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Abstract Immunoassay is one of the most widely used
biomedical diagnostic methods due to its sensitivity and
specificity. Microfluidic lab-on-a-chip technology has the
advantages of portability, integration, and automation. The
combination of these two technologies leads to a pathway
for point-of-care diagnostics using the unprocessed sam-
ples such as the whole blood. This article reviews the
recent advancement and the major development in the
microfluidic-based whole-blood immunoassays. After a
survey of the recent studies on microfluidic whole-blood
immunoassays, an in-depth review about the detection
methods that can be miniaturized and integrated in the
immunoassay chips is provided. Point-of-care diagnostics
applications require developing a fully integrated, dispos-
able, low-cost, and handheld microfluidic device for the
whole-blood immunoassay. In this regard, some comments
and suggestions for future research are given.

Keywords Microfluidics - Immunoassay - Whole blood -
Optical detection - Non-optical detection - Lab-on-a-chip

1 Introduction

On-site detection of pathogenic infection from the human
body liquids such as the whole blood is highly desirable,
particularly at the resource-limited settings, because of the
increasing demand for early diagnostics and rapid testing
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results. In general, most whole-blood tests are being per-
formed at hospitals, medical laboratories, outpatient clin-
ics, and emergency rooms. However, in the developing
countries and some low-resource settings, the long testing
time, the high cost and the large sample consumption are
not acceptable. In order to solve these problems, Point-of-
Care (POC) diagnostic technologies must meet certain
requirements including portability, cost effectiveness and
ease of use (Huckle 2008). POC diagnostics should be able
to analyze small volumes of body fluids, e.g., blood, saliva
and urine; and minimize the number of assay steps, such as
sample preparation and washing processes. In addition, the
cost of POC diagnosis devices should be significantly low
(Huckle 2006). To be used in resource-limited settings,
environmental conditions, such as insufficient water, high
or low temperatures, humidity, and poor power supply
should also be considered (Petti et al. 2006).
Immunoassay is one of the most widely used biomedical
diagnostic methods. It is based on the specific binding of an
antibody to an antigen (Wild 2008). Over the past 50 years,
immunoassay technology has played a particularly impor-
tant role in the diagnosis of body fluids. In general, this
technique has two formats: heterogeneous and homoge-
neous immunoassays. In heterogeneous immunoassays, the
antibody or antigen is immobilized on a solid substrate,
while homogeneous immunoassays take place in the solu-
tion phase. Heterogeneous immunoassays are popular
because they are easy to design, but they require a step of
separating antigen or antibody from the samples and need
to immobilize the antibody or antigen on the solid surface.
Homogeneous immunoassays can often be run without a
separation step. The sample and the antigen can be carried
out simply by mixing in the solution. Immunoassay is well
known thanks to ELISA (enzyme-linked immunosorbent
assay) developed over 20 years ago (Engvall and Perlman
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1971; Van Weeman and Schuurs 1971). Figure 1 shows the
different types of ELISA. Although ELISA is an excellent
method, it requires the sophisticated climate-controlled
laboratory and highly trained personnel. A conventional
immunoassay test needs at least several hours to complete
because it is a multistage, labor-intensive process. Auto-
mation of immunoassay test generally requires a complex
and cumbersome robotic technique for fluid handling,
which is very expensive and not a practical tool for point of
care testing.

In recent years, the rapid development of microfluidics
based on the lab-on-a-chip technology lights a pathway for
POC diagnostics. Microfluidic devices allow integration of
multiple liquid handling processes required in diagnostic
assays, such as pumping, metering, sampling, dispensing,
and sequential loading and washing. These lab-on-a-chip
solutions have been recognized as an opportunity to bring
portable, accurate, and sensitive diagnostic tests to the POC
diagnostics in low-resource settings as well as in the
developing world (Chin et al. 2007; Yager et al. 2006;
Weigl et al. 2003; Singer et al. 2007). It provides a very
promising way to miniaturize immunoassays with added
benefits such as portability, improved reaction kinetics,
minimal reagent consumption, automation, and parallel

Fig. 1 General models of
different types of ELISA:

(1) Direct ELISA, (2) Indirect
ELISA, (3) Sandwich ELISA,
(4) Competitive ELISA. Further
study depends on the labeling
and signal detection methods.
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processing (Zimmermann et al. 2005; Cho et al. 2006;
Parsa et al. 2008). In order to obtain the quantitative results
of immunoassay, the immunoassay chips can combine
microfluidics with optical, electrical, and mechanical sen-
sors in an integrative format (Herr et al. 2007; Morozov
et al. 2007; Yacoub-George et al. 2007; Stevens et al.
2008).

Conventional immunoassay requires extracted and
purified antibodies or antigens. A key challenge in POC
diagnostics is to perform the test using the unprocessed
samples such as the whole blood. Blood is one of the most
important body fluids for many diseases diagnostics. A
rapid whole-blood immunoassay device with the capacity
to detect a variety of selected analytes would be greatly
beneficial for a wide spectrum of point-of-care or public
health applications. This review examines the status and
the major development in the microfluidic-based whole-
blood immunoassays. The first half of this review focuses
on the microfluidic whole-blood immunoassays, with
emphasis of how to deal with the whole-blood samples in
the microfluidic chips. The second half concentrates on the
detection methods that can be miniaturized and integrated
in the immunoassay chips. Finally, some suggestions for
future research are provided.
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2 Microfluidic whole-blood immunoassay

A conventional immunoassay requires a separation step to
obtain the purified blood plasma for detection. Therefore,
the conventional immunoassays are rarely carried out with
whole blood. In most cases, this separation step is additional
to the assay. The plasma separation is performed typically
using a centrifuge. Before doing so, an anticoagulant must
be used to prevent the coagulation of the fresh blood. The
disadvantages are obvious: expensive and bulky centrifuge
device, large sample requirement, and time consumption.
Hirsch et al. (2003, 2005) first introduced a simple rapid
immunoassay capable of detecting analyte without any
sample preparation using gold nanoshells. This method
successfully detected the immunoglobulins in serum and in
whole blood. However, there are some limitations to realize
this method in the POC diagnostics: the difficulty of fabri-
cating the gold nanoshell immunoconjugates; large reagent
and sample consumption (e.g., 4.444 mL of antibody-
nanoshells, 3.75 mL of the whole blood, 1.25 mL of the
lysis buffer working solution, and an additional 6.25 mL of
100 mM PBS are needed); non-portability (a spectrometer
and tubes are involved in the immunoassay). To overcome
these limitations, microfluidic technology has been tested in
the whole-blood immunoassay.

2.1 Diffusion-based whole-blood microfluidic
immunoassay

An exploitation of the diffusion-based whole-blood
immunoassay in the microfluidic laminar flow channel was
reported by Yager’s group (Weigl and Yager 1999; Hatch
et al. 2001; Hawkins et al 2002). In their study, they
described a novel microfluidic immunoassay based on the
diffusivity differences—the competitive diffusion immu-
noassay (DIA). The DIA was performed in a simple
“T-sensor” which consists of two inlets, one outlet and a
main microchannel (Fig. 2). One inlet contained the anti-
body. The other contained both labelled antigen and sam-
ple antigen. In the microfluidic laminar flow channel, large
particles such as blood cells could not diffuse significantly
within the time. Small particles such as H', Na™, and small
molecules diffused rapidly between streams. Therefore, the
labelled antigen and the sample antigen diffused into the
fluid stream, it randomly encountered the antibody and
binds at a characteristic rate. The antibody—antigen con-
jugates accumulated in the center of the channel where
antigen and antibody interdiffused. The accumulation of
fluorescence in the interdiffusion zone could be quantified
with a digital camera and microscope. In their experiments,
the phenytoin was be used as the analyte, a typical small
drug molecule in the blood sample. Removal of cells from

blood samples was not necessary in the homogeneous
microfluidic immunoassay. The detection limit of the
phenytoin was 0.43 nM in their experiments. Recently,
Hosokawa et al. (2007) demonstrated a homogeneous
microfluidic immunoassay based on the diffusion principle
for detecting the C-reactive protein which was an important
biomarker in the human blood. They made use of the
Y-shaped channel to carry out the sandwich immunoassay.
The anti-CRP, the blocking solution, CRP sample, B-anti-
CRP, F-SA, and B-anti-SA were injected into the micro-
chip sequentially. The reagents of F-SA and B-anti-SA
were used to improve the LOD by employing dendritic
amplification (DA) methods. They achieved 0.15 pM for
CRP with 0.5-puL sample consumption. Tachi et al. (2009)
realized a homogeneous immunoassay for detecting the
theophylline in serum based on the competitive diffusion
immunoassay. The sample and fluorescence-labeled the-
ophylline were introduced through different inlets and
combined in a microchannel where anti-theophylline anti-
body was added. The fluorescent signal was detected by
fluorescence polarization spectroscopy, and the quantita-
tive analysis of theophylline was obtained near the thera-
peutic range (10-20 mg/mL) in 65 s. The diffusion-based
whole-blood microfluidic immunoassay offered some clear
advantages over conventional immunoassays: direct anal-
ysis of blood samples, the small sample and small reagent
volumes, and less analysis time. However, it needs precise
systems to get the accurate measurement because diffusive
transport at the early stage is in the non-equilibrium state
which may cause the error detection signal.

