties 
very different from the cell natural environment, which makes assay outcomes uncer-
tain due to the high complexity of all phenomena involved [5]. Therefore, success of 
in vitro assays reside in the ability to develop surfaces or artificial microenvironments 
that mimic the “natural environment” interacting with biomolecules and cells 
(cell lines or primary culture cells) in a specific mode without altering their function 
and phenotype and that could control and drive the cell response on surfaces.

Many examples of the use of microfabricated platforms for in vitro assays can 
be found in the literature. Platforms with advanced surface chemistries have been 
successfully developed for instance to drive differentiation of stem cells [6, 7], 
for studying the factors that affect cell apoptosis [8] and cell structural organization 
and division [9, 10]. Micropatterned cocultures have been shown to be valuable 
platforms for long term hepatocyte culture and for the miniaturization of hepatoxicity 
screening assays [11]. Eukaryotic and prokaryotic cells on solid surfaces are also 
widely used in cell based sensor devices to detect foreign compounds such as toxic 
and pathogenic agents ([12, 13], and Chapter by Yosi Shacham in this book).

These examples show that microfabrication, surface chemistry and material science 
play a pivotal role in the design of in vitro systems for cell culture applications.

In this chapter, we discuss and describe different techniques used to functionalize 
and pattern surfaces enabling the control of the interactions between cells and sub-
strates. The first part deals with the description of the techniques for immobilization of 
ligands for controlling cell-surface interactions. The second part concerns some meth-
odologies used to pattern surfaces for the creation of well confined cell rich areas.

2  Surface Chemistry to Control Immobilization  
of Ligands on Surfaces

The interactions between eukaryotic cells and engineered surfaces are mediated by 
integrins, which are the major transmembrane proteins that link the cell cytoskeleton 
to specific ligands present on the surface (i.e., proteins of the extra cellular matrix 
(ECM)). The development of surfaces enabling the control of the ligand types, den-
sity, spatial distribution and conformation is therefore crucial to control cell behavior 
on surfaces [14, 15]. In particular, an important issue is to control the overall ligand 
capacity to promote specific integrin binding while limiting the nonspecific adsorp-
tion [16]. Such surface activity depends very much on the surface chemistry of the 
support. For instance, ECM proteins adsorbed on treated or untreated tissue culture 
polystyrene substrates (TCPS) may have different bioactivities due to the differences 
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of surface wettability [17]. Indeed, proteins may undergo conformation change, 
denaturation and have different orientation upon adsorption, leading to poor control 
of the overall surface bioactivity [18, 135]. Furthermore, initially immobilized proteins 
can be displaced and removed from the surface by proteins from culture media or 
proteins produced by cells during the ECM remodeling process. This means that, 
depending on the molecular weight and bioaffinity of the proteins present in the 
medium, the protein layer identity can be modified during the course of the experi-
ments by conformational changes and ligand substitution [19]. This underlines the 
need for surfaces with stable and exposed ligands for specific interaction with cells, 
together with areas where limited nonspecific adsorption. The following subsections 
will describe two techniques enabling the fabrication of adhesive and anti adhesive 
layers, namely self assembled monolayers and plasma polymerization.

2.1 Self Assembled Monolayers

Self-assembled monolayers (SAMs) are the most used vehicle to produce model 
surfaces to study protein- and cell-surface interactions. SAMs are based on mole-
cules that have the property to self–assemble on solid surfaces forming a monolayer 
with a well-defined chemistry. There are two main classes of SAMs: alkanethiols 
(HS(CH2)nX) that are normally deposited on gold and silver [20] and the alkylsi-
lanes and alkylsiloxanes deposited on hydroxylated surfaces [21] (Fig. 1). SAMs 
head groups can have a vast variety of chemical functions such as –COOH, –OH, 
–NH

2
, –CH

3
, etc. providing a versatile tool to study interactions between cells, 

proteins and surfaces. Nevertheless, the formation of a high ordered SAM without 
defects is a difficult task and highly related to the purity of the solutions as well as 
the “quality of the substrate”, i.e., cleanliness, roughness and crystallinity [20].

Many examples can be found in the literature on the use SAMs as platforms to 
control adhesion migration and differentiation of cells.

2.1.1 Influence of Surface Chemistry on Cell Response

Extensive work has been performed by the Garcia group on the influence of func-
tionalized surfaces on fibronectin conformation and subsequent cell adhesion, 

Fig. 1 A schematic representation of SAMs organothiols on gold (a) and organosilane on SiO
2
 

surface (b) where X and Y denote the chemical functionality of the final surface
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proliferation and differentiation [14]. In these works, fibronectin was adsorbed on 
gold coated with alkanethiol SAMs with different headgroups (CH

3
, OH, COOH, 

NH
2
). Results showed that the fibronectin structure was particularly sensitive to the 

surface chemistry, resulting in different functional activities [22]. For instance, the 
authors observed a selective integrin binding to a5b1 integrin for OH and NH

2
 

surfaces, binding to both a5b1 and a Vb3 for the COOH surfaces, and poor binding 
on the CH

3
 functionalized supports. Functionalized surface-mediated fibronectin 

adhesion enables the modulation of osteoblastic differentiation and mineralization 
[23] and also regulation of the switch between myoblast proliferation and differen-
tiation [24, 25] (Fig. 2).

Carboxylic acid (COOH) and amine (NH
2
)-terminated SAMs of alkanethiolates 

have been used to study the influence of the surface charge on the modulation of cell 
adhesion and spreading through the control of the orientation of adsorbed FnIII 

7–10
, 

a cell-adhesive protein containing RGD (R: arginine; G: glycine; D: aspartic acid) 
residues which are commonly recognized by the integrins.

Results indicate that NH
2
–SAMs orientate the FnIII

7-10
 in such a way that more 

bovine aortic endothelial cells adhere and spread on the NH
2
–SAM as compared to 

COOH–SAMs coated surfaces [26]. Besides, the control of the orientation of oste-
opontin on OH, COOH, NH

2
 and CH

3
 terminated SAMs has been performed in 

order to modulate endothelial cell adhesion [27]. Self-assembled monolayers of 
alkylsilanes with CH

3
, polyethylene glycol (PEG), COOH, NH

2
 and OH termina-

tions have been used to study human fibroblast adhesion [28]. Better attachment, 
spreading and growth of human fibroblasts on COOH and NH

2
 SAMs were found 

as compared to the other SAMs. The better interaction of fibroblasts was related to 
a better integrin activity as observed after antibody-tagging of living cells.

These examples shows how cell response can be influenced and modulated by 
ECM protein conformation through surface chemistry.

An alternative strategy consist of using RGD peptides directly immobilized on 
the surface. RGD is a cell adhesion promoter which presents many advantages in 
term of simplicity and stability as compared to entire ECM proteins [136]. 
Numerous materials have been functionalized with RGD peptides. An outstanding 
review on the used of RGD modified polymer to functionalize surface can be found 
elsewhere [29].

2.1.2 Control of Ligand Density and Distribution

A problem in studying the effects of immobilized ligands on cell–surface interaction is 
that adherent cells tend to readapt their microenvironment by remodeling the extracel-
lular matrix in long term cultures modifying the ligand nature during the experiments. 
To address this issue, a strategy has been developed by generating surfaces containing 
two different types of SAMs, one allowing the ligand-directed binding of cells and the 
other resisting the protein and cell adhesion (Fig. 3) [30]. In this work, the surfaces were 
made from alkanethiolates containing RGD peptides as ligands to promote integrin-
mediated cell adhesion, and oligo(ethyleneglycol) moieties that prevent the nonspecific 
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Fig. 2 Influence of surface chemistry on myoblast integrin binding to FN coated SAMs (from 
[24, 25], Elsevier)
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adsorption of proteins and cells. The authors showed that the number of bovine capil-
lary endothelial cells spreading on mixed SAM surfaces reaches a plateau at SAMs-
RGD ratio above 0.001 with a reduced deposition of proteins by attached cells. They 
show that ? (low amount of) RGD presenting surfaces in a inert background is sufficient 
to promote long-term attachment and survival of cells.

Houseman and Mrksich [31] used a surface composed of SAMs presenting RGD 
in a background of oligo(ethylene glycol) SAMs with different chain lengths (Fig. 
3b). They showed that the microenvironment, i.e., the binding site accessibility of the 
immobilized ligands, influences the attachment and spread of Swiss 3T3 fibroblasts. 
This study clearly shows that the configuration of adhesive motifs can be precisely 
designed and can influence the response of mammalian cells.

The spatial distribution of RGD peptides can be controlled as well by using surface 
nanopatterning [32]. The method is based on the deposition of gold containing diblock 
copolymer micelles on glass surfaces, followed by hydrogen gas plasma treatment 
to remove the polymer that leave gold nanoparticles of 5–8 nm in diameter on the 
surface. The remaining region is passivated by using PEG silanes. The gold nanodots 
are subsequently functionalized via an alkane thiol presenting a c-RGDfK peptide 
sequence present in many of ECM protein and responsible of the integrin binding. 
Cell cultures were performed with rat embryonic fibroblasts on this biofunctionalized 
gold template with spacing of 58 and 110 nm. The results show that rat embryonic 
fibroblasts spread very well on the 58–nm pattern with the expected morphology 
whereas limited cell spreading is observed on the 110–nm pattern.

2.1.3 SAMs Based Antiadhesive Surfaces

Surfaces that resist to non specific adsorption of proteins are fundamental for appli-
cations requiring long term cell culture [30] and long term cell confinement in well 
defined areas [33, 34].

The most widely used bioresistant surfaces are based on polyethylene glycol 
moieties (PEG) (also known as poly(ethylene oxide) or PEO) having [–CH2–
CH2–O–] as monomeric repeat unit.

S S S S S S S S S S S S

X X YY Y X YX X X YX

S S S S S S S S S S S S

X

YY

XX X

Y

X

Y

X

Y

Xa b

Fig. 3 Representation of self-assembled monolayer of alkanethiolates with two different terminal 
groups (X,Y). The nature of head groups presented at the surface can be based on oligo(ethyleneglycol) 
to reduce nonspecific adsorption (Y), and bioactive (COOH, NH2) or RGD containing head 
groups (a). Chains length of oligo(ethyleneglycol) can be varied to increase ligand accessibility (b)



Surface Functionalization for Protein and Cell Patterning 115

PEG molecules are usually coupled to specific end-groups or combined with 
other polymers for long term and stable immobilization on surfaces since PEG 
chains alone tend to adsorb only weakly on most surfaces. Oligo-PEG and PEG 
grafted onto alkanethiolate SAMs are the most commonly used surface functionali-
zations [35, 36] and have been used successfully as protein resistant surfaces. Chain 
density, length and conformation of the films have been identified as important 
parameters that make PEG antiadhesive [37]. However, the mechanisms of the 
antiadhesive properties is not yet well understood [38–41].

Polycationic poly(l–lysine)-g-poly(ethylene glycol) (PLLg–PEG) has strong 
anti adhesive properties and is an interesting alternative since it adsorbs electrostati-
cally to negatively charged surfaces (metal, glass, oxides, tissue culture treated 
polystyrene), a common case of a wide range of biology supports [42].

Extensive work has been done by the group of Whitesides and coworkers on 
screening a large set of functional groups other than ethylene glycol that resist 
adsorption of proteins and bacteria [43–45]. Best antiadhesive properties were found 
in surfaces that were hydrophilic, containing groups that were hydrogen-bond accep-
tors and with an overall electrically neutrality. The same group surveyed SAMs and 
polymeric films that is resistant to bacteria, mammalian cells and proteins. 
Antiadhesive properties of protein resistant SAMs terminated with different func-
tional groups were tested with bacteria (Staphylococcus aureus, Staphylococcus epider-
midis) and mammalian cells (bovine capillary endothelial (BCE) cells) [44, 45]. 
Antiadhesive properties of tri(sarcosine) and N-acetylpiperazine to bacteria were 
similar to those obtained with (EG) 

3
OH and only the tri(sarcosine) terminated SAMs 

resist the adhesion of BCE cells. Thin polymeric films based on polyamines 
(poly(ethylenimine)) were grafted and converted to an inert form by acylation, produ-
cing films that resist the adsorption of protein and the adhesion of bacteria [46]. Better 
protein resistance was found by functionalizing the polyamine with acyl chlorides 
that were derivatives of oligo(ethylene glycol). These polymers have protein and 
bacteria resistant properties that are comparable or better than (OG)

3
OH SAMs.

The duration of the antiadhesive characters of SAMs oligo(EG)-terminated thiols 
is an issue when long term cell culture is required. Desorption of the film and deg-
radation of its properties can occur and be accelerated by cell processes [30].

The stability of different undecanethiol and tri(ethylene glycol)-terminated 
undecanethiol) SAMs was studied in phosphate-buffered saline and calf serum 
[47]. The samples were characterized over 35 days by using contact angle measure-
ments and cyclic voltammetry. Voltammetric measurements changed dramatically 
for samples in both PBS and calf serum after 21 days as a results of loss of integrity 
of the SAMs surface coverage. This stability in time could be extended up to 30 
days by using palladium as substrate [48].

Micropatterned surfaces have been used to study the role of cellular processes on 
the degradation of the patterns [49]. Different nonadhesive layers such as agarose, 
pluronics, hexa(ethylene glycol), or polyacrylamide have been used as platforms to 
culture cells in serum. Polyacrylamide remained inert and cells patterns remained 
intact for at least 28 days whereas agarose and pluronics lose their nonadhesive 
properties due to film desorption, independently of the presence of cells.
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2.2 Plasma Polymerization

Plasma polymerization is an interesting alternative for surface functionalization 
[50–54]. With this technique, conformal thin polymeric films can be deposited on 
materials with a wide range of chemical functions that can promote adhesion, 
spreading and proliferation of cells or alternatively that can repel proteins and cells 
from surfaces.

Plasma polymers are deposited using a glow discharge created from monomer 
vapor generally by using capacitively coupled plasma sources. The glow discharge 
containing ions, free electrons and monomer fragments is generated by a high 
frequency electric field (generally 13.56 MHz) applied between two parallel plate 
electrodes (Fig. 4). Properties of the films can be controlled by tuning the discharge 
parameters, particularly pressure, gas residence time and power [52–54].

Many functional films can be produced by plasma polymerization [55], e.g., 
plasma-deposited acrylic acid (pdAA) with carboxylic acid function [56, 57, 58, 
59] allylamine [60, 61], aldehyde [62] and epoxy functionalized surfaces [63] 
whereas protein and cell resistant surfaces can be fabricated by plasma-deposited 
poly(ethylene oxide)-like (PEO-like) materials [52–54, 64].

For instance, pdAA films with controlled surface density of carboxyl groups 
induce attachment and growth of keratinocytes, osteoblasts and fibroblasts [58, 65].

Poly(ethylene oxide) (PEO)-like coatings can be plasma deposited from precur-
sors having (CH

2
–CH

2
–O)n monomeric repeat units. Plasma deposited PEO-like 

films have antiadhesive properties at low monomer fragmentation, i.e., low input 
power and high monomer flow [66]. The fragmentation degree is characterized by 
X-ray photoelectron spectroscopy (XPS) where the C1s peak of the polymer is 
compared to the monomer value [67]. It is shown that the C–O–C peak intensity 
relates directly to the antifouling properties of the film. Adsorption and retention 
of proteins on plasma deposited poly(ethylene glycol)-like films from different 
monomers (mono–di–tri–tetra-glymes, and cyclic precursors dioxane, and crown 

Fig. 4 Schematic representation of Plasma reactor (a) and picture of an argon plasma (b)



Surface Functionalization for Protein and Cell Patterning 117

ethers) were measured by radio labeling techniques. Whereas PEO-like films 
deposited with monoglyme and dioxane adsorbed a large amount of proteins 
(respectively 71 and 87 ng cm−2), films deposited with others precursor adsorbed 
low level of proteins (from 1.6 to 15 ng cm−2 m−2). Better results were found with 
triglymes and tetra-glymes with proteins adsorption lower than 3 ng cm−2.

An interesting property of PEO-like films is that its antiadhesive properties can 
be modulated by tuning the parameters of the plasma during the PEO-like film depo-
sition [52–54] or by modifying its antiadhesive properties by plasma treatments [68]. 
It can also be combined with adhesive layers by using lithography techniques, e.g., 
photolithography for cell patterning [52–54].

3 Surface Patterning

Surface patterning is of great importance in many fields of science and technology. 
Originally developed by the microelectronics industry, it is now being applied to 
many other different fields such as optics and biology. Generation of patterns is 
usually accomplished by serial techniques that are able to provide arbitrary features 
with different physico-chemical properties on the surface of a substrate. Replication 
of patterns is done by transferring the structural information of a mask or master 
into another material with the possibility of obtaining many copies of the original 
structure [137]

Micro- and nanopatterning techniques have been extensively used for biological 
applications, to engineer surfaces with chemical contrast that allow the confinement 
of biological materials in predetermined positions. Patterning consists of creating 
domains that readily adsorb proteins, and hence are cell-adhesive, in a background 
that is nonfouling and cell-repellent. For instance, micropatterned surfaces are 
widely used as cell culture platform to study the influence of cell microenvironment 
on cell response [69]. Seminal work on cell micro patterning has been performed 
by Chen et al. [8] wherein influence of patterned size on cell response (apoptosis, 
growth and proliferation) was studied. More recently, the design of patterns with 
different sizes and shapes allowed to study cell division and axis orientation [10] 
and to direct cell migration on asymmetric patterns [48]. When high throughput 
analysis is the objective, i.e., in cytotoxicity and drug screening, cell microarrays is 
the technique of choice to replace multiwell plates [33].

Production of biopatterns is normally made by conventional photolithography, soft 
lithography and microarray technologies, and at the nanoscale by scanning probe lithog-
raphy techniques and nanosphere lithography [70]. Micro- and nanopatterned substrates 
are being exploited in biosensing for creating cell arrays for high-throughput screening, 
and to study the roles of focal adhesions formations and cell–cell interactions on different 
cell developmental processes [32, 71]. One of the key problems of cell patterning is 
the stability of these patterns, since cell secretions alter the cell adhesive layer.

This paragraph describes the most commonly used methods to micropattern 
surfaces for bacteria and mammalian cell cultures. Many methodologies for surface 
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patterning are being used; among the most popular are photolithography and soft 
lithography [69, 72]. Ablation of antiadhesive polymers [73], photocleavage of 
protecting groups [74] or functionalization of cell repellent polymeric materials by 
plasma [68, 75] and UV light [138, 76] are also methods used to create patterned 
surfaces for promoting cell adhesion.

3.1 Photolithography

Photolithography involves the exposure of a photosensitive material through a 
mask with the pattern of interest. In the case of positive photoresist, the UV light 
exposed regions become soluble and are subsequently developed. In a second step, 
the deposition or etching of materials of interest can be performed, followed by the 
photoresist lift off with the adapted solvents. The resolution (size of the transferred 
features) depends on the light wavelength used for the illumination. This patterning 
technique was first applied in biology for the fabrication of DNA arrays [77, 78]. 
This method is well adapted to fabricate surfaces with two different materials 
having different properties for selective surface functionalization or biomolecules 
immobilization. For instance, gold microislands on silicon substrate allow the 
selective functionalization of the two materials with bioadhesive thiolated SAMs 
and antiadhesive PEG silanes [24, 25] for cell micropatterning. Surface patterning 
of deformable, solvated substrates has also been achieved by photolithography 
[79, 80]. In these works, a photolithographic method was used to obtain PEG 
hydrogels patterns in which the acrylated moieties in the precursor are conjugated 
by UV exposure through a transparency mask, giving the possibility of multiple 
peptide immobilization on the same surface. The same group developed a method 
for the fabrication of 3D cross-linked PEG hydrogel patterns to create high density 
microscale wells containing one to three hepatocyte cells in each well [81].

Photolithography can advantageously be combined with plasma polymerization 
to fabricate surface with microscale chemical contrast [52–54, 82, 83], leading to a 
selective cell immobilization (Fig. 5).

The main disadvantages of photolithography are the high cost of equipment and 
the access to a clean room. Moreover, this technique cannot be used to pattern directly 
proteins and cells on the surfaces, and cannot be applied to nonplanar substrates.

3.2 Soft Lithography

Soft lithography groups together a set of techniques based on molding and printing by 
using soft materials. The use of soft lithography for protein and cell patterning has 
been developed and studied in depth by the group of Whitesides [84, 85]. Soft lithog-
raphy techniques, such as microcontact printing, micromolding in capillaries, pattern-
ing using microfluidic channels and laminar flow patterning have been used 
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successfully to control surface chemistry and cell environment. In replica molding 
[86–88] a polymer is casted against a patterned master and the 3D topography of the 
rigid master is replicated in the elastomer with a resolution down to tenths of a nanom-
eter. Elastomeric stamps and molds are usually fabricated in polydimethylsiloxane 
(PDMS), which has the important properties of having a moderate stiffness, being 
nontoxic, biocompatible, optically transparent and available commercially at low cost. 
Furthermore, its surface wettability can be tuned from hydrophobic to hydrophilic by 
short plasma treatments, giving more flexibility for printing efficiency improvement.

In microcontact printing, the most representative soft lithography technique, the 
PDMS stamps are inked with the printing material (SAMs or biomolecules) and put in 
conformal contact with a substrate. The material on the bas-reliefs of the PDMS that 
is in contact with the substrate is transferred to the substrate. The PDMS technology 
allows the obtaining of high quality patterns routinely with feature sizes in the micron 
level. This so-called microcontact printing method (Fig. 6) was first described by 
Whitesides and coworkers and used for patterning SAMs on gold surfaces [89]. Then, 
the technique was further developed to print monolayers of proteins directly on sur-
faces and the bioactivity of the printed proteins was demonstrated [90–93].

