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Biosensors in Microfluidic Chips

Jongmin Noh, Hee Chan Kim, and Taek Dong Chung

Abstract A biosensor is a sensing device that incorporates a biological sensing

element and a transducer to produce electrochemical, optical, mass, or other signals

in proportion to quantitative information about the analytes in the given samples.

The microfluidic chip is an attractive miniaturized platform with valuable advan-

tages, e.g., low cost analysis requiring low reagent consumption, reduced sample

volume, and shortened processing time. Combination of biosensors and microflui-

dic chips enhances analytical capability so as to widen the scope of possible

applications. This review provides an overview of recent research activities in

the field of biosensors integrated on microfluidic chips, focusing on the working

principles, characteristics, and applicability of the biosensors. Theoretical back-

ground and applications in chemical, biological, and clinical analysis are summar-

ized and discussed.
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1 Introduction

Microfluidic technology for chemical or bioanalytical purposes concerns the pre-

cise control of fluids in a limited space, which may be intentionally patterned on

chips, because a number of valuable benefits are expected from such systems [1, 2].

As many articles and reviews have pointed out, the alleged advantages include

reduced reagent consumption, short analysis time, a small-sized scale, low cost,

and high sensitivity. Over the last two decades, there has been an explosive

development of miniaturized analytical systems and related techniques based on

microfluidics for chemical analysis, bioanalysis, clinical diagnostics, and other

applications [3–15].

In spite of the impressive opportunities, the use of microfluidics for chemical

and biological analysis involves considerable challenges as well. The analytes in

the fluids of microsystems are exposed to unusual physical conditions, such as high

surface tension and high surface-to-volume ratio, which could be the reason

why analytical information from the microfluidic systems might be significantly

different from that predicted from conventional methods [16–19]. In many cases,
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pretreatment and handling of the samples for analysis in microfluidic systems are

not merely a matter of scale-down. Analysis using microfluidic analyzers often

faces troubles in adsorption, injection, mixing, and so on, which are not significant

in conventional analysis in a large scale. Potential solutions for the problems that

may occur in the microfluidic systems have been suggested in numerous papers, but

many of them are still inadequate.

Another approach is omission or simplification of pretreatment and handling

processes. This may be a preferable strategy for more effective analysis. However,

better sensing parts are required to possibly share the burden by playing more roles

than a simple detector, without any or negligible loss of the analytical quality.

Biological functional units such as antibodies or enzymes can endow a detector

with selective recognition ability so that the corresponding microfluidic analyzer

should work without complicated and strict pretreatment prior to detection.

Traditionally, a biosensor is created by combining a biological component with

a physiochemical detector [20–23]. Biosensors exploit biochemical molecular

recognition properties for a selective analysis. The general structure of biosensors

consists of analyte recognition, signal transduction, and readout, as shown in

Fig. 1. The representative example of commercial biosensors is the blood glucose

sensor. Since the first classical type from Clark and Lyons was introduced in 1962

for detecting glucose levels in blood, it has been followed by many different

biosensors [24]. However, only a limited number of the biosensors fulfill the

stringent requirements for commercialization, e.g., practical demand in terms of

market size, and functional reliability in the real environments in which they are

expected to operate. As informational technology becomes more widespread and

more convenient applications are pursued, biosensors are increasingly demanded

in modern life. On-site analysis at low cost and within a short time is undoubtedly

important, not only for ordinary people but also for researchers working in

laboratories.

Fig. 1 Configuration of a biosensor
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Generally, biosensors are designed to extract analytical information about cer-

tain analytes in given samples without pretreatment. Nonetheless, combination with

microfluidic systems could provide conventional biosensors with opportunities for

improvement in terms of analytical power or in applicability for a wider range of

applications. For example, bioassays could benefit from automatic sequential

separation and chemical synthesis that are linked to the detection part of a minia-

turized system [25, 26]. Drug discovery, for instance, needs innovative bioassay

technology that uses as small a volume as possible to minimize expensive, difficult,

and inefficient processes. The lab-on-a-chip is a big target in the fields of medicine,

biotechnology, and pharmacology and is one of the key motivations for integrating

micro- or submicroscale biosensors into microfluidic systems.

Microfluidic-based biosensors have advanced greatly in various fields over the

last few decades [8, 27]. The fundamental concept underlying the microfluidic

biosensors that have been reported is to integrate the analytical functions necessary

for biochemical analysis onto a single chip, including sample preparation, pretreat-

ment, detection, and sometimes molecular separation or sorting.

This review summarizes the research achievements concerning integration of

biosensors into microfluidic chips, which have been reported mostly since 2005.

We discuss the latest developments by categorizing them on the basis of four

different aspects; detection principles, analytes, functional receptors, and micro-

fluidic components. Based on a balanced view of recent trends, the review is

concluded by looking at the future perspectives in this field.

2 Detection Principles

The detection principles for biosensors integrated on microfluidic chips are classi-

fied into several types, including optical, electrochemical, and mass-sensitive

methods. The trend in the development of detectors has been to constantly pursue

two key virtues: sensitivity and selectivity. In this regard, the research issues on the

detectors for microfluidic systems are not significantly different to those for con-

ventional biosensors.

2.1 Optical Methods

Most optical detection methods for biosensors are based on ultra-violet (UV)

absorption spectrometry, emission spectroscopic measurement of fluorescence

and luminescence, and Raman spectroscopy. However, surface plasmon resonance

(SPR) has quickly been widely adopted as a nonlabeling technique that provides

attractive advantages. Fueled by numerous new nanomaterials, their unique, SPR-

based or related detection techniques are increasingly being investigated [28–31].
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The conventional methods for optical detection need various filters, lenses, light

sources, and photomultiplier tubes (PMTs), which are essential for microfluidic

systems as well. However, the functional components for optical detection in

microfluidic analytical systems are seldom miniaturized, and necessarily sophisti-

cated or expensive in many cases. Considering that microfluidic chips are basically

intended to conduct handy, cheap, user-friendly, and on-site analysis, it is obvious

that the crucial issue in the optical setup for microfluidic systems is how to overcome

such a problem. To cope with this fundamental challenge, many researchers have

made efforts to miniaturize waveguides, filters, and lenses so that they are tiny and

simple enough to be integrated on a chip. Such optoelectronic components include

laser diodes, light-emitting diodes (LEDs), charge coupled devices (CCDs), and

complementary metal oxide semiconductors (CMOSs), which replace the conven-

tional optical elements [32, 33]. Frank et al. provided a broad overview of current

research and development in point-of-care diagnostic devices utilizing optical detec-

tors in microfluidic platforms [13]. Various optical detections of biological sam-

ples covering absorbance, fluorescence, luminescence, and SPR are summarized in

Table 1.

Absorption spectrometry is a classic detection method for chemical analysis. It

requires a long path length of incident light through a sample at lower concentration.

This is critical for absorbance measurements in microfluidic chips because the narrow

microfluidic channels are obviously problematic for sensitive absorbance measure-

ment. That is why there are not many cases employing absorbance detection. A few

peptides have been separated by on-chip electrochromatography and detected by

UV absorbance [34]. Optical fibers are normally used to enhance efficient absorbance

in the microfluidic chips. For instance, the incident light from a deuterium–tungsten

light source follows a optical fiber to reach the sample and then goes to a CCD array

detector through the bottom fiber [13]. Incident light can be focused by integrating

a microlens in a complex three-layer microfluidic chip [54]. This system has slit

channels filled with “black ink” to absorb any scattered light, and also a cylindrical

microlens in the polydimethylsiloxane (PDMS) layer on the chip. This creative

design enabled detection of the peptide separation with enhanced sensitivity. Llobera

et al. reported an optical air mirror that utilized the refractive index difference

between PDMS and air [49]. Ro et al. showed efficient and sensitive absorbance

detection using a light collimating system on a PDMS microchip for capillary

electrophoresis (CE) [35]. This collimating setup consisted of various optical com-

ponents features and gave significant reduction of stray light. Steigert et al. proposed

an interesting concept of a centrifugal compact disk (CD)-based system that allowed

a fast colorimetric assay of alcohol in a single droplet of whole blood [55]. In this

optical system, the laser was illuminated perpendicular to the flat surface of the cyclic

olefin copolymer disk, and the optical path length increased by one order of mag-

nitude in comparison to the conventional direct incidence. Caglar et al. designed

a glass–PDMS microfluidic chip for determination of calcium ions in samples by

introducing an optical fiber and a ball lens [36].

Fluorescence detection involves molecular light absorption, which triggers

the emission with longer wavelengths than for excitation. This method is often
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Table 1 Optical detection

Method Sensing parts Analytes LOD References

Absorbance Optical fiber, CCD

detector

Thiourea 167 mM [34]

Optical fiber,

microlens, slits,

PMT detector

Fluorescenin S/N ¼ 3 [35]

Optical fiber, a ball

lens, CCD

detector

Ca2+ ions 0.027 mM [36]

Optical fiber, PMT

detector

Ammonia 2 ppm [37]

Fluorescence Microscope-based

PMT detector

Protein 12 mg/mL [38]

Optical path length,

CCD detector

Flavin 1 mM [39]

Optical fiber, pinhole

filter, PMT

detector

FITC 10�7 M [40]

Spherical lens, filter,

PMT detector

Fluorescence 0.01 nM [41]

LED, SSPM Fluorescence N/A [42]

Chemiluminescence VersaDoc CRP 0.1 mg/L [43]

Multianode-

photomutiplier

array

SEB 0.1 ng/L [44]

E. coli 104 cfu/mL

M13 105 pfu/mL

TFT photosensor DNA,

horseradish

peroxidase

0.5 nM [45]

PMT detector Cytochrome c ~250 nM [46]

Myoglobin ~160 nM

Horseradish

peroxidase

~240 nM

Bioluminescence Microscope, PMT

detector

ATP ~mM [47]

Electrochemiluminescence ITO electrode, PMT

detector

Proline 1.2 mM [48]

Internal reflection

spectroscopy

LED, optical fiber,

air mirror

Phosphate buffer 41 nM [49]

Surface plasmon resonance Direct capture Cowpea mosaic

virus

12.5 mg/mL [50]

Nucleotide

hybridization

Fusarium
culmorum

0.06 pg [51]

Substractive

inhibition

Puccinia
striiformis

105 sp/mL [52]

Substractive

inhibition

Phyththora
infestans

106 sp/mL [53]

CCD charge-coupled device, CRP C-reactive protein, FITC Fluorescein-5-isothiocyanate, ITO
indium tin oxide, LED light-emitting diode, LOD limit of detection, PMT photomultiplier tubes,

SEB Staphylococcal enterotoxin B, S/N signal-to-noise ratio, SSPM solid-state photomultiplier,

TFT thin film transistor
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employed for sensing in microfluidic chips because of its superior sensitivity and

selectivity for a variety of samples, in addition to its compatibility with micro-

devices [56, 57]. However, the fluorescence of microfluidic systems has some

drawbacks, e.g., autofluorescence and nonspecific emission from biomolecules in

the sample. Hofmann et al. showed that sensitivity was improved by monolithically

integrating an optical long-pass filter on a PDMS microfluidic chip [58]. Schmidt

et al. developed a chip-sized spectrometer by combining a linear variable band-pass

filter with a CMOS camera [59]. A liquid–liquid waveguide was introduced to the

fluorescence detection system on a microfluidic chip by Vesenov et al. [60]. Balslev

et al. made a monolithic optoelectronic hybrid platform including an on-chip

optically pumped liquid dye laser, waveguides, and microchannels with passive

diffusive mixers [32]. Pais et al. reported a disposable lab-on-a chip system

equipped with a thin-film organic LED excitation source and an organic photodiode

detector for on-chip fluorescence analysis [33]. On the other hand, a portable

fluorescence biosensor with quantum dots (QDs) was developed for quantitative

analysis and rapid screening of trace amounts of proteins [61]. Schulze et al. realized

native fluorescence detection of the proteins separated by microchip electrophoresis

using a deep UV neodymium-doped yttrium aluminum garnet (Nd:YAG) laser at

266 nm and a PMT detector [38]. Quin et al. utilized a pulsed nitrogen laser, a

fluorescence emission guide, and a CCD detector for flavin metabolites detection

[39]. Li et al. proposed a microfluidic chip into which the one end of an optical fiber

was introduced, and the other terminal was coupled to a blue diode-pumped laser

[40]. Renzi et al. demonstrated a hand-held microchip-based analytical instrument for

detection of proteins [41]. Recently, a portable microfluidic flow cytometer with

simultaneously detection of fluorescence and impedance was reported for cell analy-

sis [42]. This system exploited an LED for excitation and detected fluorescent

emission with a solid-state photomultiplier (SSPM).

Luminescence detection involves light emission as a result of chemical reaction,

which may be from a living organism or artificial system like a luminol-labeled

biosensor. Since chemiluminescence needs no light source, the system becomes

even simpler than fluorescence methods while still producing sensitive responses.