2.2 Surface/beads-immobilized whole-blood
microfluidic immunoassay

In the immunoassays, the attachment of the primary anti-
body/antigen to a solid support is important. Usually, in
microfluidic chips, the antibody/antigen probes are coated
on the microchannel surface or onto the surface of micro-
particles which are immobilized in the certain area of the
microfluidic chip. By using this technique, a homogeneous
immunoassay can be implemented on the microfluidic chip.
Therefore, the separation of the blood cells and the plasma
is eliminated. The analytes in the blood can bind with the
antibody/antigen directly. The remaining blood cells can be
flushed using the buffer solution. This can reduce the
complexity of the chip design and simplify the operating
steps. Lim et al. (2003) described an on-chip electro-
chemical flow immunoassay system with a multichannel
matrix column which was functionally coated with cation-
exchange resin and used for separation of immuno-com-
plexes after a competitive binding event (Fig. 3). Based on
different isoelectric points, antibody—antigen complexes
were separated from free Fc-conjugated IgG antibody
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Fig. 2 Diffusion immunoassay A
in a T-sensor. a Schematic of a
diffusion immunoassay (DIA)
implemented in the T-sensor.
Reagents are pumped separately
through syringe pump and meet
at the junction. At this point,
under laminar flow conditions,
reagents flow side by side and
mix only by diffusion.

b Photograph of a microfluidic
device used for testing (Source:
Hatch et al. 2001) y

Slowly diffusing
antibody

¢ Coupling Channels | Matrix column

O
Number(l)l( 2 )|E43|E8§|g§|5 32 3
of channels
Fig. 3 Schematic diagram of the on-chip-type electrochemical flow
immunoassay system (Source: Lim et al. 2003)

(Fc-IgG) using the multichanneled matrix column. The
immunocomplexes were detected by electrochemical
method in the eluent. Histamine concentration in the
200-2000 ng/mL range was measured in whole blood
within 2 min. Hofmann et al. (2002) reported a microchip-
based flow confinement method for rapid delivery of small
sample volumes to sensor surfaces. A sample flow was
joined with a perpendicular makeup flow of water or
sample medium. Under laminar flow conditions, the
makeup flow confined the sample flow into a thin layer
above the sensing area and increased its velocity. Using
this method, a high-affinity immunoassay was carried out
on the microfluidic chip. Rabbit IgG was immobilized onto
a silicon nitride waveguide and Cy5-labeled anti-rabbit IgG
was hydrodynamically pumped over the immobilized zone.
The binding event was monitored by fluorescence detection
method. This flow confinement method is most suited for
detecting the low analyte concentration without filtration in
the raw sample such as blood. Stern et al. (2010) showed a
microfluidic purification chip which simultaneously cap-
tured multiple biomarkers from row blood sample. When
the blood sample flowed through the chip, specific bio-
markers were captured by the antibodies which were
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immobilized on the surface of the chip. After washing and
UV irradiation, the complexes were released and flowed
into the nanosensor chip where the complexes bound with
the second antibodies (Fig. 4). They showed specific and
quantitative detection of two model cancer antigens from a
10-mL sample of whole blood in less than 20 min.
Homogeneous immunoassay is a single step immunoassay
with relatively poorer sensitivity and specificity. In the
process of the homogeneous immunoassay, the solution
containing sample molecules continues to pass through the
reaction region. It is difficult for some antibodies and
antigens to react without the incubation. This will cause a
lower sensitivity and may give the false positive signal.
The microbead-based immobilization also offers a large
surface area and improves the performance of the whole-
blood microfluidic immunoassay. Moorthy et al. (2004)
developed a microfluidic platform for detecting botulinum
neurotoxin directly from the whole blood by using the
sandwich immunoassay. Process steps such as sample
preparation, mixing and incubation with reagents were
carried out on the device. A porous filter was incorporated
for filtering the blood cells. Biotinylated antibody was
immobilized on avidin—agarose gel beads which were fixed
in the microchip. The whole blood with toxoid sample
passed through the filter and transported to the agarose
beads. After the washing and incubation steps, the second
antibody was introduced to the agarose beads. The color
change of the agarose beads was monitored to quantify the
amount of the sample. Yang et al. (2008) presented a new
microfluidic flow cytometer integrated with several func-
tions such as viral sample purification and detection by
utilizing a magnetic bead-based microfluidic immunoassay.
Using the sandwich immunoassay technology, target viru-
ses in whole blood could be captured and separated by the
antibody-conjugated magnetic beads which were fixed in
the microchannel via an applied magnetic field, followed
by a second set of fluorescent labeled antibodies for iden-
tifying the surface antigen of the target viruses. The dengue
virus sample with a concentration of 10> PFU/ml was
detected successfully by the developed system. A handheld
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Fig. 4 Schematic of chip W
operation. a Primary antibodies [7] Housing/tubing
are bound with a photocleavable D i s
crosslinker to the chip. A valve W Valve

directs fluid flow exiting the [] Photocleavable
chip to either a waste receptacle B T anti-PSA

or the nanosensor chip. b Whole B 7 anti-cA153
blood is injected into the chip [[] 2 anti-PsA
with the valve set to the waste [[] 2 anti-CA153
compartment. Biomarkers bind W rsA

their cognate antibodies. [ cas3

¢ Washing and UV irradiation

follow blood flow. During UV

exposure, the antibody—antigen Il Spiked blood
complexes are released into ["] Buffer

solution. d The valve is set to
the nanosensor reservoir. The
complexes bind the secondary
antibodies on the nanowire
surfaces (Source: Stern et al.
2010)

device based on the optomagnetic technology for the sen-
sitive detection of cardiac troponin I (cTnl) in a finger-
prick blood sample was presented by Dittmer et al. (2010).
A compact plastic disposable with on-board dry reagents
and superparamagnetic nanoparticles were used in this
device. A blood cell separation filter was added at the
sample inlet and a 100-um connecting tape was used to
enable rapid capillary filling of the chamber with the
generated plasma. In the one-step assay, all reaction pro-
cesses were precisely controlled using electromagnets
positioned above and below the microfluidic chip. Nano-
particle labels (500 nm) bound to the sensor surface via a
sandwich immunoassays were detected using the optical
technique of frustrated total internal reflection (Fig. 5). A
limit of detection of 0.03 ng/mL cTnl was obtained. The
use of microbeads as the solid support has been getting
much attention for the whole-blood microfluidic immuno-
assay applications. However, using the microbeads also
has some shortcomings in the microfluidic devices. For
example, the microbeads could easily adhere onto the
microchannel surface that limits the motion of the micro-
beads. The microbeads could also block the microchannels,
reducing the flow rate and causing some detection prob-
lems such as scattering light.