The spatial distribution of adhesion molecules and extracellular matrix proteins 
on surfaces influences cell behavior. A number of papers have reported on the 
advantages of the use of such micropatterned environments for cell biology studies 

Fig. 5 Confocal microscope image of fibroblasts micropatterned on fouling/antifouling contrasted 
surfaces produced by plasma polymerization of polyethylene oxide like film and photolithography
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[69, 94, 95]. Micropatterned substrates fabricated by microcontact printing have 
been used successfully to guide cell migration of fibroblasts [96], to control growth, 
apoptosis and differentiation of capillary endothelial cells [8, 97] and to study 
spreading of melanoma mouse cells [98].

Moreover, microcontact printing can be used for direct patterning of biomole-
cules on antifouling surfaces [99–104]. Indeed, PEO-like films deposited by plasma 
polymerization resist protein adsorption in aqueous solution but accept proteins 
printing in dry conditions. By means of this surface biofunctionalization, contrasted 
fouling/antifouling areas are easily created, which offers improved capabilities for 
the confinement, localization and guided growth of cells, as well as for studying 
different cell developmental processes in stem cells [34]. For instance, micropat-
terned surfaces for single cell study (human umbilical cord blood-derived neural 
stem cells HUCB-NSC) are being performed in our laboratory by using 10-mm 
polylysine features microcontact printed on PEO films deposited by plasma polym-
erization [99, 100] (Fig. 7).

Similarly, microspotting techniques can be used to fabricate direct bioadhesive/
biorepellent surfaces using plasma polymerized PEO surfaces. Varied ECM pro-
teins can also be directly microspotted on PEO-like films to form a microarrayed 
platform for stem cell studies [139] (Fig. 8).

Other soft lithography approaches of interest for patterning surfaces are based 
on the use of elastomeric membranes with holes that allow the incubation of bio-
logical material and, after lift off of the membrane, the biomolecules are delivered 
to the substrate through the holes [105]. Soft lithography is also used to fabricate 
microfluidic channels, in which fluids flow laminarly, which can be used for patter-
ning surfaces as well as for delivering substances locally at the interface between 
different fluid streams [102–104, 106]. Three-dimensional microfluidic structures 
achieved by stacking membranes have been used for patterning different materials 
in one step [107, 108].

Soft lithography is well suited to pattern the composition, topography and properties 
of surfaces. As compared to conventional photolithography, soft lithography related 
techniques have the advantages of patterning the relevant biomolecules directly on 
surfaces, controlling the molecular structure of surfaces and the possibility of fabri-
cating microchannels for microfluidics. Moreover, it is inexpensive, rapid, convenient 
and easy to use.

Inking 
solution

Si Master

Si Master

PDMS

PDMS Stamp Substrate

Substrate

PDMS replica molding Stamp inking by biomolecules

Printing

PDMS Stamp

Fig. 6 Schematic drawing of the microcontact printing process
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Some new methodologies have recently been developed to pattern two or more 
cell types in spatially defined cocultures [109, 110] in order to study cell-matrix and 
cell-cell interactions. Very advance chemistry is involved with electroactive polymers 
[111, 112] or thermally responsive polymers [113, 114] that can alternatively 
switch from inert to cell adhesive surfaces. Another interesting approach has been 
developed by using a layer by layer deposition method [110]. In this method, a first 
layer of hyaluronic acid (HA) is deposited onto glass substrates by spin coating and 
micropatterned with capillary force lithography [115, 116]. Capillary force lithog-
raphy is based on the use of a PDMS stamp placed on top of the HA layer. The HA 
layer located under the void space recedes until the glass become uncovered, creating 

Fig. 7 Fluorescence microscopy image of 10 × 10 mm square PLL patterns (a) and optical micro-
scopy image of HUCB-NSC after 1 day culturing (b)

Fig. 8 HUCB-NSC microarray on four and five drops-spots of fibronectin spotted on PEO like 
film. The scale bar is 200 mm
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HA micropatterning. Then fibronectin is deposited selectively in the bare glass 
region thanks to the antiadhesive properties of the HA. The first type of cell is 
plated and selectively adheres to the fibronectin coated regions. Then the 
HA-covered areas are complexed with collagen, a cationic polymer which makes 
this region cell adherent. A second type of cell is added to adhere in the HA-collagen 
covered regions. The advantage of this technique is that it uses only extracellular 
matrix components, guaranteeing high biological affinity and no cytotoxic effects.

4 Patterning Bacteria

The development of sensing platforms based on bacteria has different requirements 
in term of immobilization. For bacteria-based biosensors, the main requirements 
consist in the careful control of cell positioning together with the capability to keep 
cell viability and activity for long time periods [13, 117]. Initial interaction mecha-
nism of adhesion of bacteria with surfaces is governed by van der Waals and elec-
trostatic interactions. Irreversible adsorption is mediated by interaction of protein 
layers (lipopolysaccharides) of the bacteria membrane with the substrate [118].  
The development of protein resistant surface is therefore the key objective to design 
surfaces where bacteria are not going to adhere.

A number of methods have been used to create adhesive cues on solid surfaces 
to pattern bacteria. Most of them are based on soft lithography approaches.

Production of high resolution arrays of living bacteria has been facilitated by 
microcontact printing with high aspect ratio PDMS stamps, by selectively transfer-
ring bacteria from an agarose substrate to another support. With this method, single 
bacteria arrays were produced over large areas [119]. Microcontact printing has 
also been used to fabricate biomimetic micropatterned surfaces of three bacterial 
proteins (S-layers). First, a nonfouling poly-l-lysine grafted PEG layer is microcon-
tact printed on the surface followed by a back filling with S-layer proteins to which 
bacteria attach [120]. Contact printing has been also used by Weiber et al. [121] to 
print bacteria directly onto agar surfaces. Agarose stamps have been inked with 
bacteria colonies that are partially transferred to agar plates upon contact. The bac-
teria remaining on the stamp are able to regenerate, allowing the reuse of the agarose 
stamps for several months.

Alternative methods to microcontact printing have also been reported for pat-
terning bacteria. Using a micromolding in capillaries (MIMIC)-based methods, a 
polyelectrolyte surface (PEL) can be patterned by micromolding PEG in capillaries. 
PEG is flown inside microfluidic channels created on the PEL surface and photopo-
lymerized. The PEL/PEG contrasted regions improve the fluorescence intensity of 
proteins attached to the PEL areas. This simple preparation of functionalized sur-
face has be applied to various biomolecules such as proteins, bacteria, and cells. 
[122]. Utilizing host–parasite and virus–antibody interactions, Suh et al. [115, 116] 
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were able to separate infected bacteria. By capillary lithography, they produced wells 
filled with an antibody against virus proteins. Infected bacteria selectively adhered 
to the patterns of the antibody by specific recognition between the antibody and the 
virus present in the infected bacteria membrane. Antibody–antigen interactions have 
also been used for patterning bacteria by microcontact printing of antibodies on 
silanized glass [123] or by patterning antibodies using Ga+ ion etching [124]. In 
the latter, micropatterns of antibodies have been produced by etching a nonfouling 
layer using a programmable focused Ga+ ion beam. The etched regions are filled 
with a cross-linker that links an antibody, the anti-CFA/I, which binds to CFA/I, an 
antigen protruding outside the bacteria cell membrane.

As mentioned previously, plasma polymers can be advantageously combined 
with photolithography to create well define micropatterns. For instance, micropat-
terned surfaces combining a bacteria adhesive region (plasma polymerized 
allylamine, adhesive polyethylene oxide (PEO*)) and an antiadhesive region 
(plasma polymerized polyethylene oxide) have been tested with HB101 and TA15 
bacteria strains leading to well defined bacteria micropatterns (Fig. 9).

Bacteria were also patterned using a colloidal lithography approach [125]. 
PDMS templates of 2D arrays of different structures have been fabricated embed-

strain

HB101 on PALL/PEO

HB101 on PEO*/ PEO

TA 15 on PALL/PEO

TA 15 on PEO/PEO

Fig. 9 HB101 and TA15 bacteria strains patterned of plasma polymers (PEO*, adhesive PEO 
like films)
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ding nanoparticles in PDMS. After etching of the nanoparticles, surfaces of PDMS/
glass contrast were obtained. Bacteria attachment to the PDMS regions is attributed 
to hydrophobic interactions.

On the other hand, three-dimensional networks of different types of living cells 
have been assembled in hydrogel using arrays of time-multiplexed, holographic 
optical traps. The array of optical tweezers was able to pattern arrays of single 
bacteria with demonstrated viability [126].

5 Conclusions

Many fabrication methods are already available to design advanced surfaces, ena-
bling the study of cell adhesion, migration and differentiation. Advanced surface 
chemistries have proven capability to control ligand–integrin interactions allowing 
the selection between proliferation and differentiation and promoting long term 
culture. New emerging nanotechnology tools will be key for controlling the number 
of fibronectin immobilized in each adhesion site, thus controlling the number of 
integrins involved in each cell–substrate interaction [32, 71]. Single cell or cell 
monolayer patterns and cell coculture can be obtained by several techniques facili-
tating the study fundamental aspects of cell–surface and cell–cell interaction as 
well as improving the reliability and throughput of in vitro assays. In this respect, 
cell microarrays are being widely used as an alternative to multiwell plates for 
studying cell adhesion on a large variety of materials [127] or for high throughput 
analysis of cellular functions and drug screening [6, 33, 128].

This review has focused mainly on functionalization and patterning of flat, 
rigid two dimensional (2D) surfaces for in vitro assay and cell based sensor appli-
cation. Nevertheless, these models are known to be insufficient to study and 
understand complex cell models (i.e., hepatotocytes) which need a “natural-like 
3D microenvironment” for their growth and differentiation. The development of 
a 3D microenvironment matrix with controlled stiffness, nanoscale control of 
ECM proteins distribution and density can have a major influence on cell response 
and consequently are becoming in great demand for developing new generations 
of in vitro assays [129, 130]. The merging of nano- and microtechnology to supply 
new tools is very promising to fulfil these requirements.

More advanced devices based on lab-on-chip concepts are very promising tools 
for controlling cell behavior in vitro in order to mimic in vivo 3D dynamic cell 
microenvironments and will certainly contribute to the advent of a new generation 
of cell culture models [131, 132]. Nevertheless, this development must be made 
while keeping in mind that the system should be reproducible and easily handled in 
a biology laboratory [133].

Acknowledgements This work was supported by Action 4,221: “Nanobiotechnologies for 
Health” of the Joint Research Centre. We thanks Dr S. Belkin for the bacteria culture 
experiments.



Surface Functionalization for Protein and Cell Patterning 125

References

 1.  Ratner BD, Bryant S (2004) Biomaterials: where we have been and where. we are going. 
Annu Rev Biomed Eng 6:41–75

 2.  Kasemo B (2002) Biological surface science. Surf Sci 500:656–677
 3.  Langer R, Tirrell DA (2004) Designing materials for biology and medicine. Nature 428:487–492
 4.  Bhadriraju K, Chen CS (2002) Engineering cellular microenvironments to improve cell-based 

drug testing. Drug Disc Today 7:612–620
 5.  Hartung T (2007) Food for thought on cell culture. Altex 24(3):143–147
 6.  Flaim CJ, Chien S, Bhatia SN (2005) An extracellular matrix microarray for probing cellular 

differentiation. Nat Methods 2:119–125
 7.  Anderson DG, Levenberg S, Langer R (2004) Nanoliter-scale synthesis of arrayed biomaterials 

and application to human embryonic stem cells. Nat Biotechnol 22:863–866
 8.  Chen CS, Mrksich M, Huang S, Whitesides GM, Ingber DE (1997) Geometric control of cell 

life and death. Science 276:1425–1428
 9.  Thery M, Racine V, Pepin A, Piel M, Chen Y, Sibarita JB, Bornens M (2005) The extracellular 

matrix guides the orientation of the cell division axis. Nat Cell Biol 7:947–953
10. Thery M, Racine V, Piel M, Pepin A, Dimitrov A, Chen Y, Sibarita JB, Bornens M (2006) 

Anisotropy of cell adhesive microenvironment governs cell internal organization and orientation 
of polarity. Proc Natl Acad Sci U S A 103(52):19771–19776

11.  Khetani SR, Bhatia SN (2007) Microscale culture of human liver cells for drug development. 
Nat Biotechnol Lett 2007:1–7

12.  Ziegler C (2000) Cell-based biosensors. Fresenius J Anal Chem 366:552–559
13.  Elad T, Lee JH, Belkin S, Gu MB (2008) Microbial whole-cell arrays. Microb Biotechnol 

1(2):137–148
14.  Garcia AJ (2006) Interfaces to control cell-biomaterial adhesive interactions. Adv Polym Sci 

203:171–190
15.  Arnold M, Cavalcanti-Adam A, Glass R, Blummel J, Eck W, Kessler H, Spatz JP (2004) Activation 

of integrin function by nanopatterned adhesive interfaces. Chem Phys Chem 3:383–388
16.  Mrksich M (2002) What can surface chemistry do for cell biology? Curr Opin Chem Biol 

6:794–797
17.  Underwood PA, Steel JG, Dalton BA (1993) Effects of polystyrene surface chemistry on the 

biological activity of solid phase fibronectin and vitronectin, analysed with monoclonal anti-
bodies. J Cell 104(3):793–803

18.  Andrade JD, Hlady VL, Wagenen RAV (1984) Effects of plasma protein adsorption on protein 
conformation and activity. Pure Appl Chem 56:1345–1350

19.  Wertz CF, Santore MM (1999) Adsorption and relaxation kinetics of albumin and fibrinogen 
on hydrophobic surfaces: single-species and competitive behavior. Langmuir 15:8884–8894

20.  Love JC, Estroff LA, Kriebel JK, Nuzzo RG, Whitesides GM (2005) Self-assembled monolayers 
of thiolates on metals as a form of nanotechnology. Chem Rev 105:1103–1169

21.  Mrksich M, Whitesides GM (1996) Using self assembled monolayers to understand the interac-
tions of made man surfaces with proteins and cells. Annu Rev Biophys Biomol Struct 25:55–78

22.  Michael KE, Vernekar VN, Keselowsky BG, Meredith JC, Latour RA, Garcia AJ (2003) 
Adsorption-induced conformational changes in fibronectin due to interactions with well-
defined surface chemistries. Langmuir 19:8033–8040

23.  Keselowsky BG, Collard DM, Garcia AJ (2004) Surface chemistry modulates focal adhesion 
composition and signaling through changes in integrin binding. Biomaterials 25:5947–5954

24.  Lan MA, Gersbach CA, Michael KE, Keselowsky BG, Garcia AJ (2005) Myoblast prolifera-
tion and differentiation on fibronectin-coated self assembled monolayers presenting different 
surface chemistries. Biomaterials 26:4523–4531

25.  Lan S, Veiseh M, Zhang M (2005) Surface modification of silicon and gold-patterned silicon 
surfaces for improved biocompatibility and cell patterning selectivity. Biosens Bioelectron 
20:1697–1708



126 P. Colpo et al.

26.  Wang H, He Y, Ratner BD, Jiang S (2005) Modulating cell adhesion and spreading by control 
of FnIII7–10 orientation on charged self–assembled monolayers (SAMs) of alkanethiolates.  
J Biomed Mater Res A 77A(4):672–678

27.  Liu L, Chen S, Giachelli C, Ratner B, Jiang S (2005) Controlling osteopontin orientation on 
surfaces to modulate endothelial cell adhesion. J Biomed Mater Res A 74A:23–31

28.  Faucheux N, Schweiss R, Lutzow K, Werner L, Groth L (2004) Self-assembled monolayers 
with different terminating groups as model substrates for cell adhesion studies. Biomaterials 
25:2721–2730

29.  Hersel U, Dahmen C, Kessler H (2003) RGD-modified polymers: biomaterials for. stimulated 
cell adhesion and beyond. Biomaterials 24:4385–4415

30.  Roberts C, Chen CS, Mrksich M, Martichonok V, Ingber DE, Whitesides GM (1998) Using mixed 
self-assembled monolayers presenting RGD and (EG)3OH groups to characterize long-term 
attachment of bovine capillary endothelial cells to surfaces. J Am Chem Soc 120:6548–6555

31.  Houseman BT, Mrksich M (2001) Biomaterials 22:943–955
32.  Cavalcanti-Adam EA, Micoulet A, Blummel J, Auernheimer J, Kessler H, Spatz JP (2006) 

Eur J Cell Biol 85:219–224
33.  Castel D, Pitaval A et al. (2006) Cell microarrays in drug discovery. Drug Disc Today 

11(13):616–622
34.  Ruiz A, Ceriotti L, Buzanska L, Hasiwa M, Bretagnol F, Ceccone G, Gilliland D, Rauscher H, 

Coecke S, Colpo P, Rossi F (2007) Controlled micropatterning of biomolecules for cell cultur-
ing. Microelectron Eng C 84:1733–1736

35.  Prime KL, Whitesides GM (1991) Self-assembled organic monolayers: model systems for 
studying adsorption of proteins at surfaces. Science 252:1164

36.  Prime KL, Whitesides GM (1993) Adsorption of proteins onto surfaces containing end-
attached oligo(ethylene oxide): a model system using self-assembled monolayers. J Am Chem 
Soc 115:10714

37.  Morra M (2000) J Biomater Sci Polym Ed 11:547
38.  Kingshott P, Griesser HJ (1999) Curr Opin Solid State Mater Sci 4:403–412
39.  Jeon SI, Lee JH, Andrade JD, de Gennes PG (1991) Colloid Interf Sci 142:159–166
40.  Harder P, Grunze M, Dahnit R, Whitesides GM, Laibinis PE (1998) J Phys Chem B 

102:426–429
41.  Herrwerth S, Eck W, Reinhardt S, Grunze M (2000) J Am Chem Soc 125(31):9359–9366
42.  Kenausis GL, Voros J, Elbert DL, Huang NP, Hofer R, Ruiz- Taylor L et al. (2000) J Phys 

Chem B 104:3298–3309
43.  Chapman RG, Ostuni E, Takayama S, Holmlin RE, Yan L, Whitesides GM (2000) Surveying 

for surfaces that resist the adsoption of proteins. J Am Chem Soc 122:8303–8304
44.  Ostuni E, Chapman RG, Holmin RE, Takayama S, Whitesides GM (2001) A survey of 

structure-property relationships of surfaces that resist the adsorption of protein. Langmuir 
17:5605–5620

45.  Ostuni E, Chapman RG, Liang MN, Meluleni G, Pier G, Ingber DE, Whitesides GM (2001) 
Self-assembled monolayers that resist the adsorption of proteins and the adhesion of bacterial 
and mammalian cells. Langmuir 17:6336–6343

46.  Chapman RG, Ostuni E, Liang MN, Meluleni G, Kim E, Yan L, Pier G, Warren HS, 
Whitesides GM (2001) Polymeric thin films that resist the adsorption of proteins and the 
adhesion of bacteria. Langmuir 17(4):1225–1233

47.  Flynn NT, Tran T, Cima M, Langer R (2003) Long term stability of self- assembled monolay-
ers in biological media. Langmuir 19:10909–10915

48.  Jiang X, Bruzewicz DA, Thant MM, Whitesides GM (2004) Palladium as a substrate for self-
assembled monolayers used in biotechnology. Anal Chem 76:6116–6121

49.  Nelson CM, Raghavan S, Tan JL, Chen CS (2003) Degradation of micropatterned surfaces by 
cell-dependent and -independent processes. Langmuir 19:1493–1499

50.  Ratner BD, Chilkoti A, Lopez GP (1990) In: d’Agostino R (ed) Plasma deposition, treatment 
and etching of polymers. Academic, San Diego, p 463

51.  Sardella E, Favia P, Gristina R, Nardulli M, d’Agostino R (2006) Plasma Process Polym 3:456



Surface Functionalization for Protein and Cell Patterning 127

52.  Bretagnol Fr, Lejeune M, Papadopoulou A, Hasiwa M, Rauscher H, Ceccone G, Colpo P, Rossi F 
(2006) Fouling and non-fouling surfaces produced by plasma polymerization of ethylene oxide 
monomer. Acta Biomater 2(2):165–172

53.  Bretagnol F, Valsesia A, Ceccone G, Colpo P, Gilliland D, Ceriotti L, Hasiwa M, Rossi F 
(2006) Plasma Process Polym 3 (6-7): 443–455

54.  Bretagnol F, Ceriotti L, Lejeune M, Papadopoulou A, Hasiwa M, Gilliland D, Ceccone G, 
Colpo P, Rossi F (2006) Functional micropatterned surfaces by combination of plasma polym-
erization and lift-off processes. Plasma Process Polym 3(1):30–38

55.  Siow KS, Britcher L, Kumar S, Griesser HJ (2006) Plasma Process Polym 3:392–418
56.  Cho DL, Claesson PM, Goelander CG, Johansson K (1990) Structure and surface properties 

of plasma polymerized acrylic acid layers. J Appl Polym Sci 41:1373
57.  Candan S, Beck AJ, O’Toole L, Short RD (1998) Effects of processing parameters in plasma 

deposition: acrylic acid revisited. J Vacuum Sci Technol A 16(2):1702–1709
58.  Detomaso L, Gristina R, Senesi GS, d’Agostino R, Favia P (2005) Stable plasma-deposited 

acrylic acid surfaces for cell culture applications. Biomaterials 26:3831
59.  Rossini P, Colpo P, Ceccone G, Jandt KD, Rossi F (2002) Surfaces engineering of polymeric 

films for biomedical applications. Mater Sci Eng C 1050:1
60.  Lejeune M, Brétagnol M, Ceccone G, Colpo P, Rossi Fr (2006) Microstructural evolution of 

allylamine polymerized plasma films. Surf Coat Technol 200(20/21):5902–5907
61. Thissen H, Johnson G, Hartley PG, Kingshott P, Griesser HJ (2006) Two-dimensional patterning 

of thin coatings for the control o f tissue outgrowth. Biomaterials 27(1):35–43
62.  Blättler T, Pasche S, Textor M, Griesser HJ (2006) High salt stability and protein resistance 

of poly(L-lysine)-g-poly(ethylene glycol) copolymers covalently immobilized via aldehyde 
plasma polymer interlayers on inorganic and polymeric substrates. Langmuir 
22:5760–5769