In many cases, detection based on luminescence is a very attractive choice for

sensitive analysis because it is conducted in the complete absence of background

light. QDs are a conspicuous example that show how powerful luminescence

detection is. They emit strong luminescence and thus are increasingly being used

for bioanalytical applications. Huang et al. reported that QDs have much higher

photoluminescence quantum efficiency than their bulk materials [62]. In their

study, a urea-sensing system composed of water-soluble mercaptosuccinic acid

(MSA)–QDs and urease was prepared by a simple procedure and provided sensitive

responses to urea. Hatakeyama et al. employed a DNA-arrayed thin film transistor

(TFT) as a DNA chip platform and light detector [45]. The limit of detection (LOD)

of their system was 0.5 nM, which was a much lower concentration than detected by

a conventional device. A DNA chip-based protocol for clinical diagnostics was

realized on a plastic card including an optoelectronic DNA chip and pyrotechnic

microvalves for electrical fluid handling [63]. A plastic microfluidic immunosensor
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for C-reactive protein (CRP), a cardiac and inflammationmarker, is another example

of a sensing system that uses luminescence detection strategy [43]. This sensor gave

an even better LOD than conventional enzyme-linked immunosorbent assay

(ELISA) analysis. Multiplexing is believed to be the general trend of modern

analytical techniques and not an exception for immunoassay based on luminescence.

A multiplexed chemiluminescent capillary enzyme immunoassay was shown to be

capable of simultaneously detecting toxins, bacteria, and viruses [44]. The LODwas

0.1 ng/mL for the toxin Staphylococcal enterotoxin B (SEB), 104 cfu/mL for

Escherichia coli O157: H7, and 5 � 105 pfu/mL for the bacteriophage M13. Biolu-

minescence (BL) is the light emission from a living organism. Liu et al. integrated

CE and BL detection into a chip for ATP analysis [47]. Electrochemiluminescence

(ECL) is a kind of luminescence produced during electrochemical reactions. Qiu

et al. presented a Ru(bpy)3
2+ ECL detector for CE on a microfluidic chip [48].

Internal reflection spectroscopy (IRS) is another promising optical detection for

immunoassay [64]. Llobera et al. reported PDMS-based multiple internal reflection

systems comprised of self-alignment systems, lenses, microfluidic channels, and

mirrors. It is noteworthy that the LOD was lowered down to 41 nM using an “air

mirror” [49].

Raman spectroscopy has great potential in terms of analytical applications

because it gives characteristic spectra in aqueous phase. Its critical problem is

weak signals, and there have been ceaseless attempts to overcome this by exploiting

surface-enhanced Raman scattering (SERS) [65]. The enhancement of Raman

scattering is a phenomenon that is sensitive to the substrate surface. The enhanced

signals by SERS come from the Raman-active bonds of the molecules adsorbed

on rough surfaces [66, 67], nanoparticles [68–70], nanoshells [71], or extremely

narrow gaps (“hot spots”) [72, 73] of some metals such as Ag, Au, Pt, or Cu [74].

SERS-based detection is also advantageous because it is nondestructive [75].

Recently, Lee et al. reported a SERS decoding using thin microgold shells modified

with Raman tags within a microfluidic chip [76].

SPR is a representative physical phenomenon that is widely utilized for label-free

characterization of molecules on thin metal films. The basic principle and operation

of SPR has been described in more detail in several review articles [77, 78].

The reports on SPR-based immune sensors have steeply increased for detection of

analytes with low molecular weights in recent years. SPR detection in microfluidic

systems can provide various advantages. Immunoreactions are completed within a

short time due to small sample volumes down to the nanolitre scale. Kim et al.

developed a simple and versatile miniaturized SPR immunosensor enabling parallel

analyses of multiple analytes [79]. Their SPR sensor was claimed to exhibit good

stability and reusability for 40 cycles and more than 35 days. Feltis et al. demon-

strated a low-cost handheld SPR-based immunosensor for the toxin Ricin [80].

Springer et al. reported a dispersion-free microfluidic system with a four-channel

SPR sensor platform, which considerably improved the response time

and sensitivity [81]. The sensor was able to detect short sequences of nucleic acids

down to a femtomole level for 4 min. Waswa et al. demonstrated the immunological

detection of E. coli O157:H7 in milk, apple juice, and meat juice extracted from
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ground beef [82]. Wei et al. detected Campylobacter jejuni in poultry meat [83]. A

palm-sized SPR biosensor has been developed inwhich the light source is modulated

by a rotating mirror [84]. This system introduced a folded light path and a diode

laser. The same group devised another briefcase-style sensor that is capable of

simultaneously detecting small molecules, proteins, viruses, bacteria, and spores

[80].

Nanostructures provide new opportunities for SPR sensing. It was shown that

both sensitivity and selectivity can be improved by introducing an integrated array

of nanoholes serving as substrate for SPR detection [85]. Huang et al. exploited the

localized SPR properties of gold nanoparticles and successfully applied them for

label-free monitoring of biomolecular interactions in real time [86]. They also

discussed the unique localized surface plasmon resonance (LSPR) property of

gold nanoparticles, which provides a basis for measuring the molecular adsorption

onto the surface of metal nanoparticles [87]. LSPR is a phenomenon that is

observed in noble metallic nanoparticles (silver, gold) and is caused by the collec-

tive oscillations of conductive electrons [88, 89]. Recently, the numerical simula-

tion of LSPR microfluidic chips with grooved optical fibers was proposed to

optimize the sensor [90]. Luo et al. fabricated a PDMS microfluidic device contain-

ing an array of gold spots onto which antigens or antibodies of interest could be

attached [91]. The gold spots of this system are suitable for carrying out immunor-

eactions with SPR detection. Reportedly, the refractive index change caused by the

molecules bound to the surfaces of the gold spots allows SPR imaging through real-

time monitoring of immune reactions [92]. Pang et al. studied surface plasmon

polariton dispersion related to a 2D nanohole array [93]. In this work, the sensitivity

of the nanohole array sensor was attributed to the periodicity of the array and the

excited surface plasmon polariton effect. Plant pathogen biosensors based on SPR

were also reported [50–53].

2.2 Electrochemical and Electronic Methods

Electrochemical detection has been regarded as particularly appropriate strategy for

microfluidic chip systems. Electrochemical biosensors in microfluidic chips enable

high sensitivity, low detection limits, reusability, and long-term stability. And the

detection mechanism and instrumentation for realization are simple and cost-

effective. These valuable features have made electrochemical devices receive

considerable attention [20, 94, 95]. The electrochemical detectors are commercially

available for a variety of analyses [96]. The review written by Wang summarized

the principles of electrochemical biosensors, important issues, and the state-of-the-

art [97]. Lad et al. described recent developments in detecting creatinine by using

electrochemical techniques [98].

In general, electroanalytical detection principles can be divided into three:

potentiometry, amperometry, and conductometry (or impedometry). Potentiostats

used for electrochemical biosensors are mostly equipped with amperometric and
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potentiometric modules. Potentiometry is used to measure the cell potential differ-

ence at virtually zero current (open circuit voltage). The representative potentio-

metric sensors are ion-selective electrodes (ISEs), which include the conventional

glass electrodes widely used for pH determination. Bobacka et al. gave an overview

of electrochemical theory related to potentiometric principles and nonequilibrium

models for ISE [99]. Feridbod et al. reviewed potentiometric sensors that employ

conducting polymers [100]. In amperometry, the current associated with the reduc-

tion or oxidation at working electrode is measured under a constant potential

difference versus the reference electrode. Conductometry is used to measure the

electrical conductance in solutions, in which the charge carriers are cations and

anions. Applying an AC electrical field between two electrodes, the conductometer

or impedance analyzer acquires the output data of changes in amplitude and/or

phase angle. Amplitude change provides serial resistance value in the equivalent

circuit, whereas phase angle shift carries capacitive and inductive components that

are mostly involved in the electrochemical interface between the electrode surface

and the solution. DC input signals give pure resistance and require even simpler

instruments, which are favorable for miniaturized systems like microfluidic chips.

Durand et al. used ionic conductance in a nanochannel for label-free determination

of protein surface interaction kinetics [101]. However, DC input in conductometry

out of microchannels or capillaries is normally avoided because the applied poten-

tial difference is concentrated on the electric double layer on the electrode surface

rather than the solution.

With regard to biosensors and analytical chip systems, challenging problems of

electrochemical detection strategy are deterioration in selectivity and stability of

biological functional objects like enzymes and chronic passivation of the underly-

ing electrodes. Insufficient selectivity or specificity is an intrinsic limitation of

electrochemical detection, which has been addressed by combining chemically or

biologically specific receptors.

A variety of electrode materials have recently been tried for electrochemical

analysis, including nanostructured metals, carbon nanotubes, nanoparticles, and

many more. Park et al. showed that the nanoporous platinum electrode offers the

unprecedented advantage of very low polarizability due to the high exchange

current density (i0) of the electrode surface [102]. This technique also demonstrated

near-Nernstian behavior with ignorable hysteresis and very short response time.

Henry et al. suggested pretreated gold electrodes in a microfluidic cell to detect

cancer markers [103]. Wang et al. analyzed amino acids on a PDMS device coated

with titanium dioxide nanoparticles by indirect amperometry [95]. An interdigitated

ultramicroelectrode array (IDUA) was introduced to enable highly sensitive detec-

tion of nucleic acid, giving 1 fmol of LOD and dynamic range of 1–50 fmol [104].

Boehm et al. identified and quantified bacteria in a microfluidic chip by simple and

rapid impedometry (conductometry) [105]. By coupling an impedance-based detec-

tion system with monoclonal antibodies immobilized onto the surface in a micro-

fluidic chip, they detected bacteria in a sample within a few minutes. Swensen et al.

performed continuous, direct, and real-time detection of a small molecule analyte

through combination between aptamer-based sensing and microfluidic sample
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handling technology [106]. A number of researchers have sought new ways to

multiplex assay by using aptamer-based electrochemical biosensors that exhibit

subpicomolar detection limits [107]. Javanmard et al. proposed the use of a micro-

channel with electrodes, on which functional receptors to target biomarkers are

immobilized [108]. This attempt accomplished the detection of the anti-hCG

antibody at a concentration of 1 ng/mL in a dynamic range of three orders of

magnitude in less than 1 h.

Electronic or electric detection is hardly distinguished from electrochemical

detection because it is linked to chemical or biological interaction in the vicinity

of a conductor or semiconductor in which an electric current flows. In the sense that

it extracts information from predominantly electric signals without directly involv-

ing an electrochemical reaction, it may be discussed separately from electrochemi-

cal detection. The working principle underlying an ion-sensitive field-effect

transistor (ISFET) is similar to that of a metal oxide semiconductor field effect

transistor (MOSFET). In ISFET, change in the ion concentration leads to the

corresponding response in current between source and drain. A pH-sensitive field

effect transistor (pH-FET) is a typical ISFET working sensitively and reliably. It

provides a versatile basis for various chemical sensors, e.g., polymer membrane-

coated ISFETs, enzyme-immobilized (ENFETs), and gas-sensing FETs coupled

with gas-permeable membranes, because a lot of reactions are accompanied by

stoichiometric generation or consumption of protons. The underlying electrode

surface and the enzyme immobilization method are important factors that deter-

mine the sensitivity, stability, and selectivity. Masadome et al. devised a cationic

surfactant ISFET using polystyrene plates and stainless wires as a template for

fabricating the channel [109]. Truman et al. reported a single silicon thin film FET,

which was designed to monitor transport and chemical properties of liquids in

microfluidic systems [110]. A single polypyrrole nanowire-based FET sensor for

real-time pH monitoring is another example [111]. In this system, polypyrrole

nanowires were fabricated by electrochemical deposition inside the pores of an

anodized aluminum oxide template, providing higher sensitivity and selective

performance toward pH variation. Kim et al. demonstrated an extended gate FET

(EGFET)-based biosensor combined with a silicon microfluidic channel for the

electronic detection of streptavidin–biotin protein complexes [112]. The EGFET

device was also used for the electronic detection of nucleic acids [113].

2.3 Mass-Sensitive Methods

Mass-sensitive sensors involve piezoelectric effects and surface acoustic waves.

