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ABSTRACT

An innovative ‘smart’ sample-to-answer (S-to-A) polymer
lab-on-a-chip (LOC) with asymmetric capillary force based
blood/plasma separator has been proposed, developed, and fully
characterized for point-of-care  clinical testing (POCT)
applications. A spray layer-by-layer (LbL) nanoassembly method
has been developed and applied for the superhydrophilic surface
coated on a cyclic olefin copolymer (COC). Then, the developed
superhydrophilic surfaces were designed and optimized for three
device applications such as lateral transportation of whole blood in
the device by capillary pumping, on-chip whole blood/plasma
separation with an asymmetric capillary force, and detection using
a capillary-driven lateral flow colorimetric assay. With the
integration of the developed three devices, the S-to-A polymer
LOC platform has been successfully developed for the colorimetric
assay of bovine serum albumin (BSA) from undiluted human
whole blood without an external power source.

INTRODUCTION

A blood test is the most common medical diagnostic tool to
monitor the health condition of patients who have chronic diseases
(such as diabetes) and is of great importance in global health
applications. This is because faster or more efficient treatment can
be delivered due to the rapid and precise diagnosis of diseases with
the human whole blood that contains a massive amount of critical
information concerning the function of the body [1]. The blood test
is also the best clinical diagnostic for urgent care patients in
regions with constrained resources, in the field, or in combat
zones. Typical blood tests are performed in a central laboratory
which is equipped with bulky and expensive analyzers, and usually
require a considerable volume of blood sample, trained personnel,
and need relatively long analysis time [2]. Furthermore, the
separation of blood plasma from the whole blood is a critical step
for most clinical blood analysis based on fluorescence
immunoassays to minimize the noise from blood cells interfered
with excitation optics. These limitations can be removed with the
development of more practical on-chip blood analytical systems.

The microfluidic LOC platform has been developed for the
various fields in chemistry, biology, engineering, and biomedical
and pharmaceutical research over the past decades [3-6]. With the
recent development of microfluidic LOC technology, the
miniaturization of laboratory instruments and assays has been
realized, leading to lower costs per measurement, reduced sample
analysis times, reduced sample volume, and better reproducibility
in several applications. Compared with the 96-well based
microtiter plate which needs a sample volume of ~100 pL, the
LOC requires a sample of less than ~1 uL. More importantly, the
assay time can also be reduced from several hours to several
minutes. The reduction of assay time is mainly due to the short
diffusion length that the molecules must travel to immobilize on
the solid phase surface because the cross-sectional dimension of a
microchannel is around 10 um to 100 pum [7]. However, most of
the previously reported LOC platforms have limitations in their use
because of the need for an external power source in fluid handling
such as high-voltage power supplies for the electrokinetic flow,
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pressure sources such as syringe pumps for the pressure-driven
flow, and a mechanical rotator for the centrifugation induced flow
[8, 9]. These instruments are often bulky and expensive, and
restrict the use of microchips as an integrated on-chip platform for
POCT. Furthermore, at a central laboratory equipped with these
instruments, the total turnaround time (TAT) from sample-to-result
is extended by the time required for the transportation of sample to
the central laboratory. Due to these restrictions, it is very desirable
to design and develop a further practical POCT platform for the
patients who need an urgent or emergence care.
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Figure 1: Conceptual diagram for a ‘smart’ S-to-A polymer LOC
platform that simply integrates an on-chip blood/plasma separator
with a detection bioassay component without an external power
source targeted to POCT applications.

In this work, a new ‘smart’ whole blood S-to-A polymer LOC
platform has been proposed and developed. This platform simply
integrates an on-chip blood/plasma separator with a capillary-
driven lateral flow colorimetric assay component without an
external power source as shown in Figure 1. The developed
superhydrophilic surface by a spray LbL nanoassembly method
was developed and applied to three specific devices for the lateral
transportation of whole blood in the device by capillary pumping,
on-chip whole blood/plasma separation with an asymmetric
capillary force, and detection using a capillary-driven lateral flow
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colorimetric assay. The developed S-to-A polymer LOC can be a
practical platform for POCT applications.

