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ABSTRACT: The microfluidic-based point-of-care (POC) diag- Microfluidic Flow of Biofluid
nostic tool has garnered significant interest in recent years, offering .

rapid and cost-effective disease detection. There is a growing trend
toward integrating microfluidic platforms with biosensors, aligning
lab-on-a-chip technologies with POC diagnostic devices. Despite
numerous efforts to incorporate biosensors into microfluidic
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systems, researchers have performed very limited investigations " ,.Detached, ¥

on the stability of biomarker detection when biosensors operate p '{,‘f";’“.,(““ -

under microfluidic shear flow conditions. Gold nanoparticles o = 8 DSensitivity & Stability,

(AuNPs) are a widely employed material in capacitive biosensors ol Do Improved

for antibody immobilization and sensitivity enhancement. How-  AuNP-coated Biosensor PEG-coated Biosensor

ever, AuNPs have limitations in providing stable detection of

biomarkers within microfluidic shear flow due to their agglomeration nature. This study addresses these limitations by employing 2
kDa polyethylene glycol (PEG) as an intermediate biofunctional layer to immobilize CA-12S antibodies on gold-interdigitated
electrodes for the stable and accurate detection of CA-125 antigens. The stabilities and sensitivities of AuNPs and PEG-coated
biosensors are evaluated under both static drop and microfluidic shear flow conditions for CA-125 antigen detection. The
experimental results demonstrate a capacitive signal response (5660 pF at 10 kHz) 2.2 times higher using the PEG-coated biosensor
than the signal (2551 pF at 10 kHz) measured by the AuNP-coated biosensor in the detection of CA-12S antigen—antibody
conjugation under static drop conditions, indicating the higher sensitivity of the PEG-coated biosensor. Additionally, the PEG-
coated biosensor exhibits better consistency for the CA-125 antigen detection between static drop and microfluidic shear flow
conditions (Cp decrease in percentage (ACp%J) = 2.9% at 10 kHz) compared to the electrical signals measured using the AuNP-
coated biosensor (ACp%] = 32.4% at 10 kHz), which suggests that the PEG-coated biosensor demonstrates higher stability for CA-
125 antigen detection under microfluidic shear flow conditions. With these significant improvements brought by the PEG-coated
biosensor, especially under microfluidic conditions, a substantial hurdle in developing electrical biosensors for POC diagnostic
applications has been overcome, expediting further advancements in the field.

1. INTRODUCTION low power consumption, making them ideal for POC
applications.”

Since the electrical biosensor was first integrated into the
microfluidic platform in 2005 and reported by Bange et al,'
the applications of electrical biosensors in POC devices have
been expanded rapidly due to the portability provided by
microfluidic platforms. Integrating the biosensor into a
microfluidic platform significantly simplifies the sample
preparation process in the assays. This integration reduces
the required sample volume from milliliters (mL) to

Label-free affinity biosensor-based diagnoses have attracted
numerous investigations as an alternative method to the
enzyme-linked immunosorbent assay (ELISA) due to the
features of low-cost and real-time detection of the analytes.'
Researchers have developed various biosensors based on the
different transducer types: optical biosensors,” electrochemical
biosensors, piezoelectric biosensors,” thermometric biosen-
sors,” etc. Among the various types of label-free biosensors,
electrochemical biosensors have garnered particular attention

due to their suitability for point-of-care (POC) devices.’ These microliters (uL) and streamlines sample treatments, such as
sensors convert biomolecular reactions into changes in

electrical signals, such as current, voltage, impedance, and Received: August 16, 2024

capacitance.” Specifically, capacitive biosensors measure Revised:  October 31, 2024

changes in dielectric properties and the thickness of dielectric Accepted:  November 5, 2024

layers at the interface between the biosolution and the Published: December 20, 2024

. 3 .
biosensor surface.” These biosensors offer advantages such as
miniaturization, standalone operation, real-time results, and
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cell concentration and filtration. As a result, microfluidic-based
biosensors hold great potential for expansion as point-of-care
(POC) diagnostic devices."'™"” Although much research has
been reported on microfluidic-based biosensing systems for
disease diagnoses, most of those systems relied on external
pumping systems or other flow control devices to process and
deliver the analytes to the biosensors."*™** In this study, the
flow in the microchannel is self-driven due to capillary action
activated by the meticulous modification of the hydrophilicity
on the microchannel surface.””