63.  Thierry B, Jasieniak M, de Smet LCPM, Vasilev K, Griesser HJ (2008) Reactive epoxy-
functionalized thin films by a pulsed plasma polymerization process. Langmuir 
24(18):10187–10195

64.  Lopez GP, Ratner BD, Tidwell CD, Haycox CL, Rapoza RJ, Horbett TA (1992) Glow dis-
charge plasma deposition of tetraethylene glycol dimethyl ether for fouling-resistant biomate-
rial surfaces. J Biomed Mater Res 26:415

65.  Haddow DB, Steele DA, Short RD, Dawson RA, Macneil S (2003) Plasma-polymerized sur-
faces for culture of human keratinocytes and transfer of cells to an in vitro wound-bed model. 
J Biomed Mater Res A 64A(1):80–87

66.  Sardella E, Gristina R, Ceccone G, Gilliland DP, Apadopoulou-Bouraoui A, Rossi F, Senesi GS, 
Detomaso L, Favia P, d’Agostino R (2005) Control of cell adhesion and spreading by spatial 
microarranged PEO-like and pdAA domains. Surf Coat Technol 200:51

67.  Johnston EE, Bryers JD, Ratner BD (2005) Plasma deposition and surface characterization of 
oligoglyme, dioxane, and crown ether nonfouling films. Langmuir 21:870–881

68.  Bretagnol F, Kylian O, Hasiwa M, Ceriotti L, Rauscher H, Ceccone G, Gilliland D, Colpo P, 
Rossi F (2007) Sens Actuators B 123:283–292

69.  Falconnet D, Csucs G, Grandin HM, Textor M (2006) Surface engineering approaches to 
micropattern surfaces for cell-based assays. Biomaterials 27:3044–3063

70.  Vörös J, Blättler T, Textor M (2005) Bioactive patterns at the 100 nm scale produced via 
multifunctional physisorbed adlayers. MRS Bull 30(3):202–206

71.  Slater JH, Frey W (2008) Nanopatterning of fibronectin and the influence of integrin cluster-
ing on endothelial cell spreading and proliferation. J Biomed Mater Res A 87A(1):176–195

72.  Blawas AS, Reichert WM (1998) Protein patterning. Biomaterials 19:595–609
73.  Iwanaga S, Akiyama Y, Kikuchi A, Yamato M, Sakai K, Okano T (2005) Fabrication of a cell 

array on ultrathin hydrophilic polymer gels utilising electron beam irradiation and UV exci-
mer laser ablation, Biomaterials 26:5395–5404

74.  Nakayama H, Kikuchi Y, Takarada T, Nakayama H, Yamaguchi K, Maeda M (2006) 
Spatiotemporal control of cell adhesion on a self-assembled monolayer having a photocleav-
able protecting group. Anal Chim Acta 578:100–104



128 P. Colpo et al.

75.  detrait E, Lhoest J-B, Knoops B, Bertrand P, van den Bosch, de Aguilar P (1998) Orientation 
of cell adhesion and growth on patterned heterogeneous polystyrene surface J Neurosci 
Methods 84:193–204

76.  Mikulikova R, Moritz S, Gumpenberger T, Olbrich M, Romanin C, Bacakova L, Svorcik V, 
Heitz J (2005) Cell microarrays on photochemically modified polytetrafluoroethylene 
Biomaterials 26:5572–5580

77.  Schena M, Shalon D, Davis RW, Brown PO (1995) Quantitative monitoring of gene expres-
sion patterns with a complementary DNA microarray. Science 270:467–470

78.  Fodor SP, Rava RP, Huang XC, Pease AC, Holmes CP, Adams CL (1993) Multiplexed bio-
chemical assays with biological chips. Nature 364:555–556

79.  Revzin A, Russel RJ, Yadavalli VK, Koh WG, Deister C, Hile DD, Mellott MB, Pishko MV 
(2001) Fabrication of poly(ethylene glydol) hydrogel microstructures using photolithography. 
Langmuir 17:5440–5447

80.  Hahn MS, Taite LJ, Moon JJ, Rowland MC, Ruffino KA, West JL (2006) Photolithographic 
patterning of polyethylene glycol hydrogels. Biomaterials 27:2519–2524

81.  Revzin A, Tompkins RG, Toner M (2003) Surface engineering with poly(ethylene glycol) 
photolithography to create high-density cell arrays on glass. Langmuir 19:9855–9862

82.  Goessl A, Garrison MD, Lhoest JB, Hoffman AS (2001) Plasma lithography – thin-film pat-
terning of polymeric biomaterials by RF plasma polymerization I: Surface preparation and 
analysis. J Biomater Sci Polym Ed 12:721–738

83.  Favia P, Sardella E, Gristina R, d’Agostino R (2003) Novel plasma processes for biomaterials: 
micro-scale patterning of biomedical polymers. Surf Coat Technol 169:707–711

84.  Xia Y, Whitesides GM (1998) Soft lithography. Angew Chem Int Ed Engl 37:550–575
85.  Whitesides GM, Ostuni E, Takayama S, Jiang X, Ingber DE (2001) Soft lithography in biology 

and biochemistry. Annu Rev Biomed Eng 3:335–373
86. Zhao XM, Xia Y, Whitesides GM (1996) Fabrication of three-dimensional microstructures: 

microtransfer molding. Adv Mater 8:837–840
87.  Xia Y, Kim E, Zhao XM, Rogers JA, Prentiss M, Whitesides GM (1996) Complex optical 

surfaces by replica molding against elastomeric masters. Science 273:347–349
88.  Xia Y, McClelland JJ, Gupta R, Qin D, Zhao XM, et al. (1997) Replica molding using poly-

meric materials: a practical step toward nanomanufacturing. Adv Mater 9:147–149
89.  Singhvi R, Kumar A, Lopez GP, Stephanopoulos GN, Wang DIC, Whitesides GM (1994) 

Engineering cell shape and function. Science 264:696–698
90.  Bernard A, Delamarche E, Schmid H, Michel B, Bosshard HR, Biebuyck H (1998) Printing 

patterns of proteins. Langmuir 14:2225–2229
91.  Michel B, Bernard A, Bietsch A, Delamarche E, Geissler M, Juncker D, Kind H, Renault JP, 

Rothuizen H, Schmid H, Schmidt-Winkel P, Stutz R, Wolf H (2001) Printing meets lithogra-
phy: soft lithography approaches to high-resolution patterning. IBM J Res Dev 45:697–719

92.  Kane RS, Takayama S, Ostuni E, Ingber DE, Whitesides GM (1999) Patterning proteins and 
cells using soft lithography. Biomaterials 20:2363–2376

93.  Delamarche E (2004) Microcontact printing of proteins. Nanobiotechnology, Chap 3. Wiley, 
New York

94.  Raghjavan S, Chen CS (2004) Micropatterned environments in cell biology. Adv Mater 
16:1303–1313

95.  Shen CJ, Fu J, Chen CS (2008) Pattening cell and tissue function. Cell Mol Bioeng 1:15–23
96.  Kumar G, Ho CC, Co CC (2007) Guiding cell migration using one-way micropattern arrays. 

Adv Mater 19:1084–1090
97.  Dike L, Chen C, Mrksich M, Tien J, Whitesides G, Inger D (1999) Geometric control of 

switching between growth, apoptosis, and differentiation during angiogenesis using micropat-
terned substrates. In vitro cell. Dev Biol 35:441–448

98.  Lehnert D, Wehrle-Haller B, David C, Weiland U, Ballestrem C, Imhof BA, Bastmeyer M 
(2004) Cell behaviour on micropatterned substrata: limits of extracellular matrix geometry for 
spreading and adhesion. J Cell Sci 117:41–52



Surface Functionalization for Protein and Cell Patterning 129

 99.  Ruiz A, Buzanska L, Gilliland G, Rauscher H, Sirghi L, Sobanski T, Zychowicz Marzena, 
Ceriotti L, Bretagnol F, Coecke S, Colpo P, Rossi F (2008) Micro-stamped surfaces for the 
patterned growth of neural stem cells. Biomaterials 29(36):4766–4774

100.  Ruiz A, Buzanska L, Gilliland D, Rauscher H, Sirghi L, Sobanski T, Zychowicz M, Ceriotti L, 
Bretagnol F, Coecke S, Colpo P, Rossi F (2008) Micro-stamped surfaces for the patterned 
growth of neural stem cells. Biomaterials 29:4766–4774

101.  Pan V, McDevitt TC, Kim TK, Leach-Scampavia D, Stayton PS, Denton DD, Ratner BD 
(2002) Micro-scale cell patterning on nonfouling plasma polymerized tetraglyme coatings by 
protein microcontact printing. Plasma Polym 7:171–183

102.  Delamarche E, Donzel C, Kamounah FS, Wolf H, Geissler M, Stutz R, Schmidt-Winkel P, 
Michel B, Mathieu HJ, Schaumburg K (2003) Microcontact printing using 
poly(dimethylsiloxane) stamps hydrophilized by poly(ethylene oxide) silanes. Langmuir 
19:8749–8758

103.  Delamarche E, Donzel C, Kamounah FS, Wolf H, Geissler M, Stutz R, Schmidt-Winkel P, 
Michel B, Mathieu HJ, Schaumburg K (2003) Langmuir 19:8749–8758

104.  Delamarche E, Donzel C, Kamounah FS, Wolf H, Geissler M, Stutz R et al. (2003) 
Microcontact printing using poly(dimethylsiloxane) stamps hydrophilized by poly(ethylene 
oxide) silanes. Langmuir 19:8749–8758

105.  Jackman RJ, Duffy DC, Cherniavskaya O, Whitesides GM (1999) Patterning electroluminis-
cent materials at feature sizes as small as 5 mm using elastomeric membranes as masks for 
dry liftoff. Adv Mater 11:546–552

106.  Kenis PJA, Ismagilov RF, Whitesides GM (1999) Microfabrication inside capillaries using 
multiphase laminar flow patterning. Science 285:83–85

107.  Delamarche E, Bernard A, Schmid H, Michel B, Biebuyck H (1997) Patterned delivery of 
immunoglobulins to surfaces using microfluidic networks. Science 276:779–781

108.  Chiu DT, Jeon NL, Huang S, Kane RS, Wargo CJ et al. (2000) Patterned deposition of cells 
and proteins onto surfaces by using three-dimensional microfluidic systems. Proc Natl Acad 
Sci U S A 97:2408–2413

109.  Bhatia SN, Balis UJ, Yarmush ML, Toner M (1998) Microfabrication of hepatocyte/fibrob-
last co-cultures: role of homotypic cell interactions. Biotechnol Prog 14:378–387

110.  Fukuda J, Khademhosseini A, Yeh J, Eng G, Cheng J, Farokzad OC, Langer R (2006) 
Micropatterned cell co-cultures using layer-by-layer deposition of extracellular matrix com-
ponents. Biomaterials 27:1479

111.  Yousaf MN, Houseman BT, Mrksich M (2001) Using electroactive substrates to pattern the 
attachment of two different cell populations. Proc Natl Acad Sci U S A 98:5992–5996

112.  Jiang X, Ferrigno R, Mrksich M, Whitesides GM (2003) Electrochemical desorption of self-
assembled monolayers noninvasively releases patterned cells from geometrical confine-
ments. J Am Chem Soc 125:2366–2367

113.  Tsuda Y, Kikuchi A, Yamato M, Nakao A, Sakurai Y, Umezu M et al. (2005) The use of 
patterned dual thermoresponsive surfaces for the collective recovery as co-cultured cell 
sheets. Biomaterials 26:1885–1893

114.  Yamato M, Konno C, Utsumi M, Kikuchi A, Okano T (2002) Thermally responsive polymer-
grafted surfaces facilitate patterned cell seeding and co-culture. Biomaterials 23:561–567

115.  Suh KY, Khademhosseini A, Yoo PJ, Langer R (2004) Patterning and separating infected 
bacteria using host-parasite and virus-antibody interactions. Biomed Microdev 6:223–229

116.  Suh KY, Khademhosseini A, Yang JM, Eng G, Langer R (2004) Soft lithographic patterning 
of hyaluronic acid on hydrophilic substrates using molding and printing. Adv Mater 
16:584–588

117.  Bjerketorp J, Kansson SH, Belkin S, Jansson JK (2006) Advances in preservation methods: 
keeping biosensor microorganisms alive and active. Curr Opin Biotechnol 17:43–49

118.  Razatos A, Ong YL, Sharma MM, Georgiou G (1998) Molecular determinants of bacterial 
adhesion monitored by atomic force microscopy. Proc Natl Acad Sci U S A 95:11059–11064

119.  Xu L, Robert L, Ouyang Q, Taddei F, Chen Y, Lindner AB, Baigl D (2007) Microcontact 
printing of living bacteria arrays with cellular resolution. Nanoletters 7:2068–2072



130 P. Colpo et al.

120.  Saravia V, Kupcu S, Nolte M, Huber C, Pum D, Fery A, Sleytr UB, Toca-Herrera JL (2007) 
Bacterial patterning by micro-contact printing of PLL-g-PEG. J Biotechnol 130:247–252

121.  Weibel DB, Lee A, Mayer M, Brady SF, Bruzewicz D, Yang J, DiLuzio WR, Clardy J, 
Whitesides GM (2005) Bacterial printing press that regenerates its ink: contact-printing 
bacteria using hydrogel stamps. Langmuir 21:6436–6442

122.  Shim HW, Lee JH, Hwang TS, Rhee YW, Bae YM, Choi JS, Han J, Lee CS (2007) Patterning 
of proteins and cells on functionalized surfaces prepared by polyelectrolyte multilayers and 
micromolding in capillaries. Biosens Bioelectron 22:3188–3195

123.  Howell SW, Inerowicv HD, Regnier FE, Reifenberg R (2003) Patterned protein microarrays 
for bacterial detection. Langmuir 19:436–439

124.  Suo Z, Avci R, Yang X, Pascal DW (2008) Efficient immobilization and patterning of live 
bacterial cells. Langmuir 24:4161–4167

125.  Yi DK, Kim MJ, Turner L, Breuer KS, Kim DY (2006) Colloid lithography-induced poly-
dimethylsiloxane microstructures and their application to cell patterning. Biotechnol Lett 
28:169–173

126.  Akselrod GM, Timp W, Mirsaidov U, Zhao Q, Li C, Timp R, Matsudaira P, Timp G (2006) 
Laser-guided assembly of heterotypic three-dimensiona living cell microarrays. Biophys J 
91:3465–3473

127.  Kuschel C, Steuer H, Maurer AN, Kanzok B, Stoop R, Angres B (2006) Cell adhesion profil-
ing using extracellular matrix protein microarrays. BioTechniques 40:523–530

128. Soen Y, Mori A, Palmer TD, Brown PO (2006) Exploring the regulation of human neural 
precursor cell differentiation using arrays of signalling microenvironments. Mol Syst Biol 2:37

129.  Griffith LG, Swartz MA (2006) Capturing complex 3D tissue physiology in vitro. Nat Rev 
Mol Cell Biol 7:211–224

130.  Cukierman E, Pankov R, Stevens DR, Yamada KM (2001) Taking cell-matrix adhesions to 
the third dimension. Science 23(294):1708–1712

131.  El-Ali1 J, Sorger PK, Jensen KF (2006) Cells on chips. Nature 442(27):403–411
132.  Yeo WS, Yousaf MN, Mrksich MJ (2003) Dynamic interfaces between cells and surfaces: 

electroactive substrates that sequentially release and attach cells. Am Chem Soc 
125(49):14994–14995

133.  Fink J, Thery M et al. (2007) Comparative study and improvement of current cell micro-
patterning techniques. Lab Chip 7:672–680

134.  Anderson JR, Chiu DT, Jackman RJ, Cherniavskaya O, McDonald JC et al. (2000) 
Fabrication of topologically complex three-dimensional microfluidic systems in PDMS by 
rapid prototyping. Anal Chem 72:3158–3164

135. Latour RA (2005) Encyclopedia of Biomaterials and Biomedical Engineering, ed. G.L.B.G. 
Wnek. New York: Taylor & Francis

136. Pierschbacher MD, Ruoslahti E (1984) The cell attachment activity of fibronectin can be 
duplicated by small fragments of the molecule. Nature 309:30–33

137. Geissler and Xia (2004) Patterning: Principles and Some New Developments, Advanced 
materials, vol.16, Issue 15, Pages 1249–1269

138. Albrecht DR, Underhill GH, Wassermann TB, Sah RL, Bhatia SN. (2006) Probing the role 
of multicellular organization in 3D microenvironments. Nature Methods 3, 369–375

139. Cerotti L, Buzanska L, Rauscher H, Mannelli I, Sirghi L, Gilliland D, Hasiwa M, Bretagnol 
F, Zychowicz M, Ruiz A, Bremer S, Coecke S, Colpo P and Rossi F (2009) Fabrication and 
characterization of protein arrays for stem cell patterning. Soft Matter 5:1406–1416



Fiber-Optic Based Cell Sensors

Evgeni Eltzov and Robert S. Marks

Abstract Different whole cell fiber optic based biosensors have been developed 
to detect the total effect of a wide range of environmental pollutants, providing 
results within a very short period. These biosensors are usually built from three 
major components, the biorecognition element (whole-cells) intimately attached to 
a transducer (optic fiber) using a variety of techniques (adsorption, covalent bind-
ing, polymer trapping, etc). Even with a great progress in the field of biosensors, 
there is still a serious lack of commercial applications, capable of competing with 
traditional analytical tools.
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1 Introduction

Seriousness of environmental problems fuels a growing number of initiatives and law-
making actions to control pollution. Each year numerous new compounds, with unknown 
effects on human health, have been developed and eventually found their way into the 
environment. For example, the environmental protection agency (EPA) reported that 141 
unregulated chemicals were found in tap water in 45 states in the US, 40 of which were 
served to at least one million people [1]. Thus, there is a huge demand for fast and cost-
effective analytical techniques to monitor wider ranges of analytes in air, water and soil, 
and to do so with greater frequency and accuracy. Conventional techniques are based on 
chemical or physical analyses and allow highly accurate and sensitive determination of 
the exact composition of any sample [2]. However, these methods have four main disad-
vantages. The first is that these techniques, e.g., liquid chromatography (HPLC), gas 
chromatography (GL) or enzyme-linked immunosorbent assay (ELISA) [3], enable just 
the detection of a single compound or a group of structurally related compounds at any 
given time. The second disadvantage is that these methods provide no indication about 
the biological effects of the target compound [4], while many various compounds with 
dissimilar chemical structures may have the same biological toxic effect [5]. Third, all 
these techniques require well skilled personnel and expensive equipment, and finally, 
results of these tests may take a few days to a few weeks. To help overcome these prob-
lems, the use of alternative biomethods was suggested.

Water pollution is of great concern in modern society and is often monitored using 
aquatic organisms with on line applications being favored [6]. For this purpose, dif-
ferent aquatic microorganisms were used: e.g., algae [7-10], Daphnia [9, 10] and 
various types of fish [11-13]. These biomonitors detect the total effect of herbicides 
and heavy metals in real-time, providing fast alarms when a contamination peak 
occurs [14-16]. However, the effect on these organisms has no clear link with the 
hazard for humans, and these biomonitors do not detect all important toxic contami-
nants to humans (e.g., genotoxicants and endocrine disruptive compounds (EDCs)), 
because they only detect acute toxicity and not chronic toxicity. The last decade wit-
nessed an extraordinary growth in research on sensors in general and whole cell 
biosensors in particular. Many researchers have been involved in developing and 
applying bioassay systems, which use genetically engineered whole cells, for the 
toxicity testing of water, sediment, and soil samples. This type of testing has been in 
use for many years but suffers from deficiencies of cost per test, time to obtain test 
results (samples need to be brought to the lab), and inherent variability of the test data 
[17]. To solve these problems, these bioassays have been adapted to biosensor trans-
ducers that use the engineered biological material as an analytical tool. Also, unlike 
biosensors, bioassays or bioanalytical systems require additional processing steps, 
such as a reagent addition [18]. Various whole cell bacterial strains have been devel-
oped to detect the total effect of contaminants causing human toxicity, e.g., genotox-
icity, membrane damage, oxidative damage and protein damage, providing results in 
1-2 h. These bacteria are genetically modified organisms (GMOs), engineered to 
luminesce after exposure to certain toxic  compounds. Luminescence is easily meas-
ured using a photodetector and does not suffer from a variable background signal a 
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from water matrix. For example, responses in bacteria of oxidative (peroxide based) 
stress confirm the oxidative nature of the toxicant. Moreover, in many cases, convinc-
ing correlations have been reported between the results obtained using microbial tests 
and those derived from long term assays using higher organisms [19–21]. Biosensors 
allow discovery, detection and prediction of biological effects (toxicity) of various 
contaminants in water, air and soil samples.