The piezoelectric effect was discovered in 1880. Piezoelectricity is the ability of

some materials, mostly crystals and ceramics, to generate an electric potential in

response to mechanical stress. The piezoelectric effect was mainly utilized for

immunosensors and nucleic acid sensors because antigen–antibody association

and DNA hybridization cause relatively large changes in mass. Mass-sensitive
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sensors may exploit surface acoustic waves. There have been reported a number of

sensors based on quartz resonators: electrochemical quartz crystal microbalance

(EQCM), surface acoustic wave (SAW), thickness shear mode (TSM), flexural

plate wave (FPW), and shear-horizontal acoustic plate mode (SH-APM). In

EQCM, both sides of a quartz disk are covered with thin film electrodes. SAW-

based biosensors in microfluidic platforms have been applied to immunoassays and

the detection of DNA, bacteria, and small molecules [114]. QCM sensors consist of

a thin quartz disk and two electrodes. When an oscillating electric field is applied

across the disk, an acoustic wave is induced at certain resonance frequency. Lee

et al. showed that antibodies immobilized on the self-assembled monolayer of

thiosalicylic acid on QCM allowed detection of Bacillus cereus and Listeria
monocytogenes at 104 cells/mL and 450 spores, respectively [115]. Cooper et al.

prepared QCM immunosensors that are potentially suited for detection of patho-

gens [116]. Actually, mass-sensitive sensors commonly suffer from difficulty in

discriminating between mass changes arising from the binding of authentic target

molecules and from the nonspecific adsorption of contaminants. A TSM sensor is a

piezoelectric-based sensor in which perturbation in mechanical shear strain induces

change in AC voltage and vice versa. Ergezen et al. monitored adhesion and

aggregation of platelets by a TSM sensor in real time basis [117]. FPW sensors

attracted interest due to their high sensitivity, high accuracy, and low operating

frequency in clinical, environmental, and biological fields. A representative exam-

ple is the allergy sensor based on a very high mass-sensitivity FPW detector [118].

SH-APM sensors involve leaky waves, where the wave is only partially confined to

the surface. Rocha–Gaso reviewed the SH-APM sensor and other biosensors that

exploit surface-generated acoustic waves for the detection of pathogens [119].

An important tool for mass detection is atomic force microscopy (AFM), which

utilizes cantilevers for surface characterization. Adsorption onto the sensing elec-

trode, composed of two chemically different materials, produces a differential

stress between the surfaces, resulting in bending. Molecules adsorbed on a cantile-

ver also bring about vibration frequency changes. Microfabricated cantilever func-

tionalized with antibodies has been sought as a new detection device for biosensors.

The sensors based on this physical phenomenon are summarized in Table 2. Philip

et al. reviewed the technologies and recent developments in micro-/nanoscale

cantilevers, which have been applied to the detection of relatively small analytes

[128]. Recently, nanomechanical motion induced by protein–protein interactions

on a microfabricated cantilever was reported to allow detection of prostate-specific

antigen (PSA) [120, 121]. Cherian et al. investigated the adsorption characteristics

of calcium ion on gold and silicon surfaces of a cantilever through variation in

resonance frequency and bending [122]. Watari et al. confirmed the capability of

multiple cantilever arrays to monitor bending forces induced by the ionization

reactions in aqueous samples [123]. A cantilever was also used to measure the

surface stress on micromechanical structures produced by DNA hybridization

or biomolecular reaction [124]. Arntz et al. showed continuous label-free detec-

tion of two cardiac markers, creatine kinase and myoglobin, using an array of

microfabricated cantilevers on which anticreatine kinases or antimyoglobin
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antibodies were immobilized [125]. DNA aptamer and single-chain antibody were

also employed as receptor molecules [126, 127].

2.4 Others

Temperature is a useful variable that reflects analytical information by associating

with biological functional elements. An enzyme thermistor utilizing a commercia-

lized thermistor is a kind of resistor that detects resistance changes as a function of

the ambient temperature. In this system, the molar enthalpies of enzyme-catalyzed

reactions are sensed by the thermal detector.

3 Analytes

3.1 Small Molecules

Small molecules in this review are defined as organic compounds with low molec-

ular weights. Small molecules can have a variety of biological functions. For

instance, cell signaling, which may be triggered by small molecules, has a great

importance for drug discovery, environmental analysis, mass production processes,

and so on. Another example is bacteria modalities, which are becoming increas-

ingly crucial. Boehm et al. demonstrated an on-chip microfluidic biosensor for

impedometric bacterial detection and identification in the presence of monoclonal

antibodies immobilized in the microfluidic system [105].

Label-free detection based on silicon nanowire FET devices was used to identify

small molecule inhibitors [129]. High-throughput screening of small molecules is

undoubtedly one of the hot issues in pharmaceutical drug discovery. Chan et al.

quantified small molecule aggregation in a high throughput fashion without using

Table 2 Mass-sensitive methods based on microcantilvers

Analyte Receptors or sensing bodies LOD Typical stress

(mN/m)

References

Prostate-specific

antigen

SiNx with Au coating 0.2 ng/mL – [120]

Prostate-specific

antigen

Ta/Pt/PZT/Pt/Si O2 10 pg/mL – [121]

Ca2+ ions Bare silicon/Au cantilever 1 mM 1–450 [122]

pH Thiol-modified cantilever pH 4.5–9 1–30 [123]

DNA Oligonucleotide 100 pM 1–30 [124]

Protein Antibody 20 mg/mL 1–6 [125]

Protein Oligonucleotide aptamers 100 pg/mL 1–10 [126]

Peptide Antibody fragments 20 ng/mL 1–10 [127]
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any label, but a photonic crystal [130]. Wang et al. exploited optical extinction for

probing interactions between nucleic acids and small molecules [131].

3.2 Proteins

Proteomics on a large scale have emerged as one of the major themes in modern

biomedical research. Recently, proteomics based on the concept of protein analysis

on biochip was reviewed [132]. Jonkheijm et al. summarized and discussed chemi-

cal, biological, and nanotechnological strategies that involve protein biochips as a

new kind of tool [133]. Concerning detection of proteins and polypeptides, we

should note the meaning and potential of multiplex analysis. Diercks et al. proposed

a multiplexed protein detection strategy, which was expected to eliminate the

difficulties in directly functionalizing PDMS of microfluidic devices by using

prefunctionalized microparticles [134]. Osterfeld et al. accomplished multiplex

protein detection of potential cancer markers at subpicomolar concentration levels

with a dynamic range over four decades by introducing magnetic nanotags

[135]. Fluorescence resonance energy transfer (FRET) was proved to be a powerful

method for detection of protein–protein interactions, enzyme activities, and the

presence of small molecules in the intercellular milieu [136]. Li et al. discussed

the theoretical basis of FRET focusing on the key parameters responsible for the

sensitivity of FRET biosensors [137]. In addition, Gales et al. used a biolumines-

cence resonance energy transfer (BRET) to directly monitor interactions between

receptor and G protein in living mammalian cells [138]. A protein biosensor array

based on SPR differential phase imaging was reported that worked by detecting a

time-modulated differential phase [139].

Label-free protein biosensors witnessed great advance in recent years. An

impedometric label-free detection was proposed to conduct immunoassay with

high sensitivity and specificity [140]. Aptamers that were immobilized on solid

substrates received appreciable attention because they have high permanent charge

density, which is possibly exploited for label-free detection such electrochemical

impedance spectroscopy (EIS) [141]. There are many cases of aptamers-based

sensors, which are separately described in Sect. 4.4.

Siwy et al. demonstrated the utility of a single conically shaped gold nanotube

that was embedded in a mechanically and chemically robust polymeric membrane

[142]. They reported biofunctionalized conical Au nanotubes, which are potentially

useful for obtaining highly sensitive and selective protein biosensors. So et al.

introduced a single walled carbon nanotube field effect transistor (SWNT-FET)

combined with aptamers as an alternative to the corresponding antibody [143].

Overall, current microfluidics is mature enough to provide the technology for

protein analysis, including pretreatment and separation. Rather, it seems that

biosensors with biological functional elements need significant progress to make

contribution to practical protein research and practical applications.
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3.3 Electrolytes and Gases

Most electrolyte sensors are ISEs that involve functional membranes containing

appropriate ionopores and measure the concentration of ions in chemical,

biological, or clinical samples. Especially for clinical uses, rapid and cost-effective

analysis of sodium, potassium, chloride, calcium, and magnesium ions in physio-

logical fluids including human blood are essential. ISEs are strongly advantageous

in these aspects and thus widely used for quantitative analysis of electrolytes in

chemical and clinical laboratories. Faridbod et al. reviewed applications of con-

ducting polymers for potentiometric sensing [100]. For further improvement, much

effort has been made for miniaturization. Fueled by the development of MEMS

technology, many fabrication methods were introduced to address analytical con-

cerns like LOD, biocompatibility, and sensor stability [144]. Wang et al. reviewed

electrochemical biosensors for point-of-care testing of electrolytes and gases, and

for immunoassays [95, 145].

4 Functional Receptors Integrated in Microfluidic Systems

4.1 Enzyme Electrodes

Enzymes integrated in a biosensor system catalyze the conversion of metabolite

molecules to consume or produce detectable species. The change in concentration

of the species resulting from enzyme reaction is detected by a corresponding signal

transducer. Thus, the analytical performance of these biosensors should critically

depend on the activity and stability of the immobilized enzymes. In many cases, the

enzyme immobilization is the most important step that determines whether or not

it is successful to develop reliable biosensors. In this respect, it is no wonder that a

number of new immobilization schemes and materials have been proposed to

improve the analytical capabilities of biosensors.

The targets of enzyme-based biosensors that have been reported are mostly small

molecules that are involved in human metabolism or environmental cycles, e.g.,

glucose, urea, lactate, and many others [95, 97, 98, 146, 147]. The most popular

strategy is the amperometric glucose sensor, in which glucose-specific enzymes like

glucose oxidase are immobilized onto electrodes [148]. Besides electrochemical

detection, optical signal transformation is also widely used with the enzyme-based

biosensors. Whatever the signal conversion technique applied for enzymatic bio-

sensors, the most valuable benefit obtained by using enzymes is excellent select-

ivity. The biological specificity of enzymes provides artificial systems with

invaluable opportunities.

However, most enzymes may lose their activity when they are immobilized on

substrates like electrodes or optical fibers. This is the core issue of enzymatic

biosensors. Continuous glucose monitoring in the subcutaneous layer for diabetes
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mellitus is the example that shows how critical this issue is. Once a glucose sensor

is implanted, it is not easy to calibrate its sensitivity. As the clotting and immune

reactions proceed under the skin, the environment to which the implanted sensor is

exposed keeps changing and possibly affects enzymatic activity in unexpected

manner. Since the real-time information from such a continuous glucose sensor is

more crucial to the patient than that of a disposable strip, variance in enzyme

activity is of great concern. As a result, a variety of immobilization methods,

including adsorption, capsulation, entrapment, crosslinking, and covalent bonding,

have been developed to formulate an enzyme layer with minimal damage in

enzyme activity and long term stability.

In addition to the enzyme activity, charge transfer rate in electrochemical types

is another key issue in enzymatic biosensors. Charge transfer rate from the active

site to the electrode is closely related to the overpotential that is applied. Lower

overpotential reduces the probability of interference by redox active species.

Facilitated charge transfer may also help maintaining the condition of diffusion

limiting even when significant loss of enzyme activity deteriorates sensitivity.

The bananatrode reported by Sidwell et al. is interesting in that a banana slice

was combined with gas-permeable dialysis membrane and acted as a membrane to

detect dopamine in a biological sample [149]. Polymers still provide a lot of

opportunities for better protocols of enzyme immobilization. Rauf et al. exploited

cellulose acetate and poly(methyl methacrylate) (PMMA) for reducing enzyme

leakage and enhancing the stability by 94% during 1 month of shelf life [150].

An array of hydrogel-entrapped enzymes in microfluidic channels was employed

for simultaneous quantitative analysis of biological samples [151]. The hydrogel

microarray was allegedly easy to fabricate in the microfluidic channels, which elim-

inated the potential cross-talk among the trapped enzymes. As for lactate biosen-

sors, most of them are based on lactate dehydrogenase (LDH) or lactate oxidase

[152, 153]. Lactate in serum was analyzed without pretreatment using screen

printed carbon on which an LDH layer was coated [154]. Romero et al. reported

an amperometric lactate sensor with a protective Nafion membrane, linearly

responding to lactate concentrations between 2 and 1,000 mM [153]. Elevated levels

of urea indicate possible problems in kidney and liver function. Nikoleli et al. used

a urea sensor based on an air-stable lipid film that contained urease and was

stabilized on a glass filter by photopolymerization [155]. Kuralay et al. immobilized

urease in the poly(vinylferrocenium) (PVF+) matrix [147] and Gutierrez et al.

showed a potentiometric bioelectric tongue for the analysis of urea that employed

PVC and carboxylate PVC [156]. In this work, the calibration process based on an

artificial neural network and partial least squares was introduced to determine the

concentration of urea without compensating endogenous ammonia or chemically

rejecting the alkaline interferences.

Nanomaterials are a new class of research material that have been tested for

enzyme immobilization. Sawicka et al. measured urea concentration by using

nanocomposite fibers of urease and polyvinylpyrrolidone (PVP) [146]. Biocompo-

site nanofibers were prepared by electrospinning a solution in which urease and

PVP were dissolved, leading to improvement in response time and sensitivity.
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Barhoumi et al. discussed a ZnAl-based enzyme nanohybrid system for a urea

biosensor, in which ureases were entrapped within layered double hydrides [157].

Tsai et al. employed a sol–gel method to fabricate an enzymatic optical biosensor

array for the analysis of multiple samples [152].