2.3 Separation-based whole-blood microfluidic
immunoassay

In general, whole-blood microfluidic immunoassays
require carrying out multiple functions on the microfluidic
chip. The plasma separation is a key step in the whole-
blood microfluidic immunoassays. In the whole-blood,
plasma contains many proteins and biomarkers and is the

major analyte. In order to eliminate the interference and
non-specific binding event, the blood cells need to be
removed from whole-blood samples. Thorslund and Berg-
quist (2006) reported a microsystem for on-chip sample
preparation that was able to remove blood cells from whole
blood (Fig. 6). The device consisted of a lid and a bottom
substrate, both fabricated by PDMS. A polymeric mem-
brane filter of 13-mm diameter was incorporated into the
lid before irreversible bonding. Forty parallel microchan-
nels underneath the membrane filter collected the filtrate
and leaded it into the collection microchannel. Using this
membrane filter, they successfully separated human plasma
from the whole blood. Testosterone concentrations were
measured with testosterone radio immunoassay (RIA).
A microfluidic flow-through membrane immunoassay with
on-card dry reagent storage was introduced by Stevens
et al. (2008). The disposable assay card design consisted of
a chamber holding the assay membrane, three upstream
fluid lines (sample line, conjugate pad line, and bubble
venting line) connecting to syringe pumps, and a down-
stream waste line. The most important component of this
chip is a laser-cut porous membrane which held the anti-
PfHRP2 IgM molecules and a fibrous conjugate pad which
contained an anhydrous analyte label. For a sandwich
immunoassay, the PfHRP2, a water-soluble protein, was
passed through the membrane and captured by anti-
PfHRP2 IgM, followed by a buffer wash to remove
unbound sample. The analyte label was released and passed
through the membrane, followed by a buffer wash to
remove unbound label. The immunocomplexes were
formed and measured. The system could achieve a detec-
tion limit in the sub-nanomolar range within 9 min. When
combined with the upstream blood separation, it shows the
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Fig. 5 a Schematic of the A
optomagnetic analyzer consists
of the fop and bottom magnets
and the detection optics.

b Picture of a functional
handheld reader. ¢ Picture of an

Magnet B

assembled disposable cartridge.

d f-TIR image of four spots of
200 um diameter with magnetic

nanoparticles bound to the
sensor surface via an
immunoassay. e Magnets show
the assay processes in the
reaction chamber: analyte
binding by antibody-
functionalized nanoparticles
(top and bottom magnets off),
nanoparticles binding to the
sensor surface and magnetic
removal of free and weakly C
bound nanoparticles (Source:

Dittmer et al. 2010)

Magnel CCD Camera

chambar
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potential for quantitative, multianalyte analysis of human
blood samples. Lenshof et al. (2009) reported an acousto-
phoresis-based separation chip that prepared diagnostic
plasma from whole blood and linked it to the porous silicon
sandwich antibody microarray chip (Jaras et al. 2008) for
prostate specific antigen (PSA) detection. In their micro-
fluidic chip, the ultrasonic standing wave (USW) combined
with the laminar flow formed a band of concentrated blood
cells in the center of the channel. The plasma distributed
toward the periphery. By providing a trifurcated channel
outlet, the clean plasma was allowed to exit through the
side outlet. This acoustic separator had the capacity to
sequentially remove the enriched blood cells and yielded
high quality plasma of low cellular content. After that, the
plasma with the PSA was introduced to a porous silicon
microarray chip where the capture antibody HI117 was
immobilized. After the incubation and the washing steps,
the FITC-labeled 2E9 monoclonal mouse anti-PSA anti-
body was bound with the conjugates to generate the
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fluorescent signal. PSA was detected via fluorescence
readout without any signal amplification. The detection
limit is 0.19 ng/mL. By combining USW microfluidics and
microarray chip, an all microchip-based PSA detection
from whole blood was obtained in a lab-on-a-chip
configuration.

With the use of the membrane in the microfluidic
immunoassay chip, separating the plasma from the blood is
simple. However, the leakage of the blood must be con-
sidered when assembling the membrane into the chip.
Furthermore, it is difficult to provide the continuous plasma
separation by this method because of the blocking of the
membrane. The acoustophoresis-based methods are gen-
erally difficult to process high hematocrit levels such as
whole blood. Recently, a principle called the bifurcation
law (Zweifach—Fung effect) is used in the blood plasma
separation. It describes that erythrocytes have a tendency to
travel into small blood vessels which has the higher flow
rate leaving very few cells flowing into the lower flow rate
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vessel (Fung 1973; Schmid-Schonbein et al. 1980; Yen and
Fung 1978). Based on this principle, Yang et al. (2006a, b;
2007) reported a microfluidic device for continuous blood
plasma separation. Under a pressure difference, the whole
blood flowed through a low-flow-resistance primary
channel with high-resistance branch channels at right
angles. As the flow resistance is higher in the branches than
that in the primary channel, the plasma was skimmed into
the branches and the remaining whole blood is directed
toward a waste outlet. Based on Yang’s previous study, Fan
et al. (2008) reported an integrated blood barcode chip
(IBBCs) to detect a large panel of protein biomarkers in the
whole blood (Fig. 7). The IBBCs consisted of two major
components. One was the plasma separation part which
was redesigned from the Yang’s previous report to obtain
the pure plasma continuously. Another component is the
DEAL (DNA-encoded antibody library) barcodes which
were oriented perpendicular to the microfluidic plasma-
skimming channels. When the plasma was skimmed into
the channels, the proteins of interest were captured by the
DNA-antibody conjugates in the assay zone where the
DEAL barcodes were placed. After 10 min, a mixture of
biotin-labeled detection antibodies for the entire proteins
and the fluorescence Cy5-streptavidin conjugates were
injected sequentially to complete the sandwich immuno-
assay. All the barcode array slides were scanned using a
microarray scanner. In the same group, the similar research
was also reported by Qin et al. (2009).

A

&S

i 1 < I

fiter — N

Fig. 6 Diagram of the microsystem device. a The structure of the
device. b Photograph of the final device. (Source: Thorslund and
Bergquist 2006)

2.4 Centrifugal-based whole-blood microfluidic
immunoassay

The high-speed rotation on a compact disk generates a
strong centrifugal force which can be utilized as a micro-
fluidic pump. In recent years, the microfluidic compact disk
(CD) becomes a promising platform for POC applications
by integrating many functions such as sample/reagent
transport, mixing, separation and detection. For whole-
blood microfluidic immunoassay, the plasma-cell separa-
tion is a necessary and crucial step which can easily be
realized by the centrifugal force on a microfluidic disk.
Figure 8 shows a continuous blood flow in the separation
structure on a microfluidic disk. First, the metering cham-
ber was filled by capillary force with a droplet of human
whole blood while the disk was stationary. The sample was
metered under a moderate rotation frequency. Then, with a
high rotation frequency, sedimentation was started through
the drain channel into the decant chamber. Under the
centrifugal force, the blood cells was separated and stored
in the decant chamber. The purified plasma overflowed into
a subsequent reservoir where it was available for further
processing. The separation time of this continuous centri-
fugation was controlled by the flow resistance of the drain
channel and the spinning frequency (Steigert et al. 2005).
In Ducrée’s group (Ducrée et al. 2007; Grumann et al.
2005; Riegger et al. 2006; Steigert et al. 2006), they pre-
sented the novel centrifugal microfluidic platform enabling
a fast colorimetric alcohol assay from a single droplet of
whole blood and first time demonstrated the feasibility of
color-multiplexed fluorescence immunoassays on such a
platform. The core of their setup was a microstructured
disk with a round mixing chamber rotating on a macro-
scopic drive unit. This centrifugal microfluidic platform is
suitable for the whole-blood immunoassay, because it
could accomplish sedimentation, batch-mode mixing,
frequency-dependent online flow control, and optical
read-out. By the centrifugal microfluidic technologies,
Ko’s group (Cho et al. 2007; Lee et al. 2009) demonstrated
a portable, disk-based, and fully automated microfluidic
immunoassay system to test infectious diseases from whole
blood (Fig. 9). The centrifugal microfluidic platform con-
sisted of plasma separation channels and different cham-
bers such as washing buffer storage chamber, stopping
solution chamber, mixing chamber, waste chamber, and
detection chamber. Before doing the sandwich immuno-
assay on the disk, HRP-conjugated detection antigen and
polystyrene beads coated with capture antigen were pre-
loaded in the mixing chamber. The blood plasma with the
Anti-HBs was separated by the centrifugal force and
transferred into the mixing chamber. After the incubation
and washing step, the HBsAg and Anti-HBs were detected
via the absorbance detection method. The detection limit of
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HBsAg and Anti-HBs were 0.51 ng/mL and 8.6 mIU/mL,
respectively. Similar research was also reported by Pugia
et al. (2005).

