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Cancer biomarkers have significant potential as reliable tools for the early
detection of the disease and for monitoring its recurrence. However, most current
methods for biomarker detection have technical difficulties (such as sample
preparation and specific detector requirements) which limit their application in
point of care diagnostics. We developed an extremely simple, power-free
microfluidic system for direct detection of cancer biomarkers in microliter
volumes of whole blood. CEA and CYFRA21-1 were chosen as model cancer
biomarkers. The system automatically extracted blood plasma from less than 3 ul
of whole blood and performed a multiplex sample-to-answer assay (nano-ELISA
(enzyme-linked immunosorbent assay) technique) without the use of external
power or extra components. By taking advantage of the nano-ELISA technique,
this microfluidic system detected CEA at a concentration of 50pg/ml and
CYFRAZ2I1-1 at a concentration of 60 pg/ml within 60 min. The combination of
PnP polydimethylsiloxane (PDMS) pump and nano-ELISA technique in a single
microchip system shows great promise for the detection of cancer biomarkers in a
drop of blood. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4807803]

. INTRODUCTION

Cancer remains a major cause of mortality and a serious threat to the health of people
around the world. Biomarkers have emerged as potentially important diagnostic tools to reduce
mortality rates and increase overall survival for cancer patients.' Biomarkers of cancer include
a broad range of biochemical entities, such as nucleic acids, proteins, sugars, lipids, and small
metabolites, cytogenetic and cytokinetic parameters as well as whole tumour cells (usually
known as circulating tumour cells, CTCs) found in the body fluid. Among them, the protein-
based biomarkers and CTCs are the two most commonly used biomarkers for the early detec-
tion of cancer due to their high specificity and sensitivity. CTCs can provide valuable clinical
information for prognosis, prediction of response to therapy, or monitoring clinical course in
patients. Recently, there have been many attempts to develop a reliable, rapid and sensitive
method for the isolation and detection of CTCs, including immunomagnetic separation,® affin-
ity chromatography separation,™ and label-free separation.®”'? Despite the detection and analy-
sis of CTCs offer a promising non-invasive diagnostic approach for the diagnosis and prognosis
of cancer, its use in clinical practice remains limited because of the rarity of CTCs in blood,
the difficulty of isolating CTCs and the complexity of CTCs identification and enumeration. In
contrast to the isolation and detection of CTCs, the protein-based biomarker tests are easier and
more convenient which do not need labor-intensive cell capture and identification and has the
potential to allow rapid point-of-care use. Thus, the protein-based biomarkers are widely used
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in current clinical practice for non-invasive detection of cancer. Currently, most of the reported
methods for the protein-based biomarkers detection have employed colorimetric enzyme immu-
noassays,'> electrochemical immunoassays,'* radioimmunoassays,'” or fluoroimmunoassays.'®
However, these assays have technical limitations, including sample preparation complexity and
specific detection instrumentation requirements. In addition, inhibitors and cells present in
whole blood can interfere with enzyme-linked immunosorbent assays (ELISA), resulting in
decreased sensitivity.'”™'” Thus, most clinical diagnostic procedures require isolated plasma
rather than whole blood to minimize this interference and increase assay sensitivity and
specificity.?%?!

Microfluidic technology has developed rapidly over the last several years, confirming pros-
pects for its broad applicability in basic research and clinical analysis®**® due to portability,
affordability, and high sensitivity. It holds particular promise in the implementation of point-of-
care (POC) diagnostics because of instrument and method miniaturization. On-chip plasma sep-
aration and protein-based biomarkers detection can miniaturize and simplify analysis, thus elim-
inating process contamination from sample handling, transportation and storage. Numerous
reports have described on-chip plasma separation using microfluidic approaches, such as centrif-
ugation,”** filtration,”® magnetophoresis,”’ flow bifurcation,”® and membrane integration.”*=>!
However, these chips require external power sources or sophisticated fabrication which hinders
their widespread application, especially in developing countries. Recently, Dimov et al. demon-
strated a self-powered, integrated, microfluidic blood analysis system that performed on-chip
cell removal and multiple protein binding assays.*> While this system provided an attractive so-
lution for on-chip whole-blood immunoassay, it was only suitable for one-step immunoassays
and required bulky and expensive fluorescence detection instrumentation, thus limiting its appli-
cation in POC diagnostics. Therefore, the need remains for a simple, low cost system for on-
chip whole-blood immunoassay.