4.2 Antibodies

Immunoglobulins (Igs) are gamma-globulin proteins that are present in blood and

play important roles in identifying and neutralizing foreign objects such as bacteria

and viruses in the immune system. An antibody is a kind of Ig composed of heavy

(above 150 kDa) globular plasma proteins such as IgA, IgD, IgE, IgG, and IgM. An

antigen is a molecule or pathogen that is capable of eliciting an immune response.

Immunoassays make use of the sensitivity and specificity of the antibody–antigen

interaction. There are direct and indirect methods that have been adopted for

immunosensors. Direct methods acquire electrochemical, optical, or electrical

signals resulting from the event of immunochemical complex formation without

any labeling or secondary reactions, as shown Fig. 2 [158, 159].

Indirect methods utilize labeling. Typical labels for immunoassays are enzymes,

fluorescent or radioactive molecules, nanoparticles, chemiluminescent probes,

metal tags, and so on [158, 159]. By labeling, the immune reaction can be detected

more sensitively through amplifying the corresponding electrochemical, optical, or

other physical responses. That is why most conventional immunoassay protocols

adopt labeling methods. Sandwich-type immunoassays are the most widely used

Fig. 2 Schematic of direct

immunoassay
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method, which utilize secondary antibody with label. The general scheme of

sandwich-type immunoassays is illustrated in Fig. 3a. A representative example is

the ELISA, also known as an enzyme immunoassay (EIA), which is a fundamental

technique in bioanalysis.

However, we should take into account the fact that labeling processes may

increase cost and elongate the time of analysis because a few more steps in the

analytical procedure are required. More importantly, the sandwich-type immune

assay is not a good choice for small molecule analysis. If a target analyte is too

small to be bound with another primary antibody, it is difficult to expect additional

association events. In such cases, competitive immunoassays are often considered

[160]. Unlabeled antigens in the sample are allowed to compete with labeled

ones that used to be bound to antibody, as illustrated in Fig. 3b. The antigens in

the sample replace the labeled antigens, which are released to the solution and

measured. Higher concentration of unlabeled antigens (analytes) result in smaller

amount of the labeled antigens that remain bound to the antibodies.

To avoid labeling hassle, label-free methods have been suggested. Some exam-

ples of label-free approaches are back-scattering interferometry [161], impedo-

metric immunosensor for the stroke marker detection [162], and impedometry

coupled with magnetic nanoparticle immunoseparation for direct detection of

pathogenic bacterial cells in food samples [163]. Immunoassays in microfluidic

devices employing SPR have also been reported. Luo et al. developed a PDMS

microfluidic device with an array of gold spots onto which antigens or antibodies

of interest were attached [91]. Recently, a promising strategy is to immobilize

Competitive assaysNon-competitive assays

a b

Fig. 3 Schematic of indirect immunoassay
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antibodies on mobile substrates instead of planar substrates. Such mobile platforms

could be polymer-based microspheres such as latex beads or nanoparticles, which

provide fundamental basis for multiplex immunoassay. Highly carboxylated poly-

styrene/polyacrylic acid latex microspheres coated with QDs is a good example

[164]. The LOD was successfully enhanced as low as 50 ng/mL on a microfluidic

chip. The immobilization of biological receptors like antibodies onto the solid

supports is one of the core issues because it is closely related to how to maximize

the efficiency of the recognizing ability with minimal damage to their activities.

This stimulated intensive studies on the orientation-controlled immobilization of

intact proteins [133, 165, 166].

4.3 Molecular Receptors

Valdes et al. suggested the utility of various ligands as molecular receptors for

biosensors [167]. Molecular receptors have been used as substitutes for antibodies

for specific binding and detection of pathogens or toxins, including carbohydrate

derivatives, proteins, bacteriophages, and lysozymes. Koo et al. showed an efficient

capture of target analytes for a specific detection of pathogenic microorganisms

[168]. Jen et al. harnessed fiber-optic localized plasma resonance (FO-LPR) and the

characteristic optical properties of self-assembled gold nanoparticles on the surface

modified with a receptor to increase the sensitivity and shorten the response time on

microfluidic chips [169].

4.4 Aptamers

Aptamers are artificial nucleic acids that specifically bind to target molecules. The

aptamers with optimal sequences are obtained through a combinational selection

process such as systematic evolution of ligands by exponential enrichment

(SELEX) from random RNA or DNA libraries [170, 171]. Recently, aptamers

biosensors based on fluorescence, electrochemistry, QCM, and infrared spectros-

copy measurements have been actively studied [106, 107, 172–179]. Swensen et al.

improved LOD and response time [106], and Xiao et al. constructed an electronic

aptamer-based sensor by covalently attaching a methylene blue (MB)-labeled

thrombin-binding DNA aptamer to a gold electrode. [176]. Gokulrangan et al.

addressed a rapid aptamer-based bioanalysis for the sensitive detection of IgE

using fluorescence polarization [172]. Hansen et al. presented a multianalyte

electrochemical aptamer biosensors that exhibited subpicomolar (attomole) level

LOD employing QD semiconductor nanocrystals [107]. This is an impressive

achievement in regard to highly sensitive and selective simultaneous bioelectronic

detection of several protein targets. Bang et al. used beacon-type aptamers based on

intercalation of MB as an electrochemical marker and achieved an LOD of 11 nM
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thrombine [173]. Liao et al. took advantage of Fourier transform infrared attenu-

ated total reflection (FTIR-ATR) and surface modification techniques [175].

Aptamer-modified carbon nanotube FETs were utilized for the label-free detec-

tion of IgE [178]. Centi et al. simplified the target capturing step by using

aptamer-functionalized magnetic beads for sandwich electrochemical assay of

thrombin [179]. Non-Faradic impedance spectroscopy was shown to possibly

monitor the capacitance change induced by aptamer–protein association, with

the aim of in vivo cytokine sensor development for chronic neural prostheses

[180]. Wang et al. reviewed nanoparticle-based electrochemical bioassays by

using aptamer-based immunoassays and nanoparticles [145]. Aptamer applica-

tions for the detection of a variety of samples such as thrombin, cytokines, and

protein were also discussed [181, 182].

4.5 Miscellaneous

Beside enzyme, antibody, molecular ligands, and aptamers, significant research

achievements have been made with the molecular imprinting method. The strategy

of molecular imprinting is that the sites remember the local environment to selec-

tively bind the analytes, even after the previously bound analytes are released [183,

184]. In recent years, the molecular imprinting method is widely studied because of

its cost-effectiveness and high specificity. Alexander et al. reviewed the develop-

ment of molecular imprinting science and technology [185]. Janiak et al. summar-

ized molecularly imprinted polymers that had been synthesized by crosslinking of

functional monomers in the presence of a template molecule. This review dealt with

the molecular imprinting of peptides and proteins in aqueous media [186]. Eroz

et al. exploited QCMwith molecular imprinted layers to detect a variety of analytes,

including glucose [187]. Xie et al. presented the molecular imprinting on walls of

silica nanotubes for 2,4,6-trinitrotoluene (TNT) [188]. Hansen reviewed the molec-

ular imprinting of proteins [189].

5 Microfluidic Components

5.1 Pretreatment

With regard to microfluidic-based integrated biochip technology, a number of

laboratories have pursued devices that are capable of handling and analyzing real

biological samples. Human whole blood is a typical example that has a variety of

ingredients including blood cells, platelets, proteins, and many molecular species

such as glucose, mineral ions, hormones, carbon dioxide, etc. For this reason, sample

pretreatment is indispensable in many cases and thereby has been a critical issue in
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clinical, biological, and biochemical analysis on microfluidic chips. Traditional

protocols of separating blood cells from whole blood involve labor-, cost-, and

time-consuming processes that normally involve centrifuging steps. Therefore,

separation technology for sample preparation is an urgent demand, to which rapid

and efficient microfluidic technology could make the biggest contribution. Various

technologies have been suggested as alternatives to centrifugal separation. For

instance, plasma separation from whole blood was conducted by many kinds of

membrane filters, which include a planar microfilter, bent channel structure, T-

shaped channel, and micropost array [190]. Jaggi et al. observed the depletion of

red blood cells (RBCs) from whole blood at high volume flow rates [191]. In this

study, a high-aspect ratio channel bifurcation was used to separate RBCs. Moreover,

particle density in a suspension was able to be tuned and the samples were filtered

through microstructures such as micropillar arrays and membranes with circular,

hexagonal, and rectangular holes. Chun et al. realized rapid and selective RBC lysis

by quickly mixing the whole blood sample with a lysing reagent between a pair of

salt bridges that were integrated on a microfluidic chip, and applying an AC electric

field at low frequency [192].

5.2 Surface Modifications

Surface modification is crucial for improving the sensitivity of biosensors, which

should minimize nonspecific binding. There have been a number of ways to

modify the surfaces, e.g., wet chemical, organosilanization, ionized gas treat-

ments, and UV irradiation [193]. Surface modification methods that have been

published to date can be categorized into chemical and physical methods. Chemi-

cal modification immobilizes functional molecules to create surface properties

desired so that the surfaces become passivated or activated with chemicals. On the

other hand, physical modification may change the surface roughness, grain size,

and grain boundary by exposure to lasers, plasmas, heat, and polishing. To

achieve better sensitivity and reliable performance, a sufficient amount of ana-

lytes and functional molecules need to be immobilized onto the surface of interest

in the microfluidic biosensors. A good example is the surface modification of

protein-modified microcantilevers that were prepared from multiple surface con-

jugations [194]. Diao et al. tried a direct silanization with aminopropyltriethox-

ysilane and activation with glutaraldehyde [195]. Biofouling of the surfaces has

been one of the major problems in biological analysis. Several variables like

wettability, biocompatibility, and nonspecific adsorption were addressed to tackle

the biofouling problem. Poly(ethylene glycol) (PEG) is well known for its pro-

tein-resistant property [196]. Bi et al. reported a simple method for the deposition

of PEG brush on PMMA microfluidic channel surfaces [197]. The fabrication of

PEG-coated microfluidic chips would provide a biocompatible surface for com-

plex biological analysis. Prakash et al. showed covalent attachment of various

polymers fused with silica or silica-coated silicon in glass [198]. The PDMS layer
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was adhered to the surface of another PDMS by gaseous plasma [199]. Lee et al.

generated a protein micropattern on the PEG hydrogels by surface graft polymer-

ization and photolithography [200]. It was reported that PEG layers were able to

reduce nonspecific interactions [201].

5.3 Beads

Rapid and reliable quantitative analysis of cells is increasingly important. Although

utility of beads are not limited to biological applications, cellular measurements

such as cell counting, antibody-mediated agglutination, and diagnostics using

cultured cells attract exceptional interest as they could benefit immensely from

beads. Bead-based analysis for cell research and development can be discussed

from two points of views: molecular/immune assay and flow cytometry. Since the

multiplex bead array assay (MBAA) was introduced by Horan et al. in 1977 [202],

polymeric microparticles have been considered and tried as solid supports for

molecular/immunoassay. Such beads can reduce the volumes of reagents as well

as samples by providing a high surface-to-volume ratio that is significantly enlarged

in comparison to conventional microarray. Saunders et al. reported a competitive

binding assay using beads on which antibodies were anchored and associated with

nonlabeled antigens prior to exposure [203]. Holmes et al. presented a microfluidic

rapid analysis of polymer beads labeled with fluorescent dye in small volumes

[204]. This research showed the possibility that bead-based immunoassay could

induce a substantial advance in sensitivity, precision, and accuracy by employing

microfluidic chips. Gao et al. enlarged the reaction chambers for CD4-positive T

lymphocyte capture to raise cell capture efficiency compared with conventional

methods based on CD4 separation [205]. More importantly, it was demonstrated

that bead-based immunoassay is a promising alternative to ELISA based on plates,

and offers several valuable advantages [206]. Concerning the MBAA, there are two

key issues. One is functionalization of the bead surfaces as desired and the other is

recognition of individual beads that are suspended in the solution. The former issue

has been intensively addressed by research and development in industry as well as

academia. Bead-based multiplexing systems are commercially available from

Luminex, Illumina, and BioArray Solutions, as summarized in Table 3. Beads are

dispersed in the solution to have sufficient chances to interact with potential

analytes and then need to be collected before rinsing or other subsequent processes.

To successfully enable active dispersion and recollection, magnetic nanoparticles

were impregnated in polymeric microbeads for immunoassay [207].

The bead surface critically affects nonspecific binding, which is particularly

serious in the presence of physiological fluids, e.g., human whole blood. Conven-

tional polymeric surfaces need chemical coupling processes to immobilize

functional molecules and are vulnerable to contamination originating from non-

specific adsorption of proteins that are not analytes, like albumins in blood.

Polymers including ethylene glycol oligomers have been tried in an effort to
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reduce nonspecific adsorption [201, 208], but it is still challenging. A thin gold

shell on a polymeric microsphere was proposed as a new platform to tackle a

couple of issues that were involved in bead surfaces [76, 209]. This approach is

still at an early stage, but seems to deserve watching to see what will happen in the

future.

