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a b s t r a c t

Herein we report on a proof of principle for the reproducible quantification of Vascular Endothelial
Growth Factor (VEGF) in human plasma by fluorescence sandwich immunoassays using disposable poly-
dimethylsiloxane (PDMS) microfluidic chips. The system requires 100 times less sample than typical
clinical blood tests, while its current quantification limit is established at 4 pM. The in-built calibra-
eywords:
lasma
mmunoassay

icrofluidic

tion method of spiking the plasma with known concentrations of commercially available antigen avoids
common sources of error and improves the reliability of the test results. The demonstrated technique
is important for immunoassay applications in fundamental scientific research and “point-of-care” (POC)
biomedical diagnostics. In particular, the system is immediately applicable to microfluidic quantification
of VEGF in human plasma in cancer studies.
luorescence

EGF
iagnostic

. Introduction

Today’s healthcare is plagued by escalating costs and ever-
rowing demands on the existing medical infrastructure. The
ituation will only worsen as the populous Baby Boomer generation
pproaches retirement age. A potential solution to these chal-
enges is the development of personal, preventative, participatory,
nd predictive medicine that will combine personalized genomic
nd proteomic information with systematic monitoring, early diag-
osis, timely treatment, and preventative therapies.

A critical component in this emerging healthcare model will be
he ubiquitous practice of rapid, accurate, inexpensive, and fre-
uent biomedical testing. However, this task is financially and

ogistically impossible to achieve with the current centralized clin-
cal diagnostics [1,2]. Instead, a viable solution to this problem
s offered by new decentralized diagnostics that would expand
he techniques of point-of-care testing (POCT) throughout hospi-

als, doctor’s offices, and even into patients’ homes (for certain
pproved screening modalities). This decentralized diagnostics
ould be based on disposable microfluidic devices operated by
ortable inexpensive apparatuses.

� This paper is part of the special issue “Immunoaffinity Techniques in Analysis”,
.M. Phillips (Guest Editor).
∗ Corresponding author at: 2011 Zonal Ave, HMR301A, Keck School of Medicine,
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So far, while a few commercial systems [1] have been developed
(e.g. iSTAT and glucometers), the vast potential for decentralization
remains untapped as the majority of testing is still conducted in
clinical labs using large equipment [2]. Hence the need for such
devices remains unsatisfied and so, their development is an active
area of research.

In particular, reducing immunoassays to microfluidic scales has
been extensively explored in recent years, because many blood
tests are protein-based and immunoassays are the chief method of
protein detection and quantification. In addition, as new biomark-
ers are discovered, the need for rapid and accurate quantification
of proteins in biosamples will only increase.

Many microfluidic immunoassay approaches have been pro-
posed, involving glass [3–10], titanium dioxide [8], silicon [11–15],
silicone [11,16–31], silicon nitride [32], poly(methylmethacrylate)
[33], polyurethane [34], Mylar [35], polycarbonate [36], polyolefin
[37], ethylenediamine film [38], compact discs [39], flow cells [40],
screen-printed chips [41], and scanned arrays [42]. These diverse
efforts boast subsets of the full list of the desirable qualities:
capability to measure multiple antigens and samples per device,
industrially feasible fabrication, parsimony of sample and reagents,
adequate sensitivity and specificity, adequate reliability and repro-
ducibility, and robust performance in the field. So far, no particular

technique has satisfied all these requirements, so the quest for an
optimal approach continues.

As part of this effort, we developed a high-throughput multi-
antigen microfluidic system [43] simultaneously quantifying four
protein analytes at their clinically relevant levels in buffer solutions.

http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:kartalov@usc.edu
dx.doi.org/10.1016/j.jchromb.2009.08.038
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ext, we adapted the system to quantify the same blood proteins in
uman serum [44]. We showed reliable reproducible quantification
f ferritin down to 250 pM endogenous concentration [44], thereby
chieving proof of principle for work with human serum.

However, some important analytes, such as Vascular Endothe-
ial Growth Factor (VEGF) (used in the diagnosis and monitoring of
ancer [45,46]), are measured in plasma instead of serum. Serum
roduction involves letting the whole blood coagulate, centrifuging
he sample to remove the clot, and collecting only the supernatant.
uring this procedure, many analytes are consumed in the clot-

ing process or become trapped in the coagulating matrix. Hence,
heir concentration in the resulting serum is significantly less than
he starting one in whole blood. The reduction factor is gener-
lly inconsistent, preventing reliable quantification. Consequently,
uch analytes are instead clinically measured in human plasma
45,46].