This paper describes a simple, power-free, whole-blood, immunoassay, microfluidic system
which integrates plasma extraction with on-chip nano-ELISA for a highly sensitive immunoas-
say. This system uses a pre-degassed polydimethylsiloxane (PDMS) bulk containing mesh-
shaped chambers as a suction pump to drive the fluid motion in the chip’s microchannels during
plasma separation and immunoassay. The array of microchannels in the chip contains localized
deeper sections which are designed for plasma separation based on the natural sedimentation
behavior of blood cells at low shear rate. The system is powered by the pre-degassed bulk
PDMS without using external power sources which would be useful for point-of-care diagnosis.
Furthermore, because a PnP PDMS pump slab can be simply peeled off from the microchip
and replaced with another degassed PnP PDMS slab, the system can easily be used to perform
a complex immunoassay involving multiple-step reactions. To amplify the detected signals, this
system uses silver reduction promoted by gold nanoparticles, which offers a visual macroscopic
readout using a simple optical detection device. Carcino-embryonic antigen (CEA) and serum
cytokeratin fragment 21-1 (CYFRA21-1) were used as model cancer biomarkers to demonstrate
the ability of this system to directly detect cancer biomarkers in whole blood. CEA is one of
the most widely studied cancer biomarkers related to lung cancer,® colon cancer,>® and breast
cancer,” which exists originally in digestive system cancer in endoblast. Similarly, serum cyto-
keratin fragment 21-1 (CYFRAZ21-1), which is reported to react specifically to CK19 fragments,
is associated with lung cancer,36 breast (:ancer,37 and bladder cancer.>®

Il. MATERIALS AND METHODS
A. Design and fabrication of microchips

As shown schematically in Fig. 1(a), the chip was composed of a top glass layer immobi-
lized with antibody strips, a middle PDMS layer containing microfluidic channels, and a bottom
glass support substrate layer. The chip had six independent microchannels. Each microchannel
had three operating sections: a sedimentation area, a reaction area, and a pumping chamber/
waste area (Fig. 1(b)). The sedimentation area was deeper and wider than other areas of the
microchannel to slow down the flow rate. As whole blood passed through the sedimentation
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FIG. 1. Schematic diagram of the proposed microfluidic device: (a) Exploded view, (b) top view, (c) cross sections of
plasma separation, and (d) illustration of experimental procedure for immunoassay based on gold nanoparticle silver
enhancement.

area, the low flow rate allowed all blood cells to sediment gravitationally leaving only plasma
for the immunoassay analysis. In this chip, fluid was pumped with a unique, self-priming,
degassing-driven flow technique.’® To increase the pumping energy of degassed PDMS, an
array of supporting posts was fabricated in each pumping chamber to increase the area for ab-
sorbance of air.*’

The PDMS layer and PDMS stamp were fabricated using the soft lithography replica mold-
ing technique. Two template molds were fabricated using standard photolithography on 3-in.
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silicon wafers. The PDMS layer template was prepared using a multi-layer SU-8 process
[(SU8-2015 and SUS8-2100 negative photoresists (Microchem Corp.)] to produce plasma chan-
nels, sedimentation channels, and waste chambers. Typical dimensions used in the device are
plasma channel 15um (height) x 100 um (width) x 23 mm (length); sedimentation channel
100 um (height) x 500 um (width) x 20mm (length); waste chamber (including an array of
microposts to prevent roof-collapse) 100 um (height) x 1.6 mm (width) x 9mm (length). The
PDMS stamp template was a single-layer mold containing 100-um high and 100-um wide fea-
tures made with SU8-2100 photoresist (Microchem Corp.). After completion of the template
molds, Sylgard 184 (10:1 (w/w) resin to cross-linker) was poured over the templates to form
structured PDMS substrates. After curing, the cast PDMS slabs were peeled off the templates
and cut to the appropriate size. The PDMS stamp was reversibly bonded to a glass slide for
selectively patterning the captured antibody. The molded PDMS layer was visually aligned and
reversibly bonded to a predrilled, antibody patterned glass slide. The glass-PDMS assembly
was then placed on the substrate.