As for identification of the suspended beads, it is necessary to achieve not only

cost-effective and reliable encoding technology but also high throughput and a

facile decoding strategy. Unlike microarrays, the positions of sensing sites are not

fixed in the suspension array system. So, beads dispersed in solution should be

recognized individually to reveal what kind of receptors is immobilized on their

surfaces. Microfluidic devices are expected to provide important opportunities of

higher throughput and better reliability to encoding as well as decoding technolo-

gies, eventually making multiplex analysis possible. The encoding–decoding meth-

ods that have been reported up to now are based on fluorescence, size, or shape

[210–212]. The most popular way to encode microbeads is to incorporate fluores-

cent dyes and QDs into the beads [213, 214]. To read out the barcodes of the beads,

flow cytometry is widely used due to its multifunctional capabilities of counting,

characterizing, and sorting. It can count and characterize a variety of small parti-

cles, including cells, beads, and microparticles. The fluorescence-activated cell

sorter (FACS) is a sophisticated readout device that allows fast decoding and

sorting [215, 216]. However, the FACS system is normally a large and expensive

instrument so that it deters rapid expansion of applicability to multiplex suspension

arrays at low cost. Recently, research effort has been directed to microfluidic chip-

based flow cytometers, which require small sample volume, less reagent consump-

tion, and precise control of particles [217]. A miniaturized flow cytometer was

proposed that used a unique polyelectrolytic salt bridge for accurate discriminative

detection of cells as a function of their size and fluorescence [42, 218]. Fan et al.

reported a magnetic-bead-based chemiluminescent immunoassay in microfluidic

chips [219]. Antibody-conjugated magnetic beads were shown to be useful for

detecting viruses, with the assistance of sample pretreatment devices for purifica-

tion and preconcentration [220].

Table 3 Bead-based multiplex technologies and companies

Company Model Analysis targets Related methods

Luminex xMAP Cardiac markers Gene expression profiling

Cancer markers Nuclear receptors

Metabolic markers HLA testing

Neurobiology Infectious disease

Cytokines –

Chemokines Cystic fibrosis

Growth factor –

Illumina Sentrix SNP genotyping Gene expression

BioArray Solutions BeadChip Human erythrocyte antigen

genotyping

Ashkenazi genetic disease

genotyping

HLA Human leukocyte antigen, SNP Single nucleotide polymorphism

Biosensors in Microfluidic Chips 139



5.4 Droplets

Droplet-based microfluidics is expected to solve the problems of mixing and

reagent diffusion in laminar flow-based microfluidics. Micro- and nanoscale emul-

sions of immiscible liquid droplets were applied in various applications such as

DNA encapsulation [221] and drug delivery systems [222]. Microfluidic droplets

have a few parameters of droplet size, frequency, composition, and so on. Proper-

ties of droplets are very sensitive to their physical size and its distribution. The

conventional way to fabricate the droplets is to use macroscale instruments such as

high-pressure homogenizers, high-power generators, and ultrasonic generators.

However, it is very difficult to control the size of droplets using traditional methods.

For these reasons, microfluidic techniques have been sought for producing droplets.

Liu et al. chose dichloroethane as the continuous organic phase to create droplets

inside a hydrodynamic focusing chip [223]. By this method, uniform droplets were

made and their size was under control by varying the flow rates of the organic and

water phases.

Rapid and reliable characterization of droplets in microfluidic environments has

been widely addressed. Electrochemical methods can offer a simpler route to that

goal than traditional optical imaging. Monpichar et al. reported a droplet-based

microfluidic platform to study streptavidin–biotin binding kinetics with millisecond

time resolution [224]. In this study, a droplet microfluidic platform was integrated

with a confocal fluorescence detection system. Several microfluidic chips were

reported to make droplets with better emulsion quality [225–227]. Recently, sepa-

ration and collection of emulsion microdroplets have been explored. For example, a

passive and active satellite droplet filtration system was demonstrated [227]. There

were a few reports on a microfluidic chip that was capable of generating uniform

and tunable sizes of emulsion droplets by using microchoppers [228].

5.5 Pumping and Valves

Microfluidic analytical systems require active or passive micropumps to control the

reagent and sample delivery. A large number of micropumps have been devised

since the microfluidic system was first introduced. Several mechanisms have been

suggested for transporting the fluids in microfluidic systems, and can be discussed

in two categories: displacement and dynamic pumping. Displacement pumps exert

pressure forces on the fluid through one or more moving boundaries. Micropumps

are based on periodic displacement involve reciprocating or rotary actuations

[229–232], while periodic type micropumps have piezoelectric [233–238], peristal-

tic [239, 240], thermopneumatic [241, 242], electrostatic [243, 244], pneumatic

[245], and electromagnetic moving units [246]. A number of reports have been

published on membrane- or diaphragm-based displacement micropumps. Peristaltic

pumps are reciprocating displacement micropumps that have check or active
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valves [247]. Cho et al. reported a fully integrated pumping system using centrifu-

gal microfluidics on a polymer-based CD [248].

Dynamic pumps infuse energy to the fluid in a manner that increases either its

momentum (centrifugal pumps) or its pressure (electroosmotic and electrohydro-

dynamic pumps) as shown in Table 4. They involve centrifugal or hydrodynamic

actuations and, more specifically, are driven by electro-/magneto-hydrodynamic

[257], electroosmotic [254–256], electrokinetic [251–253], electrowetting [258],

and acoustic forces [259]. Centrifugal pumps are typically less effective for fluids

with low Reynolds numbers and have limitation in miniaturization.

Sometimes electromagnetic field and acoustic-wave are regarded as suitable

means for creating pressure to make flow. The field-free micropump driven by

electroosmotic flow is an interesting example of swift electromagnetic manipula-

tion of field-sensitive biological objects [260]. The design of the proposed system

was a “Y”-shaped channel network with two arms, which have positively and

negatively charged surfaces on the inner walls by depositing polyelectrolytes on

the respective surfaces. The fluid on this chip is under quick and precise control by a

programmed external electric field, while the designated region, in which biological

elements are being handled, is free from electromagnetic field. On other hand,

microelectromechanical systems technology was introduced to a micropump that

needs no external power source [261]. This work showed a new actuation mecha-

nism for the self-generated peristaltic motion of cascaded actuators that employ the

fluidic circuit of an elastic tube. A self-priming low-power micropump based on a

polypyrrole actuator can be fabricated without microfabrication equipment [262].

Microvalves are sometimes regarded as a part of micropumps in many reviews

[263]. In recent years, new methods for the valves have been reported, as summar-

ized in Table 5. A magnetic hydrogel nanocomposite valve was utilized for remote

Table 4 Classification of micropumps

Micropump type Operating principle Key factors References

Mechanical Diaphragm Piezoelectric [233–238]

Thermopneumatic [241, 242]

Electrostatic [243, 244]

Pneumatic [245]

Peristaltic [239, 240]

Displacement Rotary Rotating gear [229, 230]

Viscous force [231, 232]

Fluid Ferrofluid [249]

Phase change [250]

Electromagnetic Magnet [246]

Dynamic Centrifugal Momentum [248]

Electrokinetic Induction [251, 252]

Injection [253]

Electroosmotic DC [254, 255]

AC [256]

Electro-/magneto-hydrodynamic Lorentz force [257]

Electrowetting Electric [258]

Acoustic Waves [259]
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control of the flow in a microfluidic device by applying alternating magnetic fields

[281]. This approach chose temperature control to regulate the collapse of a

nanocomposite, leading to opening of the valves. Yoo et al. suggested a paraffin-

actuated microvalve in which phase transition of the paraffin from solid to liquid is

triggered by a thermal cue and results in volume change [282]. This system is

practical for controlling the mass transport of reagents and samples in a microfluidic

chip precisely and efficiently. Many valving principles have been introduced to

steer the flow by a centrifugation protocol. Honda et al. reported a rotary disk driven

by centrifugal force for highly integrated immunoassay [283]. They demonstrated

that the CD based on centrifugal force successfully handled small volumes of

samples and reagents with sufficiently good precision. With respect to flow control

in more complicated microfluidic networks, Hisamoto et al. harnessed the surface

wettability of the inner walls of microchannels, which were coated with a thermo-

responsive polymer [284].

5.6 Peripherals

The micromixer is an essential microfluidic component for specific applications.

Compared with conventional macroscale mixers, micromixers need a somewhat

different approach to working principle, specification, and design. First of all, it is

hard to make turbulence in such a limited volume [285, 286]. And, more than two

solutions in a microfluidic system are necessarily mixed as rapidly as possible for

Table 5 Classification of microvalves

Microvalve

type

Operating

principle

Operating

principle

Key factors References

Active Mechanical Magnetic External magnetic fields [264]

Integrated magnetic

inductors

[265]

Electric Electrostatic [266]

Electrokinetic [246]

Piezoelectric Frequency [267]

Thermal Bimetallic,

thermopneumatic

[268]

Nonmechanical Electrochemical – [269]

Phase change Hydrogel, sol–gel, paraffin [270–272]

Rheological Electro-rheological,

ferrofluids

[273]

External Modular Built-in, rotary [274]

Pneumatic Membrane, in-line [275, 276]

Passive Mechanical Check valve Flap [277]

Membrane [278]

Ball [249]

In-line mobile structure [279]

Nonmechanical Capillary Hydrophobic valve, abrupt [280]
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many applications, e.g., studies on the kinetics of enzyme reactions, fast liquid

reactions, discriminative cell lysis with minimal side effects, etc.

There are two types of micromixers: passive and active micromixers. Passive

micromixers operate without an external driving force so that the mixing process

depends on diffusion and chaotic advection. In order to increase the contact

interface between the liquids, various attempts have been made, including multi-

layer lamination [287], fluid injection [288], and 2D or 3D structures [289]. Most

passive mixers rely on the chaotic advection principle to enhance mass transport by

incorporating complex structure [290, 291], grooves in the channel well [292, 293],

or zig-zag-shaped channels [294]. Hardt et al. discussed passive micromixers for

applications in microfluidics [295]. Active micromixers involve the disturbance

caused by external forces for the mixing process. External forces that have been

suggested for active micromixers are pressure [296], electrodynamic [297], dielec-

trophoretic [298], electrokinetic [299], and magneto hydrodisturbance [300]. Chun

et al. used polyelectrolytic salt bridges to obtain an efficient active micromixer

operating by low voltage and straight/smooth surfaces [192]. In this system, a pair

of positively charged polyelectrolytic gel electrodes, which face to each other,

play the key role of inducing ion depletion/enrichment phenomenon. Chang et al.

reviewed the recent progress in micromixing phenomenon based on electrowetting-

on-dielectric, dielectrophoresis, and electroosmosis [301]. Hessel et al. reviewed

the mixing principles of passive and active micromixers [302].

6 Perspectives

Biosensors and microfluidic analysis systems possess an intrinsic feature that is

common to both. This is the fact that chemical and bioanalyses involving biosen-

sors and microfluidic systems could be conducted by conventional methods in the

laboratory as well, or even better. The reason why these systems are needed is not to

enable chemical or bioanalysis of target analytes that conventional methods have

been unable to analyze. They were developed to make the analytical system better

for specific purposes through size reduction, and thereby widen their range of use. It

is no wonder that tremendous research activities in this area have been concentrated

on finding solutions to the problems that come from miniaturization or integration

on a chip, and not on seeking new analytical principles or methodologies.

In this regard, the future direction of biosensors and microfluidic analytical

systems is predicted to be towards better efficiency, convenience, cost-effective-

ness, compatibility, and reliability. Label-free technology is a particularly good

example that deserves special attention. It would provide valuable advantages in

efficiency, convenience, and cost-effectiveness by simplifying the procedure,

requiring less reagents, and cutting the cost and time of analysis. However, label-

free detection still has its own challenges, and subsequent research efforts must be

made to accomplish the ultimate goal, as argued by Fan et al. [303].
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Another example is multiplex suspension analysis. As more and more knowl-

edge about nature becomes available, the demand for chemical and bioanalyses

increases correspondingly. The revolutionary advance in biotechnology is accel-

erating the growth of analytical needs. New analytes that need to be analyzed are

ceaselessly appearing and some of them may be extremely important in terms of

clinical, economical, industrial, or environmental concerns. Moreover, analytes

with a very low population, such as circulating tumor cells, need at least a few

milliliters of sample, otherwise analysis is impossible. According to the conven-

tional concept of chemical and bioanalysis, an analyte requires a sample for its own

analysis. This leads to research efforts to improve analytical methods so that they

consume as small a sample as possible. However, minimizing the sample volume

cannot ultimately solve this fundamental problem of conventional methodology.

This situation unequivocally indicates the request of multiplex analysis techniques.