2 Whole Cell Fiber Optic Biosensor

2.1 Biosensors as an Alternative Bioassay 

A generally accepted definition of a biosensor, is that of a self contained, bionic, 
integrated device that includes a biological recognition element (e.g., microorgan-
isms) that can respond in a concentration dependent manner to a biochemical species 
measurand [22]. The characteristic biosensor structure integrates: a bio recognition 
component, immobilized to an interface surface of a transducing  element [4]. The 
biological recognition elements of a biosensor interact selectively with the target 
analyte(s), assuring the selectivity of the sensors. These elements can be classified 
into five main classes: whole cells, nucleic acids, immunochemicals, enzymatic and 
non enzymatic receptors [23]. The immobilization strategy depends on the biorecep-
tor and type of transducer. Some conditions that must be considered are (1) maintain-
ing biological activity after immobilization, (2) proximity of the biological layer to 
the transducer, (3) stability and durability of the biological layer, (4) sensing specifi-
city of the biological component to its analyte [24], and (5) for some uses, the pos-
sible future reuse of some biomaterials [25]. The principle immobilization methods 
are adsorption, cross linking, covalent binding, entrapment, sol–gel entrapment and 
Langmuir–Blodgett (LMB) deposition of self-assembled biomembranes [24].

Biosensors can be classified not only by their biorecognition elements but also 
by the transducing methods they employ. There are four major groups: electro-
chemical, optical, mass sensitive, and thermal. Optical transducers offer the largest 
number of possible detection strategies and may use the following techniques, e.g., 
UV–Vis absorption, bioluminescence, chemiluminescence, fluorescence, phospho-
rescence, surface plasmon resonance, evanescent wave spectroscopy, reflectance, 
scattering and refractive index changes produced by the interaction of the receptor 
with the target analyte [24, 26]. Some of these techniques have certain advantages 
in that they are simple, flexible and allow for multichannel and remote sensing.

2.2 Fiber Optics as Ideal Transducers

Optical Fibers may act as transduction elements, in detecting target biomolecules 
[27]. They are ideal transducers governed by Snell’s law, having the following 
advantages: (1) geometric convenience and flexibility (2) low cost of production, 
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(3) are inert, and therefore nonhazardous and biocompatible, (4) being non electrical 
are thus free of signal interference, (5) being dielectric they are protected from 
atmospheric disturbance, (6) their small volume economizes reagents and enables 
convenient portability or storage as well as access to difficult areas, (7) are robust 
with high tensile strength, (8) their silica composition enables chemical modification  
when required, (9) they enable solid phase characterization of the analyte, (10) their 
potentially long interaction lengths enable remote signal transmission, (11) light 
transmission occurs with minimal loss, (12) enable high efficiency coupling in the 
blue–green region which is ideal for bioluminescence, (13) exhibit optical multi-
plicity allowing them to be used in other systems such as chemiluminescence and 
fluorescence, (14) optrode systems are polyvalent as they may be easily adapted 
from one whole cell reporter system analyte to another, (15) are amenable to mass 
production, and (16) can transmit multiple optical signals simultaneously, thereby 
offering multiplexing capabilities for sensing [28, 29].

Usually, fiber optics are made out of glass or plastic and have several possible 
configurations, formats, shapes, and sizes. Rapid progress in telecommunication appli-
cations expanded usage of these new, less expensive and more advanced fiber optics 
in the biosensors field. Optical fibers are built from three parts: a core with a refractive 
index, n

1
, a cladding with a lower refractive index, n

2
, and a jacket for protection from 

environmental stress (Fig. 1). There are two basic conditions for light propagation in a 
fiber. First, light should strike the cladding at an angle greater than the critical angle 
(j

c
) and second, angles of the light entering the fiber should be within the acceptance 

cone. When the light angle is less than the critical angle (j
c
) it will be both partially 

reflected and refracted. Glass fibers are the most commonly used in optrode 

CLADDING

JACKET

Bacteria recognition
layer

Analyte

CORE

n2

n1

Fig. 1 Schematic representation of a bacterial fiber optic. Only when interface between the core 
(n1) is bigger that clad, (n2) (n1 > n2) will the light propagation through the optical fiber
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biosensors. The possibility to transfer light in the visible and near infrared regions of 
the optical spectrum (400 nm < l < 700 nm) make some types of fiber suitable for 
measuring luminescent signals generated by whole cell organisms [30].

The optical imaging fiber optic bundles make use of the ability of the fiber to 
carry images from one end to the other, due to their coherent nature. This imaging 
capability can be utilized to image simultaneously and measure local analyte concen-
trations with micron-scale resolution [30]. The distal face of an imaging fiber is 
coated with an analyte sensitive layer, (usually a biorecognition molecule or living 
cells), which produces a microsensor array spatially capable of resolving analyte 
concentrations [30].

Table 1 shows the advantages and disadvantages of fiber optic bioluminescence 
methods employed in sensing various environmental pollutants over classical bio-
assays in general.

2.3 Immobilization Matrices

Supporting matrices have to prevent bacteria from being washed out from their 
immobilization matrix and still enable signal transduction and rapid communication 
with the environment [31]. The immobilization matrix should exhibit many charac-
teristics, e.g., gentle hydration and high porosity, an ability to survive harsh water 
conditions (i.e., pH, turbidity), allow an inflow of nutrients, oxygen and analytes as 
well as an outflow of wastes and signals. There are several types of matrices used 
for whole cells immobilization, e.g., hydrogels, sol–gels or photopolymers. 
Hydrogels are networks of water insoluble polymer chains produced as a response to 
various triggers, e.g., ions, heat, light, or other chemicals that would also act as elec-
trophiles. The easily controlled diffusion, high water content, pliability and biocom-
patibility make these ideal matrices [29, 32–34]. During the immobilization step 
some cross linking processes expose the bacteria to damaging agents stressing bac-
teria (such as excessive heating or ultraviolet light), affecting them before being 

Table 1 Advantages and disadvantages of fiber optic biosensors

Advantages Disadvantages

Not subjected to electrical  
interferences

Light interference

Repairability (immobilized  
biocomponent does not have to 
be in contact with fiber optic 
or transducing element)

Slow response time (dependency 
on the analyte mass transfer to 
the bacteria)

Low-loss (allow remote monitoring 
environmental samples)

Limited stability of the  
immobilized biological  
componentSimple

No references electrode Irreversibility (problem if the  
reagent is expensive)Low-cost
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exposed to the tested samples, which may induce false signals or even irreversibly 
damage them. Therefore, this step should be carefully planned by choosing the right 
polymer.

A commonly used class of hydrogel immobilization matrices is alginates. 
Alginates are unbranched polysaccharides produced by marine brown algae and by 
some bacteria. They consist of 1,4-linked b-d-mannuronic (M) and a-l-guluronic 
(G) acid residues in different sequences and proportions [35]. The physical proper-
ties of alginates depend on the sequence of M and G residues, as well as on the 
average molecular weights and the molecular weight distribution of the polymer 
[36]. In the presence of divalent ions such as calcium, alginates spontaneously form 
gels in a single step process. The technical success of using alginates for entrapment 
and encapsulation may be attributed to the gentle environment provided by the gels 
as well as the high porosity provided by the open lattice structure [34]. While some 
studies used untreated alginate [29], various chemical modifications of alginates for 
different purposes have been proposed. In particular, carboxylic groups have been 
used for the following purposes: (1) to couple the alginate to a short peptide (GRGDY) 
creating an adhesive hydrogel substrate for cultivating anchorage dependent mamma-
lian cells (myoblasts) and for the expression of a differentiated phenotype [37], (2) 
to couple galactose moieties to the alginate such as ASGP-R ligands to improve 
anchorage and the interaction of hepatocytes with the alginate, enhancing the func-
tions of the encapsulated hepatocytes in a three-dimensional culture [38], (3) to cross 
link covalently alginate chains with poly(ethylene glycol) diamines, and to study the 
mechanical properties of newly modified alginates [39], and (4) to provide the 
alginate with a new conjugation property, alginate–biotin spheres created by linking 
biotin to the carboxylic residues of alginate (Fig. 2). However, all publications 
published to date in the field have shown that there is never destruction of the integrity 
of these matrices [40]. Coupling of biotin to the alginate was achieved by using 
aqueous-phase carbodiimide activation chemistry, followed by the binding of biotin 
hydrazide [34]. The instability in calcium-poor solutions and deterioration in the 
presence of phosphate and other calcium chelators are putative problems with algi-
nate matrices. The low deformation resistance and the biodegradability of most 
soft gels are additional incentives to search for  alternative encapsulating 
procedures.

Photopolymers are another class of immobilization matrices. Most  photopolymers 
use visible or ultraviolet light to cross link the monomers used in the formation 
of the matrices. Some photopolymers utilize harsh chemical initiators to facilitate 
polymerization. A photon from the light source breaks the photoinitiator into 
groups of highly energized radicals. The radicals then react with the resident 
monomer in solution and initiate the usually unstable thermoset polymerization [41] 
This method may be used as a structural reinforcement of alginate. It was demon-
strated that photopolarization increases the strength of alginate immobilization 
matrices by more than twice its innate strength [42].

Another class of immobilization matrices is sol–gel silicates. Sol–gels are hybrid 
organic inorganic compounds that bridge between glasses and polymers [43]. 
Structure and thermal stability, rigidity and transparency make sol–gels’ techniques 
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suitable for luminescent bacteria immobilization. Recently, immobilization of viable 
bacterial cells was successfully performed using silica gel formation at room tem-
perature [44]. It has been shown that the presence of glycerol during immobiliza-
tion increases the overall cell viability [45]. Alginate–silica gel combinations were 
proposed for use as reinforced coatings layers over alginate beads [46].

There are many other approaches for the immobilization of bacteria on solid 
substrates, such as is done with antibodies [47]. The technology for bonding anti-
bodies on different flat or porous substrates is very versatile and well developed, 
and it is often used as a first step in the construction of complex sensing elements.  
The successful combination of this generic approach with reporting microorganisms 
paves the way for their incorporation on or in virtually any substrate [47]. Several 
successful reports have been published about encapsulated bacteria in agarose [48, 49]. 
An immobilization process based on the cross linking of bifunctional reagents like 
glutaraldehyde has been successfully carried out in various supports. Although this 
technique obviates some of the limitations due to covalent binding, the chemical 
cross linking reagents used are often detrimental to cell viability [48].

So, despite the fact that this section was to address mostly the immobilization of 
bioluminescence bacteria on different surfaces, it also demonstrated how these 
integrate recombinant bacteria on a fiber optic.

Fig. 2 Biotin–alginate microspheres conjugated to an optical fiber via avidin–biotin affinity 
interactions. a) Attachment of a lone bead to the end of the fiber. b) Coating of the fiber with a 
number of microspheres. Diameter of the optical fiber is in both cases 1000 µm [34]. c) Micrograph 
of probe adlayers set onto the optical fiber core. (i) The fiber–probe interface. (ii) The polymer 
layers with the approximate thickness at around 80–100 µm [29]



138 E. Eltzov and R.S. Marks

2.4 Whole Cell Organisms

In light of the obvious need for “real-time” toxicity monitoring, the last few years 
have seen significant advances in the use of microbes as test organisms. The advan-
tages offered by microbial toxicity testing include high sensitivity, low cost, large 
test populations and, most important, rapid responses [50]. Some approaches use 
the organisms modified to overexpress specific enzymes involved in the analytical 
measurement [51]. It is well known that numerous biochemical enzymatic reactions 
simultaneously catalyze in bacteria. Some of these enzymes were used separately 
as sensor recognition elements in fiber optic applications [52]. However, when the 
detection is based on a sequence of multiple enzymatic reactions, bacterial sensors 
are particularly advantageous. While enzymatic cascade reactions are very difficult 
and complicated to accomplish ex vivo, an in vivo bacterial enzymatic system easily 
transforms the analyte into an optically detectable product [30].

The use of bacteria as test organisms has an additional unique advantage that has 
only recently been recognized, i.e., being amenable to sophisticated genetic engine-
ering. Indeed, bacteria can be “programmed” to respond in a specific manner to 
parti cular classes of compounds. An observed response, therefore, may indicate 
both the existence of a toxicant, as well as, it’s nature. The sensing element in these 
bacteria is often composed of regulatory proteins and promoter sequences of either 
chromosomal or plasmid DNA [53]. The different regulatory proteins used for 
recombinant environmental sensing, outlined herein, are similar to those used in 
other gene expression assays. All these reporters are either detected readily or possess 
easily measured activity. Just as the specificity of the final construct depends upon 
the proper selection of the sensing promoter, the facility, sensitivity and degree 
of resolution of the detection will depend, to a large extent, upon the proper choice of 
a reporter [54]. Various approaches for the detection of environmental pollutants 
based on the different bacterial reporter genes were proposed in the last 10 years 
or so. The reporter methods (e.g., lacZ [55], alkaline phosphatase [56]) are simple 
to perform and do not require very expensive instrumentation. Some of these methods 
do not possess intrinsic optical properties and therefore cannot be measured with 
optical fibers. Recently, bioluminescence methods have come to the fore. Here 
activation of the reporter luciferase genes will emit, a readily detectable light signal 
which allows the monitoring of bacterial response in real-time, by simple luminom-
etry (e.g., fiber optic) [57]. Luciferase genes are reporter genes widely used in both 
prokaryotic as well as eukaryotic systems. Firefly luciferase (Photinus pyralis) and 
bacterial luciferases of Vibrio harveyi and Vibrio fischeri are the most used as 
reporter genes. These luciferases from different groups have no apparent evolution-
ary relationships; even the reactions they catalyze are different [57]. The main 
advantage of the firefly over the bacterial luciferase is quantum yield (i.e., efficient 
conversion of chemical energy to light during enzymatic catalysis) – 90% compared 
to 5–10% [58, 59]. However, expression of the whole bacterial luciferase operon 
produces light without any additions, thereby allowing real-time monitoring of 
gene expression, whereas the expression of firefly luciferase genes requires externally 
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added substrate (lucefirine) for luminescence. This will complicate the monitoring 
processes and increase drastically the final price of the developed biosensor. 
Bacterial luciferase catalyzes the obligatory aerobic oxidation of a reduced flavin 
mononucleotide and a long chain aldehyde to yield a flavin mononucleotide and the 
corresponding carboxylic acid, with a side reaction light emission of around 490 
nm. Luciferase is encoded by luxA and luxB of the lux operon, while the synthesis 
of enzymes for the aldehyde is encoded by luxCDE (Fig. 3) [60, 61].
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Fig. 3 Relationship of the lux genes and corresponding proteins with the bacterial biolumines-
cence reaction. The fatty acid reductase complex is made up of the three subunits of the reductase, 
four subunits of the synthetase and four subunits of the transferase. Luciferase is heterodimeric 
containing one molecule of the a and b subunits each
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The detection of toxins using bioluminescent bacterial strains has been broadened 
as the panel of stress responsive promoters expands [62]. This panel of microbial 
toxicity sensing systems employs different Escherichia coli strains, each carrying a 
unique stress promoter that activates a different regulatory circuit. It includes the 
bacterial heat-shock and cold-shock responses to monitor protein damage [47], the SOS 
regulatory network involved in protection against DNA damage [63, 64], the oxyR 
and soxRS regulators of oxidative stress response [65], and promoters responsible 
for bacterial quorum sensing mechanisms [66, 67]. The most significant advantage 
of this kind of technology is that the bioluminescence response not only indicates 
the presence of the stress inducing agent but also gives information on its character, 
namely, its mechanism of action [68]. Moreover, the simple method of using a 
microtiter plate makes possible the screening of a large number of samples over a 
short period of time. Current applications of this “panel of stress responsive proteins” 
include characterization of stress inducing agents [68–71] and the identification and 
characterization of toxic chemicals [72]. An overview of the analytes or target 
responses, promoters, and regulatory proteins that mediate reporter gene expression 
in cell based biosensing systems has been presented [73].

3 Applications

3.1  Fiber Optic Applications Based on Immobilized 
Microorganisms

Whole cell fiber optic biosensors have been proposed for use in many  environmental 
applications. The capabilities of remote monitoring (fiber tip located at the measu-
rement site and the photodetector far away at distant protected location), small size, 
durability and flexibility enables the possibility to locate fiber optics in places out 
of reach for many other biosensors [27].

3.1.1 EDCs

Endocrine disruptive compounds have become a serious problem due to their 
potential to mimic or antagonize the actions of endogenous hormones at the molec-
ular level. Accumulation of these compounds in mammalian and plant tissues and 
exposure to humans through the food chains turn them into a real health risk [4]. 
Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous contaminants, and occur 
primarily as a result of incomplete combustion processes [74]. The carcinogenic 
effects of some PAHs are well known, and some have been identified as potential 
environmental endocrine disruptors. PAHs have two modes of action; by blocking 
the activation of estrogen receptors, and by induction of Ah-responsive genes that 
result in a broad spectrum of antiestrogenic responses [75, 76]. Naphthalene and 
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phenanthrene are the most water soluble PAHs, so they are priority pollutants in 
aqueous solutions. Two different techniques, immobilization of the recombinant 
bioluminescent bacterial cells and use of a nontoxic biosurfactant, were combined 
to develop an in situ toxicity biosensor system for phenanthrene detection in soil 
[77]. Constitutively bioluminescent E. coli bacteria were immobilized into a solid 
agar matrix; furthermore, it was found that the addition of glass beads to the agar 
media enhanced the stability of the immobilized cells. The biosurfactant, rhamnoli-
pids, was used to extract a model PAH, phenanthrene, and was found to enhance 
the bioavailability of phenanthrene via an increase in its rate of mass transfer from 
sorbed soil to the aqueous phase. The monitoring of phenanthrene toxicity was 
measured by the decrease in bioluminescence when a sample extracted with the 
biosurfactant was injected into the minibioreactor. The concentrations of phenan-
threne in the aqueous phase were correlated well with the corresponding toxicity 
data obtained by using this biosensor.

Another whole cell biosensor for detection of naphthalene and salicylate was 
suggested [78, 79]. Using fusion of the nahG gene to the luxCDABE operon the 
reporter Pseudomonas fluorescens HK44 cells detected the presence of naphthalene 
and salicylate in the tested soil. P. fluorescens HK44 represents the first genetically 
engineered microorganism for bioremediation purposes approved for field testing 
in the United States. The fiber optic tip with immobilized bacteria (using strontium 
alginate) was placed in a measurement flow cell that received simultaneously a 
waste stream solution and the maintenance medium. The presence of either naph-
thalene or salicylate in the waste stream induced rapid bioluminescence signals. 
The field studies also demonstrated the capability of this sensor to detect the presence 
of the naphthalene in the contaminated soil. This method promises to be a viable 
option for in situ determination of environmental contaminant, bioavailability and 
biodegradation process monitoring and control. Another example of these fiber 
optic soil biosensors used the genetically engineered P. putida strain RB1353, 
which carries a plasmid borne fusion of the genes for salicylate degradation (nah) 
and luminescence (lux) [80]. The relationship between biodegradation and trans-
port of salicylate in porous media and microbial activity was examined. This appli-
cation consisted of a sample cell, optical fiber, detector, conditioning circuit, and 
signal processor. The minimum detection level of the naphthalene, in a homogene-
ous porous medium, was established at 6.7 mg L−1.

EDCs are a class of emerging contaminants that are not defined by their  chemical 
nature but by their biological effect. Therefore the EDC determinations require 
development of methods based on the monitoring of the biological effect, rather 
than on chemical analysis. EDCs interfere with endogenous hormone systems, and 
many of them can bind to the natural estrogen receptor (ER) as agonists or antago-
nists. This binding ability of ER can be applicable for creating biosensors with 
natural receptors for testing chemicals with potential environmental toxicity. A 
biosensor with genetically modified Saccharomyces cerevisiae yeast cells entrapped 
in alginate hydrogel matrices, has been developed and tested for EDC determina-
tion [81]. The advantages of this application are as follows. (1) Time - the bioassay 
was characterized by a total duration time of 2.5 h. In addition it allows for long 
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term storage of the yeast cells, meaning measurements could be made without con-
tinuous or repeated cultivation of the cells. (2) Biocompatibility – hydrogels form 
a protective environment for the entrapped yeast cells, protecting them from con-
tamination, allowing the user to work under non sterile conditions. (3) Simplicity 
– the bioassay is simple to perform and the hydrogels are both stable and easy to 
handle. (4) Cost - the method is relatively inexpensive in comparison to LC–MS–MS 
chemical analysis which requires an expensive instrument and well-trained person-
nel. (5) Possibility of infield determination of various EDCs in water samples.

A portable optical biosensor, based on a replaceable card with immobilized  
E. coli::lux AB TBT3, is described for the on line detection of pollutants [82]. This 
biosensor was employed for the detection of the well known biocide, tributyltin, 
mainly used in many fields such as wood treatment and preservation, antifouling of 
boats (in marine paints), antifungal action in textiles and industrial water systems 
(cooling tower and refrigeration water systems), wood pulp and paper mill systems, 
and breweries [4]. The reporter bacteria were immobilized into agarose placed in a 
parallel epipedic card. For the limitation of photons’ dispersion, the space between 
the bacteria and the fiber optic did not exceed 1 mm. This fiber optic method was 
able to detect tributyltin as low as 1 nM (325 ng L−1) in an extended time contact of 
5 h (Table 2).

Other classes of EDCs are pesticides. The Environmental Protection Agency 
(EPA) defines a pesticide as “… any substance or mixture of substances intended 
for preventing, destroying, repelling, or lessening the damage of any pest.” Animal 
studies have shown that prenatal exposure to some pesticides such as methoxy-
chlor or phthalates can reduce spermatogenesis [83, 84]. The pesticide, methyl 
parathion, was shown to be detectable using a Flavobacterium sp. biosensor [85]. 