Hence, we applied our system [44] to the quantification of
elected analytes in human plasma. We measured VEGF repro-
ucibly down to 4 pM endogenous concentration. The achieved
roof of principle extends the usefulness and applicability of this
icrofluidic system to work with human plasma at very low ana-

yte concentrations. Our results are presented herein.
The reported work brings the field of microfluidics closer

o the desired goal of ubiquitous and affordable decentralized
rotein-based biomedical diagnostics. The presented approach is
articularly relevant and useful because production of plasma can
lso be done ‘on-chip’ [42] in the same type of elastomeric devices.
he technical and architectural compatibility of these two tech-
iques allow the integration of sample preparation and sensitive
uantification within the same device, thereby miniaturizing the
verall system, speeding up the measurement procedure, simpli-
ying logistics, and reducing costs. The eventual result would be
rapid and accurate blood test requiring only a droplet of whole
lood.

Finally, the inherent sample economy makes our system ide-
lly suited for applications where plasma samples are small, scarce,
r expensive to obtain. Important examples are large studies that
onitor and/or screen communities and pediatric populations, as
ell as broad retrospective studies that span already generated bio-

anks of patient samples. Such studies cannot be undertaken by
onventional techniques, because those techniques would neces-
itate sample volumes that are simply unavailable or would be
oo costly to obtain by orthodox venipuncture. By contrast, the

icrofluidic chip described herein functions well with just a few
icroliters of plasma. We expect that such studies will be more

asily undertaken in the future, now that an enabling technique
as become available.

. Materials and methods

.1. Device fabrication

.1.1. Flow layer mold
3-Inch silicon wafers were treated with hexadimethylsilazane

HDMS) vapors for 3 min. SPR 220-7 photoresist (MicroChem Corp.
ewton, MA) was spun onto the wafer using a WS-400A-GNPP/LITE

pincoater (Laurell Technologies, North Wales, PA). The wafer was
aked at 105 ◦C for 90 s, UV-exposed through a printed trans-
arency mask at a Karl Suss MJB3 mask aligner, and developed in
PR 220-7 developer. The mold was baked on a hotplate at 140 ◦C
or 30 min with ramping up from and back to room temperature.
.1.2. Control layer mold
SU8-2010 (MicroChem Corp, Newton, MA) was spun onto 3-

nch silicon wafer using the same spin coater. Pre-exposure bake
B 878 (2010) 258–263 259

was 2 min at 65 ◦C, then 6 min at 95 ◦C. UV exposure was done at the
same mask aligner for 1.75 min. Post-exposure bake was 2 min at
65 ◦C, then 6 min at 95 ◦C. The mold was developed in SU8 developer
(MicroChem Corp, Newton, MA).

2.1.3. Elastomer chip
Molds were exposed to tetramethylchlorosilane (TMCS) vapors

for 3 min. Then 35 and 21 g of PDMS pre-polymer, in monomer-
to-catalyst weight ratio of 5:1 and 20:1 respectively, were stirred
and degassing using a HM-501 hybrid mixer (Keyence, Long Beach,
CA, USA). The 20:1 mixture was spun onto the flow layer mold at
1500 rpm for 60 s using a P6700 spincoater (Specialty Coating Sys-
tems, Indianapolis, IN, USA). The 5:1 was poured directly onto the
control layer wafer. Both were baked in an 80 ◦C oven for 30 min.
The control layer was peeled off the mold and cut out into devices.
Control ports were punched using a 20-gauge Intramedic TM Luer-
Stub adapter (BD Biosciences, Franklin Lakes, NJ). The devices were
then aligned and assembled to the flow layer under a stereoscope.
The result was baked in an 80 ◦C oven for 1 h. Devices were cut
out and peeled off the flow layer mold. Ports for the flow channels
were then punched using the same 20-gauge adapter. The result-
ing PDMS chips was washed in ethanol, dried with nitrogen, and
attached to epoxide-coated glass slides (Arrayit Corporation, Sun-
nyvale, CA). A final 12 h bake was performed to bond the PDMS chip
to the slide.

2.2. Sample preparation

A compound human plasma sample was produced at the USC
Reference Lab by combining the leftover plasma samples from six
anonymized patients. A portion of the compound sample was sent
to Quest Diagnostics Nichols Institute (San Juan Capistrano, CA) for
VEGF quantification by conventional clinical means. The returned
result was 42 pg/mL. The rest of the sample was aliquoted and
frozen at −20 ◦C for storage.