2D microarrays or biosensor arrays integrated on a chip or a strip are examples of

ideas on the ways to cope with these new analytical demands. Noting that the entire

surface of the 2D arrays should be covered by the sample solution, we should

consider the microsuspension array as a promising alternative to conventional

arrays on flat substrates. Microbeads are expected to offer a useful platform for

multiplex suspension array. A large number of microbeads would provide sufficient

amount of data to ensure reliability. The current trend in modern bioanalysis

strongly indicates that efficient barcoding technology and a handy readout device

for rapid decoding/detecting the beads will make a breakthrough towards ubiqui-

tous chemical and bioanalysis using small but powerful analytical equipment that is

compatible with home appliances and mobile smart phones.

Acknowledgments The authors acknowledge Mid-career Researcher Program through the NRF

(National Research Foundation) grant funded by the MEST (Ministry of Education, Science and

Technology) of Korea (No. 2010-0011751), the Public welfare & Safety research program through

the National Research Foundation of Korea (NRF) funded by the Ministry of Education, Science

and Technology (No. 2010-0020772), and the Converging Research Center Program through the

Ministry of Education, Science and Technology (2010K001297).

References

1. Gravesen P, Branebjerg J, Jensen S (1993) J Micromech Microeng 3:168–182

2. Bao M, Wang W (1996) Sens Actuators B 56:135–141

3. Namasivayam V, Lin R, Johnson B, Brahmasandra S, Razzacki Z, Burke DT, Burns MA

(2004) J Micromech Microeng 14:81–90

4. Jakeway SC, de Mello AJ, Russell EL (2000) Fresenius J Anal Chem 366:525–539

5. Tudos AJ, Besselink GAJ, Schasfoort RBM (2001) Lab Chip 1:83–95

6. Brivio M, Fokkens RH, Verboom W, Reinhoudt DN (2002) Anal Chem 74:3972–3976

7. Schulte TH, Bardell RL, Weigl BH (2002) Clin Chim Acta 321:1–10

8. Srinivasan V, Pamula VK, Fair RB (2004) Lab Chip 4:310–315

9. Roman GT, Kennedy RT (2007) J Chromatogr A 1168:170–188

10. Briss CL, McMullin JN, Backhouse CJ (2007) Lab Chip 7:1280–1287

144 J. Noh et al.



11. Herr AE, Hatch AV, Throckmorton DJ, Tran HM, Brennan JS, Giannobile WV, Singh AK

(2007) Proc Natl Acad Sci USA 104:5268–5273

12. Boden R, Lehto M, Margell J, Hjort K, Schweitz J-A (2008) J Micromech Microeng 18:1–7

13. Myers FB, Lee LP (2008) Lab Chip 8:2015–2031

14. Fang X, Liu Y, Kong J, Jiang X (2010) Anal Chem 82:3002–3006

15. Arora A, Simone G, Salieb-Beugelaar GB, Kim JT, Manz A (2010) Anal Chem

82:4830–4837

16. Whitesides GM (2006) Nature 442:368–373

17. Janasek D, Franzke J, Manz A (2006) Nature 442:374–380

18. Craigheed H (2006) Nature 442:387–393

19. Yager P, Edwards T, Fu E, Heltor K, Melson K, Tam M, Weigl B (2006) Nature

442:412–418

20. Turner AD, Karube I, Wilson G (1986) Biosensors: Fundamentals and Applications, Oxford

Science Publications, Oxford

21. Frieder S, Florian S (1992) Biosensors, Elsevier, Newyork

22. Cooper J, Cass T (1990) Biosensors, Oxford University Press

23. Zhang X, Ju H, Wang J (2008) Electrochemical sensors, biosensors and their biomedical

applications, Elsevier

24. Clark LC, Lyons C (1962) Ann N Y Acad Sci 102:29–45

25. Dittrich PS, Manz A (2006) Nat Rev Drug Discov 5:210–218

26. El-Ali J, Sorger PK, Jensen KF (2006) Nature 442:403–411

27. Thorsen T, Maerkl S, Quake S (2002) Science 298:580–584

28. Shan X, Huang X, Foley KJ, Zhang P, Chen K, Wang S, Tao N (2010) Anal Chem

82:234–240

29. Wang S, Huang X, Shan X, Foley KJ, Tao N (2010) Anal Chem 82:935–941

30. Huang X, Wang S, Shan X, Chang X, Tao N (2010) J Electroanal Chem 649:37–41

31. Shan X, Patel U, Wang S, Iglesias R, Tao N (2010) Science 327:1363–1366

32. Balslev S, Jorgensen AM, Bilenberg B, Mogensen KB, Snakenborg D, Geschke O, Kutter JP,

Kristensen A (2006) Lab Chip 6:213–217

33. Pais A, Banerjee A, Klotzkin D, Papautsky I (2008) Lab Chip 8:794–800

34. Jindal R, Cramer SM (2004) J Chromatogr A 1044:277–285

35. Ro KW, Lim K, Shim BC, Hahn JH (2005) Anal Chem 77:5160–5166

36. Caglar P, Tuncel SA, Malcik N, Landers JP, Ferrance JP (2006) Anal Bioanal Chem

386:1303–1312

37. Park J-S, Park K-B, Shin K-S, Park H-D, Kim M-C, Kim J-R, Park S-J, Song Y-H (2006)

Sens Actuators B 117:516–622

38. Schulze P, Ludwig M, Kohler F, Belder D (2005) Anal Chem 77:1325–1329

39. Qin J, Fung Y, Zhu D, Lin B-C (2004) J Chromatogr A 1027:223

40. Li H-F, Cai Z, Lin J-M (2006) Anal Chim Acta 565:183–189

41. Renzi RF, Stamps J, Horn BA, Ferko S, VanderNoot VA,West JAA, Crocker R, Wiedenman

B, Yee D, Fruetel JA (2005) Anal Chem 77:435–441

42. Joo S, Kim KH, Kim HC, Chung TD (2010) Biosens Bioelectron 25:1509–1515

43. Bhattacharyya A, Klapperich CM (2007) Biomed Microdevices 9:245–251

44. Yacoub-George E, Hell W, Meixner L, Wenninger F, Bock K, Lindner P, Wolf H, Kloth T,

Feller KA (2007) Biosens Bioelectron 22:1368–1375

45. Hatakeyama K, Tanaka T, Sawaguchi M, Iwadate A, Mizutani Y, Sasaki K, Tateishi N,

Matsunaga T (2009) Lab Chip 9:1052–1058

46. Huang X, Ren J (2005) Electrophoresis 26:3595–3601

47. Liu B-F, Ozaki M, Hisamoto H, Luo Q, Utsumi Y, Hattori T, Terabe S (2005) Anal Chem

77:573–578

48. Qiu H, Yan J, Sun X, Liu J, Cao W, Yang X, Wang E (2003) Anal Chem 75:5435–5440

49. Llobera A, Demming S, Wilke R, Buttgenbach S (2007) Lab Chip 7:1560–1566

Biosensors in Microfluidic Chips 145



50. Torrance L, Ziegler A, Pittman H, Pater M, Toth R, Eggleston I (2006) J Virol Methods

134:164–170

51. Zezza F, Pascale M, Mule G, Visconti A (2006) J Microbiol Methods 66:529–537

52. Skottrup P, Hearty S, Frokiaer H, Leonard P, Hejgaard J, O’Kennedy R, Nicolaisen M,

Justesen AF (2007) Biosens Bioelectron 22:2724–2729

53. Skottrup P, Nicolaisen M, Justesen AF (2007) J Microbiol Methods 68:507–515

54. Ligler FS (2009) Anal Chem 81:519–526

55. Steigert J, Grumann M, Brenner T, Riegger L, Harter J, Zengerle R, Ducree J (2006) Lab

Chip 6:1040–1044

56. Xu F, Datta P, Wang H, Gurung S, Hashimoto M,Wei S, Goettert J, McCarley RL, Soper SA

(2007) Anal Chem 79:9007–9013

57. Liu P, Seo TS, Beyou N, Shin K-J, Scherer JR, Mathies RA (2007) Anal Chem

79:1881–1889

58. Hofmann O, Wang X, Cornwell A, Beecher S, Raja A, Bradly DDC (2006) Lab Chip

6:981–987

59. Schmidt O, Bassler M, Kiesel P, Knollenberg C, Johnson N (2007) Lab Chip 7:626–629

60. Vezenov DV, Mayers BT, Conroy RS, Whitesides GM, Snee PT, Chan Y, Nocera DG,

Bawendi MG (2005) J Am Chem Soc 127:8952–8953

61. Li Z, Wang Y, Wang J, Tang Z, Pounds JG, Lin Y (2010) Anal Chem 82:7008–7014

62. Huang C-P, Li Y-K, Chen T-M (2007) Biosens Bioelectron 22:1835–1838

63. Marchand G, Broyer P, Lanet V, Delattre C, Foucault F, Menou L, Calvas B, Roller D, Ginot

F, Campagnolo R, Mallard F (2008) Biomed Microdevices 10:35–45

64. Schwarz RA, Arifler D, Chang SK, Pavlova I, Hussain IA, Mack V, Knight B, Richards-

Kortum R (2005) Optics Lett 30:1159–1161

65. Qian X, Peng X-H, Ansari DO, Yin-Goen Q, Chen GZ, Shin DM, Yang L, Young AN, Wang

MD, Nie S (2008) Nat Biotechnol 26:83–90

66. Jeanmaire DL, Van Duyne RP (1977) J Electroanal Chem 84:1–20

67. Gao X, Zhang Y, Weaver MJ (1992) Langmuir 8:668–672

68. Hildebrandt P, Stockburger M (1984) J Phys Chem 88:5935–5944

69. Kneipp K, Wang Y, Kneipp H, Perelman LT, Itzkan I, Dasari RR, Feld MS (1997) Phys Rev

Lett 78:1667–1670

70. Nie S, Emory SR (2010) Science 275:1102–1106

71. Oldenburg SJ, Westcott SL, Averitt RD, Halas NJ (1999) J Chem Phys 111:4729–4735

72. Wustholz KL, Henry A-I, McMahon JM, Freeman RG, Valley N, Piotti ME, Natan MJ,

Schatz GC, Van Duyne RP (2010) J Am Chem Soc 132:10903–10910

73. Lim D-K, Jeon K-S, Kim HM, Nam J-M, Suh YD (2009) Nat Mater 9:60–67

74. Haynes CL, Duyne RP (2001) J Phys Chem B 105:5599–5611

75. Banholzer MJ, Millstone JE, Qin L, Mirkin CA (2008) Chem Rev 37:885–897

76. Lee S, Joo S, Park S, Kim S, Kim HC, Chung TD (2010) Electrophoresis 31:1–7

77. Cooper MA (2002) Nature 1:515–528

78. Homola J, Yee SS, Gauglitz G (1999) Sens Actuators B 54:3–15

79. Kim SJ, Gobi KV, Iwasaka H, Tanaka H, Miura N (2007) Biosens Bioelectron

23:701–707

80. Feltis B, Sexton B, Glenn F, Best M, Wilkins M, Davis T (2008) Biosens Bioelectron

23:1131–1136

81. Springer T, Piliarik M, Homola J (2010) Sens Actuators B 145:588–591

82. Waswa J, Irudayaraj J, DebRoy C (2007) Food Sci Technol 40:187–192

83. Wei D, Oyarzabal A, Huang T, Balasubramanian S, Sista S, Simonian AL (2007) J Microbiol

Methods 69:78–85

84. Shin Y-B, Kim HM, Jung Y, Chung BH (2010) Sens Actuators B 150:1–6

85. Leebeeck AD, Kumar LKS, Lange VD, Sinton D, Gordon R, Brolo AG (2007) Anal Chem

79:4094–4100

146 J. Noh et al.



86. Huang C, Bonroy K, Reekmans G, LaureynW, Verhaegen K, Vlaminck ID, Lagae L, Borghs

G (2009) Biomed Microdevices 11:893–901

87. Huang C, Bonroy K, Reekmans G, Verstreken K, Lagae L, Borghs G (2009) Miroelectron

Eng 86:2437–2441

88. Frederix F, Friedt KH, Choi W, Laureyn W, Campitelli A, Mondelaers D, Maes G, Borghs G

(2003) Anal Chem 75:6894–6900

89. Willets KA, Van Duyne RP (2007) Annu Rev Phys Chem 58:267–297

90. Huang C-T, Jen C-P, Chao T-C, Wu W-T, Li W-Y, Chau L-K (2009) Sensors 9:6456–6470

91. Luo Y, Yu F, Zare RN (2008) Lab Chip 8:694–700

92. Zordan MD, Grafton MMG, Acharya G, Reece LM, Cooper CL, Aronson AI, Park K, Leary

JF (2008) Cytometry A 75A:155–162

93. Pang L, Hwang GM, Slutsky B, Fainman Y (2007) Appl Phys Lett 91:123112

94. Wang J, Polsky R, Tian B, Chatrathi MP (2000) Anal Chem 72:5285–5289

95. Wang J (2008) Chem Rev 108:814–825

96. Privett BJ, Shin JH, Schoenfisch MH (2010) Anal Chem 82:4723–4741

97. Wang J (2006) Biosens Bioelectron 21:1887–1892

98. Lad U, Khokhar S, Kale GM (2008) Anal Chem 80:7910–7917

99. Bobacka J, Ivaska A, Lewenstam A (2008) Chem Rev 108:329–351

100. Faridbod F, Ganjali MR, Dinarvand R, Norouzi P (2008) Sensors 8:2331–2412

101. Durand NFY, Renaud P (2008) Lab Chip 8:319–324

102. Park S, Boo H, Kim Y, Han J-H, Kim HC, Chung TD (2005) Anal Chem 77:7695–7701

103. Henry OY, Fragoso A, Beni V, Laboria N, Sanchez JLA, Latta D, Germar FV, Drese K,

Katakis I, O’Sullivan CK (2009) Electrophoresis 30:3398–3405

104. Goral VN, Zaytseva NV, Baeumner AJ (2006) Lab Chip 6:414–421

105. Boehm DA, Gottlieb PA, Hua SZ (2007) Sens Actuators B 126:508–514

106. Swensen JS, Xiao Y, Ferguson BS, Lubin AA, Lai RY, Heeger AJ, Plaxco KW, Soh HT

(2009) J Am Chem Soc 131:4262–4266

107. Ja H, Wang J, Kawde A-N, Xiang Y, Gothelf KV, Collins G (2006) J Am Chem Soc

128:2228–2229

108. Javanmard M, Talasaz AH, Nemat-Gorgani M, Pease F, Ronaghi M, Davis RW (2009) Lab

Chip 9:1429–1434

109. Masadome T, Yada K, Wakida S-I (2006) Anal Sci 22:1065–1069

110. Truman P, Petra U, Manfred S (2006) Lab Chip 6:1220–1228

111. Shirale DJ, Bangar MA, Chen W, Myung NV, Mulchandani A (2010) J Phys Chem C

114:13375–13380

112. Kim D-S, Park J-E, Shin J-K, Kim PK, Lim G, Shoji S (2006) Sens Actuators B 117:488–494

113. Friitz J, Cooper EB, Gaudet S, Sorger PK, Manalis SR (2002) Proc Natl Acad Sci USA

99:14142–14146

114. Lange K, Rapp BE, Rapp M (2008) Anal Bioanal Chem 391:1509–1519

115. Lee SH, Stubbs DD, Carney J, Hunt WD (2005) IEEE Sens J 5:737–743

116. Cooper MA, Singleton VT (2007) J Mol Recognit 20:154–184

117. Ergezen E, Appel M, Shah P, Kresh JY, Lec RM, Wootton DM (2007) Biosens Bioelectron

23:575–582

118. Huang I-Y, Lee MC (2008) Sens Actuators B 132:340–348

119. Rocha-Gaso M-I, March-Iborra C, Montoya-Baides A, Arnau-Vives A (2009) Sensors

9:5740–5769

120. Wu G, Datar RH, Hansen KM, Thundat T, Cote RJ, Majumdar A (2001) Nat Biotechnol

19:856–860

121. Lee JH, Hwang KS, Park J, Yoon KH, Yoon DS, Kim TS (2005) Biosens Bioelectron

20:2157–3162

122. Cherian S, Mehta A, Thundat T (2002) Langmuir 18:6935–6939

123. Watari M, Galbraith J, Lang H-P, Sousa M, Hegner M, Gerber C, Horton MA, Mckendry RA

(2006) J Am Chem Soc 129:601–609

Biosensors in Microfluidic Chips 147



124. Stachowiak JC, Yue M, Castelino K, Chakraborty A, Majumdar A (2006) Langmuir

22:263–268

125. Arntz Y, Seelig JD, Lang H-P, Zhang J, Hunziker P, Ramseyer JP, Meyer E, Hegner M,

Gerber C (2003) Nanotechnology 14:86–90

126. Savran CA, Knudsen SM, Ellington AD, Manalis SR (2004) Anal Chem 76:3194–3198

127. Backmann N, Zahnd C, Huber F, Bietsch A, Pluckthun A, Lang H-P, Guntherodt H-J,

Hegner M, Gerber C (2005) Proc Natl Acad Sci USA 102:14587–14592

128. Waggoner PS, Craighead HG (2007) Lab Chip 7:1238–1255

129. Wang WU, Chen C, K-h L, Fang Y, Lieber CM (2005) Proc Natl Acad Sci USA

102:3208–3212

130. Chan LL, Lidstone EA, Finch KE, Heeres JT, Hergenrother PJ (2009) J Assoc Lab Autom

14:348–359

131. Wang J, Coffey PD, Swann MJ, Yang F, Lu JR, Yang X (2010) Anal Chem 82:5455–5462

132. Phizicky E, Bastiaens PIH, Zhu H, Snyder M, Field S (2003) Nature 422:208–215

133. Jonkheijm P, Weinrich D, Schroder H, Niemeyer CM, Waldmann H (2008) Angew Chem

47:9618–9647

134. Diercks AH, Ozinsky A, Hansen CL, Spotts JM, Rodriguez DJ, Adrem A (2009) Anal

Biochem 386:30–35

135. Osterfeld SJ, Yu H, Gaster RS, Caramuta S, Xu L, Han S-J, Hall DA, Wilson RJ, Sun S,

White RL, Davis RW, Pourmand N, Wang SX (2008) Proc Natl Acad Sci USA 105:

20637–30640

136. Ai H-W, Hazelwood KL, Davidson MW, Campbell RE (2008) Nat Methods 5:401–403

137. Li IT, Pham E, Truong K (2006) Biotechnol Lett 28:1971–1982

138. Gales C, Rebois RV, Hogue M, Trieu P, Breit A, Hebert TE, Bouvier M (2005) Nat Methods

2:177–184

139. Wong CL, Ho HP, Suen YK, Kong SK, Chen QL, Yuan W, Wu SY (2008) Biosens

Bioelectron 24:606–612

140. Li CM, Chen W, Yang X, Sun CQ, Gao C, Zheng ZX, Sawyer J (2005) Front Biosci

10:2518–2526

141. Xu D, Xu D, Yu X, Liu Z, He W, Ma Z (2005) Anal Chem 77:5107–5113

142. Siwy Z, Trofin L, Kohli P, Baker LA, Trautmann C, Martin CR (2005) J Am Chem Soc

127:5000–5001

143. So H-M, Won K, Kim YH, Kim B-K, Rhu BH, Na PS, Kim H, Lee J-O (2005) J Am Chem

Soc 127:11906–11907

144. Bakker E, Pretsch E (2008) Trends Anal Chem 27:612–618

145. Wang J (2007) Electroanalysis 19:769–776

146. Sawicka K, Gouma P, Simon S (2005) Sens Actuators B 108:585–588

147. Kuralay F, Ozyoruk H, Yildiz A (2006) Sens Actuators B 114:500–506

148. Updike SJ, Hicks GP (1967) Nature 214:986–988

149. Sidwell JS, Rechnitz GA (1985) Biotechnol Lett 7:419–422

150. Rauf S, Ihsan A, Akhtar K, Ghauri MA, Rahman M, Anwar MA, Khalid AM (2006)

J Biotechnol 121:351–360

151. Heo J, Crooks M (2005) Anal Chem 77:6843–6851

152. Tsai H-C, Doong R-A (2005) Biosens Bioelectron 20:1796–1804

153. Romero MR, Ahumada F, Garay F, Baruzzi AM (2010) Anal Chem 82:5568–5572

154. Piano M, Serban S, Pittonson R, Drago GA, Hart JP (2010) Talanta 82:34–37

155. Nikoleli G-P, Nikolelis DP, Methenitis C (2010) Anal Chim Acta 675:58–63

156. Gutierrez M, Alegret S, Valle MD (2007) Biosens Bioelectron 22:2171–2178

157. Barhoumi H, Maaref A, Rammah M, Martelet C, Jaffrezic N, Mousty C, Vial S, Forano C

(2006) Mater Sci Eng C 26:328–333

158. Kuwana T, Bouchier-Hayes L, Chipuk JE, Bonzon C, Sullivan BA, Green DR, Newmeyer

DD (2005) Mol Cell 17:525–535

159. Moreno-Bondi MC, Benito-Pena ME, Urraca JL, Orellana G (2010) Top Curr Chem 1–54

148 J. Noh et al.



160. Murphy BM, He X, Dandy D, Henry C (2008) Anal Chem 80:444–450

161. Bornhop DJ, Latham JC, Kussrow A, Markov DA, Jones RD, Soresen HS (2007) Science

317:1732–1736

162. Barton AC, Davis F, Higson SPJ (2008) Anal Chem 80:6198–6205

163. Varshney M, Li Y, Shinivasan B, Tung S (2007) Sens Actuators B 128:99–107

164. Lucas LJ, Chesler JN, Yoon J-Y (2007) Biosens Bioelectron 23:675–681

165. Vallina-Garcia R, Garcia-Suarez MDM, Fernandez-Abedul MT, Mendez FJ, Costa-Garcia A

(2007) Biosens Bioelectronics 23:210–217

166. Jung HJ, Hwang I, Kim BJ, Min H, Yu H, Lee TG, Chung TD (2010) Langmuir

26:15087–15091

167. Valdes JJ, Wall JG, Chambers JP, Eldefrawi ME (1998) Johns Hopkins Univ Appl Phys Lab

Tech Dig 9:4–10

168. Koo OK, Liu Y, Shuaib S, Bhattacharya S, Ladisch MR, Bashir R, Bhunia AK (2009) Anal

Chem 81:3094–3101

169. Jen C-P, Huang C-T, Lu Y-H (2009) Microelectron Eng 86:1505–1510

170. Tuerk C, Gold L (1990) Science 249:505–510

171. Ellington AD, Szostak J (1990) Nature 346:818–822

172. Gokulrangan G, Unruh JR, Holub DF, Ingram B, Johnson CK, Wilson GS (2005) Anal Chem

77:1963–1970

173. Bang GS, Cho S, Kim B-G (2005) Biosens Bioelectron 21:863–870

174. Liao W, Guo S, Zhao XS (2006) Front Biosci 11:186–197

175. Liao W, Wei F, Liu D, Qian MX, Yuan G, Zhao XS (2006) Sens Actuators B 114:445–450

176. Xiao Y, Lubin AA, Heeger AJ, Plaxco KW (2005) Angew Chem Int Ed 44:5456–5459

177. Hianik T, Ostatna V, Zajacova Z, Stoikova E, Evtugyn G (2005) Bioorg Med Chem Lett

15:291–295

178. Maehashi K, Katsura T, Kerman K, Takamura Y, Matsumoto K, Tamiya E (2007) Anal

Chem 79:782–787

179. Centi S, Tombelli S, Minunni M, Mascini M (2007) Anal Chem 79:1466–1473

180. Liao W, Cui XT (2007) Biosens Bioelectron 23:218–224

181. Xu Y, Cheng G, He P, Fang Y (2009) Electroanalysis 21:1251–1259

182. Cho EJ, Lee J-W, Ellington AD (2009) Annu Rev Anal Chem:241–264

183. Turner NW, Jeans CW, Brain KR, Allender CJ, Hlady V, Britt DW (2006) Biotechnol Prog

22:1474–1489

184. Ye L, Mosbach K (2008) Chem Mater 20:859–868

185. Alexander C, Andersson HS, Andersson LI, Ansell RJ, Kirsch N, Nicholls IA, O’sMahony J,

Whitecombe MJ (2006) J Mol Recognit 19:106–180

186. Janiak DS, Kofinas P (2007) Anal Bioanal Chem 389:399–404

187. Ersoz A, Denizli A, Ozcan A, Say R (2005) Biosens Bioelectron 20:2197–2202

188. Xie C, Liu B, Wang Z, Gao D, Guan G, Zhang Z (2008) Anal Chem 80:437–443

189. Hansen DE (2007) Biomaterials 28:4178–4191

190. Kim YC, Kim S-H, Kim D, Park S-J, Park J-K (2009) Sens Actuators B 19:861–868

191. Jaggi RD, Sandoz R, Effenhauser CS (2007) Microfluid Nanofluid 3:47–53

192. Chun H, Kim HC, Chung TD (2008) Lab Chip 8:764–771

193. Goddard JM, Hotchkiss JH (2007) Prog Polym Sci 32:698–725

194. Gao H, Buchapudi KR, Harms-Smyth A, Schulte MK, Xu X, Ji H-F (2008) Langmuir

24:345–349

195. Diao J, Ren D, Engstrom JR, Lee KH (2005) Anal Biochem 343:322–328

196. Lee S, Voros J (2005) Langmuir 21:11957–11962

197. Bi H, Meng S, Li Y, Guo K, Chen Y, Kong J, Yang P, Zhong W, Liu B (2006) Lab Chip

6:769–775

198. Prakash S, Long TM, Selby JC, Moore JS, Shannon MA (2007) Anal Chem 79:1661–1667

199. Patrito N, McCague C, Norton PR, Petersen N (2007) Langmuir 23:715–719

200. Lee W, Choi D, Lee Y, Kim D-N, Park J, Koh W-G (2008) Sens Actuators B 129:841–849

Biosensors in Microfluidic Chips 149



201. Kitagawa F, Kubora K, Sueyoshi K, Otsuka K (2010) J Pharm Biomed Anal 53:1272–1277

202. Horan PK, Wheeless LL (1977) Science 198:149–157

203. Saunders GC, Jett JH, Martin JC (1985) Clin Chem 31:2020–2023

204. Holmes D, She JK, Roach PL, Morgan H (2007) Lab Chip 7:1048–1056

205. Gao D, Li H-F, Guo G-S, Lin J-M (2010) Talanta 528–533

206. Sachdeva N, Asthana D (2007) Front Biosci 1:4682–4695

207. Yang S-Y, Lien K-Y, Huang K-J, Lei H-Y, Lee G-B (2008) Biosens Bioelectron 24:855–862

208. Sokolsky-Papkov M, Agashi K, Olaye A, Shakesheff K, Domb AJ (2007) Adv Drug Deliv

Rev 59:187–206

209. Piao L, Park S, Lee HB, Kim K, Kim J, Chung TD (2010) Anal Chem 82:447–451

210. Pregibon DC, Toner M, Doyle PS (2007) Science 315:1393–1396

211. Lee H, Kim J, Kim H, Kim J, Kwon S (2010) Nat Mater 22:745–749

212. Qian X, Peng X-H, Ansari DO, Yin-Goen Q, Chen GZ, Shin DM, Yang L, Young AN, Wang

MD, Nie S (2007) Nat Biotechnol 26:83–90

213. Zhu X, Duan D, Madsen S, Publicover NG (2010) Anal Bioanal Chem 396:1345–1353

214. Tennico YH, Hutanu D, Koesdjojo MT, Bartel CM, Roemcho VT (2010) Anal Chem

82:5591–5597

215. Wang MM, Tu E, Raymond DE, Yang JM, Zhang H, Hagen N, Dees B, Mercer EM, Forster

AH, Kariv I, Marchand PJ, Butler WF (2005) Nat Biotechnol 23:83–87

216. Breslauer DN, Lee PJ, Lee LP (2006) Mol Biosyst 2:97–112

217. Chung TD, Kim HC (2007) Electrophoresis 28:4511–4520

218. Chun H, Chung TD, Kim HC (2005) Anal Chem 77:2490–2495

219. Fan A, Lau C, Lu J (2005) Anal Chem 77:3238–3242

220. Elshal MF, McCoy JP (2006) Methods 38:317–323

221. Korobko AV, Jesse W, van der Maarel JRC (2005) Langmuir 21:34–42

222. Moghimi SM, Hunter AC, Clifford MJ (2005) FASEB J 19:311–330

223. Liu S, Gu Y, Le Roux RB, Matthews SM, Bratton D, Yunus K, Fisher AC, HuckWTS (2008)

Lab Chip 8:1937–1942

224. Monpichar S-A, Emily CD, Adrew JD, Edel JB (2008) Anal Chem 80:7063–7067

225. Tan Y-C, Lee AP (2005) Lab Chip 5:1178–1183