Mucin-16, also known as ovarian cancer-related tumor
marker CA-125, is a widely used biomarker for the detection
and monitoring of ovarian cancer.”* Ovarian cancer is known
as a silent killer because it has no specific symptoms in the
early stage. Additionally, the 5 year survival rates of ovarian
cancer patients are varied from 93% at an early stage to 30% at
an advanced stage. As such, early detection of CA-125 using a
POC device can significantly encourage potential patients to
take early screening for ovarian cancer and increase their
survival chance.””® CA-125 is a unique protein with a large
molecular weight (110 kDa to 2000 kDa) due to high variable
glycosylation, making the detection of it critical in biosensing
research.

Many researchers have reported studies on CA-125
detection using electrical biosensors in microfluidic plat-
forms.”*™>> The performance of microfluidic capacitive
biosensors is typically dependent on several primary factors,
such as probe immobilization, the specific binding between the
antigen and antibody, and the dielectric properties of the
immobilized probe.”” Daniels et al. noted that probe
immobilization technology can enhance microfluidic immuno-
assay biosensors.”* Various probe immobilization techniques
with different types of biocomg)atible nanomaterials, such as
carbon nanotubes (CNTs),*>*® porous carbon nanofibers,”’
gold nanoparticles (AuNPs),** ™" and other nanomaterials of
noble metals like silver, palladium, rhodium, platinum, etc.,
have been reported recently.”” Ravalli et al. reported using
AuNPs coated on a screen-printed graphite electrode to detect
the CA-125 antigen in a PBS solution but not in a microfluidic
condition.”” Nunna et al. used AuNPs coated on interdigitated
gold electrodes to immobilize the CA-125 antibody and
successfully detected the CA-125 antigen in a microfluidic
condition with enhanced sensitivity.”> However, fluid flow in
the microchannel induces a shear effect on the biosensor’s
surface, which can negatively impact biosensing stability by
causing immobilized probes to detach.*” Several studies have
attempted to address the issue of probe immobilization
stability for DNA and protein binding within microfluidic
platforms.***’ To the best of the author’s knowledge, no
reported technique has successfully enhanced the stability of
antigen detection in capacitive biosensors under microfluidic
shear flow conditions. The lack of stability in the microfluidic
flow conditions will decrease the signal-to-noise ratio and make
the detection results unreliable. This challenge hinders the
development of microfluidic capacitive immunobiosensors and
needs to be addressed without compromising the antigen
detection performance.

In this study, we utilized functionalized poly(ethylene
glycol) “thiol-PEG-carboxyl (HS-PEG2000-COOH)” as the
biofunctional layer to immobilize the CA-125 antibody onto
the surface of interdigitated gold electrodes, which function as
the capacitive biosensor for CA-125 antigen detection.
Polyethylene glycol (PEG) is a polymer material of increasing
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significance in biosensing technology due to its nonfouling,
nonimmunogenic, nonantigenic, and hygroscopic properties,
making it an excellent candidate for probe immobilization on
the biosensor.’® The PEG with 2 kDa molecular weight
provides a smooth monolayer onto the biosensor surface
through the covalent bond and mitigates the shear flow effect
on the immobilized antibodies. Additionally, its hydrophilic
and hygroscopic properties contribute to PEG’s substantial
potential in microfluidic biosensing systems by providing a
stable and polar aqueous sensing environment.’

This paper presents a study of CA-125 antigen detection
with enhanced sensing stability and sensitivity using a PEG-
coated biosensor under microfluidic shear flow conditions. The
sensing stability of this PEG-coated biosensor was compared to
that of a biosensor coated with AuNP, which is one of the most
used materials in biosensors. Furthermore, we investigated the
sensitivity of antigen—antibody conjugation using the
capacitive biosensor coated with PEG, comparing it to the
sensitivity of the AuNP-coated biosensor. This comparison
provides experimental evidence of the advantages of PEG in a
microfluidic sensing environment. The minimal variation in the
sensing signal observed under both microfluidic shear flow and
static drop conditions highlights a promising technique for the
development of microfluidic capacitive biosensors. Meanwhile,
PEG’s lower cost and ease of fabrication perfectly fit the point-
of-care diagnostic device applications and have a higher
potential for commercialization.