For each on-chip experiment, an aliquot would be thawed and
split into five samples. Four of them would be spiked with a dif-
ferent concentration of antigen that was a commercial analog to
the analyte of interest. The fifth one would remain unspiked. The
resulting preparations were fed as separate samples on the same
chip, along with a sixth sample (Tris 1×, 0.1% BSA) for control.

2.3. Experimental setup and procedures

The microfluidic fluorescence microscopy station contains an
inverted Olympus IX-71 fluorescence microscope (Olympus Amer-
ica, Melville, NY) equipped with a mercury lamp (HBO® 103 W/2;
OSRAM Munich, Germany) and a cooled CCD camera ST-7I (Santa
Barbara Instrument Group, Santa Barbara, CA). Microfluidic control
is provided by 8CM solenoid valve arrays and a BOB3 box (Flu-
idigm Corp., San Francisco, CA) directed by a PCI NI-DAQ card from
National Instruments.

23-Gauge steel tubes (New England Small Tube, Litchfield, NH)
are inserted into the control and flow layer ports of the chip
(Fig. 1A). (As the diameter of the ports is smaller than the outer
diameter of the tubes, the chip material is stretched around the
tubes and holds them snugly. The resulting seal typically remains
airtight up to 25 psi pressure difference.) The control layer is filled
with water using Tygon® tubing (Cole-Parmer, Vernon Hills, IL)
connected to the 8CM arrays. The flow layer is filled with samples
and reagents through Tygon® tubing connected to pressure man-

ifolds from Corning. The operating air pressures are maintained
at 13 psi for control channels and 8 psi for sample and reagents
channels, using regulators from AirTrol.

The chip (Fig. 1) is essentially a two-dimensional matrix of ana-
lyte capture chambers with added input/output ports for samples,
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ig. 1. (A) Microfluidic immunoassay chip. A 60-chamber PDMS chip bound to a 1
orts for reagents, samples, and control pressure. The microchannel test matrix is v
ressure to open and close microvalves, which steer reagents along flow channels (b
here a sandwich immunoassay is constructed. Fluorophore labels produce signal

eagents, and pneumatic control. The chambers are formed at the
ntersections of reagent and sample channels (in blue). The cham-
ers can be isolated from one another by a vertical and a horizontal
rray of pneumatic microvalves operated through control channels
in red). During each feed, valves are opened or closed to form a flu-
dic pathway from input to exhaust for only the desired sample or
eagent.

In a quantification experiment, VEGF monoclonal antibody (R&D
ystems, Inc., Minneapolis, MN) is fed from inputs D1–5 to exhausts
E1–5 (Fig. 1B) in 10 cycles of 60-s flow and 60-s incubation. The
onoclonal antibody travels along the 5 test lanes (horizontally

o the right in Fig. 1B) and bonds covalently to the epoxide-coated
lass substrate, which forms the floor of the reagent channels. Next,
uffer (Tris 1× (Sigma–Aldrich), 0.1% BSA) is fed from input DB
o exhausts DE1–5, to flush the non-bound monoclonal antibod-

es out of the test lanes and to passivate any unreacted epoxide.
uffer of the same content is then fed from input SB to exhausts
E1–6 vertically downward in Fig. 1B, to passivate the epox-
de along the sample paths as well. (The passivation feeds also
nsure that BSA blocks non-specific-binding sites on the elastomer
wide epoxide slide was used for the experiments. The vertical cylinders are input
in the middle. (B) Architectural diagram of the chip. Control channels (red) convey
Each intersection of flow channels in the central test matrix forms a microchamber
used to quantify the captured antigen.

channels walls, which otherwise might later bind fluorescently
labeled streptavidin and produce false signal during detection and
quantification. Low signal from controls attests to the success of
the technique.)

Spiked plasma subsamples are then fed from inputs S1–5 to
exhausts SE1–5, while buffer (Tris 1×, 0.1% BSA) is simultaneously
fed from S6 to SE6 as a control, in 10 cycles of 60-s flow and 60-s
incubation. During each incubation, the subsamples are pumped
along respective circular paths (coliseums [43,44], Fig. 1B) using an
array of peristaltic pumps set at a 3-s cycle. This technique ensures
that the same plasma passes over the capture sites multiple times,
thereby maximizing the capture of analyte by the immobilized anti-
body.