226. Willaime H, Barbier V, Kloul L, Maine S, Tabeling P (2006) Phys Rev Lett 96:054501

227. Chen C-T, Lee G-B (2006) J Microelectromech Syst 15:1492–1498

228. Lai C-W, Lin Y-H, Lee G-B (2008) Biomed Microdevices 10:749–756

229. Maruo S, Inoue H (2006) Appl Phys Lett 89:144101

230. Lei K, Law W, Suen Y-K, Li W, Yam Y, Ho H, Kong S-K (2007) Proc Inst Mech Eng

221:129–141

231. Blanchard D, Ligrani P, Gale B (2005) Sens Actuators A 122:149–158

232. Al-Halhouli A, Al-Salaymeh A, Kilani M, Buttgenbach S (2007) Microfluid Nanofluid

3:537–546

233. Feng G-H, Kim E (2005) J Microelectromech Syst 14:192–199

234. Kim Y, Kim J, Na K, Rhee K (2005) Proc Inst Mech Eng 219:1139–1145

235. Cui Q, Liu C, Zha X (2007) Microfluid Nanofluid 3:377–390

236. Izzo I, Accoto D, Menciassi A, Schmitt L, Dario P (2007) Sens Actuators B 133:128–140

237. Doll A, Heinrichs M, Goldschmidtboeing F, Schrag H, Hopt U, Woias P (2006) Sens

Actuators A 130–131:445–453

238. Chen S, Cheng C, Lin Y (2007) Sens Actuators A 135:1–9

239. Goulpeau J, Trouchet D, Ajdari A, Trabeling P (2005) J Appl Phys 98:044914

240. Geipel A, Doll A, Jantscheff P, Esser N, Massing U, Woias P, Goldschmidtboeing F (2007)

J Micromech Microeng 17:949–959

241. Kim J-H, Na K-H, Kang C, Kim Y-S (2005) Sens Actuators A 120:365–369

242. Boden R, Lehto M, Simu U, Thornell G, Hjort K, Schwietz J-A (2006) Sens Actuators A

127:88–93

243. Machauf A, Nemirovsky Y, Dinnar U (2005) J Micromech Microeng 15:2309–2316

150 J. Noh et al.



244. Astle A, Kim H, Bernal L, Najafi K, Washabaugh P (2007) Sens Actuators A 134:245–256

245. Inman W, Domansky K, Serdy J, Owens B, Trumper D, Griffith L (2007) J Micromech

Microeng 17:891–899

246. Yamahata C, Lacharme F, Burri Y, Gijs MAM (2005) Sens Actuators B 110:1–7

247. Jang L-S, Kan W-H (2007) Biomed Microdevices 9:619–626

248. Cho Y-K, Lee J-G, Park J-M, Lee B-S, Lee Y, Ko C (2007) Lab Chip 7:565–573

249. Yamahata C, Chastellain M, Parashar V, Petri A, Hoffmann H, Nam G (2005) J Microelec-

tromech Syst 14:96–102

250. Yin Z, Prosperetti A (2005) J Micromech Microeng 15:643–651

251. Woias P (2005) Sens Actuators B 105:28–38

252. Singhal V, Garimella S (2007) Sens Actuators A 134:650–659

253. Go D, Garimella S, Fisher T, Mongia R (2007) J Appl Phys 102:053302

254. Chen Z, Wang P, Chang H-C (2005) Anal Bioanal Chem 382:817–824

255. Hu J, Chao C (2007) Int J Refrigeration 30:290–298

256. Wu J, Lian M, Yang K (2007) Appl Phys Lett 90:234103

257. Duwairi H, Abdullah M (2007) Microsyst Technol 13:33–39

258. Mugele F, Baret J-C (2005) J Phys Condens Matter 17:705–774

259. Nguyen N-T, Meng A, Black J, White R (2000) Sens Actuators A 79:115–121

260. Joo S, Chung TD, Kim HC (2007) Sens Actuators B 123:1161–1168

261. Jeong OC, Konishi S (2008) J Micromech Microeng 18:085017

262. Kim JH, Lau KT, Diamond D (2008) Fabrication of microfluidic pump using conducting

polymer actuator. In: Proceedings IEEE international conference on sensor networks, ubiq-

uitous, and trustworthy computing, 11–13 June 2008, Taichung, Taiwan, pp 457–463

263. Laser DJ, Santiago JG (2004) J Micromech Microeng 14:35–64

264. Goettsche T, Kohnle J, Willmann M, Ernst H, Spieth S, Tischler R, Messner S, Zengerle R,

Sandmaier H (2005) Sens Actuators A 118:70–77

265. Oh K, Han A, Bhansali S, Ahn C (2002) J Micromech Microeng 12:187–191

266. Teymoori MM, Abbaspor-sani E (2005) Sens Actuator A 117:222–229

267. Peirs J, Reynaert D, Van Brussel H (2000) Sens Actuators A 85:409–417

268. Takao M, Miyamura K, Ebi H, Ashiki M, Sawada K, Ishida K (2005) Sens Actuators A

119:468–475

269. Suzuki H, Yoneyama R (2003) Sens Actuators B 96:38–45

270. Hu Z, Zhang X, Li Y (1995) Science 269:525–527

271. Liu Y, Rauch C, Stevens R, Lenigk R, Yang J, Rhine D, Grodzinski P (2002) Anal Chem

74:3063–3070

272. Pal R, Yang M, Johnson B, Burke D, Burns M (2004) Anal Chem 76:3740–3748

273. Yamahata C, Chastellain M, Parashar V, Petri A, Hoffmann H, Gijs MAM (2005) J Micro-

electromech Syst 14:96–102

274. Oh K, Park C, Namkoong K (2005) A world-to-chip microfluidic interconnection technology

with dual functions of sample injection and sealing for a multichamber micro PCR chip. In:

Proceedings MEMS 2005, 18th international conference on micro-electromechanical sys-

tems, 30 Jan–3 Feb 2005, Miami, FL, pp 714–717

275. Baek J, Park J, Ju J, Lee T, Lee S (2005) J Micromech Microeng 15:1015–1020

276. Unger M, Chou H-P, Thorsen T, Scherer A, Quake S (2000) Science 288:113–116

277. Feng G-H, Kim E (2004) J Micromech Microeng 14:429–435

278. Li B, Chen Q, Lee D-G, Woolman J, Carman G (2005) Sens Actuators A 117:325–330

279. Reichmuth D, Shepodd T, Kirby B (2004) Anal Chem 76:5063–5068

280. Futterer C, Minc N, Bormuth V, Codarbox J-H, Laval P, Rossier J, Viovy J-L (2004) Lab

Chip 4:351–356

281. Satarkar NS, Zhang W, Eitel RE, Hilt JZ (2009) Lab Chip 9:1773–1779

282. Yoo J-C, La G-S, Kang CJ, Kim Y-S (2008) Curr Appl Phys 8:692–695

283. Honda N, Lindberg U, Anderson P, Hoffmann S, Takei H (2005) Clin Chem 51:1955–1961

284. Takei G, Nonogi M, Hibara A, Kitamori T, Kim H-B (2007) Lab Chip 7:596–602

Biosensors in Microfluidic Chips 151



285. Takahashi S, Yeh S-R, Das TK, Chan C-K, Gottfried DS, Rousseau DL (1997) Nat Struct

Biol 4:44–50

286. Park HY, Qiu X, Rhoades E, Korlach J, Kwok LW, Zipfel WR, WebbWW, Pollack L (2006)

Anal Chem 78:4465–4473

287. Wong S, Ward M, Wharton C (2004) Sens Actuators B 100:365–385

288. Voldman J, Gray M, Schmidt M (2000) J Microelectromech Syst 9:295–302

289. Haverkamp V (1999) J Anal Chem 364:617–624

290. He B (2001) Anal Chem 73:1942–1947

291. Chen H, Meiners J (2004) Appl Phys Lett 84:2193–2195

292. Stroock A (2002) Science 295:647–651

293. Stroock A, Whitesides GM (2003) Acc Chem Res 36:597–604

294. Mengeaud V, Josserand J, Girault H (2002) Anal Chem 74:4279–4286

295. Hardt S, Drese KS, Hessel V, Schonfeld F (2005) Microfluid Nanofluid 1:108–118

296. Niu X, Lee Y (2003) J Microelectromech Syst 13:454–462

297. El Moctar A, Aubry N, Batton J (2003) Lab Chip 3:273–280

298. Deval J, Tabeling P, Ho C (2002) A dielectrophoretic chaotic mixer. In: Proceedings

MEMS2002, 15th IEEE international workshop on micro-electromechanical systems,

20–24 Jan 2002, Las Vegas, NV, pp 36–39

299. Tang Z (2002) J Micromech Microeng 12:870–877

300. Bau H, Zhong J, Yi M (2001) Sens Actuators B 79:207–215

301. Chang C-C, Yang R-J (2007) Microfluid Nanofluid 3:501–525

302. Hessel V, Lowe H, Schonfeld F (2005) Chem Eng Sci 60:2479–2501

303. Fan X, White IM, Shopova SI, Zhu H, Suter JD, Sun Y (2008) Anal Chim Acta 620:8–26

152 J. Noh et al.


	Biosensors in Microfluidic Chips
	1 Introduction
	2 Detection Principles
	2.1 Optical Methods
	2.2 Electrochemical and Electronic Methods
	2.3 Mass-Sensitive Methods
	2.4 Others

	3 Analytes
	3.1 Small Molecules
	3.2 Proteins
	3.3 Electrolytes and Gases

	4 Functional Receptors Integrated in Microfluidic Systems
	4.1 Enzyme Electrodes
	4.2 Antibodies
	4.3 Molecular Receptors
	4.4 Aptamers
	4.5 Miscellaneous

	5 Microfluidic Components
	5.1 Pretreatment
	5.2 Surface Modifications
	5.3 Beads
	5.4 Droplets
	5.5 Pumping and Valves
	5.6 Peripherals

	6 Perspectives
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