DESIGN AND FABRICATION
Microfabrication of S-to-A Polymer LOC Platform

Figure 2 summarizes the fabrication process of the S-to-A
polymer LOC platform integrated with an on-chip blood/plasma
separator. A CNC milling machine was used for fabricating a
master mold. The CNC milling machine manufactures various
sizes of structures in the range of um to mm in scale. The
microchannel was designed to transport the introduced whole
blood, measure the separated volume of plasma from whole blood,
and to characterize the asymmetric capillary movement of blood
plasma for colorimetric assay. The volume of the inlet reservoir
was approximately 3 pL, which is comparable to the volume of
whole blood taken from a finger prick using a commercial device.
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Figure 2: Summary of fabrication process of the S-to-A polymer
LOC device.

Then, COC substrates were patterned with microfluidic
channels using a hot embossing technique for the spray LbL
coating process. After this, the spray LbL nanoassembly process
with silica nanoparticles [10] was performed for the asymmetric
superhydrophilic surface with a 10 mm hydrophobic patch over the
COC microchannel. Finally, the COC substrate with
microchannels was bonded with the spray functionalized COC
substrate by a thermoplastic fusion bonding technique using an
embossing machine [11]. The designed microchannel with 400 um
x 100 um x 50 mm (W x D x L) and the 10 mm hydrophobic patch
are shown in Figure 2(c). The fabricated S-to-A polymer LOC
device is shown in Figure 2(d).

Preparation of Colorimetric Assay for Protein Quantification
The 0.3 uL of 500 mM citrate buffer solution (pH 2.5, Fisher
Scientific, IL) was placed onto the superhydrophilic COC surfaces,
followed by the layered 0.3 pL of 3.3 mM of tetrabromophenol
blue (TBPB, Sigma-Aldrich, St. Louis, MO) in 95% ethanol
(Fisher Scientific, IL) shown in Figure 3(b). The reagents on the
superhydrophilic surface were allowed to dry at 25 °C for 10 min.
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Introducing the spiked whole blood with BSA into the S-to-A
polymer LOC device, the blood plasma successfully separated
from the whole blood was transferred to the detection zone for
colorimetric assay described in Figure 3(d). This colorimetric
protein assay uses the nonspecific binding of TBPB to proteins.
The reaction is through a combination of electrostatic (sulfonate)
and hydrophobic (biaryl quinone methide) interactions [12]. When
reacted, the phenol in TBPB deprotonates and the color of the dye
shifts from yellow to blue, which indicates the presence of proteins
in separated blood plasma [12, 13]. This colorimetric protein assay
was calibrated and characterized with spiked concentrations
ranging from ranging from 0 — 5 mg/mL (0 uM to 75 uM) of BSA,
which is clinically relevant range [14].
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Figure 3: Preparation of colorimetric assay for
quantification in a S-to-A polymer LOC platform.
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EXPERIMENTAL RESULTS
Capillary-driven Lateral Flow Colorimetric Assay

Figure 4 shows a ‘smart’ S-to-A polymer LOC platform that
integrates an on-chip blood/plasma separator with capillary-driven
lateral flow colorimetric assay. The reagents for colorimetric assay
were placed onto the patterned superhydrophilic surfaces, which
were modified by the spray LbL nanoassembly depicted in Figure
4(a). The BSA concentration for spiking in whole blood was
measured first using an analyzer in laboratory and then used as a
background reference before spiking. Single droplet of 3.0 uL
human whole blood, a suitable amount for disposable single-use
platform for POCT, spiked with different concentrations of BSA
solution were injected into the inlets of the S-to-A LOC device
shown in Figure 4(b). When the mixture of whole blood and BSA
solution was injected into the inlet of the device, the top
superhydrophilic surface generated capillary flow of whole blood
through the microchannel. When the mixture encountered the 10
mm hydrophobic patch region, the flow of the whole blood was
effectively retarded for a short period of time (< 1 min). This
retarding effect caused a continuous selective accumulation of
blood cells within the hydrophobic patch region. The movement of
the blood cells were effectively reduced, allowing the blood
plasma to move forward due to the differences in flow velocity
between the cellular component and the blood plasma over the
patch region. Thus, the blood plasma was successfully separated
from the whole blood throughout this accumulated column of
blood cells, a so-called ‘self-built-in blood cell microfilter’ [15].
The color changes from yellow to blue were obtained in Figure
4(b). The intensity of the blue color was increased depending on
the concentrations of BSA spiked in whole blood. Figure 4(c)



shows a magnified image of moving separated blood plasma. This
picture demonstrates the filtering efficiency by asymmetric
capillary force and the patterned hydrophobic patch.