Table 2 Examples of different whole cell fibre optic applications for detection of various pollutants

Target Microorganism Limit of detection References

Phenanthrene E. coli 2.06 ppm [77]
Naphthalene Pseudomonas fluorescens HK4 0.55 mg × L−1 [78]
Salicylate Pseudomonas putida 6.7 mg × L−1 [80]
EDCs (b-E2) Saccharomyces cerevisiae 0.08 mg × L−1 [81]
Tributyltin E. coli 325 ng × L−1 [82]
Methyl parathion Flavobacterium sp. 0.3 mM [85]
Atrazine Scenedesmus subspicatus 50 ppb [87]
Herbicides Chlorella vulgaris 0.1 mg L−1 [89]
Hg E. coli 100 nM [91]
Hg and As E. coli 2.6 mg L−1 of Hg(II) and  

141 mg L−1 of As(V)  
or 18 mg L−1 of As(III)

[92]

Cu Alcaligenes eutrophus 1 mM [95]
Benzene E. coli 48 ppm [97]
Mitomycin C E. coli 25 mg L−1 [29]
Glucose Staphylococcus warneri 6 mg L−1 [100]
m-Xylene Pseudomonas putida 5 mmol × L−1 [103]
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Toxic compound detection by the use of an immobilized, disposable, microbial 
glass fiber disc (with immobilized Flavobacterium sp. cells) with an optical fiber 
was a simple, single step and direct measurement of a very low quantity of sample, 
75 mL. A lower detection limit of 0.3 mM was estimated from the linear range 
(4–80 mM) of a calibration plot of an organophosphorus hydrolase enzymatic 
assay, which was not only better than the reported optical biosensor, but also com-
parable to the reported amperometric biosensor, for detection of other organophos-
phate pesticides.

Inhibiting photosynthesis in plants are the most heavily used pesticides in the 
world – the herbicides 6-chloro-s-triazine which include atrazine, cyanazine, pro-
pazine and simazine. Under the Food Quality Protection Act (FQPA), triazineherbi-
cides are being considered from the standpoint of endocrine disruption, as well as 
aggregate and cumulative exposure [86]. An optical biosensor for the determination 
of herbicides impurities in water, based on immobilized living algae cells, was 
developed [87]. Most herbicides inhibit the electron transport involved in the pho-
tosynthetic processes responsible for ATP production in plants. As a consequence, 
an increase in chlorophyll fluorescence can be measured and correlated with the 
concentration of the pollutant. The measuring principle in this research was the 
determination of the chlorophyll fluorescence depending on the load of water 
probes, with toxic compounds using fiber optic based electronic equipment. The 
used microorganisms (Scenesdesmus subspicatus) were immobilized on filter paper 
and covered with alginate. This sensor was able to detect herbicides (e.g., atrazine 
and endrine) in the mg L−1 concentration range, with 10 min response times. The 
immobilized organisms can be stored at 4 °C over a period of about 6 months with-
out significant loss in fluorescence properties. This makes the system advantageous 
for practical applications.

In another method, Chlorella vulgaris was used for monitoring herbicides 
present in aquatic samples [88]. Five membranes, with entrapped algae inside, were 
placed on a rotating disk, and a fiber optic bundle was located above one of them. 
While one membrane was exposed to the fiber optic bundle (for 1 min), another 
four were in the dark (for 4 min). Because membrane bound algal units were 
refreshed regularly, this application allowed continuous detection of ppb levels of 
the herbicides. Another C. vulgaris application based on kinetic measurements of 
chlorophyll-a fluorescence in the cells was described [89]. The active membrane 
was constructed by physical entrapment of algal cells onto a porous matrix with 
appropriate pore size. Opposite the membrane, a bifurcated bundle of randomized 
optical fibers was oriented so that the incident light hit the upper part of the membrane 
and the resulting fluorescence could be collected by the corresponding fibers, and 
transmitted to the fluorometer equipped with a microcomputer for data recording. 
The sensor sensitivity was established at 0.1 mg L−1 for a single herbicide, as is 
required by European Community legislation for drinking water. This device was 
adequate for the assay under flow conditions, but it could also be used with a single 
drop of sample deposited on the membrane surface.
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3.1.2 Metals

The total amount of metals detected by classical, analytical methods is not always 
comparable with the actual toxicity of the samples. Therefore, determination of the 
biologically available metal fraction (bioavailability) in environmental samples is a 
crucial issue in environmental monitoring [90]. For this issue various fiber optic 
based methods using bioreporter bacteria were suggested. Recombinant E. coli 
cells carrying genes responsive to the presence of bioavailable heavy metal ions 
(e.g., Hg2+, Cu2+, Cd2+, and Pb2+) fused to a firefly luciferase reporter gene, were 
immobilized to the tip of an optical fiber and tested on 17 synthetic and 3 environ-
mental blind samples [90]. Another Hg+2 monitoring system making use of the 
optical imaging fiber based method for Hg+2 monitoring, was proposed [91]. 
Recombinant E. coli bacteria, possessing the lacZ reporter gene, were fused to the 
heavy metal responsive gene promoter zntA, and attached to the face of an optical 
imaging fiber, containing a high density array of microwells. Additionally, for loca-
tion identification, bacteria were introduced to the enhanced cyan fluorescent pro-
tein encoding plasmid. After 1 h incubation time, the minimum Hg+2 detectable 
concentration was established at 100 nM.

Fiber optic biosensors for Hg and As were developed by attaching alginate- 
immobilized recombinant luminescent Hg- and As-sensor bacteria onto optical fibers 
[92]. The optimized biosensors (consisting of seven layers of fiber-attached bacteria 
pre-grown until midlogarithmic growth phase) enabled quantification of environ-
mentally relevant concentrations of the target analytes: 2.6 mg L−1 of Hg(II) and 141 
mg L−1 of As(V) or 18 mg L−1 As(III). The highest viability and sensitivity for target 
analyte was obtained when fiber tips were stored in CaCl

2
 solution at −80 °C.

A whole cell fiber optic application making use of the enzymatic reaction of 
enzyme organophosphorus hydrolase (OPH) has been reported [51]. This method 
used canalization of organophosphorus nerve agents to form a chromophoric product 
that can absorb light at a specific wavelength. The modified bacteria are immobi-
lized onto a bifurcated fiber optic tip and used a photomultiplier detection system 
to measure the light signals. Another enzymatic method makes use of inhibition of 
alkaline phosphatase present on the external membrane of C. vulgaris microalgae 
cells by heavy metals [93].

Detection of ionic and colloid gold with luminous Photobacterium phosphorum 
B7071 bacteria was described [94]. In this study the inhibition rate of the biolumi-
nescent bacteria, for both gold forms, was dependent on analyte concentration and 
incubation time with cells.

Bioluminescent Alcaligenes eutrophus cells were used to monitor bioavailable 
heavy metal ions (Cu being chosen as a model ion) [95]. An A. eutrophus 
(AE1239) was genetically engineered by inserting a luxCDABE operon from  
V. fischeri under control of a copper-induced promoter. As a result, copper ions 
induced bioluminescence, which was proportional to the concentration of the trigge-
ring ions. The minimum detectable concentration of the sensor was established at 
1 mM. Selectivity studies with Zn2+ showed that the sensor was selective for Cu2+ 
within the linear range.
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3.1.3 Gases

Many toxic materials occur in the form of gases or suspended particles. For better 
human health protection, gas monitoring devices should possess characteristics 
such as short time of response and the ability for real-time monitoring. In some 
cases, for assessment of global atmospheric toxicity, biosensors methods are more 
effective than physicochemical ones [96]. A whole-cell biosensor was developed 
for the detection of gas toxicity, using recombinant bioluminescent E. coli 
 harboring a lac::luxCDABE fusion [97]. Immobilization of the cells within LB 
agar was done to maintain the activity of the microorganisms, and to detect the 
toxicity of  chemicals through direct contact with gas. The biosensor kit, in which 
the bioluminescent bacteria were immobilized at the far end side of a fiber optic 
light probe, was connected to a highly sensitive luminometer. This biosensor was 
able to detect the reproducible toxicity of benzene gas for different concentrations 
of benzene vapor. The minimum detection level was 0.2% in liquid, or nearly  
48 ppm of benzene in vapor. In this case, the sensitivity of the biosensor was 
affected by gas diffusion into the cells. Therefore several advanced immobiliza-
tion techniques were used for the improvement of sensor sensitivity [98]. Addition 
of glass beads during the immobilization steps enhanced the diffusion of vapors 
into the cell matrix and the thin layer of the matrix, allowed a more sensitive reac-
tion. In this case the toxicity of benzene, toluene, ethylbenzene, and xylene chemi-
cals was tested. It was found that the tested compounds toxic effect increased with 
chemical solubility.

3.1.4 General Toxicity

It was demonstrated that genotoxicant-responsive recombinant bioluminescent 
bacteria, entrapped as adlayers to an optrode sensor, may act as a potential environ-
mental monitoring system and produce light in response to an external, inducing 
agent in a dose-dependent manner [29, 33]. In these studies, genetically modified 
E. coli contains a chromosomally integrated fusion of the recA (activates repair 
systems due to DNA damage) promoter region to the Photorhabdus luminescens 
lux CDABE reporter. This fiber optic method was able to detect mitomycin C as 
low as 25 mg L−1 in less than 2 h. The main advantage of this method is that it does 
not require any solvent extraction or separation procedures before analysis, and 
stood as a self-contained system.

The whole cell fiber optic based method described above has thus far only 
been tested in static setups. So, the next step in the ultimate goal of developing a 
simple field monitor for relevant toxic compounds is the development of a flow 
through real-time fiber optic based monitoring system. Such a system for online 
monitoring of toxic pollutants in water has been proposed [40]. In order to moni-
tor toxicity real-time, a field operable fiber optic photodetector device was 
designed in a flow-through manner previously published. These results show that 
the sensitivity of this system is roughly comparable to that of the static [29, 33, 
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99], where responses were found at 10–5,000 mg L−1p-chlorophenol and 32–2,000 
mg L−1 mitomycin C. The 24-h surface and tap water measurements demonstrate 
the ability of the device to run for such a time period. This sensor would be 
mostly useful as an early warning system at surface inlets for drinking water 
preparation, and at critical points in the distribution system.

3.1.5 Others

Although numerous, novel, microbial biosensors have been developed for measure-
ment of various organic and inorganic compounds during the last decade, the envi-
ronmental application of biosensors is still limited. Oxygen fiber optic 
microbiosensors were used for the quantification of available, dissolved, organic, 
carbon (ADOC) by microorganisms immobilized in a polyurethane hydrogel. The 
bacterial strain used by low substrate selectivity, and responded to mono- and 
disaccharides, fatty acids, and amino acids [100]. Another optical fiber biosensor 
for biochemical oxygen demand (BOD) is based on microorganisms coimmobi-
lized in an osmosis matrix [101]. The sensing film for BOD measurement consists 
of an organically modified silicate (ORMOSIL) film, embedded with tri(4,7-diphenyl-
1,10-phenanthroline) ruthenium(II) perchlorate and three kinds of seawater 
microorganisms immobilized on a polyvinyl alcohol sol–gel matrix. The BOD 
measurements were carried out in the kinetic mode inside a light proof cell at a 
constant temperature. Measurements were taken for 3 min followed by 10 min 
recovery time in 10 mg L−1 glucose/glutamate (GGA) BOD standard solution, and 
the range of determination was from 0.2 to 40 mg L−1 GGA. The BOD values 
obtained correlate well with those determined by the conventional BOD5 method 
for seawater samples.

The fluoresceinamine based pH fiber optic biosensor, based on calcium alginate 
immobilization of Xanthobacter autotrophicus GJ10, was used for the detection of 
1,2-dichloroethane in aqueous solution [102]. In this method, enzymatic activity of 
the haloalkane dehalogenase DhlA was measured by pH change, caused by hydro-
lytically separating the chlorine atom from dichloroethane and generating hydro-
chloric acid.

Genetically modified E. coli cells bearing a firefly luciferase gene-fused to the 
TOL plasmid, immobilized on a dialysis membrane were used for detection of 
highly toxic benzene derivatives in a fiber optic based sensor [103]. A TOL plasmid 
of P. putida fused to the luc reporter system encoded enzymes for benzene degrada-
tion and thus in the presence of aromatic compounds (e.g., benzene) began to pro-
duce light. Detection limits of 5 mmol L−1 for m-xylene can be achieved by use of 
this biosensor, but the microbial membrane must be replaced after every use. 
Benzene, toluene, xylene, and their derivatives can thus be monitored.

Water toxicity detection methods, based on fluorescence fiber optic biosensors 
immobilized in alginate beads of C. vulgaris cells, have been described [104]. 
Colonies of immobilized microorganisms were exposed to a solution containing 
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fluorescein diacetate (FDA), and with an intracellular, esterase, enzymatic reaction, 
hydrolysed FDA into a highly fluorescent compound, fluorescein. Thus, the rates 
of hydrolysis were affected by the overall toxicity of the tested water, and affected 
the overall fluorescence intensity. The working range was linear between 0.25 and 
10 mg mL−1 FDA and the fiber optic biosensor was capable of detecting organic and 
metallic pollutants at levels of environmental interest. 

A cell based biosensor using a single, live, bacterial, cell array platform was 
constructed by immobilizing live sensing bacterial cells on the distal end of a bundle 
of etched optical imaging fibers [105]. Imaging fibers are composed of thousands 
of identical, individual optical fibers, coherently bundled together. The etched fib-
ers (1 mm in diameter and 3 cm long) contain an array of approximately 50,000 
microwells, each with a diameter of 2.5 mm and a depth of 3 mm. Single cells were 
immobilized into each microwell, forming a high-density single cell array that 
allows for the simultaneous measurement of many individual cell responses.  
A charged coupled device (CCD) detector may be employed to monitor and spatially 
resolve the fluorescence signals obtained from each individual cell, allowing simul-
taneous monitoring of cellular responses of all the cells in the array, using reporter 
genes (lacZ, EGFP, ECFP, DsRed) or fluorescent indicators [106]. The key advantage 
of this system is that multiple responses from a large population of individual  
cells from different strains or cell lines, can be repeatedly analyzed simultaneously. 
Various immobilized organisms and tested compounds were reported. E. coli 
strains, containing the lacZ reporter gene fused to the heavy metal-responsive gene 
promoter zntA, were used to test a mercury presence [91]. NIH 3T3 mouse fibrob-
last cells were randomly dispersed into an optically, addressable, fiber optic, micro-
well array so that each microwell accommodated a single cell [107]. The cells were 
encoded to identify their location within the array, and to correlate changes or 
manipulations in the local environment to responses of specific cell types. Other 
applications used yeast and bacteria cell arrays that were fabricated to perform 
multiplexed cell assays, with resolution at the single-cell level [106]. By monitoring 
lacZ expression from individual cells of three strains of yeast – positive, negative, 
and wild-type – the multiplexing capability of the system was demonstrated. 
Fluorescence signals from individual cells were analyzed after 4 h: 33% of positive 
strain cells exhibited a signal increase of 100 units, while only 5% of negative strain 
cells showed a similar increase. No wild-type strain cells demonstrated an increase 
in fluorescence. This approach allows near real-time monitoring of large numbers 
of individual cells in an array.

3.2 Suspension Based Fiber Optic Applications

A miniature bioreactor was build as a connector between biosensing cells and 
toxic materials [108]. Continuous cultures were conducted in a stainless steel, 
miniature bioreactor with one side port a glass window for holding an optic fiber 
connected +to a highly sensitive luminometer. A performance evaluation measured 
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the response to ethanol in continuous operation by using a recombinant biolumi-
nescent E. coli strain. Both the ability to repeat and reproduce the induction were 
found to be reliable and consistent. In a continuation of this research, a two stage, 
whole cell, optical fiber based toxicity monitoring system for continuous analyses 
of aqueous samples was developed [109]. The system described was constructed 
from two bioreactors. The first one was run as a turbidostat, while the second, 
was used for the measurement of the samples. Recombinant E. coli containing a 
RecA::luxCDABE fusion to monitor environmental insults to DNA, with mitomy-
cin C as a model toxicant. Pulse type exposures were used to evaluate the sys-
tem’s ability to reproduce and reliability. The system’s ability to monitor the 
possible upsets or accidental discharges of toxic chemicals was also evaluated. 
All this data demonstrated that this two-stage minibioreactor system using 
recombinant bacteria containing stress promoters fused with lux genes is quite 
appropriate for continuous toxicity monitoring. This system may be developed as 
an early warning system in wastewater biotreatment plants, for the prevention of 
accidental discharge from chemical plants as well as for tracking the accidental 
discharge of industrial plants into nearby rivers and streams [109]. Field tests of 
two stage mini bioreactors showed the capabilities of this system to detect phenol 
and known EDCs in environmental samples [110].

Using the same technology, a portable biosensor has been developed [111]  consisting 
of three parts: a freeze-dried biosensing strain within a vial, a small light-proof test 
chamber, and an optic-fiber connected between the sample chamber and a luminom-
eter. Four genetically engineered bioluminescent bacteria – sensitive to membrane-, 
protein-, DNA-, and oxidative stress – were freeze-dried and used in this study. Toxicity 
of a sample was detected by measuring the bioluminescence, 30 min after addition to 
the freeze-dried strains. The results of this study demonstrated the ability of the sensor 
to detect the toxicity of many chemicals rapidly and reproducibly. Thus, this method 
may be applied as a field toxicity monitoring system due to its compactness and 
measures taken to ensure the strains are not released into the environment.

Another bioreactor using a bioluminescent recombinant E. coli::luxAB strain 
was developed for tributyltin on-line monitoring [112]. The structure of the biosen-
sor features two distinct but strongly related parts. The minibioreactor allows both 
a stable and reproducible environment for the bacterium and an in situ contact with 
the toxic compound. The transducer (fiber optic) and the analytical light device 
allow the for real-time monitoring and analysis of the light response of bacterial 
cells. This fiber optic method was able to detect tributyltin as low as 0.02 mM.

Recently a novel, computerized, multisample temperature-controlled, fiber array 
biosensor, based on phagocyte activity was described [113]. This application allows 
for the simultaneous integral measurements of chemiluminescence emitted from up 
to six samples containing less that 0.5 mL whole blood. The optical fibers in this 
luminometer are used as both light guides and solid phase sample holders. This 
method allows monitoring of both the intra- and extracellular, phagocyte-emitted, 
chemiluminescent processes in the same instrument. This new technology may find 
use in a wide range of analytical luminescence applications in biology, biophysics, 
biochemistry, toxicology and clinical medicine [114].
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4 Future Trends

The field of fiber optics based biosensors for environmental applications has seen 
great advancement in the past decade in areas such as the development of new 
immobilization processes and microorganisms with various genetic modifications. 
However, attention is needed in defining requirement and practical limits for field 
testing using whole cell fiber optics. Many countries are bound by strict regulations 
of the usage of genetically modified organisms in field testing despite the fact that 
they have advantages in water toxicity monitoring. Immobilization techniques 
need improvement and these novel methodologies will be cheaper, simpler to do, 
unharmful for sensor cells and will allow better diffusion of the tested compounds. 
Most importantly, they will help reduce leaching of sensor organisms to the tested 
environment. Development of genetic techniques will create better characterized 
bioreporter organisms with more efficient reversibility and the possibility of detec-
tion of more diverse groups of contaminants. The main disadvantage of many current 
biosensors is a deficiency in multianalyte detection. Thus it is likely the future will 
focus on the construction of multifiber arrays based on immobilized bioreporter 
organisms that will be capable of detecting hundreds of totally separate compounds. 
Finally, many biosensors require multistep protocols and sensitive reagents ill 
adapted for use for continually monitoring applications. However, whole cell fiber 
optic biosensors offer the brightest horizons with the potential to analyze samples 
without any additives, and will be more and more used as on-line monitoring tools. 
In the last decade, problems concerning pharmaceutical residues in the environment 
have attracted attention, stimulating research within this area. Antibiotic substances 
have caused special concern due to their negative influence on resistance development 
in bacteria. All these considerations demand new, fast and reliable techniques for the 
monitoring of antibacterial compounds before and after water treatment and for 
on-line monitoring of surface and drinking water.
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Abstract The direct interfacing of living cells with inorganic electronic materials, 
components or systems has led to the development of two broad categories of devices 
that can (1) transduce biochemical signals generated by biological components into 
electrical signals and (2) transduce electronically generated signals into biochemical 
signals. The first category of devices permits the monitoring of living cells, the second, 
enables control of cellular processes. This review will survey this exciting area with 
emphasis on the fundamental issues and obstacles faced by researchers. Devices and 
applications that use both prokaryotic (microbial) and eukaryotic (mammalian) cells 
will be covered. Individual devices described include microbial biofuel cells that 
produce electricity, bioelectrical reactors that enable electronic control of cellular 
metabolism, living cell biosensors for the detection of chemicals and devices that 
permit monitoring and control of mammalian physiology.
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1 Bioelectronics and Live Cell Interfacing

The fields of electrochemistry and electrophysiology, which form the basis of 
modern research dealing with the interactions between electricity and biological 
systems, originated with Galvani’s experiments innervating muscle tissue with 
static electricity in the eighteenth century. This was a crucial experiment in the 
historical development of electrical theory in that it was in response to Galvani’s 
results that his contemporary, Volta, invented the early battery, which quickly led 
to the modern understanding of the physical basis of electrical charge transfer.
A new area of research is now emerging from a union of the fields of electronics, 

materials sciences and biology, termed “bioelectronics” that promises revolutionary 
advances in medicine, agriculture, industrial processes and military applications.  
The domain of bioelectronics is concerned with the interfacing of naturally occurring 
or synthetic biological materials with inorganic electronic materials, components or 
systems. This has led to the development of two broad categories of devices that can 
(1) transduce biochemical signals generated by biological components into electrical 
signals and (2) transduce electronically generated signals into biochemical signals. 
The first category of devices permits the monitoring of living cells, the second, 
enables control of cellular processes.