B. Capture antibody patterning

Prior to assembling the microchip device, the capture protein was immobilized on the top
glass slide using a PDMS stamp (Figs. 2(a) and 2(b)) as follows: (i) the peeled PDMS stamp
was bonded to an aldehyde-glass slide to form the patterning protein device; (ii) the inlets of
the microchannels were filled with 1 ul of capture antibody solution (Medix Biochemica), and
the pre-degassed PDMS pump was placed on the outlets; (iii) after 120 min, the microchannels
were blocked with BSA (10% in PBS) for 10min; (iv) the microchannels were rinsed with
water and dried under a stream of N,; (v) the PDMS stamp was removed from the glass slide.
The patterned substrates were used on the day of preparation.
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FIG. 2. Schematic illustration of the operation of the proposed microfluidic device: (a) A PDMS stamp is sealed over a
glass slide and capture antibodies are loaded into microchannels. (b) After incubation, the PDMS stamp is peeled off and
the patterned lines of capture antibodies are produced on the surface of the glass substrate. (c) The substrate patterned with
lines of capture antibodies is turned over and reversibly sealed over a molded PDMS-glass assembly, then aliquots of blood
samples are dispensed into the inlet ports of the microchip and plasma separation and antigen/DP capture are performed by
mounting a “PnP” PDMS pump on the microchip. (d) After antigen/DP capture, all channels are flushed with PBS to
remove unbound DP, and then aliquots silver solution are loaded into channels for further signal enhancement.
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C. Preparation of samples and reagents

Unmodified gold nanoparticles (AuNPs, 13 nm in diameter) were prepared by citrate reduc-
tion.* Briefly, 250ml of 1 mM HAuCly in water was rapidly heated to boiling and allowed to
equilibrate for 5 min under constant stirring, followed by the addition of 25ml of 38.8 mM of
trisodium citrate. The reaction proceeded for 15min, during which the color of the solution
changed from pale yellow to wine red. The AuNPs solution was cooled to room temperature
and filtered through a 0.22-um cellulose nitrate filter. The synthesized AuNPs were character-
ized by transmission electron microscopy (TEM) and UV/Vis spectroscopy.

The AuNP-anti-CEA detection antibody (DP1) was prepared as previously reported*' with
a few modifications. The pH value of the AuNPs solution was adjusted to 8.5 with 0.2M of
K,COj;. Then 2 ul of CEA antibody (1 g/l, Medix Biochemica) was added to 0.5ml of the
AuNPs solution, followed by 10 ul of BSA solution (10%). The co-mixture was left for 30 min.
After centrifugation at 10000 g, the sedimented AuNPs probes were resuspended in 100 ul of
PBS buffer (0.26 g NaH,PO,4-H,0, 1.44 g Na,HPO,-H,0, 8.78 g NaCl/l mLddH,0, pH 7.2) and
stored at 4 °C.

Anti-CYFRA21-1 labeled AuNPs (DP2) was prepared as previously reported*® with a few
modifications. The pH of the AuNPs solution was adjusted to 8.5 with 0.2M of K,COj3;. Then
5 il of CYFRA21-1 antibody (Medix Biochemica) was added to 0.5ml of the AuNPs suspen-
sion, after which it was incubated for 30 min at room temperature. After addition of 10 ul of
BSA (10%), the mixture was centrifuged at 10000 g for 20 min. The pelleted AuNPs conjugate
was resuspended in 100 ul of PBS buffer and stored at 4 °C.

Whole blood was obtained from finger-prick samples from anonymous healthy donors with
43% hematocrit, and contained in a capillary blood collection system (pretreated by 3.24% so-
dium citrate) to prevent coagulation, and used within 1 day. Whole-blood samples were spiked
with the antigen mixture (CEA, CYFRAZ2I1-1) before plasma separation. Prior to spiking, the
whole blood was tested to confirm that there was no detectable endogenous antigen present.

For the immunoassay experiments reported in this work, a sliver solution containing silver
salts (sliver nitrate) and reducing-agent (hydroquinone) was used to enhance the detection sig-
nal. It was prepared as follows: First, 30 ul of 0.5% hydroquinone was added to 60 ul of 1%
gelatin and mixed thoroughly; then 1.5 ul of 25% AgNO; was added to the mixture, followed
by 10 pl citrate buffer (0.255 g C¢HsNaz;O5, 0.235 g Na;CqH507-2H,0/1 ml).