2. METHODS AND EXPERIMENTS

2.1. Chemicals and Reagents. The 10 nm carboxylic
functionalized (lipoic acid) gold nanospheres were purchased
from NanoComposix. The thiol and carboxylic functionalized
poly(ethylene) glycol (HS-PEG2000-COOH) was procured
from Biopharma PEG. The thiourea (CH,N,S), phosphate
buffer saline (PBS), 1-ethyl-3-(3-(dimethylamino)propyl)
carbodiimide (EDC), and N-hydroxysuccinimide (NHS)
were purchased from Millipore Sigma. The CA-125 mono-
clonal antibodies and CA-125 antigens were purchased from
Medix Biochemica (USA). The polydimethylsiloxane (PDMS)
base and curing agent were purchased from Ellsworth
Adhesives. The 4 in. silicon wafer was purchased from Virginia
Semiconductor, Inc. The reason for using this specific
functionalized PEG is that the thiol group facilitates the
formation of a PEG monolayer on the gold electrode surface,
while the carboxyl group enables antibody immobilization via
EDC/NHS coupling. The PEG2000 creates a brush-like,
uniform coating that enhances antibody immobilization,
improving the stability and performance of the biosensor
compared to other molecular weights.*”

2.2, Interdigitated Electrode Fabrication. The inter-
digitated electrodes were fabricated by using electron-beam
lithography (EBL) technology. A Si wafer with an oxide layer
was first cut into 0.5 X 1 square in. pieces as substrate. PMMA-
A6, a positive photoresist, was then applied on top of the
substrate and spin-coated for S s at 500 rpm, followed by 45 s
at 3000 rpm, to form an approximately 300 nm thick PMMA
layer. It was then irradiated by an electron beam using an EBL
system (JEOL JBX6300-FS located in the Brookhaven
National Laboratory) to structure the electrode patterns.
Subsequently, the sample was developed in MIBK:IPA 3:1
solution for 120 s, rinsed in isopropyl alcohol (IPA) for 60 s,
and then blow-dried with nitrogen. The electron-beam
evaporator (Kurt J. Lesker PVD75) was employed to deposit
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Figure 1. (a) Top view of the interdigitated gold electrodes with 200X magnification. (b) SEM image of gold interdigitated electrode surface. (c)
Experimental setting of the PEG-coated biosensor for CA-125 antigen detection under the microfluidic flow condition and the comparison of

AuNP and PEG-coated biosensors.
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Figure 2. Schematic diagrams of (a) the coating and activation of the PEG layer and the immobilization of CA-125 antibodies on the PEG-coated
biosensor and (b) the coating and activation of gold nanoparticles (AuNPs), the binding mechanisms between AuNPs and interdigitated electrodes
(IDEs), and the immobilization of CA-125 antibodies on the AuNP-coated biosensor.

approximately 10 nm of chromium as an adhesion layer and
then 90 nm of gold on top to reach the 100 nm target
thickness of the interdigitated electrodes for the biosensing.
Subsequently, a lift-off process using an acetone bath was
conducted on the Si substrate to remove the unexposed
PMMA resist. Following this step, the interdigitated gold
electrodes were complete, as shown in Figure lab, and the
experimental settings are shown in Figure lc. The fabrication
process is demonstrated in Figure S1.