After the plasma feeds, buffer (Tris 1×, 0.1% BSA) from SB to
SE1–6 flushes out the remaining plasma. Biotinylated VEGF poly-

clonal antibody (R&D Systems, Inc., Minneapolis, MN) is fed from
inputs A1–5 to exhausts DE1–5 in 10 cycles of 60-s flow and 60-s
incubation. The antibody attaches to the captured analyte and com-
pletes the sandwich immunoassay. Buffer (Tris 1×, 0.1% BSA) is then
fed from input DB to exhausts DE1–5 to flush unbound antibody.
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Fig. 2. Quantification of VEGF in human plasma. The plasma sample was spiked
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Fig. 3. Instrumental performance. The results of 39 analogous measurements of
VEGF in the same human plasma sample are presented as a scatter plot (A) and
a histogram (B). No systematic clustering among subsets of measurements was
ith known concentrations of commercially available analog. The endogenous VEGF
oncentration is calculated from the slope of the linear fit and the zero-spike
et signal. Here, the linear fit (R = 0.9757, p = 0.0045) indicated a concentration of
.16 ± 0.28 pM, while the clinical result was 1.6 pM.

Streptavidin tagged with Alexa Fluor 555 (Invitrogen Corp.,
arlsbad, CA) is fed from input SA to exhausts SE1–5 in 10 cycles of
0-s flow and 60-s incubation. The streptavidin binds to the immo-
ilized biotinylated antibody. Buffer (Tris 1×, 0.1% BSA) is fed from
B to DE1–5 for 10 min to flush the excess streptavidin. The CCD
amera is cooled to −5 ◦C and a fluorescence image is taken of each
apture chamber in the matrix with a 5-s exposure.

.4. Data analysis

Signal quantification inside fluorescence images was done by
rawing boxes in Astra Image and using the inbuilt summation
unction. The net signal for each image was calculated as the cham-
er signal diminished by the background signal adjusted by a
actor equal to the ratio of the boxed chamber area to the boxed
ackground area. All the net signals from plasma chambers were
iminished by the net signal from the respective control chambers
long the same test lane in the device. The results were then plot-
ed as a function of spiked concentration. A linear fit (R = 0.9757,
= 0.0045) was produced to obtain the slope of this calibration
urve (Fig. 2). Dividing the zero-spike signal by the slope produced
he endogenous concentration of the analyte. Results from the mul-
iple quantitations of the same compound plasma sample were
rganized in a scatter plot (Fig. 3A) and a histogram (Fig. 3B).

. Results

We set out to achieve a proof of principle for the use of our multi-
nalyte microfluidic fluorescence immunoassays system [43,44]
ith human plasma. For this purpose, VEGF was chosen as the ana-

yte to quantify, due to its significance as a cancer biomarker, its low
ypical endogenous concentration (2500 pg/mL, 96 pM “normally”),
nd the standing practice of quantifying it in human plasma.

The same in-built recalibration scheme was utilized as in the
receding work [44] involving human serum. In each experiment,
n aliquot of a human plasma stock was split into five samples, four
f which were spiked with a different concentration of commercial

ntigen analog, while the fifth was left pure (unspiked). A buffer
ontrol was also included as a sixth sample to offer an estimate of
he noise. These samples were processed on the chip (see Section
.3 for details). A calibration curve (e.g. Fig. 2) was plotted for the
et fluorescent signal from the plasma samples as a function of the
observed. The results showed agreement and reproducibility across different test
lanes in the same chip as well as across different chips, thereby attesting to the
overall reproducibility of the results.

spiking concentration. The net signal from the pure (zero-spike)
plasma sample was divided by the slope of the linear fit to the cali-
bration curve, to obtain a measurement of the endogenous analyte
concentration.

Each chip (Fig. 1A) produced up to five independent measure-
ments of VEGF in the same plasma aliquot, since the microfluidic
matrix (Fig. 1B) contains five independent test lanes. Results from
multiple measurements within the same chip were combined with
results from other chips to produce a scatter plot (Fig. 3A) and a his-
togram (Fig. 3B). A Gaussian fit to the histogram produced a mean
of 3.93 pM and a standard deviation of 1.92 pM, while the clinical
Quest Diagnostics measurement of the same sample produced a
value of 1.6 pM (42 pg/mL). A likely explanation for the discrepancy
is presented in Section 4 below.
We observed no visible difference or systematic clustering
among subsets of our measurements. The results showed agree-
ment and reproducibility across different test lanes in the same
device as well as across different devices, thereby demonstrating
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he overall reproducibility of the system. We believe the chief con-
ributor to the observed quality is the in-built recalibration scheme.