3 Detection in microfluidic immunoassays

For most immunoassays, the detection depends on the use
of an analytical reagent that is associated with a detectable
label. The commonly used labels include radioactive ele-
ments used in radioimmunoassay (RIA) (Yalow and Ber-
son 1960; Nobel Prize home page accessed June 2005;
Ekins 1960; Miles and Hales 1968); enzymes used in
enzyme-linked immunoassay (EIA) (Engvall and Perlmann
1971; Van Weemen and Schuurs 1971; Ljungstrom et al.
1974; Engvall 1977; Uotila et al. 1981; Schuurs and Van
Weemen 1980); particles such as latex, magnetic, gold, and
silver used in bead-based immunoassay (Verpoorte 2003;
Qiu et al. 2009; Christodoulides et al. 2002; Sato et al.
2000, 2001, 2002; Pereira et al. 2010a) and others.
According to the label used, immunoassay detection
methods can be classified as optical detection methods and
non-optical detection methods. Some non-optical detection
methods are uniquely available for microfluidic-based
immunoassay. In the following, we will focus on the most
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common detection techniques used for microfluidic
immunoassays in recent years.

3.1 Optical detection
3.1.1 Fluorescence detection

The most commonly observed form of optical detection is
fluorescence, because of its high sensitivity and the ease of
integrating a label. Fluorescence is the emission of certain
wavelength of visible light from a substance by the
absorption of an excitation light of different wavelength.
Laser-induced fluorescence (LIF) has a high sensitivity and
fast response. Figure 10 shows the basic principle of the of
LIF method. A microscope focuses on the microchannel
and connects to a charge coupled device (CCD) camera or
photomultiplier tube. The excitation light is provided by a
laser system. It passes through a beam splitter and is
focused on the detection area. The fluorescence emission
returns through the same beam splitter and is reflected
towards the detection system. In recent years, the LIF
method is widely applied to the microfluidic immunoas-
says. Kong et al. (2009) reported an integrated microfluidic
system combining with microvalves and micropumps for
the clenbuterol immunoassay via the LIF detection method.
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Fig. 9 a Disk design showing the detailed microfluidic layout and functions. b—g Schematic of the reaction principle of the ELISA on a disk

(Source: Lee et al. 2009)

This system consists of an integrated microchip and a
linear confocal LIF scanner. The microfluidic chip is
composed of three layers: a fluidic channel layer, a PDMS
membrane layer, and a pneumatic control layer (Fig. 11).
The limit of detection of the clenbuterol was 0.088 ng/mL.
Darain et al. (2009a, b) demonstrated a simple microfluidic
immunoassay based on polystyrene (PS) substrate for the
detection of horse IgG and myoglobin by using the fluo-
rescence detection method. The detection limit of the horse
IgG and myoglobin was 0.71 pg/mL and 16 ng/mL,
respectively. Table 1 summarizes the applications of the
fluorescence detection method in the microfluidic immu-
noassays. It should be noted that all parts of the fluores-
cence setup, such as the lens, the excitation source, and
detection device, can be miniaturized. The entire device
can be made portable. Herr and Anup (2007) and Herr and
Singh (2007) developed a portable device for detection of
potential biomarkers of periodontal disease in saliva. The
microfluidic chip was integrated with miniaturized elec-
tronics, optical elements (such as diode lasers), fluid-han-
dling components, and data acquisition software (Fig. 12).
This device could perform rapid microfluidic chip-based

immunoassays (<3-10 min) with low sample volume
requirements and appreciable sensitivity (nM—pM).
Another type of the fluorescence detection used in
microfluidic immunoassay applications is fluorescence
polarization (FP) which detects the change in anisotropy
caused by the slower rotation of a free label. FP gives a
direct and nearly instantaneous measure of a tracer’s
bound/free ratio, even in the presence of free tracer. Fig-
ure 13 illustrates the FP principle. A single-plane fluores-
cence polarization light can be generated by installing two
polarizing filters in the light paths of both excitation and
emission in a fluorescent system. The intensity of FP light
is proportional to the size of the fluorescent molecules and
inversely proportional to the rotating speed of the mole-
cules. In the solution, the rotation of the small molecules is
very rapid, but the larger molecules become slower.
Therefore, in an immunoassay, the emission light of the
fluorescent-labeled small molecules is depolarized when
the molecules are excited. However, when the fluorescent-
labeled small molecules are bound to the antigen/antibody,
the emitted light of the conjugates is obviously less depo-
larized due to the larger mass. Difference between these
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Fig. 10 The schematic of the mcrofluidic measuring system with the
laser-induced fluorescence method

states is dependent on the number of bound molecules and
the binding constant or affinity constant (Kakehi et al.
2001). Yadavalli and Pishko (2004) demonstrated that
fluorescence polarization can be used to reliably and
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accurately study binding events and detect analytes in
microfluidic devices. A tetramethylrhodamine isothiocya-
nate (TRITC) labeled antibody was used to detect the
polyaromatic hydrocarbon pyrene at 10-40 nmol. Tachi
et al. (2009) reported a microfluidic FPIA system com-
posed of a microfluidic chip, a laser, a CCD camera, and an
optical microscope with two specially installed polarizers
(one fixed and one rotatable). Using this system, they
successfully carried out a quantitative analysis of theoph-
ylline in serum near the therapeutic range in 65 s.

3.1.2 Chemiluminescence detection

Chemiluminescence (CL) is another excellent optical
detection method in microfluidic immunoassays. CL is the
light produced by a chemical reaction. The CL intensity is
directly proportional to the concentration of a limiting
reactant involved in the CL reaction. As a principle of the
CL, reactants A and B react with an excited intermediate to
form a product and emit the light which can be detected
and analyzed by an optical detection system (Fig. 14). The
advantage of this technique is that the excitation light
instrumentation is not required. Because of this advantage,
the background interference can be eliminated. Yang et al.
(2009) demonstrated a microfluidic chip integrated with
pneumatic micropumps, micro-valves and vortex-type
micromixers for C-reactive protein (CRP) measurement.
The magnetic beads with CRP-specific DNA aptamers and
bio-samples with CRP were placed in the reaction cham-
ber. The target CRP was captured by the magnetic beads
and the complex was attracted to the bottom of the
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Fig. 11 a Layout of the integrated microfluidic device for clenbuterol immunoassay. b Photograph of the prototype microfluidic device. ¢ Cross-
sectional view of microvalves on chip. d Scheme of the optical configuration of the confocal LIF scanning system (Source: Kong et al. 2009)
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Table 1 Summary of the applications of the fluorescence detection in the microfluidic immunoassays

Target analyte Substrate Detection limit References
C-reactive protein PDMS/silicon 30 ng/mL Wolf et al. (2004)
Rabbit immunoglobulin G (rIgG) PDMS 0.21 nM Hosokawa et al. (2006)
C-reactive protein (CRP) 0.42 nM
Glutathione peroxidase (GPX) PDMS 5 ng/mL Hashimoto et al. (2008)
Staphylococcal enterotoxin B Glass 300 pM Meagher et al. (2008)
Shiga toxin I 500 pM
Ricin 20 nM
Matrix metalloproteinase-8 Glass 64.6 ng/mL Herr et al. (2007)
Swine influenza virus Silicon 610 TCIDs mL™! Reichmuth et al. (2008)
A-fetoprotein (AFP)-L3% PMMA 0.1 ng/mL Kagebayashi et al. (2009)
5. e was 0.0125 n}g/L. 1\./16:.110’5 .gr(.)up (Wang eF al. 2009,. 2007)
Detection | | Sample reported a microfluidic chip integrated with the thin-film
el Systems ?;n.;a::r:::r:gj organic photodiodes (OPDs) for antioxidant capacity
V::git;go o screening (Fig. 15). The PDMS microchip comprised two
Power inlets, mixing channel, a circular detection chamber and an
SUpplies outlet. The PO-CL reagent, dye, catalyst, hydrogen per-