2.3. PEG-Coated Biosensor Fabrication. 2.3.7. PEG
Layer Coating. The interdigitated electrodes (IDEs) were
thoroughly cleaned with acetone, IPA, and deionized (DI)
water and dried with nitrogen stream to be ready for functional
layers coating. The SH-PEG2000-COOH (2000 indicating the
2000 Da molecular weight) powder was dissolved into ethanol
in a water bath at 50 °C to prepare the 7 mg/mL SH-
PEG2000-COOH solution. The IDEs were immersed into the
prepared PEG solution overnight (~16 h) during which the
thiol group (—SH) of the SH-PEG-COOH thoroughly reacted
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with the gold surface of the IDEs and formed the Au—S
covalent bond to firmly form a monolayer of PEG on the IDE’s
surfaces, as shown in Figure 2a. The IDEs were rinsed with
ethanol and DI water to remove the excess PEG and dried with
a N, stream. The formation of the PEG layer was confirmed by
the electrical signal reading from the electrical probe station
(Signatone) and by the atomic force microscopy (AFM) image
using Park NX-20 AFM, as discussed in Sections 3.1 and 3.3.1,
respectively.

2.3.2. CA-125 Antibody Immobilization On the PEG Layer.
The PEG-coated IDEs were activated (on the carboxylic acid
group end of the PEG monolayer) with 100 mM EDC and 200
mM NHS. This process activated the carboxylic acid group of
the PEG for antibody immobilization. After activation, the
IDEs were rinsed with PBS to clean the surfaces and remove
the residual solutions. Subsequently, the activated PEG-coated
IDEs were incubated at 4 °C with 0.6 L of 5 mg/mL CA-125
antibodies in PBS solution for 3 h to immobilize the CA-125
antibodies to the activated PEG layer using peptide bond. The
biosensor (IDEs are defined as “biosensor” when the antibody
is immobilized on the surface) was again rinsed with PBS to
remove the nonimmobilized antibodies, and the nonreactive
groups on the sensor were blocked using 1 M ethanolamine.
After this, the sensor was rinsed with PBS and DI water and
was ready for antigen detection. The surface activation and
antibody immobilization are shown in Figure 2a.

2.4. AuNP-Coated Biosensor Fabrication. 2.4.1. Self-
Assembled Monolayer (SAM) Coating. The IDEs were
immersed into the S0 mM thiourea solution in DI water
overnight (~12h). The Au—S covalent bond was formed by
the reaction of the thiol group of thiourea and the gold surface
of IDEs and the SAM layer was then coated on the IDEs, as
shown in Figure 2b. The residual of thiourea was rinsed off
using ethanol and DI water. The SAM can insulate the
electrodes in the aqueous environment and bind with the gold
nanoparticles for CA-12S antibody immobilization.

2.4.2. AuNP Coating. The AuNPs were activated with EDC
and NHS, the same as PEG activation as described in Section
2.3.2. This process enables the lipoic acid gold particles (~10
nm in diameter) to form peptide bonds with amine groups on
the SAM layer and antibodies. The IDEs were coated with
AuNPs by incubating them within the activated AuNPs
solution for 2 h. Excess AuNPs were washed off with PBS
and DI water.

2.4.3. CA-125 Antibody Immobilization on the AuNP. The
AuNP-coated IDEs were incubated at 4 °C with 0.6 uL of §
mg/mL CA-125 antibodies in PBS solution for 3 h to
immobilize the CA-125 antibodies on the AuNPs by the
peptide bond between the amine group and activated AuNPs.
After incubation, the sensor surface was rinsed with PBS to
remove the nonimmobilized antibodies, and the nonreactive
groups on the sensor were blocked using ethanolamine. The
sensor was rinsed with PBS and DI water, completing the
fabrication of the AuNP-coated biosensor. The surface
activation and antibody immobilization are shown in Figure
2b.

The comparison of the structures of the PEG-coated
biosensor and AuNP-coated biosensor is shown in Figure S3
with step-by-step fabrication schematic diagrams.