. Discussion

.1. Chosen method

Herein we aimed to demonstrate a proof of principle for our
ystem working with human plasma. Hence, we could limit our-
elves to the described scheme of combining the plasma of several
atients into one sample and quantifying that sample in multiple
xperiments. Obviously, the scope and requirements for a full clini-
al validation will include systematic quantification for a very large
umber of patients in terms of different analytes measured by ‘gold
tandard’ techniques, such as automated ELISA [2]. Such an under-
aking is beyond the scope of the present study, which is restricted
o proof of principle.

.2. Peer comparison

In the field of immunoassay miniaturization, our system is one
f the few to have demonstrated the capability to work with real-
stic biomedical samples. While it is prudent to debug emerging
ystems with buffer solutions as a preliminary step, the ultimate
hallenge is to produce good results with human serum, plasma,
erebrospinal fluid, urine, saliva, etc. With that requirement in
lace, the selection of demonstrated devices becomes far more

imited [11,21,22,25,28,29,32,36–38,40,42]. Except for a surface
lasmon resonance method [25] (which is expensive and difficult
o parallelize and miniaturize), our system is the apparent leader
n quantitative sensitivity.

To our knowledge, among the systems working with realistic
iological samples, ours and Linder’s [28] are the only ones utilizing
n internal recalibration as part of every measurement. However,
inder’s uses a second fluorophore as an internal standard, which
equires “multi-color” fluorescence detection, increasing cost and
mpeding miniaturization. Our system achieves recalibration and
igher sensitivity, while still working with a single type of fluo-
ophore.

.3. Significance and applicability

The observed difference between the results obtained by
tandard clinical measurements (1.6 pM) and by our chips
3.93 ± 1.92 pM) is intriguing. The self-consistence of our results
ver a significant number of independent measurements (N = 39)
uggests that we are observing a real phenomenon. Our system
learly can detect even such low concentration, but the quantita-
ive measurement has a large uncertainty. These features lead us to
elieve that we are observing the current quantitative sensitivity

imit of the system (around 4 pM).
Based on these results, our system is immediately usable

or VEGF quantification in human plasma, since VEGF is usually
verexpressed in practice. In addition, there is a large dynamic
ange between our sensitivity limit (4 pM) and the “normal” value
96 pM), in which the system can quantify underexpression, e.g.
rought about by VEGF-reducing anticancer drugs [45,46].

The significance of the presented proof of principle goes beyond
EGF quantification. The proof makes the system applicable to a
road range of clinical diagnostic tests that boil down to quantifying
roteins in human plasma. Thus all such tests currently done in

acro-samples could instead be done by the presented microfluidic

echnique, saving reagents and using micro-samples.
The reduction in required sample volume would allow new

ypes of clinical and fundamental studies, e.g. a broad, multi-
nalyte screening of a large number of small-volume samples

[

[

[

B 878 (2010) 258–263

from existing bio-banks organized by the respective symptomatic
pathologies, e.g. multiple sclerosis, particular types of cancer, etc.
For example, patients’ histories could be correlated with the results
from the microfluidic testing of their banked samples, to discover
new pathological expression signatures of high diagnostic and/or
predictive value.

Such studies are usually impractical to conduct by conventional
means, due to prohibitive cost and sample volume requirement [2].
However, our system has the inherent capability of multi-analyte
detection [43,44], which would cut costs, while the system would
also use up only a small fraction of the precious banked sample.
Hence our system solves both problems. We therefore hope and
expect that such valuable studies would be undertaken shortly,
now that an enabling technique has been demonstrated.

Apart from quantifications in fundamental studies, our system
has relevance to routine biomedical diagnostics as well. On-chip
sample preparation is a necessary stage in the highly integrated
immunoassay chip of the POC diagnostics of the future. On the
other hand, plasma is easier to produce on-chip than serum. Hence,
the preferred medium in future POCT would likely be plasma. That
makes it expedient to develop subsystems for microfluidic protein
quantification in plasma. Our system is an example of this type of
development. As an added benefit, our system is already fully inte-
grable with microfluidic devices for plasma preparation [42,47],
due to the shared underlying elastomeric microfluidic technology
[48]. Thus our system is an important addition to the technological
palette necessary to assemble the future of POC diagnostics.

5. Conclusions

The presented work demonstrates proof of principle for the use
of our microfluidic fluorescence immunoassay system with human
plasma. Vascular Endothelial Growth Factor (VEGF) has been quan-
tified down to 4 pM endogenous concentration, which appears to be
the current quantitative sensitivity limit of the system. The demon-
strated technique is important for immunoassay applications in
scientific research and “point-of-care” biomedical diagnostics. In
particular, the system is immediately applicable to microfluidic
quantification of VEGF in human plasma in cancer studies.
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