This review will focus on one particular area within the field of bioelectronics 
dealing with the electronic interfacing of living cells. Topics that will be considered 
here are methods or devices that enable control or monitoring of living cells by 
direct electronic interface with an emphasis on the fundamental principles involved. 
The term “direct” is taken to mean cells in physical contact with electrodes or chips 
the interface of which has an electrochemical basis. Examples will be drawn from 
the scientific literature describing the use of both prokaryotic (microorganisms) and 
eukaryotic  (mammalian)  cells  to  illustrate  these approaches. For  the purposes of 
this chapter, approaches or devices that use individual cellular components (e.g., 
purified enzymes) will not be considered. Likewise, photonic or hybrid photonic/
bioelectronic devices, will not be considered because they do not meet the direct 
interface  criteria. A  systematic  evaluation  of  electrode materials, while  certainly 
pertinent to the topics presented, will not be discussed because it is simply beyond 
the scope of this short review.
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2  Fundamental Considerations Involved in the Electronic 
Interfacing of Living Cells

There are a number of principles and considerations that are common to all electronic/
living cell interfacing approaches. These include consideration of the electrochemical 
reactions that may occur at the electrodes, possible electroporation effects, electron 
transfer mechanisms, the pros and cons of using living cells and considerations 
involved in the immobilization of cells on devices.

2.1 Electrochemical Reactions at the Electrode surface

When two electrodes are placed in an electrolyte and an electric current is applied, 
one of the electrodes is referred to as the “working electrode” and the other as the 
“counter electrode.” The working electrode is the one where the processes being 
studied occur; the counter electrode completes the circuit to the working electrode. 
A third electrode may be used, referred to as the “reference electrode” as a refer-
ence for electrical potential measurements.
Charge transfer may occur by one of two mechanisms – Faradaic or nonFaradaic 

processes. Faradaic reactions are characterized by a flow of electrons between the 
electrode and the electrolyte resulting in reduction or oxidation of species in the 
electrolyte; nonFaradiac reactions are characterized as having no flow of electrons. 
Charge transfer in the later case occurs by way of the redistribution of charged spe-
cies in the electrolyte [1].
Any  device  design  that  uses  Faradaic  processes must  consider  the  biological 

effects of a series of reactions that may occur under certain circumstances. These 
reactions are dependent on the ions in solution and the potential difference between 
the electrodes [2]. If the potential difference between working electrode and the 
counter electrode is greater than 1.23 V, electrolysis of water will occur leading to 
production of O

2
 and H+ at the anode and H

2
 at the cathode:

2(g) 2O 4H 4 2H O, E 1.229V.e+ -+ + =€

At a potential of greater than 2 V, production of OH− occurs:

2 2(g)2H O 2 2H 2OH ,  E 0.828V.e- -+ + = -€

An increase in [OH−] can lead to a change in the pH of the solution.
If chlorine ions are present, as they are in physiological saline solutions, production 

of chlorine gas may also occur:

2(g)C1 2 2C1 ,  E 1.358V.e- -+ =€

Hydrogen peroxide may also be formed:
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2(g) 2 2O 2H 2 H O , E 0.695V.e-+ + =€

If carbon electrodes are used, the following reaction may occur:

2 2CO 4H 4e C 2H O, E 0.213V.-+ + + + + = -€

Faradaic  reactions  can  also  have  degradative  effects  on  electrodes.  To  illustrate 
consider the corrosion of platinum in the presence of chloride ion:

2
4Pt C1 [PtC1 ] 2e- - -+ +€

or the dissolution of an iron electrode:

2Fe Fe 2e , E 0.440 V.+ -+ =€

Faradaic reactions may be reversible or irreversible depending on the relative rates 
of two processes: electron transfer at the interface and mass transport. A reaction 
with fast electron transfer and slow mass transport is reversible. In this case, the 
products formed do not diffuse away from the electrode quickly and, therefore, if 
the current charge is reversed, some of the formed product may be transformed 
back into reactants. If the relative rates of the two processes are reversed resulting 
in a low electron transfer rate and fast mass transport, the products will move away 
from the electrode before the reaction can be reversed and the reaction will be 
effectively irreversible [1].

2.2 Electroporation

The issue of possible electroporation damage to interfaced cells has been raised 
recently [3]. Electroporation is a technique for delivering molecules into imperme-
able living cells by means of an electric field ranging from 0.3 kV cm−1 to 12 kV 
cm−1 with a pulse duration of 0.5 ms to 50 ms [4].

The membrane voltage, V
m
 of a spherical cell membrane in a homogeneous 

electric field for duration t can be derived from the equation

m c m1.5  cos [1 exp( / )],V r E t t= a - -

where E is the electric field strength, r
c
 is the radius of the cell, a is the angle in 

relation to the direction of the electric field and

m c m int ext(( ) / 2)r C R Rt = +

is the membrane relaxation time. C
m
 is the membrane capacitance, and R

int
 and R

ext
 

are the specific resistivities of the intracellular and extracellular media [5]. When 
the membrane potential reaches a critical value of 0.2-1.5 V for mammalian cells, 
membrane breakdown will occur and pores will form in the membrane [5]. In bulk 
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electroporation, populations of cells are exposed to homogeneous fields of ~1 kV 
cm−2 using macroelectrodes separated by millimeters [6]. Recently, techniques have 
been developed to electroporate single cells on silicon chips. For chip-based single 
cell methods lower field strengths of only ~1 V cm−2 are required [6]. It is, there-
fore, certainly possible that electroporation effects may be incurred with cells fixed 
to microelectrodes or other silicon-based devices. As will be noted below, several 
groups have designed systems that that stimulate cells using capacitive currents, 
one advantage of which is that possible electroporation effects are eliminated (Sect. 
3.4.2).  However,  while  the  issue  of  possible  electroporation  effects  is  certainly 
legitimate, there is presently no published experimental evidence to indicate that it 
occurs with chip-based Faradaic devices.

2.3 Electron Transfer Mechanisms

The transfer of electrons between a living cell and an electrode may occur directly 
or by way of a molecular shuttling intermediate or by the electrolysis of water [2] 
(Fig. 1). For direct electron transport to occur the electrode must contact the outer 
membrane of the cell [7]. If this proximity condition has been met, electrons can 
hop to the electrode from membrane bound enzymes. Concerning mediated transfer, 
many types of molecules, generally with conjugated ring structures, can function as 
electron transfer intermediates which, after being oxidized or reduced directly at 
the electrodes are, in turn, oxidized or reduced by the cell.

Fig. 1 Electron transfer from electrode to cell. a Direct transfer. b Mediated transfer
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The precise mechanisms for electron transfer to living cells are not well understood. 
Details relating to electron transfer will be considered in the application sections 
below when pertinent. Further understanding of electron transfer mechanisms will 
be necessary to improve the efficiency and fully utilize the bioelectronic processes and 
devices described below.

2.4 Advantages and Disadvantages of Using Living Cells

The use of living cells as sensor systems has several advantages and disadvantages 
compared  to  the  use  of  single  component-based  bioelectronic  devices,  such  as 
immobilized enzymes. Living cells provide more information in response to a 
stimulus compared to enzyme-based biosensors. Because cells respond to a stimulus 
by many parallel pathways, assessment of multiple pathway parameters has the 
potential to yield system redundancy and therefore higher confidence in the inter-
pretation of  the data. From the standpoint of using living cells as biosensors,  the 
response to a stimulus is immediately and directly biologically relevant. Thus, with 
the use of whole cell sensors, functional biological information is obtained directly. 
This is in contrast to the relevance of analytical information which is used to infer 
functional significance based on consensual criteria or comparison with the values 
obtained from the scientific literature. The use of whole cells potentially confers 
greater stability to a sensing system, compared to the use of isolated cellular com-
ponents because, in living cells, the cellular components undergo continual repair 
and replacement [8].
A limitation to the use of whole cells as biosensors is the slow diffusion of chemicals 

across the cell membrane which results in a slower response time compared with 
isolated cellular component sensors [9].  Cells  can  be made more  permeable  by 
treatment with detergents or organic chemicals but these treatments make the cells 
less viable [9]. Another drawback to the use of whole cells is their low specificity 
compared with isolated component sensors.

2.5 Immobilization of Cells

For efficient electron transfer between cells and the transducer, cells must be immo-
bilized in close proximity to the transducer element. The approaches used differ 
markedly for prokaryotes and eukaryotes primarily because of the physiological 
differences between the two types of cells. It is therefore convenient to discuss 
immobilization approaches for these two categories of cells separately.

While numerous immobilization methods have been developed for prokaryotic 
cells, they can be categorized into three types: (1) adsorption, (2) chemical methods 
and (3) entrapment [9]. The actual stability of immobilized cells is dependent on the 
cell type and the particular application. For example, a comparison of bacterium-based 
methane biosensors indicated that cells were stable on the order of months [10].
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Adsorption involves simply incubating a cell suspension with  the electrode or 
transducer element. The mechanism of attachment is due weak interactions by way 
of ionic, polar, hydrogen bonding or hydrophobic interactions [11]. The main 
advantage of this method is that cell viability is not compromised by the use of 
harsh chemicals; the downside is that cells are easily desorbed giving a limited 
lifetime to the system. In addition, desorption may be enhanced by changes in pH, 
ionic strength and temperature [12].
Entrapment  involves  the  retention  of  cells  in  proximity  of  the  electrode  by 

means of a permeable physical barrier such as filters and polymer encasement. This 
approach uses mild conditions and is therefore advantageous for maintaining cell 
viability. A  common procedure  is  the  use  of  dialysis membranes  to  retain  cells. 
More sophisticated methods include encapsulation in soft gels including agarose, 
polyacrylamide, alginates, collagen, cellulose triacetate, silicone rubber and sol-gel 
silicates [8, 12].
Many  prokaryotes  naturally  form  biofilms  that  effectively  entrap  and  protect 

cells. If particular nutrients become limiting during growth, cells adapt by changing 
their physiological state from exponential to stationary phase. During this transition, 
polysaccharides are exported which function as a polymer encasing material within 
which the exuding cells are suspended. This exopolysaccharide matrix is permeable 
to nutrients and enables survival in harsh environments. Biofilm formation plays a 
key role in the efficiency microbial fuel cells as will be discussed in Sect. 3.1.
Chemical methods  include (1) covalent binding between functional groups on 

cells and the transducer and (2) cross-linking. The difficulty with covalent chemical 
methods is that the harsh chemicals used tend to damage cell membranes. To over-
come this problem groups have immobilizing cells by way of covalently bound 
antibodies to cell surface proteins [13]. Glyceraldehyde-based cross linking to protein 
supports has also been described but these methods affected cell viability [8].  
A recent paper describes a mild method for  the  immobilization of Pseudomonas 
fluorescens to the surface of a carbon-nanotube epoxy composite electrode. Cells 
were first encased in gelatin which was then cross-linked with gluteraldehyde [14]. 
Another  recent paper describes entrapping P. aeruginosa and Klebsiella sp. cells 
together in polyvinyl alcohol for monitoring methane. The stability of the immobi-
lized cells beads were assayed at 3 day intervals and it was found that cells lost 50% 
of their activity over a period of 1 month [10]. The requirement to have cells immo-
bilized and simultaneously maintain their viability is one of the main stumbling 
blocks that currently limit more widespread implementation of this technology.

While eukaryotic cells obtained from tissues can be grown in suspension, they 
tend to adhere naturally to surfaces. This is due to the role played by extracellular 
adhesion proteins, such as fibronectin, that play an important role in cell adhesion, 
morphology  and  migration.  These  cell-surface  processes  are  required  for  tissue 
repair and contribute to survival, growth and differentiation [15]. Cells can be made 
to adhere to transducer surfaces by modifying the substrate material with adhesive 
proteins or peptides that mimic the cohesive tissue matrix environment. Commonly 
used extracellular adhesion proteins include collagen, laminin, fibronectin and 
poly-l-lysine [16]. Eukaryotic cells can also be encapsulated into hydrogels to form 
perfused 3D cultures [16].
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2.6 Maintaining Cell Viability

The main disadvantage to using living cells as sensors is keeping them alive under 
experimental conditions that may be harsh. The problems associated with immobi-
lizing cells on a device are related to this issue because techniques used to fix cells 
to surfaces (e.g., crosslinking) can damage cells.
Embedding electrodes in tissues (i.e., brain) for long term recording requires that 

the issue of biocompatibility be addressed. It has been the experience of researchers 
that implanted electrodes lose their functionality over time. For example, one study 
using  rhesus  monkeys  reported  a  40%  drop  in  the  number  of  functional  brain 
implanted electrodes over a period of 18 months [17]. This loss of functionality has 
been ascribed to the immune response mounted against the implanted electrode by 
the surrounding cells. In neural tissue, glial cells, including astrocytes and microglia, 
are the cells primarily involved in the immune response to device implants. When 
activated by  injury  these cells demonstrate  increased migration, proliferation, and 
hypertrophy [18]. The mechanical trauma of the implant causes damage to blood 
vessels which release erythrocytes, platelets, clotting factors and the compliment 
cascade that causes macrophage recruitment and initiates tissue repair [18]. This 
initial acute response subsides after several weeks but is replaced with a chronic 
inflammatory response that is characterized by the presence of activated astrocytes 
and microglial cells and the formation of an encapsulation layer around the electrode 
called a “glial scar.” Currently, it is thought that this encapsulation layer functions to 
insulate the electrode from the nerve cells increasing the impedance [18]. In response 
to this issue electrodes have been modified in an attempt to reduce or eliminate the 
immune response effect; examples of this approach are described in Sect. 3.4.2.

2.7 Electrical Propagation in Electrogenic Cells

Electrogenic cells, including nerve, endocrine and muscle cells, have ion channels 
which are electrically gated such that a change in potential results in ion transport. 
Ion channels are transmembrane proteins that function to control the transport of 
ions across the membrane. The relationship between the electrical gradient and the 
ionic gradient is described by the Nernst equation [19]:

V = RT / nF ln(C
e
 / C

i
 ),

where the V is the equilibrium potential = V
cytoplasm

 – V
extracellular

, C
e
 is the extracellular 

ion concentration, C
i
 is the intracellular ion concentration, R is the gas constant,  

F is Faraday’s constant, T is the temperature in degrees Kelvin, and n is the charge 
on the ion (1.6 × 104 coulombs V−1 mol−1).
Because the equilibrium potentials of the three ions most important to action poten-

tials, sodium (Na+1), potassium (K+1) and chloride (Cl−1) differ, the Nernst equation 
may be modified to take into account the relative permeabilities of each ion [20]:
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In the resting state the permeability of the membrane to K is low such that the V is 
close to the equilibrium potential of K ~−75 mV. If the membrane is depolarized 
the  inward  flow of Na  increases more  than  the  outward  flow of K such that E

m
 

approximates the equilibrium potential of Na ~ + 55 mV which initiates the action 
potential peak. As the potential approaches +55 mV, the Na channels close and the 
membrane voltage drops. This action potential propagates as a wave along the 
electrogenic cell membrane which, if strong enough, may pass to the membranes 
of other adjacent cells.
For nerve cell stimulation, current is generally supplied in biphasic pulses, each 

of which has both a cathodic and anodic phase such that the overall net charge is 
zero. The cathodic current reduces with the direction of flow from the electrode to 
the cell; the anodic current oxidizes with the direction of flow from the cell to the 
electrode [1]. The intention of charge-balanced stimulation is to reduce damage to 
the electrodes and tissue by preventing the irreversible reduction and oxidation 
reactions outlined  in Sect. 2.1 [1, 21]. Considering  the high voltages  required  to 
overcome impedance during stimulation, it is unlikely that electrode or tissue 
damage can be completely prevented [22].

3 Approaches to the Electronic Interfacing of Living Cells

The interfacing of living cells with electronic devices has been accomplished in a 
number of different fields for many different purposes. It is useful, therefore, to 
organize a discussion of live cell interfacing around the prominent applications. 
Some  of  these  applications  include  microbial  fuel  cells,  biochemical  reactors, 
whole cell biosensors and the study of cellular physiology.

3.1 Microbial Fuel Cells

Microbial fuel cells (MFC) extract electric current from the metabolic processes of 
microorganisms. This process was first reported in 1911 where a voltage difference 
was observed when electrodes were placed in cultures of E. coli [23]. Over the past 
decade, work in this area has dramatically expanded as the necessity for developing 
alternatives to fossil fuel based energy technologies has been recognized.
Evidence for naturally occurring extracellular electron transfer was first demon-

strated in bacteria where electrons derived from the oxidation of organic matter are 
transferred to minerals such as iron and manganese oxides, leading to their reduction 
[24]. For this reason, metal oxide reducers, such as Geobacteraceae and Shewanella 
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species, are commonly used for MFCs. MFCs are composed of two electrodes, the 
anode and cathode, separated by a semipermeable membrane with the microbes in 
contact with the anode. When a suitable substrate is added to the system, it is oxidized 
at the anode and the released electrons travel to the cathode by way the circuit 
connection. At the cathode, O

2
 functions as the terminal electron acceptor and water 

is produced (Fig. 2). This process in fuel cells is, therefore, analogous to the process 
that occurs in nature with the solid electrode substituting for the metal oxide [7]. 
The  maximum  power  output  of  MFCs  reported  to  date  is  ~500  W  m−3 which 
approaches the electrical output of anaerobic digesters (1,000 W m−3) [25]. The first 
applications for MFC electricity generation will be most likely be specialized tasks 
such as powering sensors in remote locations [26].
Both mediated and direct electron transfer MFC designs have been described.  

In a design illustrating the mediated approach, thionine was added to a Proteus 
vulgaris suspension compartmentalized around the anode. Using glucose as fuel 

Fig. 2 Microbial fuel cell. Substrate (glucose) is metabolized by bacteria which transfer the elec-
trons to the anode. Both direct and mediated (med) mechanisms are illustrated. Used from Rabaey 
et al. [24] with permission
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yielded an efficiency of 89% and a power output of 360 mW cm−2 [27]. In another 
mediated design a miniature fuel cell was described using Shewanella oneidensis. 
The addition of mediators lactate and ferricyanide resulted in power increases of 
30–100% to give maximum power output of 3 Wm−2or 500 Wm−3 [28].
More recently, direct electron transfer between microorganisms and electrodes 

without  the use of mediators has been demonstrated  in MFCs. The evidence  for 
direct anodic electron transfer is extensive [29]. Evidence for direct transfer by this 
mechanism was proven using S. putrefaciens. During anaerobic growth accumula-
tion  of  a  “C”  type  cytochrome  occurs  in  the membrane  of  S. putrefaciens. The 
omcB gene, which codes  for  the C cytochrome, was  inactivated by genetic  tech-
niques,  resulting  in  a  45%  reduction  in  ferric  oxide  reduction,  thus  proving  its 
involvement in direct electron transfer [30]. Additional  support  for  a  role  for C 
cytochromes in electron transfer came from a recent report that used surface 
enhanced infrared absorption spectroscopy and subtractively normalized interfacial 
Fourier  transform  infrared  spectroscopy  to  detect  turnover  of  oxidized/reduced 
states in C cytochromes [31].
Additional  evidence  for  direct  electron  transfer  came  from  MFCs  using 

Geobacter species. These systems do not produce a detectable electron shuttle yet 
function effectively in high current density MFCs [32]. In this system, formation of 
a thick (75 mm) structured biofilm is necessary for electron transfer to the anode. 
The mechanism of electron transfer is biofilms is not well understood [33].

Only one instance of direct cathodic electron transfer to a bacterial cell exists in 
the literature where G. metallireducens and G. sulfurreducens were demonstrated 
to use electrons directly from an electrode to reduce nitrate and fumerate respec-
tively [34]. While the mechanism for direct transfer has not been conclusively 
demonstrated  in  this  system,  it  has  been  conjectured  that  cathodic  electrons  are 
passed directly to the nitrate reductase resulting in the reduction of nitrate [2]. Also 
conjectured are structures on the surface of microbes, “microbial nanowires,” that 
function to conduct extracellular electron flow [33] (Fig. 3). To date, electron transfer 
through such filamentous structures has not been directly demonstrated [33].

3.2 Bioelectrical Reactors

Bioelectrical  reactors  (BER)  share  many  design  characteristics  with  MFCs. 
However, in the case of BERs, electrical current is supplied to microorganisms with 
the intention of manipulating metabolic processes. While this scheme, at the outset, 
would appear to be very modern, the underpinnings for the process can be dated to 
the 1930s when the mechanistic basis of cellular metabolism was demonstrated to 
be  electrochemical. Metabolism was  shown  to be  a process whereby a  chemical 
substrate serves as an electron donor and the shuttling of those donated electrons 
through the glycolytic and electron transport chains leads to a series of linked oxi-
dation/reduction  reactions  that  energetically  power  anabolic  cellular  processes.  
It was only later, in the 1950s, that scientists actually attempted to use electricity to 
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manipulate cellular metabolism. One of these early studies used water electrolysis 
as a means of supplying oxygen to submerged cultures of P. fluorescens. Electrolysis 
driven growth  rates equivalent  to aerated cultures were obtained but necessitated 
that the voltage applied be below the potential for chlorine gas generation to prevent 
toxicity [35].

Bioelectrical reactors have been developed for the culturing of organisms, pro-
duction of  specific metabolites,  and detoxification of hazardous  chemicals. BER 
designs use both direct interfacing of an electrode with a cellular electron transport 
component and indirect stimulation involving the transfer of electrons from an 
electrode to the electron transport system via a soluble mediator [2]. Two alternate 
approaches are used for bioelectric reactors: (1) direct or indirect cathodic reduction 
of an electron transport component which passes the electrons to a terminal reductase 
which, in turn, reduces an oxidized substrate and (2) generation of a continuous 

Fig. 3 A mechanism for extracellular electron transfer by Geobacter sulfurreducens.a Transmission 
electron  micrograph  showing  the  association  of  Fe+3 oxide (arrows) with pilin expressed by 
Geobacter sulfurreducens. b  Potential  route  for  electron  transfer  to  Fe+3 oxides by Geobacter 
sulfurreducens. MacA, PpcA, OmcB, OmcE and OmcS are C-type cytochromes. Used with permis-
sion from Lovley [33]
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supply of electron acceptors by direct or indirect anodic oxidation which are used 
to oxidize a reduced substrate [2](Fig. 4).