2.5. Microchannel Fabrication. The microchannel was
fabricated by using photolithography and soft lithography
techniques. A 4 in. Si wafer was spin-coated with photoresist
SU-8 2050 at 3300 rpm for 50 s to form a 60 pm-thick resist
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layer (same as the target microchannel height). After
photoresist coating, the wafer was baked at 90 °C for 7 min.
The microchannel patterns were exposed to the SU-8 coated
wafer using a UV photolithography system (Karl Suss MA-6
UV Mask Aligner) at 390 nm wavelength for 29 s. The exposed
wafer was then baked at 90 °C for 9 min and developed in SU-
8 developer (PGMEA) for 2 min. The unexposed SU-8 was
then rinsed off with IPA and DI water, and the wafer with the
SU-8 channel mold was blow-dried with nitrogen gas. PDMS
(poly(dimethylsiloxane)) was used to form the microchannel
cavities from the SU-8 master mold. The closed microchannel
is formed when the PDMS cavities are attached to the Si wafer.
The Sylgard 184 silicone elastomer and its curing agent (Dow
Corning) are mixed thoroughly at the mass ratio of 10:1 and
baked at 70 °C for 3 h to accelerate the cross-linking reaction
in the PDMS mixture and cure the PDMS slab. When the
PDMS was cured, the PDMS slab was carefully detached from
the master mold, and the inlet and outlet ports of the
microchannel were formed by a puncher. The oxygen plasma
treatment was applied to the microchannel to obtain a
hydrophilic surface for the self-driven flow.

2.6. CA-125 Antigen Detection. The CA-125 antigen
solution was prepared in PBS for the antigen detection
experiments. The biosensors interacted with the CA-125
antigens in the antigen solution under both static and
microfluidic shear flow conditions. In the static drop condition,
2 puL of CA-125 solution was dropped onto the biosensor
statically. In the microfluidic flow condition, the biosensor was
placed at a S mm location away from the microchannel inlet,
and 2 pL of CA-12S solution was introduced into the inlet and
encountered the biosensor in the microchannel. Figure S2
shows schematics of both conditions.

2.7. Electrical Measurement. 2.7.1. Capacitive Measure-
ment. The capacitance (C,) measurements in all experiments
of the biosensors were conducted with the electrical probe
station (Signatone 8—250—5) connected to the LCR meter
(GW Instek LCR8200). The capacitance readings in the
experiments were measured within the frequency range from
10 kHz to 100 kHz with 10 kHz steps. The capacitance of the
biosensor was measured for each step of the sensor layer
fabrication and PBS without CA-12S antigen as the baseline
reference signal. The capacitance signals for both PEG and
AuNP-coated biosensors were measured for the following
steps: (1) bare gold electrodes; (2) PEG-coated or AuNP-
coated electrodes; (3) Ab immobilized biosensors; (4) PBS
drop without CA-125 antigen on the biosensor (baseline signal
for the Ag detection in static condition); (S) PBS flow without
CA-125 antigen encounter biosensor in the microchannel
(baseline signal for the Ag detection in microfluidic shear flow
condition); (6) CA-12S antigen solution static drop on the
sensor; (7) CA-125 antigen solution flow over biosensor in the
microchannel. The capacitive signals were measured at 100 mV
amplitude with 0.5 V voltage in all experiments.

2.7.2. Function of Interdigitated Capacitive Biosensor.
Interdigitated electrodes have a higher surface area-to-volume
ratio, which helps minimize the sensing system while providing
more effective sensing areas compared to other capacitive
biosensors.””>* IDEs can also be adapted for the detection of
multiple antigens by adjusting their dimensions and spacings to
match the scale of target antigens and antibodies. When a
voltage is applied, IDEs generate electrical fields. The change
in the dielectric properties of the medium between the IDEs
and the coating layers on the IDEs can lead to variations in

https://doi.org/10.1021/acsomega.4c07596
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Thickness scanning of AuNP-coated IDEs. (c) (i) 3D AFM image of PEG-coated IDEs. (ii) Thickness scanning of PEG-coated IDEs. (d) (i) 3D
AFM image of DI water-hydrated PEG layer-coated IDEs. Thickness scanning of DI water-hydrated PEG layer-coated IDEs.

a b

6%{ Flow direction
f——

S
N
.

4

.
£ .

o 2 R P

T
h =60 um

Figure 4. (a) Antigen solution flowing in the microchannel captured by the high-speed camera through the microscope. (b) Schematic diagram of

microfluidic capillary shear flow on the biosensor in the microchannel.

capacitance measurements via an LCR meter. This mechanism
allows for the detection of the CA-125 antigen through
capacitance variations caused by changes in dielectric proper-
ties due to the conjugation of CA-125 antigens and antibodies.
The electric capacitance measured by the IDEs can be
expressed by eq 1.