Figure 4: Capillary-driven lateral flow colorimetric assay in a S-
to-A polymer LOC device.
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Figure 5: Volume of the separated plasma (nL) over time in the S-
to-A polymer LOC platform; 400 xm width microchannel with a 10
mm hydrophobic patch.

The movement of the separated plasma was monitored with
an optical microscope by using reference marks along the
microchannel. The volume of separated plasma was obtained by
measuring the length of the leading edges between separated blood
plasma and blood cells over time. The blood plasma shown in
Figure 4(c) was successfully separated through a 5.8 mm long
microchannel, where its cross-sectional area was 400 um x 100
pum (W x D). A volume of 232 nL of separated plasma from a
single droplet (3.0 uL) of whole blood was finally obtained in a
microchannel as shown in Figure 5. The summated total volume of
the separated plasma from three microchannels in the device was
used for blood analysis using capillary-driven lateral flow
colorimetric assay. The summated volume of the separated plasma
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was large enough for on-chip POCT with undiluted human whole
blood. The volume of the separated plasma below 300 seconds in
Figure 5 was slightly increased over time due to the accumulation
of blood cells over the hydrophobic patch during the separation.
The volume of the separated plasma was dramatically increased
after 300 seconds due to strong asymmetric capillary force
throughout the ‘self-built-in blood cell microfilter’ developed in a
10 mm hydrophobic patch.
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Figure 6: Procedure for quantifying protein levels in separated
blood plasma through a S-to-A polymer LOC device using Adobe
Photoshop software.

Calibration Curve for Colorimetric Assay with Spiked
Proteins

In clinical point of view, the quantification of proteins in
human whole blood is significant in the diagnostics of various
diseases. The variations in protein level in blood plasma or serum
separated from whole blood is attributed from a variety of diseases
such as blood disorders, digestive disorders, kidney disorders, and
cancers [16]. In this assay, the concentration of BSA spiked in
whole blood was successfully quantified by the S-to-A LOC
device using capillary-driven lateral flow colorimetric assay.
TBPB ionizes and binds with proteins to cause a color change. A
positive result is indicated by a color change from yellow to blue.
The intensity of the blue color is proportional to the amount of the
proteins spiked in blood plasma or whole blood. To generate the
calibration curve from the colorimetric assay in the device, the
same method used in paper-based colorimetric assay was
accomplished [17]. The images of the color changes were captured
using a digital camera and the intensity was obtained with Adobe
Photoshop in a gray scale mode (Figure 6). The mean values of the
selected area through Adobe Photoshop software correlate with the
concentration of the spiked proteins in Figure 6(c).

The intensity of color change was quantified by a calibration
curve in terms of the protein concentrations in Figure 7. The
regression equation is Intensity = 8.1348In(x) + 54.405 (R? =
0.8958), where x is the concentration of protein (in mg/mL). The
colorimetric assay was calibrated with blood plasma samples



separated from three microchannels with known protein
concentrations ranging for 0 — 5 mg/mL (0 uM to 75 uM) of BSA.
The limit of detection was 25ug/mL, which is better than that from
paper-based microfluidic device or conventional method [17-19].
For improving of the detection limit, the assay need to be further
optimized or the exploration of new assay methods is desirable.
Both blood plasma separation and quantitative analysis in whole
blood was simultaneously demonstrated in a S-to-A polymer LOC
platform that integrates an on-chip blood/plasma separator with
capillary-driven colorimetric assay.
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Figure 7: Quantification of protein concentration in human whole
blood samples using a S-to-A polymer LOC device with integrated
on-chip blood/plasma separator. The limit of detection was
25ug/mlL.

CONCLUSION

In conclusion, the newly developed superhydrophilic surfaces
were applied for the realization of a capillary-driven lateral flow
colorimetric assay platform targeted to a ‘smart’ S-to-A polymer
LOC device. Both high-quality blood plasma separated from whole
blood and its quantitative analysis were simultaneously
demonstrated in the S-to-A polymer LOC platform. The limit of
detection (LoD) in the S-to-A polymer LOC platform for BSA was
comparable to or better than that of the paper-based colorimetric
assay. The developed S-to-A polymer LOC device is a new
platform for the POCT. There is still a plenty of room for the
improvement of the LoD by the optimization of the assay or
adoption of other assay methods. The developed S-to-A polymer
LOC can be a practical platform for POCT applications.
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