This approach has been used to modify the Actinobacillus succinogenes fermenta-
tion products of glucose by using electron shuttles, such as neutral red, in conjunction 
with cathodic reduction. Neutral red was continuously reduced with a potential of 
−1.5 V at 0.3–1.0 mA which permitted anaerobic growth on fumerate  to produce 
succinate. Electrically reduced neutral red thus replaced H

2
 as the sole electron donor 

for succinate production. By this method a 20–40% increase in succinate was obtained 
compared with nonelectricity driven fermentation [36].
BERs have also been used to engineer biotransformation processes. Reduction 

of 6-bromo-tetralone to 6-bromo-2-tetralol mediated by the oxidation of NAD(P)H 
to NAD(P) occurs naturally in the yeast Trichosporon capitatum. This reaction was 
enhanced by electrically regenerating NAD(P)H using the electron shuttle, neutral 
red. In the presence of a −1.5 V potential the overall reaction rate was increased by 
45% [37].
A common research focus for BERs is the detoxification of hazardous chemicals 

in industrial waste streams and drinking water. One study demonstrated mediated 
(anthraquinone disulfonate) and nonmediated cathodic perchlorate reduction with 
cultures of Dechloromonas and Azospira species. Gas phase analysis suggested 
that  H

2
 generated at the cathode might actually function as the electron donor.  

This approach has an advantage of simplicity over other bioreactor designs that 
require the continuous addition of a chemical electron donor. The addition of these 
chemicals requires that their concentration be carefully monitored to prevent excess 

Fig. 4 Bioelectrical  reactor.  BERs  can  stimulate microbial  metabolism  by  acting  as  cathodic 
electron sources or anodic electron sinks. In each case, reduction or oxidation, respectively, of a 
substrate is coupled to the electrical stimulus by the microorganism. Used by permission from 
Thrash [2]
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electron donators from contributing to biofouling and to the formation of trihalom-
ethanes [38].

In another detoxification application, the addition of a redox mediator, methyl 
viologen, to a mixed anaerobic dechlorinating culture facilitated cathodic reduction 
of  tetrachloroethylene  to vinyl  chloride. Here, with  the electrode poised at −500 
mV (vs SHE), addition of methyl viologen resulted in a fivefold increase in current 
(15–20 mA) and the formation of dechlorination products [39].

3.3 Living Cell Biosensors

Living or whole cell biosensors transduce the detection of an analyte to a signal that 
can be detected electronically. As such, whole-cell biosensors have attracted interest 
because their relative simplicity, low potential production cost, high sensitivity and 
selectivity for particular analytes make them competitive with traditional analytical 
instrumentation. Most biosensors are designed around a specific cellular enzyme that 
confers selectivity to the target analyte. All of the biosensors described below have 
cell-free analogues where purified enzymes or other cellular components are coupled 
to devices as sensing elements. The advantages and disadvantages to the use of whole 
cell  systems  as  biosensors  have been presented  in Sect. 2.3. To a great extent the 
choice of a cell-free or cell/based device is dependent whether or not the environmental 
conditions of a particular application permit viable cells to be maintained.

3.3.1 Amperometric Biosensors

Amperometric sensors detect current flow between a working and counter electrode 
induced by a redox reaction at the working electrode. The development of ampero-
metric biosensors began in the 1960s with the immobilization of the enzyme glucose 
oxidase on a standard oxygen electrode as a glucose sensor.

In a common living cell, amperometric application microorganisms are attached 
to an amperometric Clark oxygen electrode and the organism’s oxygen respiration 
is measured under various conditions. The most widely used application is for the 
sensing of biological oxygen demand (BOD) in water contaminated with organic 
pollutants. The utility of these devices is demonstrated by the fact that more than 
ten commercial companies sell them [11]. Recent developments in this area have 
aimed at improving the oxygen transducer [11]. In a recent report a high-throughput 
BOD sensor was fabricated by applying an organically modified silica oxygen sens-
ing film on polystyrene microtiter plates [40]. The sensing film was formed by 
embedding the oxygen sensitive dye ruthenium chloride in the silica composite. 
The bacterium Stenotrophomonas maltophilia was immobilized by mixing cultures 
with the composite prior to coating the plates. BOD values were determined by this 
device within 20 min, an improvement over the conventional 5-day method [40].
Amperometric microbial  biosensors  of  similar  design  have  been  used  for  the 

detection of chemicals including ethanol, sugars, phenols and organophosphates. 
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While these devices demonstrate good sensitivity and stability, they generally 
demon strate poor selectivity [11].  An  improvement  in  glucose  selectivity  was 
achieved by using ferricyanide as the electron acceptor for G. oxydans immobilized 
on a carbon electrode [41, 42]. A similar approach was used to improve sugar selec-
tivity by using hexacyanoferrate as an electron acceptor for immobilized  
G.oxydans [43].  Attachment  of  phenol  degrading  Pseudomonas putida to gold 
electrodes was used to detect phenol [44]. Here P. putida was immobilized on the 
working electrode by using gelatin membrane cross-lined with glutaraldehyde used 
in conjunction with a Clark oxygen electrode [44].

3.3.2 Potentiometric Biosensors

Potentiometric sensors measure the potential difference between a working electrode 
and  a  reference  electrode.  In  this  application  an  ion-selective  electrode  or  a  gas-
sensing electrode is coated with living microbes. The microbial degradation of an 
analyte results in ion accumulation that causes a change in potential. In one example 
an E. coli engineered to express organophosphorus hydrolase was attached to a pH 
electrode by adsorption to a polycarbonate membrane. If organophosphate is present, 
it is hydrolyzed releasing protons that are detected by the electrode [45]. In another 
approach a potentiometric oxygen electrode with Saccharomyces ellipsoideus immo-
bilized in a dialysis bag was used to determine the concentration of ethanol in bever-
ages. This device yielded a linear calibration curve for ethanol over two orders of 
magnitude with a response time of 7 min [46]. More recently, Trichosporon jirovecii 
yeast cells were immobilized by membrane retention on a electrode to make a 
l-cysteine sensor. In the presence of the yeast enzyme l-cysteine desulfhydrase, any 
l-cysteine in solution is hydrolyzed to pyruvate, ammonia and sulfide ion. The rate 
of sulfide ion formation is potentiometrically measured over a range of 0.2–150 mg 
L−1 with a detection limit of 1 mM [47].

3.3.3 Impedance-Based Biosensors

The rationale for impedance measurements in cells is based on the fact that, while 
impedance is directly proportional to resistance and inversely proportional to 
capacitance, resistance and capacitance are inversely and directly proportional to 
the free electrode area. When cells (with insulating membranes) grow over an 
 electrode, the free area decreases, resulting in an increase in impedance [48]. 
Impedance-based  devices  have,  therefore,  been  used  to monitor  changes  in  cell 
shape.  Using  a  waveform  generator,  cells  on  electrodes  were  subjected  to  mV 
amplitude signals in the KHz range and resistance, capacitance and impedance data 
were collected. The first published application of impedance measurements to 
the study of cellular function was a study of fibroblasts spreading on an electrode. 
Cells changed shape from a round to flattened morphology as the cells made greater 
surface area contact with the electrode and impedance was found to increase [49].
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This approach has also been used to monitor changes in cell shape during apop-
tosis. Apoptosis is characterized by alterations in cell shape due to shrinkage and 
changes in cell-to-cell contacts. This study monitored apoptosis-induced changes in 
endothelial cells derived from cerebral microvessels on gold electrodes with a time 
resolution of minutes using a frequency range of 1–106 Hz [50].
Recently, impedance sensing was used to monitor the tightness of cell junctions 

during  the growth of cerebral  endothelial  cells on gold-film electrodes. Here  the 
electrical resistance of the cell layers was taken as a measure of the integrity of the 
endothelial barrier. The authors were able to deduce that cerebral cell-derived extra-
cellular matrix material improved the tightness of endothelial cells compared to 
nonbrain endothelial cells [51].

3.3.4 Cellular Field-Effect Transistors

Integration of biological materials with field effect transistors led to the creation of 
biologically sensitive field-effect devices (BioFETs). FETs are derived from insulated-
gate field effect transistors where the gate electrode is replaced by a test solution and 
a reference electrode. Inclusion of an ion and/or a charge sensitive gate layer creates a 
device  that  is exquisitely  sensitive  to electrical  interactions at  the gate  [52]. When 
living cells are applied to the gate, the resulting cellular FETs can be used to detect 
electrical communication within neurons, transmission paths of ionic channels and as 
a biosensor detect analytes such as toxic substances (Fig. 5a). FETs have seen wide 
application in physiological studies several of which are detailed in the next section.

Fig. 5 Electrical equivalent circuit of a cell FET. a The cell FET assembly. A monolayer of car-
diac myocytes is cultured on the FET surface for both extracellular (FET) and intracellular (micro-
electrode) recordings. b Electrical equivalence circuit for the cell FET. The space between the cell 
and the gate constituted by the electrolyte has a conductance g

j
, the membrane has a capacitance 

C
M

, the gate oxide a capacitance c
g
, specific ion conductances g

i
, and the extracellular voltage V

M
 

is the voltage measured at the gate. Used by permission from Offenhausser [69]
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3.4  Interfacing of Cells for Physiological Monitoring  
and Control

The advantages of interfacing living cells, alluded to in Sect. 2.3, enable noninvasive, 
real-time monitoring of cellular physiology. By means of different interface designs, 
the extracellular and intracellular environments of cells can be monitored quantita-
tively. Approaches may be categorized into two main types, those that are applicable 
to most types of cells and approaches specific for electrogenic cells such as nerve 
and heart cells.

3.4.1 General Approaches for all Cell Types

Oxygen consumption and acidification are both considered important parameters 
to assess cellular response to changes in cellular physiology. The pH environment 
is an important regulator in cellular physiology and plays an important role in 
tumor biology and intracellular signaling [53]. During metabolism, acidic meta-
bolic products  lower  the pH of  the  intracellular environment which  leads  to  the 
excretion of protons that can be monitored by ion sensitive microelectrodes and 
with ion sensitive FETs.
It has been demonstrated that pH is significantly reduced in solid tumors compared 

with normal cells due to acceleration of glycolytic metabolism [53]. Researchers have 
measured the pH in real time within 10–100 nm of the cell membranes by using a flow 
cell within which adherent tumor cells were cultured on an array of pH-ion sensitive 
FETs. pH measurements of FETs with adherent cells were compared to FETs with 
no cells bound [53].

In a more recent paper E. coli cells were immobilized on agarose gels fixed to an 
ion-sensitive FET for the purpose of measuring extracellular pH. A quasi-Nernstian 
pH response was obtained when pH varied from 3 to 12 and the system was stable 
for  several  days.  Cells  were  observed  to  acidify  or  alkalinize  their  environment 
depending on substrate preference [8].
A cellular FET chip has been designed that enables the simultaneous measurement 

of both pH and O
2
 from the same site on a cell. The authors suggest that observation 

of only one of these two parameters could be misleading and, additionally, that 
measurement of pH and O

2
 on different areas of the cell could also be misleading. 

They  also  suggest  that  their  FET  design  could  be  further miniaturized  such  that 
several sensors could be placed under each individual cell [54].
Another recent approach used Saccharomyces cerevisiae immobilized on a carbon 

dioxide electrode to monitor cellular metabolism. The yeast cells were retained using 
a silicone gas-permeable membrane. When CO

2
 was generated during respiration, 

it diffused across  the membrane and changed  the pH of a  thin  film of electrolyte 
solution between the electrode and the silicon membrane [55].
A commercial physiological FET-based system has been designed for sophisti-

cated online analysis of the response of living cells to pharmaceuticals. In the 
Bionas 2500 analyzing system (Bionas GmbH; Rostock, Germany) human cells are 
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grown on a chip that permits acidification rate, oxygen consumption and impedance 
to be determined in parallel. Buffer flows over the cells at a rate of 56 mL min−1 until 
a reading is taken at which point the flow stops. After adding chemical inhibitors 
for  individual  pathways,  a  decrease  in  acidification  rate was  detected.  Similarly 
after adding inhibitors to oxidative phosphorylation, a decrease in respiration was 
detected. By assessing these parameters the authors suggest that the mode of action 
of a substance could be determined [56].

3.4.2 Approaches for Electrogenic Cells

Though physiologists have studied the electrical activity of electrogenic cells since 
the time of Galvani, it was the development of the microelectrode in the 1940s that 
permitted the electrical study of individual cells. The electrical basis of the nerve 
impulse was established in 1957 using microelectrodes to study Crayfish neurons 
[57]. The invention of the patch clamp technique in the 1970s permitted the meas-
urement of ionic currents through single ion channels which established that the 
movement of ions through gated membrane transporters was the mechanism of the 
cellular electrical potential. In the patch clamp technique, a micropipette is placed 
against the cell membrane and a metal electrode inside detects changes in voltage 
or current.
A  further  advance  in  the  study  of  electrogenic  cells was  the  development  of 

microfabricated electrodes in the 1970s using photolithographic methods. Electrode 
chips were fabricated with apertures <1 mm that replaced the pipette patch clamp. 
Cells were placed on the aperture in an electrolyte solution. One of the early reports 
in the 1970s described noninvasive stimulation and recording of the resultant action 
potentials from heart cells cultured on electrode arrays prepared on glass slides 
[58]. Later work in the 1980s used microfabricated electrodes to stimulate individual 
cardiac cells to observe the resultant action potentials [59].
Microelectrodes  have  been  used  extensively  to  study  the  basic  functions  that 

regulate neurotransmitter release both in brain slices and the whole brains of anes-
thetized animals [60]. Microelectrode studies proved that the exocytotic release of 
neurotransmitters was the primary means of neurosecretion [61]. In one report 
carbon fiber microelectrodes were used to detect release of dopamine from dissected 
substania nigra cells by amperometry. The data indicated that dopamine was 
released from neuron somata by exocytosis and that this mechanism was regulated 
by neuronal electrical activity [62].

In all electrode designs using interfaced electrogenic cells, a capacitive or a 
Faradaic  current  across  the  electrode  interface  causes  a  voltage  gradient  in  the 
extracellular space that polarizes the cell leading to an action potential [3]. Quite a 
bit of work has gone into modeling stimulus parameters and consideration of the 
potentially damaging effects of electrochemical reaction products alludes to above 
in Sects. 1 and 2.2 [3].

While the basic approach of establishing neural networks on microfabricated 
electrodes has continued without much change for over 20 years, the theoretical and 
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conceptual approaches have continued to evolve. The advantage of microfabricated 
electrodes is that they permit arrays of microelectrodes to be made enabling high-
spatiotemporal resolution recording which, in turn, permits the online study of 
neuronal network plasticity [63]. Recently this approach has been used to study the 
mechanisms  of  association  formation  and  learning.  Rat  hippocampal  cells  were 
plated  and  grown  on  a  commercial  60-electrode  array  (Multi  Channel  Systems, 
Reutlingen, Germany). Hippocampal neuronal networks were subjected to synchro-
nized electrical pulses that caused formation of association between the stimulus 
and the resultant action potential [64].  Cells  were  trained  using  low  frequency 
stimulation (0.2–1.0 Hz). Before learning neurons exhibited random spontaneous 
electrical bursts; after learning the bursts became synchronized. The authors concluded 
that firing association and synchrony of spontaneous bursts in the neuronal networks 
were promoted by learning [64].
While effective, the use of microelectrodes has several disadvantages. First, the 

positioning of micropipettes is difficult to reproduce from experiment to experiment. 
Second, the microelectrode has high impedance which results in a poor signal-to-
noise ratio [65]. In an attempt to reduce these problems, microelectrode arrays have 
recently been designed with signal conditioning circuitry associated with each 
electrode. One such chip, intended to facilitate both stimulation and recording of 
nerve cells, was composed of 128 electrodes with bandpass filters included in each 
pixel to limit the noise bandwidth [63].
In  another  approach  to  bypass  the  limitations  of  microarrays,  FETs  were 

designed to monitor the electrical activity of cells occupying the gate region. In one 
of the first descriptions of the use of p-channel FETs for cellular monitoring, the 
neuron from a leech was attached to the open gate of a FET. It was presumed that 
the nerve cell was directly coupled to the gate via the oxide. Here stimulated action 
potentials were found to modulate the source-drain current on the chip [66]. In a 
later study the authors achieved capacitive stimulation of a leach neuron on a p-type 
FET. In this approach no faradic current flows across the electrode/electrolyte inter-
face in contrast to all systems using a metallic interface thus avoiding the electro-
chemical reactions described in Sect. 2.1 [67].
Modeling of electrogenic cell behavior on FETs has been described using elec-

trical equivalent circuits [68, 69]. The space between the cell and the gate consti-
tuted by the electrolyte has a conductance g

j
, the membrane has a capacitance C

M
, 

the gate oxide a capacitance c
g
, specific ion conductances g

i
, and the extracellular 

voltage V
M

 is the voltage measured at the gate [69] (Fig. 5b).
To avoid damaging cells by electroporation or electrolysis, a capacitive stimulating 

silicon chip was developed for the extracellular stimulation of nerve cells. Using 
HEK293 cells that overexpressed a Na channel, cells were stimulated by rising and 
falling voltage ramps without Faradaic current flow. Falling ramps caused a transient 
sodium inward flow that gave rise to depolarization of the cell [3].
A novel application of ISFETs has been to study of the effects of high-frequency 

magnetic fields (EMF) on nerve cells. Primary neurons were grown on chips combi-
ning a multielectrode array with 58 electrodes and ISFET for pH measurements. 
The device was placed  in  an EMF-exposure  chamber  and  cells were  exposed  to 
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frequencies of 1.56–2.38 GHz. The authors concluded  that, because of problems 
with noise, no statement as to the effects of EMF on neurons could be made [70].

In vitro advances, such as those detailed in this section, have enabled remarkable 
progress in the field of in vivo brain-machine interfaces (BMI). Projected applica-
tions of BMIs include upper and lower limb prostheses for spinal cord injuries and 
stroke, bladder prostheses, cochlear and brain-stem auditory prostheses, retinal and 
cortical visual prostheses, cognitive control of assistive devices and deep brain 
stimulation for Parkinson’s disease, epilepsy and depression [22]. One of the first 
BMIs demonstrated was a direct cortical implant that controlled a robotic manipu-
lator. Rats with electrode  implants were  trained  to move a  robotic arm  to obtain 
water [71].  Since  then  a  number  of  laboratories  have  demonstrated  primate  arm 
reaching and grasping using computer cursors or robotic manipulators [72].  
The development of clinically useful devices will require a number of advances, the 
most important of which is achieving long term (i.e., years) recordings of large 
populations of neurons without damaging the cells. In addition to dealing with 
electric current damage, as discussed in Sects. 2.1, 2.2 and 2.7, electrodes will have 
to be designed to reduce the long term immune response effects outlined in Sect. 
2.6. One effective strategy has been to coat electrodes with peptides or proteins that 
promote nerve cell growth. Some of  these approaches  include coating electrodes 
with the cell adhesion proteins collagen and fibronectin [73] and cell adhesion 
peptides [74]. A related approach to release growth factors to promote nerve cell 
growth near the electrode was shown to be ineffective [18]. Another approach has 
been to coat electrodes with conducting polymers of polypyrole effectively to 
increase the surface of the electrode [75]. Use of immunosuppressant drugs has also 
been used to reduce the initial immune response and reduce glial scar formation. 
The use of dexamethasone during the implantation of electrodes into cat brains 
resulted in marked attenuation of glial scar formation [76]. Recent reports suggest 
that the use of implanted carbon nanotube fiber electrodes, in addition to providing 
high surface area, do not initiate an immune response and support attachment, 
spreading and growth of neurons [77, 78].

4 Concluding Remarks

Considering  the  accomplishments  cited  across  all  disciplines,  it  is  clear  that  the 
goal to monitor and control living cells by direct electronic interface, until recently 
only  a  subject  of  science  fiction  stories,  is  now  being  realized.  Some  of  these 
devices, such as BOD biosensors and the Bionas metabolic analysis system, have 
found their way out of the laboratory into commercial products. Microbial fuel cells 
will probably soon find commercial application to power deep sea sensors. As the 
field of bioelectronics continues to develop we can expect to see technical advances 
that permit more sophisticated monitoring and control of cellular function. 
Significant advancement will require (1) more profound understanding of electron 
transfer mechanisms, (2) design of biocompatible transducer systems that also 



Electronic Interfacing with Living Cells  175

reduce or eliminate electrolysis or electroporation effects, (3) methods to monitor 
the condition of electrodes implanted in tissues or attached to cells and (4) better 
entrapment or implant procedures that enhance the stability of living cells. With a 
better understanding of these processes it is not too hard to imagine a time when 
most cellular processes may be monitored or controlled electronically. Realizing 
the goal of a direct interface with the brain, while in its infancy, is on the horizon. 
This field has great potential to restore or enable motor function in paralyzed 
patients. Advancement in these areas will also lead to the development of implantable 
drug delivery or synthesis devices that will usher in a new paradigm in medical 
intervention that could eclipse the present pharmacological paradigm.
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Abstract The use of on-chip cellular activity monitoring for biological/chemical 
sensing is promising for environmental, medical and pharmaceutical applications. 
The miniaturization revolution in microelectronics is harnessed to provide on-chip 
detection of cellular activity, opening new horizons for miniature, fast, low cost and 
portable screening and monitoring devices. In this chapter we survey different on-chip 
cellular activity detection technologies based on electrochemical, bio-impedance 
and optical detection. Both prokaryotic and eukaryotic cell-on-chip technologies 
are mentioned and reviewed.
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1 Introduction

The miniaturization of biosensors is a fast growing field of research, due to the 
microelectronics revolution together with advancement in microfluidics and 
the possibility to immobilize live cells on a chip. Cell based screening is a 
powerful method that uses living cells to test the effect of different molecules like 
drugs and toxicants on the cellular and molecular phenotype of cells. This 
technique requires the use of highly sensitive tools that permit high speed systematic 
identification of biochemical targets and markers on given cell libraries. Electrical 
sensors can be miniaturized down to a cell-size scale and be positioned directly 
at the vicinity of the cell surface, where cellular signaling substances are captured 
before they diffuse.