Digital Output &
Power

Fig. 12 Image of IMPOD with hardware components. Inset shows
glass microdevice used in performing immunoassays (Source: Herr
and Singh 2007)

microchannel using a magnet. After washing, the Anti-CRP
antibody labeled with acridinium ester was added and
interacted with the target CRP. Finally, a developer (H,0,)
was added for CL. The CL light signal was measured by
using a luminometer. The entire reaction time is less than
25 min and the detection limit of the CRP concentration

A

“ __—" Polarizing filter

i
/
- . =) FP signal

Sample solution

oxide and sample were injected into the microchip and
reacted at the detecting zone. In this study, the CL was
based on hydrogen peroxide-induced oxidation of an aryl
oxalate ester which resulted in the formation of an elec-
tronically excited intermediate. When the fluorophore was
added, the energy transferred to the fluorophore with con-
comitant emission of light. However, during the reaction,
antioxidants scavenged hydrogen peroxide and resulted in
a decrease in CL emission. The OPDs detectors were
applied to detect the CL signal for determining antioxidant
capacity. The whole detection system can be portable and
has wider applications for CL-based point-of-care diag-
nostic tests. Huang et al. (2009) reported a rapid and sen-
sitive CL microfluidic immunoassay system based on
super-paramagnetic microbeads for determination of alpha-
fetoprotein (AFP). In their system, the microfluidic chip
was fabricated by the CO2 laser. Super-paramagnetic
microbeads coated with AFP antibody were immobilized in
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Fig. 13 a Illustration of a fluorescence polarization apparatus. b Principle of the assay of binding reaction using fluorescence polarization

(Source: Kakehi et al. 2001)
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Fig. 14 The principle of the
Chemiluminescence detection
method

: Photoelectron
\ multiplier tube

Luminel
+ N
reactant A reactant B intermediate

the reaction chamber by electromagnetism. After loading
the sample and the HRP-labeled anti-AFP antibody, the
sandwich immunoassay was carried out. Then, the Luminol
and H,O, were loaded into the reaction chamber to gen-
erate the CL signal. With this system they performed AFP
analysis in 20 min and the detection limit is 0.23 ng/mL.

3.1.3 Thermal lens microscope

Thermal lens microscope (TLM) is a very sensitive
detection method. Compared with the fluorescence detec-
tion method, the detection limit can reach zeptomole to
yoctomole levels under the perfect conditions (Uchiyama
et al. 2000). It is good at detecting the nonfluorescent
samples. Microfluidic immunoassay needs very high sen-
sitive detector to analyze the very small volume of the
analyte. Therefore, TLM is a powerful tool for the micro-
fluidic immunoassay. TLM is implemented by using a laser
microscope. Two coaxial laser beams are introduced into a
liquid sample under an optical microscope. The wavelength
of the excitation beam is selected to coincide with an
absorption band of the analyte. The wavelength of the
probe beam is chosen so that the sample solution has no
absorption (Fig. 16). The temperature of the analyte in the
confocal region increases because the heat is yielded by
absorbing the excitation beam. For most solutions, the
refractive index (RI) decreases with the high temperature.
According to the proportional relationship among the laser
intensity, the temperature distribution and the RI distribu-
tion, the RI distribution becomes a nearly Gaussian dis-
tribution because the laser intensity profile is nearly a
Gaussian distribution. This phenomenon forms a concave
lens and is called “thermal lens effect.” The degree of the
thermal lens which is measured by the probe beam is
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proportional to the number of analyte molecules in the
confocal region (Kitamori et al. 2004). For example,
Henares et al. (2007) reported a multiple micro ELISA
system to simultaneously determine human, goat, and
chicken IgGs by combining a capillary-assembled micro-
chip and TLM detection method. The microchip had a
PDMS plate with the lattice microchannel network.
The plugged capillaries, the valving capillaries and the
immuno-reaction capillaries were embedded into the
microchannel network to form a flow controlling and
immune reaction system. A Peltier device was used to open
or close the valve. The thermal lens detector focused on the
region of the immuno-reaction capillaries to detect the
IgGs. The detection limits of 0.1 ng/mL IgGs (human,
goat, chicken) were obtained in 30 min. Thara et al. (2010)
developed a novel detection system that combined the
merits of open-sandwich enzyme-linked immunoadsorbent
assay, a microfluidic sensor chip system and a sensitive
thermal lens microscope. In their study, OS-ELISA was
performed in a microfluidic channel in which polystyrene
microbeads were packed using an automated ELISA sys-
tem. The microfluidic channel with a dam structure was
used for retaining the microbeads (Fig. 17). A small
amount of the BGP, a biomarker for bone metabolism, was
quantified by utilizing the thermal lens microscope. In a
short analysis time (12 min), detection limits of the total
BGP-C concentrations in bovine and human serum samples
were 17 and 10 nM, respectively.

3.1.4 Surface plasmon resonance
Another detection strategy that widely used in optical

microfluidic immunoassay is Surface Plasmon Resonance
(SPR). A landmark article involved in the SPR was
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Fig. 15 Schematic of the
experimental set-up for on-chip
antioxidant capacity screening
(Source: Wang et al. 2009)

Syringe pump

published by Kretschmann in (1971). The “Kretschmann
structure” lays a solid foundation for the SPR sensor. The
operation principle and experimental configurations of SPR
immunosensors have been described in several review
articles (Shankaran et al. 2007; Luppa et al. 2001; Cooper
2002; Karlsson 2004; Mullett et al. 2000). Briefly, when a
polarized light hits a prism covered with a thin film of
metal at a specific (resonance) angle, SPR occurs. SPR
effect is sensitive to the binding of analyte because the
increase in mass causes a proportional increase in the
refractive index at the interface between a thin metal film
and an ambient medium. For an immunoassay, before an
antigen binding to an immobilized antibody, the refractive
index of the prism is constant. After the binding event, the
refractive index was changed. In this way, it is possible to
monitor the biomolecular interaction information on the
metal film. Therefore, SPR provides a non-invasive, label-
free approach for detecting the concentration of analytes,
kinetics, and affinity in real time. Figure 18 shows the
scheme of a typical experimental configuration for SPR
instrumentation. The transduction surface is usually a thin
gold-film (50-100 nm) on a glass slide, optically coupled
to a glass prism through a refractive index matching oil.
Because of several advantages including high sensitivity,
specificity and rapid response time, a great variety of SPR-
based immunosensors have been developed since its
introduction in the 1990s. Recently, Estmer Nilsson et al.
(2010) introduced a new approach using SPR for accurate
quantification of influenza virus. Recombinant HA proteins
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Fig. 16 The schematics of the thermal lens microscope

(A/HIN1, A/H3N2 and B respectively) were immobilized
on the dextran matrix of a sensor chip. By using a micro-
fluidic system for reagents handling, a binding event
occurred on the sensor surface. A change in SPR response
was detected. In their study, the calibration curve range
was 0.5-10 pg/mL and the limit of detection was estimated
as <0.5 pg/mL for all three analytes. Lee et al. (2007)
developed a microfluidic system integrated with 2-D SPR
phase imaging system for microarray immunoassays. In
this study, the microfluidic device was composed of an
arrayed sample/reagent delivering module and a micro-
temperature control module. Using this system, the
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Fig. 17 The micro-ELISA system. a A glass chip integrated with
microfluidic channels was used for the OS-ELISA reaction.
b-e Polystyrene beads with immobilized MBP-VL were introduced
and stored between a dam structure and the three-way junction. Extra
beads were flushed away. The reagents were introduced into the