D. Assembly and activation of microfluidic device

The molded PDMS layer was bonded to the top glass slide on top of the protein pattern
with the immobilized antibody lines perpendicular to the flow direction. The glass substrate
was then attached to the PDMS-chip to form a sandwich.

Pumping energy for the microfluidic device was provided by a PnP PDMS pump slab. The
PDMS pump slab was degassed in a standard vacuum desiccator at a specified vacuum for a
specified time period. The microfluidic device was then activated by attaching the degassed
PnP PDMS pump slab to its outlet.

E. Whole blood immunoassay procedure

The process of whole-blood immunoassay is illustrated in Figs. 2(c) and 2(d). After loading
311 of human blood spiked with analytes (CEA, CYFRA21-1) and DP in the inlet, the PnP
PDMS pump was placed on the outlet port of the device. The blood sample was automatically
sucked into the microchannels by the negative pressure from the degassed PDMS pump. The
blood cells settled by gravity in the sediment area, while the DP containing plasma moved to
the reaction area. As plasma/DP flowed across the reaction area, antigen in the plasma was
bound to the capture protein on the patterned protein sites. The microfluidic chip was then incu-
bated for 30 min at 37 °C in a humidity box. After washing with PBS, a silver solution (silver
salts and reducing agent) was loaded into channels for further signal enhancement. The signals
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were detected by an optical microscope (Olympus IX51) and were processed and analyzed
using IMAGE-PRO PLUS 6.0 software.

lll. RESULTS AND DISCUSSION
A. Self-extraction of plasma from whole blood

Whole human blood consists of red blood cells, white blood cells, and plasma. When the
degassed PDMS pump is attached to the outlet of the device, whole blood at the inlet flows
into the microchannel by negative pressure. Provided that the pressure is suitable, the blood
cells settle in the microchannel leaving cell-free plasma. Decreasing pressure from the pump
diminishes the flow rate, thus increasing cell sedimentation, which is advantageous for success-
ful plasma separation. However, decreased pressure also increases overall test time, so it is de-
sirable to find a pressure that produces cell-free plasma in a reasonable amount of time. To
determine this, we evaluated plasma separation performance as a function of PDMS pump
degassing pressure (vacuum) and degassing time.

The PDMS pump slab was degassed at four different negative pressures (0.02, 0.03, 0.04,
and 0.05 MPa) over a range of degassing times. The results are shown in Fig. 3(a). The starting
time of plasma separation decreased with increasing PDMS pump pressure. When the PDMS
pump was degassed under 0.05 MPa negative pressure for 60 min, the starting time of plasma
separation was 5Smin. Fig. 3(b) shows the successful separation of plasma from whole blood.
No blood cells were observed in the separated plasma (Fig. 3(b)). The volume of the separated
plasma was large enough for subsequent protein detection and clinical analysis on the device.

The blood separation method relies on gravitational sedimentation not on cross flow.
Therefore, there was no need for a scale gap or size-exclusion filtration mechanism as reported
in Ref. 31. As the PnP PDMS pump technique was used in combination with the gravitational
sedimentation of cells to separate the plasma from whole blood, no external pressure equipment
was needed.

B. Synthesis and characterization of detection probe (DP)

Gold nanoparticles were modified with monoclonal antibodies. The TEM images of the 13-
nm AuNPs are shown in Fig. 4(a). The stability of AuNPs is dependent on the concentration of
electrolytes in solution. High salt concentrations induce aggregation of colloids. Therefore, we
investigated different ratios of antibody and salt with 0.5 ml synthesized AuNPs. The results are
given in Figs. 4(b) and 4(c). The optimal concentration for AuNPs bound with CEA antibody
was 0.02 ug/ul (Fig. 4(b-3)). Increasing CEA antibody concentration to 0.03 ug/ul or 0.04 ug/ul

—=—0.02MPa ' %
50 —4—0.03MPa
E \i v 0.04MPa .
£ —»—0.05MPa
\C/ 40 \ \ {
S : %/ -,
® I a
g 5071 1 — 5 -
3 s 1 = 2z
s 20 | B z =
o |/ ; ; g z
-,§ o A\E § g %
& . e = =
= B I 5 =
? . . : . . . Z g
5 =]
0 10 20 30 40 50 60 H :
Degassed time of PDMS pump (min) <