The use of on-chip cellular activity monitoring as a biological sensing mechanism 
is promising for environmental, medical and pharmaceutical applications, yielding 
smaller, faster and cheaper biosensors [1]. These biosensors are generally referred 
as “whole-cell” biosensors [2–4] and they usually use microbes (prokaryotic cells) 
as functional sensors for environmental applications or eukaryotic cells for health 
care and medical applications.

Microbes can generate a variety of specific responses to chemical and biological 
stimulations. In the biotic-micro-electro-mechanical systems (biotic-MEMS) 
sensor, integrating live microbial cells with microfabricated structures, the 
main sensing element is the microbe that converts the chemical or biological 
signal to typically an electrical one [5]. Microbial sensors are less sensitive than 
enzyme-based sensors to environmental changes; however, the microbes can be 
genetically engineered to have an altered response [6]. Microbial biosensors have 
been utilized for environmental monitoring [7], food monitoring, e.g., sensing of 
alcohol [8], glucose [9] or fatty acids [10], monitoring of microbial growth rate [11] 
and biocide measurements [12].

There are two general approaches to the monitoring of chemicals in the environment. 
The traditional approach is based on chemical or physical analysis and allows 
highly accurate and sensitive determination of the exact composition of the sample. 
This approach is highly specific, complex, and requires specialized laboratories. 
On the other hand, using live cells as the biological sensing entity is nonspecific 
and can be used to detect, by very simple means, complex series of reactions that 
can exist only in an intact, functioning cell [13].

Another class of whole-cell biosensors is based on electrically active living cells 
cultured on extracellular electrode arrays and can be utilized to detect biologically 
active agents [14]. Neurons can be immobilized on microfabricated surfaces when 
changes in their electrical signals upon exposure to harmful chemicals have been 
measured on a chip [15].

In this chapter we describe whole-cell sensing methods based on electrochemical 
detection, electrical impedance spectroscopy, electrochemical enzyme-linked-
immunosorbant assay (ELISA) and finally on-chip systems with optical sensing.
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2 On-Chip Electrochemical Detection of Cellular Activity

Electrochemical biosensors are based on the fact that, during a bio-interaction process, 
electrochemical species are consumed or generated producing an electrochemical 
signal which may be measured by an electrochemical detector. Electrochemical 
measurements only detect the electrical properties of the analyte species undergoing 
redox reactions, so they are limited to electroactive species. There are three main 
types of methods for electrochemical detection: amperometry, potentiometry and 
conductometry (impedance measurement) [16].

Many different electrochemical methods have been studied and applied to 
cellular bio-sensing. Dissolved oxygen (DO) electrodes are a famous example 
of cellular bio-sensing. The DO electrodes can be employed to measure the 
biological oxygen demand (BOD) from an entrapped microfungus [17], or for drug 
resistance and HACCP (hazard analysis and critical control point) tests in the food 
industry [18]. Scanning electrochemical microscopy (SECM) is a new technology 
derived from scanning probe microscopy (SPM) using microfabricated electrodes 
as scanning probes [19]. Using this technology, localization of respiratory activity can 
be visualized within a single cell surface. Such a respiration pattern may provide 
new information for cellular signaling and physiology. Cell proliferation can also 
be utilized to evaluate cell behavior. In situ monitoring of cell proliferation has been 
reported with a specialized arrayed ISFET [20].

Specific cellular bio-sensing can be utilized by monitoring specific cellular 
signals unique to a desired analytical situation in a cell. Such key signal substances 
which are specific to cell behaviors include intracellular nitric oxide (NO), which 
plays a key role as a molecular messenger in biological systems [21, 22], and 
cellular protein expression.

Popovtzer et al. [23] presented a nano-biochip, which contains an array of nano 
volume electrochemical cells, based on silicon micro-system-technology (MST). 
Genetically engineered E. coli bacteria are integrated into the chip to express 
electrochemically detectable signals in the presence of toxicants.

3 Bio-Impedance

Bio-impedance spectroscopy had been a powerful tool to investigate the passive 
electrical properties of organelles, cells and tissue for almost 100 years. The electrical 
properties of biological samples were explored for the first time by Hoeber who 
investigated the electrical properties of Erythrocyte cells [24].

The foundations of bio-impedance technique have been developed by Schwan 
according to the theories founded earlier by Maxwell and Wagner [25, 26]. Since 
then, the electrical properties of biological samples have been extensively studied 
by a number of researchers.
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Bioelectrical impedance analysis measures the impedance as a function of the 
current frequency. In practice, a small constant alternating current is passed between 
electrodes spanning the biological sample and the voltage between electrodes 
provides a measure of impedance [34]. This is done over a wide range of frequencies. 
When the frequency response varies significantly between different biomaterials, 
detection of physiological or pathological processes is possible.

This method [27] has been used to detect cell physiology changes, e.g., metabolic 
activity [28], cellular growth and cytotoxicity [29-33]. The method is attractive due to 
its simplicity and usability since a specialized reference electrode is not needed.

The electrical properties of biological tissues can provide rare insight about their 
physiological and pathological state. Most tissues display extremely high admittance 
at low frequencies, falling off in more or less distinct steps with increasing frequency. 
Their frequency dependence permits identification and investigation of a number 
of several underlying mechanisms, which are found to be well adapted to the 
physiological and structural state of the analyzed sample.

The electrical properties of biological tissues are characterized by three major 
dispersion regions, termed a, b and g (Fig. 1), each due to a different relaxation 
mechanism [34], accounting for low frequency, radio frequency, and microwave 
frequency, respectively. Tissues and cells will typically exhibit a significant disper-
sion in the radio frequency range. The dispersion caused by proteins and lipids has 
a much smaller magnitude than cells and tissues, and the characteristic frequency 
is typically higher [35].

The impedance of biological tissue comprises two components, resistance and 
reactance. The resistive component is related to the fluids within the tissue which 
accounted for both extra and intracellular components. The reactance component is 
attributed to the phospholipids membranes which act as imperfect capacitors, and 
contribute a frequency dependent reactive component. At low frequency, the 
conductive charging of membranes is producing a large polarization across the cells 
and does not allow the current to pass through them. When the frequency is increased 
such that it exceeds the inverse RC time of the medium–membrane interface, 

Fig. 1 Frequency dependence of biology samples. The dependence is characterized by a, b and g 
dispersions, each due to a different mechanism
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current penetration into the cells interior will occur, resulting in dispersion (relaxation) 
that is governed by cytoplasm (cell interior) and medium conductivities. The ability 
to separate the extra- and intracompartments allows distinguishing between the two 
phases related to the molecular and cellular properties of the tissue. This approach 
was found to be very useful in several applications including calculation of mass, 
volume and impedance tomography techniques [36-38].

In order to correlate between the measured impedance characteristics and the 
physiological phenomena occurring in cells or tissues, a matched model should be 
applied. The electrical and morphological parameters of the tested sample can be 
determined by fitting the calculated impedance spectrum to the measured spectrum 
of the tissue. The extracted parameters can be correlated to the given physiological 
state of the analyzed sample. When changes occur within the sample, those parameters 
are expected to be adapted to the new physiological state and hence can indicate on 
several pathological phenomena [34].

Several factors such as the structural geometry, volume and conductivity all have 
an effect on the measured/calculated impedance and therefore should be taken into 
account.

The impedance is based on the solution of electrostatic problem within a 
conducting and dielectric medium (lossy medium) and can be derived using the 
continuity equation for charge which represents the complex potential of the medium:

 ( ) ( )( )s e
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where u is the electric potential, e is the permittivity, and s represents the conduc-
tivity of the medium. After setting the potential, the impedance spectrum of the 
sample can be calculated based on the average current density:
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where V is the applied potential, J the current density, J
C
 the conduction current, J

D
 

the displacement current, E the applied electric field between the electrodes and k 
the complex conduction factor. The given expression allows calculation of the exact 
impedance spectrum of any given tissue. It takes into account both structural and 
electrical properties and hence permits identification of fine and specific changes 
which are related to the physiological state of the analyzed sample.

3.1 Screening Analysis Using Bio-Impedance Spectroscopy

Bio-impedance spectroscopy was already demonstrated to be very efficient tool for 
bio-markers screening analysis [39]. In this study, Madin-Darby Canine Kidney 
Epithelial (MDCK) and Bone Marrow derived Preosteoblastic (MBA) cell lines have 
been used to investigate the effectiveness of impedance spectroscopy after intracellular 
and membranal markers respectively. Here the intracellular effect was checked 
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using SEC13 over-expressing MDCK cells. Effect of membrane was tested by coating 
MBA cells with free lectin antibodies that bind glycosylate elements on cell surface.

Comparing the complex spectra of MBA WT (Wild Type, untreated cells) cells 
and the lectin coated cells (Fig. 2a) reveals clear differences between those two cell 
lines. The dielectric constant (e¢) obtained for the treated cells is found to be higher than 
the WT cells. This rise is expected due to the presence of charged groups on the 
membrane, which affect its capacitive part. Additionally, based on the loss (e″) spectrum 
(Fig. 2d), changes are also obtained on the frequency dispersion characteristic. 
Here the loss factor is shifted to lower frequencies due to the increase of membrane 

Fig. 2 Dielectric spectra of MBA and MDCK cell suspensions. a Dielectric and conductivity spectra 
of MBA and MBA-lectin suspensions. b Dielectric and conductivity spectra of MDCK and MDCK-
sec13 suspensions. c High frequency observation on MDCK and MDCK-sec13 spectra. d Loss spectra 
of MBA and MBA-lectin suspensions. e Loss spectra of MDCK and MDCK-sec13 suspensions
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capacitance. This is caused due to change on polarization relaxation time of 
cells: f

ment–cvt
 = 1/t

ment–cvt
which is affected by both membrane capacitance and cytoplasm 

conductivity (t
mem–cyt

 increased).
The MDCK spectra obtained (Fig. 2b, c) demonstrate remarkable differences at 

relatively high frequencies when charge and ion migration (conductive polarization) 
start to fade. This happens when the frequency exceeds the inverse relaxation time 
(t

med–mem
) of the medium–membrane interface. Here the SEC13 cells exhibit higher 

dispersion characteristics compared to the WT cells. This is caused by changes 
occurred in cytoplasm conductivity which affects the cytoplasm–membrane relaxation 
time. The characteristic frequency of the cells (t

mem–cyt
) now increases due to the 

decrease in cytoplasm resistivity.
The findings presented emphasize the high correlation that exists between molecu-

lar and cellular markers and the matching impedance spectra and electrical properties 
of biological cells. The high sensitivity of impedance spectroscopy as demonstrated 
here as well as by others in the past has promise potential as a screening tool on live 
cell libraries. It can be used for quantitative and systematic analysis on multiple 
microlibraries labeled with specific probes in non invasive and non destructive way. 
It can also allow real time screening after fine biochemical effects on both the cellular 
and molecular level, which cannot be detected using traditional screening assays.

4 An Integrated Multimethod Biosensor

Another approach to whole-cell biosensors is to integrate few methods on the same 
chip. Since whole-cell bio sensing is in principle functional sensing, multiple methods 
will increase the sensitivity and reduce the false positive and false negative 
probabilities. For example, we present here a multiple method approach, which 
integrates electrochemical sensing and modified ELISA for the purpose of early 
cancer detection. In the field of cancer diagnostics, early detection has a dramatic 
effect on mortality. The sooner cancer is diagnosed the higher the survival probability 
of the patient. However, for many types of cancer the current diagnostic methods 
are insufficient for that purpose.

It is well known that cancer is essentially the result of various cellular pathways 
and the sum of many events manifesting in different ways. Moreover, some cancers 
are even harder to diagnose since they express markers which are not necessarily 
unique (e.g., colon cancer). Therefore, it would be advisable to try to probe the 
tumor with few methods and gather information which represents various pathways. 
Accordingly, multitarget strategies have been offered as a suitable solution holding 
an enormous potential in increasing sensitivity, maintaining specificity and allow 
for a more accurate, highly confident early diagnostics [40].

In this section, a multimethod integrated biosensor is presented, implementing the 
above-mentioned concept and providing a way to sense at least four different mecha-
nisms which characterize cancer cells, thus enhancing the confidence level 
exceedingly.
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The multimethod electrochemical biosensor is capable of performing two different 
diagnostic tests on the same sample. The sample could be a small biopsy or a cell 
culture derived from it. The first test is a substrate-aided electrochemical detection of 
enzyme secretion. This test involves the electrochemical distinction between cancerous 
and normal cells relying on the observed downregulation or upregulation of certain 
intracellular enzymes by the cancerous cells [41]. These enzymes may also work 
on substrates which subsequently become electroactive. This approach offers rapid 
and straightforward detection. However, relying on this detection method solely 
might lead to undesired false negative/positive results. The relatively high rate of 
false negative/positive results is a well known issue in cancer diagnostics and 
decreasing this rate of false results has been a longstanding goal. Therefore, a second 
diagnostic test is performed on the same sample offering higher specificity. This 
method could be described as electrochemical immunodetection of specific cancer 
secreted biomarkers [42]. It is essentially a modified ELISA performed on a suitable 
chemically modified transducing element.

The inherent specificity of immunoreaction, along with high sensitivity and 
convenience of various physical transducers, render immunosensors as a major 
development in the immunochemical field and clinical diagnosis. The amperometric 
immunosensors were constructed based on the electrochemically active species 
produced by enzyme labels. Electrochemical detection of the labels has several 
advantages such as high sensitivity and low cost of the resulting sensors and 
instrumentation.

Clinical analysis requires methods of high reliability and immunoreactions are 
recognized for their high sensitivity and selectivity. Antibodies are considered to 
be well-suited recognition elements for bioassays and immunosensors. Advances 
in molecular biology have led to much understanding of potential biomarkers that 
can be used for diagnosis. Antibody-based technology takes advantage of specific 
interactions with antigenic regions of an analyte to achieve high confidence level 
and selectivity. The high specificity and affinity of an antibody for its antigen 
allows a selective binding of the analyte (antigen) which is present in the nano- to 
picomolar range in the presence of hundreds of other substances, even if they 
exceed the analyte concentration by two to three orders of magnitude. 
Amperometric transducers which are used much more frequently than other 
transducers in electrochemical indirect immunoassays allow the fast detection of 
currents over a broad linear range with detection limits as low as 10−10 A by using 
commercial potentiostats. Since antibodies and antigens are usually not electro-
chemically active within the desired potential range, redox-active compounds can 
be applied as labels for indication.

While the first method represents a typical cancerous cellular mechanism the 
second method covers different aspects. In this method the detection of up to three 
biomarkers which represents three different mechanisms on the same platform is 
feasible. Combination of the methods along with integration of the obtained data may 
significantly enhance the level of confidence in cancer diagnosis by encompassing 
various cancerous mechanisms and providing added value that could not otherwise 
be achieved.
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The first detection method is performed on an electrochemical cell including 
working, reference and auxilary screen-printed electrodes.

Amperometric measurement is employed in order to detect the expressed 
enzyme. The detection of the desired enzyme is possible due to its biocatalytic 
activity on the added substrate. The substrate is injected into the electrochemical 
cell (housed in a chamber) and is capable of diffusing into the cancer cells. 
The product of the enzymatic reaction is oxidized on the electrode at a typical voltage 
and the resulting current is measured.

An example is the detection of the enzyme alkaline phosphatase. Few subtypes 
of this enzyme exist in the human body, and some are disregulated during certain 
pathologies and malignancies. The inherent biocatalytic activity of this enzyme is 
dephosphorylation and it is highly efficient in dephosphorylating the substrate 
p-aminophenyl phosphate (pAPP). The result of this process is that the detection 
of intracellular alkaline phosphatase may be achieved simply by adding pAPP to 
certain cancer cell solution or biopsy – the substrate diffuses inside the cell and 
the product, p-aminophenol, diffuses outside the cancer cell and is oxidized on a 
working electrode when a voltage of 0.22 V is applied. Figure 3 illustrates the first 
method.

The second detection method is also performed on an electrochemical cell 
including working, reference and auxiliary screen-printed electrodes. The detection 
of secreted biomarkers is carried out essentially by adjusting the “sandwich-type” 

WE
CE
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ALP

ALP

ALP
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pAP p-Iminoquinone

ALP

WE WE

Cancer cell

ALP Alkaline 
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ALP

ALP
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ALP

ALP

ALP
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ALP

WE WE

ALPALP

WEWEWE

Fig. 3 A magnification of the electrochemical cell loaded with cancer cells (WE, RE and CE 
refers to working, reference and counter electrode, respectively). The electrochemical substrate, 
p-aminophenyl phosphate (pAPP) is added and subsequently dephosphorilated by the enzyme 
ALP (alkaline phosphatase). The resulting product, p-aminophenol (pAP), is oxidized on the 
electrode thus generating a measurable current [43]
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ELISA method – a traditionally employed bio-analytical method. Antibodies against 
three different biomarkers are immobilized on three different electrodes to form an 
array. Cell medium containing the secreted biomarkers (or the cell culture itself) is 
incubated (or flowed through) in the electrochemical chamber. Following the capture 
of the biomarkers by the immobilized antibodies, an immunoconjugate solution is 
introduced, which is essentially the same antibody labeled with an enzyme capable 
of eliciting an electrochemical reaction with a substrate (e.g., horseradish peroxidase 
or alkaline phosphatase). After washing the unbound immunoconjugate the substrate 
is added and the resulting current is measured. Figure 4 illustrates the second 
method.

The electrochemical ELISA-like method is highly sensitive; while each antigen 
could not be considered as a reliable marker by itself, the detection of three 
increases the confidence dramatically.

Altogether this multimethod biosensor deals with the simultaneous detection of 
cancer from inside the cell (intracellular enzyme expression) to the extracellular 
part (secreted markers).

5 Monitoring On-Chip Cellular Activity by Optical Detection

Environmental biosensors make use of genetically engineered E. coli bioluminescent 
biosensors which emit light when exposed to toxic materials [44, 45]. The illumination 
intensity and its time dependence is a function of the toxicants’ dose and type. As an 
example of this method (see [46]) E. coli cells were genetically engineered, carrying 
a recA::luxCDABE promoter–reporter fusion to detect nalidixic acid (NA) as the 
tested analyte. Light detection is achieved by a single photon avalanche photodiode 
(SPAD) working in the Geiger mode. Using SPADs allow very sensitive solid state 
platform operating at signal to noise level superior over simple PN diode based 
sensors operating without internal gain.

This biosensor can contain several bacteria strains with different gene promot-
ers, generating a unique response signature for different toxins. The system is 

Substrate Product +/-e-

Anti-biomarker

Cancer cell

WE CE CEWE

HRP

HRP

Electrochemical ‘sandwich’-type ELISA for biomarker detection

biomarker

HRP conjugated 
Anti-biomarker

WE CECE CEWE CECECE
WE

HRP

HRP

Fig. 4 A magnification of the electrochemical cell loaded with cancer cells (WE, RE and CE 
refers to working, reference and counter electrode, respectively). A specific biomarker, typical to 
cancer cells is secreted and captured by an antibody immobilized to the working electrode. 
Following removal of cells an immunoconjugate is introduced and binds the captured biomarker. 
Following removal of unbound immunoconjugate electrochemical substrate is introduced and 
catalyzed by the enzyme label resulting in a measurable current [43]
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incorporated into a disposable biochip that provides live cell maintenance and 
microfluidics channels for sample introduction. The cells are immobilized in 
the biochip and connected to a microfluidic system which constantly introduces the 
water-under-test flow into the system Fig. 5.

The biochip consists of the following tests: sample, positive, negative and 
constitutive. The sample test is the test of the water source. In the positive test, a 
diluted toxin is injected to the bacteria periodically while in the negative test drinkable 
water is injected. The sample, positive, and negative tests consist of four strains 
with a repetition of three bacteria wells for each strain.

Sample

Positive

Negative

Constitutive

Bacteria wells
4 channels

Light sensor 
(SPAD)

Glass

Substrate

Water Microbes

Fig. 5 Bioluminescent whole-cell bio chip: a) One cell container and sensor. b A 39 cell containers 
array arranged in four channels: sample under test; containers for testing positive response; 
containers for testing negative response (drinkable water); constitutive testing of normally 
bioluminescent microbes

Fig. 6 Demonstration of bacteria bioluminescent response to toxin flow (16 ppm nalidixic acid 
(NA) with flow rate of 0.22 mL min−1. The PMT reading is shown in arbitrary unit.
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The constitutive test consists of one strain which works in “normally On” mode 
which normally emits lights and stops emitting when exposed to toxins. Measurement 
of bacteria bioluminescent response to toxin flow is shown in Fig. 6.

6 Summary

This chapter has reviewed different on-chip detection methods for cellular activity. 
Micro-system-technology enables the reduction of size, thus improving robustness, 
sensitivity and reducing response time. Different classes of cells can be used in 
whole-cell biosensors, both eukaryote and prokaryote types. This technology seems 
to be most suitable for environmental monitoring, health care and medical applica-
tions, pharmaceutical and food industry. More applications are expected to emerge 
as this technology matures.
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