interaction of anti-rabbit IgG and IgG was successfully
detected. A detection limit of 10~* mg/mL for IgG was
obtained. Liu and DafuCui (2010) developed a compact
microfluidic-based biosensor flow cell for SPR imaging
immunoassay. This biosensor flow cell consisted of a
“hard” plastic substrate (PMMA) coated with a SiO, thin
film which was used as an adhesion intermediate layer and
a “soft” PDMS microfluidic layer which adhered to the
SPR array chip. An immunoassay was successfully carried
out on the microchip and the limits of detection of sulfa-
methoxazole and sulfamethazine were obtained as 3.5 and
0.6 ng/mL, respectively. Krishnamoorthy et al. (2009,
2010) used a surface Plasmon resonance imaging (iSPR)
label-free biosensor to detect surface binding events in a
microchip which used electrokinetic flow focusing to
selectively deliver samples over an array (Fig. 19). By
combining the electroosmotic flow (EOF) for sample
transport and the electrokinetic focusing (EKF) for sample
guiding, an advantage of this approach was the ability to
direct a single analyte to a specific ligand location in the
microarray which could facilitate analysis parallelization.
The SPR signal was changed and measured during sample
focusing. In their study, they successfully analyzed the
binding kinetics and affinity during the biomolecular
interaction. In addition, Many commercial SPR systems
have been introduced by different companies with various
options and resolutions; BIAcore (Uppsala, Sweden),
Nippon Laser Electronics (Hokkaido, Japan), Affinity
sensors (Franklin, MA), IBIS technologies (Enschede, The
Netherlands), Texas Instruments (Dallas, TX), Moritex
(Japan), Aviv (Lakewood, NJ), etc. (Shankaran and
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Running Buffer

microchip to form an immuno-complex on the beads. After washing,
the substrates were applied, and dye molecules produced by the
enzyme reaction were detected by a TLM downstream of the dam
structure. The microbeads after each assay were flushed by an
inversed flow (Source: Ihara et al. 2010)

Miura 2007). SPR detection is a highly sensitive, labeling-
free and real-time response detection method. However,
the structure of the SPR device is complex, and a layer of
metal (such as gold) must be deposited on the microchip. In
addition, when doing the immunoassay, the impact of the
change of the temperature must be considered. Because the
refractive index of the solution is sensitive to the change of
the temperature, the accuracy of the detection may be
reduced.

3.1.5 Absorbance detection

UV/visible absorption spectroscopy is a general optic
technique. When a beam of light passes through the sam-
ple, the light absorption occurs because of the atoms or
molecules taking away the energy from the light. It means
that the transmission of light is reduced when passing
through a sample. In general, the absorbance of a sample is
directly proportional to the optical path length of the
sample holder and the concentration of the sample.
Absorbance detection is used in macroscale analytical
chemistry and laboratory diagnostics because of its sim-
plicity and acceptable sensitivity. However, in the micro-
scale, the absorbance of a sample is constant. If the optical
path length is shortened greatly, the concentration of the
sample must be high enough to be detected. The short
optical path length limits the applications of this method
because of micron- or nano-sized channel. Laiwattanapai-
sal et al. (2009) performed an immunoassay on a portable
microfluidic device to measure urinary albumin by moni-
toring the absorbance changes. For increasing the
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sensitivity of absorbance detection in a microfluidic chip,
the PDMS chip was composed of two layers. The upper
layer was a 2-mm thick PDMS containing the channel
structure. A modified flow cell made from a polystyrene

Fig. 19 a Microarray of gold
iSPR sensing islands. b glass-
PDMS microfluidic chip. ¢ The
iSPR interface module with chip
fixture with integrated platinum

cuvette with a 1-cm path length, and a total volume of
90 pL was incorporated into the lower, 6-mm thick PDMS
layer. The optical path length was increased significantly in
this way. With their proposed system, a calibration curve
which was linear up to 10 mg/L, with a detection limit of
0.81 mg/L. was obtained. Lee et al. (2009) developed a
portable, disk-based, and fully automated enzyme-linked
immuno-sorbent assay (ELISA) system to test infectious
diseases from whole blood. In their study, a portable ana-
lyzer is equipped with an optical detection module to
measure the absorbances at 450 and 630 nm to conduct the
absorbance detection. Two photodiodes and the corre-
sponding LEDs (450 and 630 nm) were used. The mea-
sured signal was amplified by a trans-impedance amplifier
and digitized by an analog-to-digital converter. The limit of
detection of Anti-HBs tests is 8.6 mIU/mL.

3.2 Non-optical detection

3.2.1 Electrochemical detection

Electrochemistry-based methods have played a major role
in the microfluidic immunoassays. The electrochemical

detection can be used to measure the concentration of the
analyte by converting the analyte’s chemical signal into the

electrodes. d Electrical circuit
(Source: Krishnamoorthy et al.
2010)

SPR interface module
Chip

Prism

Cuveltes

Chip holder

Platinum electrodes
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electrical signal via the electrodes. According to the prin-
ciple of the electrochemical detection method, there are
three basic categories of the electrochemical techniques:
amperometry, potentiometry and conductometry.

Amperometric detects the current signal generated by
the redox reaction on the electrode. A three-electrode
amperometric electrochemical concept is shown in Fig. 20.
The detecting sensor is composed of three electrodes
(working electrode, reference electrode and auxiliary
electrode). A polarizable electrode is used for the working
electrode on which an electrochemical reaction takes place.
The reference electrode is a potential standard to supply a
constant potential for introducing the electrochemical
reaction on the working electrode. When a certain potential
is applied to the working and the reference electrode, the
redox reaction occurs. The reaction generates the current
and can be measured between the working electrode and
the auxiliary electrode. The current is proportional to the
concentration of the analyte (Bard and Faulkner 2001).
Amperometric approach is a simple technique. Miniaturi-
zation and integration can be easily achieved by creating a
three-electrode system in the microfluidic chip. Recently,
Yoo et al. (2009) demonstrated a microfluidic chip-based
electrochemical immunoassay for rapid and quantitative
detection of urinary hippuric acid (HA) in human urine
(Fig. 21). In their study, all the complicated HA detection
processes were integrated on a single microfluidic system.
The metal three-electrode layer was patterned and depos-
ited by chemical etching process on a glass slide. A PDMS
microfluidic channel was bonded on this glass. It had a
polybead reserving chamber (PRC) which was used to store
beads coated with anti-HA antibody, a detection chamber,
and a dam which was used to prevent bead spillover. For
the electrochemical immunoassay, antigens (HA and
Fc-Lys-HA) were injected into the microfluidic channel
and competitively bound with the antibody (anti-HA)
coated on the beads. After the reaction, the unbound anti-
gens passed through the dam and entered into the detection
chamber. The unbound Fc-Lys-HA caused the redox
reaction on the electrode and the change of the current
which was correlated with the HA concentration that was
measured. They could detect the HA concentration in the
range of 0—40 mg/mL. Table 2 summarizes the applica-
tions of the amperometric detection approach in the
microfluidic immunoassays in recent years.

Using the micromachining technology, the electrodes
are easily miniaturized. The sizes of the electrodes are
commonly on the order of micrometer and the nanometer
sizes have also been achieved. Therefore, the electro-
chemical detection approach can be integrated into the
microfluidic immunoassay systems where the compactness
and the portability are important. Chen and Lindner (2009)
reported a passive pump-driven microfluidic system
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integrated with microfabricated electrodes as electro-
chemical sensors to detect the analyte of the hexacyano-
ferrate (II) (Fig. 22). The detection limit is smaller than
3 x 107" M. Liu et al. (2009a) developed a handheld
system for detection of urinary proteins. Their system was
composed of a control circuit, an electromagnetic valve, an
air compressor, and a microfluidic chip which was inte-
grated with a microfluidic control module and a micro-
electrochemical module. The microfluidic control module
consisted of a two-way, spiral-shape micropump which
could transport the urine samples to the sensing regions.
The electrochemical sensing module had three sensing
electrodes. The detection limits of the lysozyme and
albumin measurement were experimentally found to be
0.1 ppm.