(@) (b)

FIG. 3. Self-extraction of plasma from whole blood using the proposed microfluidic device: (a) Effect of the degassed time
of PDMS pump and the vacuum level on the plasma extraction from whole blood. Error bars are based on standard devia-
tion with n=3. (b) Fast and effective plasma separation of six separate whole-blood samples by gravity-driven blood cell
sedimentation in the proposed microfluidic device.
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FIG. 4. (a) Photograph of 13-nm AuNPs shown at the transmission electron microscopy image. (b) Image of the color
change at AuNPs labeled with CEA antibody, the final concentration of antibody and NaCl in five tube (No. 1: 5 ug/ml
CEA, 2mM NaCl; No. 2: 10 ug/ml CEA, 2.5 mM NaCl; No. 3: 20 ug/ml CEA, 3 mM NaCl; No. 4: 30 ug/ml CEA, 3.5 mM
NaCl; No. 5: 40 ug/ml CEA, 4 mM NaCl). (c) Image of the color change at AuNPs labeled with CYFRA21-1 antibody, the
final concentration of antibody and NaCl in five tube (No. 1: 30 ug/ml CYF21-1, 3mM NaCl; No. 2: 40 ug/ml CYF21-1,
3.5mM NaCl; No. 3:50 ug/ul CYF21-1, 4mM NaCl; No. 4:55 pug/ml CYF21-1, 4.5 mM NaCl; No. 5:60 ug/ml CYF21-1,
5mM NaCl). (d) UV-Vis spectra of AuNPs solution and coating with antibody.

resulted in aggregation of the AuNPs (Figs. 4(b-4) and 4(b-5)). Similarly, the best final concen-
tration of CYFRA21-1 antibody was 0.05 ug/ul (Fig. 4(c-3)).

The change of nanoparticle size caused a shift in optical properties due to quantum size
effects. The UV-Vis absorption peak of DP (AuNPs with bound antibody) shifted to 526 nm
compared with 520 nm for the bare gold nanoparticles (Fig. 4(d)).

C. Whole blood sample-to-answer assay using microfluidic device

To develop a simple and portable method, we integrated the plasma separation and bio-
marker detection with microfluidic methods that combined ELISA and silver signal amplifica-
tion. In contrast to most other microfluidic assays, we adopted reduction of silver ions onto
gold nanoparticles in the ELISA procedure that allowed the signal to be amplified on a solid
substrate under continuous fluid flow. The silver amplification readout was monitored using an
optical microscope.

After plasma separation, the sample was directed to the cancer biomarkers detection region,
where specific capture proteins were immobilized on the top glass slide (Fig. 2(a)). The surface
of the glass substrate was specially modified with aldehyde groups to permit covalent linkage
with proteins (based on reactions of aldehyde and amino groups). One hundred-um capture pro-
tein stripes were patterned using the microfluidic network.

To demonstrate the generality of the sensors, we applied it to detect two cancer antigens
(CEA and CYFRA2I1-1) which are clinical biomarkers for cancer. We chose a CEA/
CYFRA2I1-1 combination test because they are overexpressed in various tumors.**~*® Detection
of the CEA/ CYFRA21-1 level was important for initial diagnostic evaluations and follow-up
studies during therapy.

To avoid nonspecific protein responses, we optimized DP the concentration and reaction
time. We then investigated the effects of reaction time (20 min, 30 min, 40 min, 50 min, and
60 min). The results showed that Antigen capture and formation of the DP-antigen-protein sand-
wich in the microchannel could be completed in 40 min. Therefore, 40 min incubation was used
in the following experiments. Our tests investigated whole blood samples (containing antigen)
spiked with five concentrations of DP. As the concentration of DP increased, response signals
were enhanced. Fig. 5(a) showed that the best result was obtained with 0.96nM DPI.
Increasing DP1concentration to 1.2nM or 1.5nM created a large nonspecific signal. Similarly,
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FIG. 5. (a) Concentration optimization graph of DP1 (AuNPs labeled with CEA antibody). (b) Concentration optimization
graph of DP2 (AuNPs labeled with CYFRA21-1 antibody). Error bars are based on standard deviation with n = 3.

the optimal concentration of DP2 was 1.2nM (Fig. 5(b)). The silver staining was complete in
5 min according to the literature.*” Therefore, the whole assay could be completed within 1h.