Potentiometry is used to determine the analytical con-
centration by detecting the electrical potential of an elec-
trode. It consists of an ion-selective electrode and a
reference electrode. The voltage difference between the
ion-selective electrode and the reference electrode is
measured as the signal. The relationship between the ion-
selective electrode potential and the ion concentration of
the analyte is expressed by the Nernst equation. The
potential is proportional to the logarithm of the ion activity.
Therefore, the ion-selective electrode must use ion-selec-
tive membranes to achieve charge separation between the
sample and the electrode surface. Chumbimuni-Torres
et al. (2006) demonstrated for the first time a polymer-
membrane-based potentiometric method for nanoparticle-
based protein detection. A silver ion-selective electrode
(ISE) was used as an effective transducer for sandwich
immunoassays. The target mouse IgG antigen was captured
by the primary anti-mouse IgG antibody-modified gold
substrate. The immunocomplex captured the gold nano-
particles labelled the secondary anti-mouse IgG antibody.
After that, the catalytic deposition of silver on the conju-
gated Au nanoparticles was carried out to enhance the
mouse IgG signal. The precipitated silver was oxidatively
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Fig. 20 Three-electrode cell and notation for the different electrodes
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Table 2 Summary of the applications of the Amperometric detection in the microfluidic immunoassays

Target analyte Substrate Detection limit References

H. pylori-specific IgG Plexiglas 0.37 U/mL Pereira et al. (2010a)
Anti-gliadin IgG Plexiglas 0.52 UR/mL Pereira et al. (2010b)
Anti-dinitrophenyl (DNP) PDMS 0.2 pg/mL Park et al. (2009)
Enzyme (b-galactosidase) PDMS 50 ng/mL Godino et al. (2010)
Carcinoembryonic antigen (CEA) PDMS 0.25 ng/mL Zhang et al. (2009)
Alpha-fetoprotein (AFP) 0.13 ng/mL

Hydrogen peroxide PDMS 5 nM Bhaskara et al. (2009)
DNA sequences Polyimide 0.2 nM Berti et al. (2009)
Human thrombin PMMA 1 pM Wang et al. (2010)
IgG PMMA 1 pg/mL Wang et al. (2008)
Fig. 22 a Photograph of a glass A B

slide with three electrochemical microchannel Electrochemical cell

cells. b Schematic — L | .

representation of the reference EA Ew ER
(ER), interdigitated working
(Ew), and counter electrodes
(EA) (Source: Chen and

Lindner 2009)

dissolved with hydrogen peroxide to yield electrolyte Conductometric detection approach depends on the
backgrounds for the potentiometric detection of the  difference of the electrical conductivity between the
released silver ions with the ISE. They obtained a detection ~ background solution and the analyte. Conductometric
limit of around 12.5 pmol of IgG in the 50 pL sample. detection is performed in two modes either with or without
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direct contact of the sensing electrodes with the back-
ground solution and the sample components. In general, the
detection limit of this approach can reach 107°~10~* mol/L.
The structure of the conductometric detection is simple:
only a pair of electrodes is necessary. This simple structure
facilitates miniaturization and integration. Detection based
on the conductometry has been used in immunoassay
systems for food-borne pathogens (with the detection limits
of the Salmonella, E.coli O157:H7, and E.coli biosensors
being 8.39 + 0.6, 7.9 £ 0.3, and 7.59 + 0.3 CFU/mL,
respectively) (Muhammad-Tahir and Alocilja 2003), hep-
atitis B surface antigen (the detection limit of HBsAg is
0.01 ng/mL.) (Liu et al. 2009b), interleukin-6 (the detec-
tion limit is 5 pg/mL.) (Liang et al. 2009), and Escherichia
coli (the detection limit is 0.5 CFU/mL) (Hnaiein et al.
2008).

Amperometric detection method has some advantages
including simple, low background noise. It is the most
popular electrochemical detection method in the micro-
fluidic immunoassay system. However, it is not the uni-
versal method. It requires that the analyte has the
electrochemical activity; otherwise some additional sub-
stances which have the electrochemical activity must be
introduced to the immunoassay system for the indirect
detection. Potentiometric detection method has the speci-
ficity because it uses the ion-selective membrane to achieve
charge separation. However, the selective membrane is
hard to integrate into the microfluidic system, which
greatly limits the application of this method in the micro-
fluidic immunoassay. Conductometric detection method is
a universal detection method. However, it lacks the spec-
ificity. According to the principle, the conductivity
between the background solution and the analyte must be
sufficiently different. If there are two kinds of the analytes
which have the similar conductivity, then this method
cannot distinguish them.

Impedimetric detection method is the similar to the
Amperometric or conductometric detection method. Usu-
ally, it uses either the two-electrode or the three-electrode
concept. The difference between them is that the AC is
used in the impedimetric detection. Compared with the
amperometric or conductometric detection method, the
electrolysis of the electrode can be eliminated by using the
AC. In a microfluidic immunoassay, with the antibody—
antigen interaction, the variation of the impedance can be
easily measured by an impedimetric analyzer. However,
like the conductometric detection method, the sensitivity
depends on the difference of the impedance between the
background and the analyte. Madhukar Varshney and Steve
Tung et al. (Varshney et al. 2007) demonstrated a micro-
fluidic flow cell integrated a label-free impedance biosen-
sor for the direct detection of Escherichia coli O157:H7 in
food samples. Magnetic nanoparticle-antibody conjugates
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(MNAC) were embedded in the microfluidic flow cell to
capture the bacterial cells. The microelectrodes were
coated on the microfluidic chip to form the impedance
biosensor. The impedance changes were recorded by an
impedance analyzer during the immune reaction. In their
study, 1.6 x 102 cells could be concentrated from a sample
volume of 5 mL, with a detection limit of 8.4 x 10* cfu/mL.
In Lin’s group (Yeh et al. 2009; Kuei-Ling et al. 2009),
they developed a new, simple and sensitive immunoassay
that used the impedance variation caused by silver nano-
particles (AgNPs) coated with an antibody. In their study,
the electro-microchip was composed of the two parallel
gold electrodes and an immuno-reaction well. The first
antibodies were immobilized on the glass slides and the test
antigen, the washing buffer, the PBT and the silver-con-
jugated second antibodies were introduced into the
microchip sequentially. The AgNPs made short circuit
between two electrodes and decreased the impedance. The
variation of the impedance was measured during the
immune reaction. The antigen detection limit is 10 ng/mL.

3.2.2 Quartz crystal microbalance

When applied the electrical field on the quartz crystal, it
produces the mechanical deformation. Conversely, when
applied the mechanical stress on the quartz crystal, it
generates the electrical field. This phenomenon is called
“piezoelectric effect.” The quartz crystal microbalance
(QCM), also called “micro weighing instrument” is a
sensitive mass microbalance based on the piezoelectric
effect for measuring the change of the mass on a surface
and works well without using any label. The detection limit
of this method is up to 107"* g (Mecea 2005). Michalzik
et al. (2005) and Rabe et al. (2000) demonstrated a min-
iaturized system for the determination of protein A by
integrating a QCM sensor and a PDMS-based microfluidic
cell. In their study, the AT-cut quartz with the gold elec-
trodes was used to form the quartz resonator. The PDMS
flow cell was bonded to the quartz surface. The protein A
was immobilized on the gold electrode. The anti-protein
was introduced into the flow cell and bound with the pro-
tein A. The frequency shift was monitored by a frequency
and the measured values were recorded online with soft-
ware. The detection limit for protein A is 1 mg/mL.
Recently, Frisk et al. (2008) reported a novel microsystem
which absorbed airborne narcotics molecules and per-
formed a liquid assay using an integrated quartz crystal
microbalance (QCM). In this study, the microsystem con-
sisted of four parts. A quartz crystal fixed to a silicon chip
and covered by a protective polymer cap by using double-
sided vertically conductive adhesive foil (VCAF). The
silicon chip gave rigid support to all device parts and
supplied microchannels for transport of buffer liquid. It
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defined a robust air-liquid interface where airborne mole-
cules could become absorbed into the liquid. The aniso-
tropically conductive property of the foil (VCAF) provided
electrical connection between the silicon chip and the
QCM, and electrical isolation to the rest of the system. The
polymer cap gave protection to the QCM from external
influences without making any mechanical contact to it.
The quartz crystal was a shear mode electromechanical
oscillator, with the resonance frequency dependent on the
mass of the material attached to its surface (Fig. 23). The
microsystem was based on a QCM with a competitive
immunoassay. They successfully measured 100-200 ng of
narcotics samples with a sensitivity ranging from 6 to
20 ng Hz™'. In the immunoassay, the QCM has been used
for detecting the different analytes including C-reactive
protein (the detection limit is 0.13 ng/mL) (Kim et al.
2009), prostate specific antigen (the detection limit is
0.29 ng/mL) (Uludag and Tothill 2010). The QCM is a
label-free detection method which has a potential to be
widely used in the microfluidic immunoassays. It offers
some advantages including high sensitivity, real-time
readout, and low cost. In addition, the QCM not only can
detect the mass changes of the analyte but also can provide
the structure information of the analyte. However, one of
the biggest challenges for the development of QCM
immunosensor devices is how to coat the analyte on the
detection surface evenly; otherwise it is hard to obtain the
accurate result and the repeatability.

4 Summary

The whole-blood microfluidic immunoassay plays an
important role in POC medical diagnostics because of the
possibilities for miniaturization, integration, and automa-
tion. With the development of the microfabrication tech-
nology, the new materials, the surface modification
methods, the antigen/antibody immobilization methods,
and the detection approaches, better microfluidic immu-
noassay chip technology can be developed in the near
future. In general, the applications of the whole-blood
microfluidic immunoassay require that the device must be
inexpensive, fast, and sensitive. In the future, the devices
need to decrease the size and integrate multiple functions.
The on-chip detection strategies are especially important
because the detection volume or area is very small in the
microfluidic immunoassay. To achieve these goals,
research is required in the following fields:

Surface modification and immobilization: A most crucial
problem is the reagents nonspecific adsorption or
nonspecific binding, especially in the whole-blood
environment where the blood consists of multiple

biological components. While trying to increase the
sensitivity of the signal detector, the efforts could be
destroyed by the nonspecific adsorption which can create
a background noise (and even false positive) that
determines the detection limit for an immunoassay. So
far, blocking buffers have been used to stop the
nonspecific adsorption or binding. However, to some
extent, it also can stop the specific binding, and
decreases the detection limit. Unstable immobilization
of antigen or antibody is another problem that also
directly affects the detection limit. In a microfluidic
immunoassay chip, the antibody/antigen usually is
mobilized on the surface of the channel or the substrate
such as glass and microbeads. The binding constants
values are different with the use of different materials.
Improved surface chemistry is needed to solve these
problems.

Sample extraction: Owing to the complexity and the low
amount of analytes in the whole-blood, plasma extraction
steps are often required in the microfluidic immunoassay
such as removing the blood cells. Micro/nanoparticles and
magnetic beads have been widely used in the whole-blood
immunoassay. With a high surface area and ease of
manipulation, these beads are expected to provide a
promising method for the homogenous immunoassay
without separation the whole blood. For heterogeneous
immunoassay, currently, the commercial membrane fil-
ters are used in the microfluidic device to separate the
plasma from the whole blood. There are other physical
methods that can be used to realize the separation. Further
study is required to find simple, on-chip methods to
increase the efficiency of the separation.

Transporting liquids: This is a key step in the whole-
blood microfluidic immunoassay device. The immuno-
assay involves multiple steps of loading different
reagents and washing processes. In microfluidic immu-
noassay, the liquid is typically introduced by pressure-,
electrokinetic-, or capillary- driven flow. In this review,
most of the cases utilize the pressure-driven flow, which
is generated by a syringe pump producing positive/
negative pressure to push/pull the liquid. However, using
the pressure-driven flow, it is difficult to integrate the
bulking pumps, tubing and valves in a POC device. In
some devices, electrokinetic flow is used to transport
liquids and control the on-chip fluidic processes, because
of the ease of automation and no moving parts (Hu et al.
2005, 2007; Xiang et al. 2006; Gao et al. 2005a, b).
Centrifugal-based microfluidic chips are a good choice
for POC immunoassay applications.

Detection: In general, the detection system in the POC
microfluidic immunoassay devices must have high
sensitivity, high response time, and miniature size.
Currently, the detection systems for the whole-blood
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microfluidic immunoassay are usually bulky and expen-
sive. It will be very difficult to integrate the detection
system into a portable device if the detection system
requires microscope, power supply, laser, and pump.

Optical detection still is the most powerful technique for
analysis in microfluidic immunoassays. Speaking in gen-
eral, fluorescence detection method is the most popular
optical method for quantifying analyte in the microfluidic
immunoassays systems. It has high sensitivity (the detec-
tion limit is from 107° mol/L to 107"} mol/L), high
response time and high selectivity due to fluorescent
labeling techniques. The key to get the high qualitative
fluorescent signal is to minimize the background light as
much as possible. Therefore, material selection and sample
purification are very important. Profiting from the laser
diode and the miniaturized CCD sensor, fluorescence
detection method can be easily integrated and miniaturized
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into a portable microfluidic immunoassay device. Recently,
LEDs (Seo and Lee 2003, 2004; Chediak et al. 2004; Pais
et al. 2008) as an excitation light and COMS image sensors
(Schmidt et al. 2007) are used for fluorescence detection to
decrease the cost. They may be developed into a cost-
effective way of detection in the microfluidic immunoas-
say. The CL detection method is generally acknowledged
to be a highly sensitive method which can be comparable to
the FIA method. The biggest benefit of this technique is
that the excitation component, beam splitter, and filter are
not required. Compared with the FIA, CL detection method
is much easier to integrate and miniaturize. Just a detector
fixed at the reactor cell in the microchannel can accom-
plished the detection. Therefore, the design of the reactor
cell in the microchannel is crucial to the whole system. On
the one hand, the analyte and the antibody/antigen require
highly efficient mixing and full reaction in the reactor cell.
On the other hand, the reaction system may influence the
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quantification of the detection, such as reaction accompa-
nied by gas production. SPR detection method is growing
rapidly, mostly because it is a free labelng and real-time
response detection method, and the background noise is
virtually eliminated. SPR detection method is feasible for
miniaturization and portability (Chinowsky et al. 2007a, b;
Fu et al. 2007; Feltis et al. 2008). However, the structure of
the SPR device is complex, and a layer of metal (such as
gold) must be deposited on the disposable microchip, thus
increasing cost. Thermal lens microscopy (TLM) is a kind
of very sensitive photothermal conversion detection tech-
nique. It is a promising method for detecting analysis in
liquids. The detection limit was demonstrated to be as low
as the 0.1 nM level (close to the sub-single molecule range)
(Tokeshi et al. 2001). However, TLM has a low selectivity
so that it cannot distinguish the changes of the temperature
and light intensity caused by different analytes. Therefore,
it is hard to be applied in the complicated detection.
Besides, Integrating and miniaturizing the TLM method
into a microfluidic immunoassay is a big challenge.
Nonoptical detection is another important branch of
detection methods for the microfluidic immunoassay,
especially the electrochemical detection method. Since the
electrochemical detection method was firstly combined with
the microfluidic immunoassay technique in 1998, it has been
developed and applied rapidly in the microfluidic immu-
noassay system due to the speed, portability and low cost.
Because the structure of electrochemical methods is simple,
the electrochemical-based microfluidic immunoassay sys-
tem can be much easily miniaturized and integrated by the
micromachining technology. However, the major disad-
vantage of this method is the interference caused by the
components such as the electronic circuits, the electrodes
and the microchip. In the liquid environment, because of the
electrolysis, the bubbles are easily generated and will
influence the result. The electrochemical detection depends
on detecting the change of the current or the voltage.
Therefore, compared with other detection methods, the
background noise of the electronic circuits impacts the
detection limit greatly in the electrochemical detection
method. The QCM is a potential detection method in the
microfluidic immunoassays due to its high sensitivity, the
real-time readout, and the low cost. However, how to coat
the analyte on the detection surface evenly is a big challenge.
For POC applications, the final goal is to develop a fully
integrated, disposable, low-cost, and handheld microfluidic
device for the whole-blood immunoassay. Although many
existing whole-blood microfluidic immunoassay technolo-
gies have the potential, most of them are operated by well-
trained technicians and require additional off-chip sup-
porting units, such as fluid controlling systems, power and
detection systems etc.. Significant advancement in this area
is still required, and much more study remains to be done.
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