It is important for each target to be accurately captured by the specific antibody, which is
patterned on the corresponding sites of the sensor. We employed four whole blood samples for
the test: one negative sample (no antigen), one sample containing CEA, one sample containing
CYFRAZ21-1, and one sample containing both CEA and CYFRA21-1. The results demonstrated
the specificity of the sensors (Fig. 6(a)), showing that CYFRA21-1 (Fig. 6(a-1)) and CEA
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FIG. 6. Whole blood sample-to-answer assay using the proposed microfluidic devices: (a) Images of silver-enhanced sig-
nals on detection sites coated with anti-CEA antibody, anti-CYFRA21-1 antibody, anti-goat IgG as a positive reference and
BSA as a negative reference. No. 1: sample containing only CYFRA21-1 antigen, No. 2: sample containing only CEA anti-
gen, No. 3: sample containing both CEA and CYFRA21-1 antigens, No. 4: negative sample (no antigen). (b) The optical
density obtained for immunoassays done with the mixture of CEA and CYFRAZ21-1 on the proposed chip, while keeping
the concentration of CYFRA21-1 in constant (5 ng/ml) and varying the concentration of CEA (50 pg/ml, 500 pg/ml, 2.5 ng/ml,
Sng/ml, 10ng/ml, and 15ng/ml). (c) The optical density obtained for immunoassays done with the mixture of CEA and
CYFRAZ21-1 on the proposed chip, while keeping the concentration of CEA in constant (5 ng/ml) and varying the concen-
tration of CYFRA21-1 (60 pg/ml, 600 pg/ml, 3 ng/ml, 6 ng/ml, 12ng/ml, and 18 ng/ml). Error bars are based on standard
deviation with n=3.
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(Fig. 6(a-2)) were captured only by their corresponding sites and not by the other, while the
negative sample (Fig. 6(a-4)) produced no observable reaction.

To test for cross-reactivity of the immobilized capture antibody, we spiked whole blood
samples with various concentrations of CEA and CYFRA2I1-1 antigen. As shown in Fig. 6(b),
the presence of 5ng/ml CYFRA2I1-1 had no detectable effect on the measurement of CEA con-
centration. In contrast, high concentrations of CEA had a small but observable effect on the
measurement of lower concentrations of CYFRA21-1 (Fig. 6(c)). The test limit for detection of
CEA and CYFRAZ21-1 antigen was 50 pg/ml and 60 pg/ml, respectively (Figs. 6(b) and 6(c)).
For comparison, the classic CEA ELISA kit (Bio-Quant, USA) reported the limit of detection
(LOD) at 0.64 ng/ml, and ultrasensitive assays have been reported with LODS at 48 pg/ml. The
highest sensitivity commercially ELISA for CYFRA21-1 had an LOD of 0.1 ng/ml. Note that
the limit signal was significantly above the background level. Therefore, the detection level can
be significantly improved by further increasing the suction chamber volume and the binding
site surface area.

IV. CONCLUSION

In this study, we have demonstrated how a biosensor can separate blood plasma from
whole blood and detect multiple cancer biomarkers. Our biosensor integrates a microfluidic
chip with nano-ELISA techniques, which permits miniaturization of plasma analysis devices
and eliminates user preparation steps. We used the device for direct blood analysis without
sample pretreatment, which improved repeatability and stability and reduced sample cross-
contamination. Of particular note, this biosensor stored potential energy directly in the PDMS
substrate (the PDMS pump) therefore requires no external pumping. The biosensor device
employed reversible bonding in the glass-PDMS-glass sandwich, so can be easily disassembled
for further analyses.

The biosensor magnifies signals using an AuNP complex-based immunoassay and has a
simple readout without expensive or complicated instruments. The advantages of this biosensor
over other currently available rapid tests for cancer biomarkers is that it can be operated with-
out special equipment, with minimal training, and the cost of reagents is low. The device has
potential for point-of-care applications because it is fast, disposable and easy to use and has a
low sample volume and low cost. Overall, we have demonstrated a new protocol that can detect
cancer biomarkers in whole blood using pre-degassed PDMS microfluidic devices.
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