C= eoerﬂ

eff

(1)

where C is the electric capacitance, &, is the vacuum
permittivity, €, is the relative permittivity of the medium on/
between the electrodes, A4 is the effective surface area of the
IDEs, and d, is the effective distance between IDEs. Based on
the homogeneous assumption of each layer coating on the
IDEs, the electrical capacitance reading on the IDEs can be
simulated by this equivalent model. More detailed explanation
can be found in a previous study."’

3. RESULTS AND DISCUSSION

3.1. Surface Characterization of Functional Layers on
Interdigitated Electrodes. In the fabrication of both PEG-
coated and AuNP-coated biosensors, each layer played a
critical role in antibody immobilization. For instance, a well-
coated PEG layer insulated the IDEs, aligned the antibody
immobilization directions, immobilized antibodies, and made
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the biosensor biocompatible and suitable for aqueous
detection conditions. Similarly, the AuNP layer effectively
immobilized antibodies, enhancing the sensitivity of the
antigen detection. Atomic Force Microscopy (AFM) images
were taken to confirm the presence of PEG and AuNP layers
on the biosensor surface. Figure 3 shows the AFM images of
bare IDEs, AuNP-coated IDEs, PEG-coated IDEs, and a PEG
monolayer after absorbing water.

In Figure 3a, the AFM image displays a smooth surface of a
105 nm-thick gold electrode that was produced through e-
beam deposition. Figure 3b shows the AFM image of the
AuNP layer on the IDE. The humps in Figure 3b correspond
to AuNP agglomerations on the IDE surface, with heights
ranging from 22 to 30 nm, two to three times the diameter of
individual AuNPs (~10 nm). Therefore, within an AuNP
cluster, only a few nanoparticles directly bonded to the IDE
surface, while the remainder were weakly agglomerated to
those bonded to the surface. Hence, the agglomeration of
AuNPs causes unstable antibody immobilization on the
biosensor, leading to decreased reliability in its performance.
The AFM image of the PEG-coated IDE, shown in Figure 3,
presents a smooth surface for the 110 nm-thick IDE, which was
S nm thicker than the bare Au IDE due to the additional PEG
coating. The smooth texture of the PEG-coated IDE suggests
far fewer clusters on the surface, indicating the formation of a
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Figure S. Capacitance measurement plot of (a) all sublayers of the AuNP-coated biosensor which are “bare IDEs”, “SAM coating”, “AuNP coating”,
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immobilization”. Each data point is the average of three replicates.

PEG monolayer. This PEG monolayer ensured the presence of
covalent bonds between antibodies and IDEs, enhancing the
biosensor’s potential under shear flow conditions.

To further confirm the PEG layer on the IDEs, Figure 3¢,d
presents comparative AFM scans of dry PEG-coated IDEs and
PEG-coated IDEs after absorbing water. As PEG is a
hygroscopic material that absorbs water and can expand
significantly compared to its dry state,” the thickness of the
PEG layer in the dry state measured approximately 5 nm and
increased to 12 nm after water absorption-induced expansion.
The consistent increase in thickness across the IDE surface
further confirmed the uniform coating of the PEG layer on the
IDE, indicating its readiness for antibody immobilization.

3.2. Shear Flow in Microfluidic Channel. A PDMS
microchannel measuring 350 ym in width, 60 ym in depth, and
20 mm in length was used to create microfluidic shear flow
conditions for the biosensors, as shown in Figure 4. Due to the
inherent hydrophobic nature of PDMS, an oxygen plasma
treatment was applied to the microchannel surface to induce a
hydrophilic state and activate capillary action within the
microchannel. The antigen solution flow was then driven by
capillary action, generating shear stress on the biosensor
surface. The shear stress at the biosensor surface is determined
by the flow speed of the antigen solution relative to the
channel height at the bottom surface. This shear stress can be
determined using eq 2, which is based on the assumption of
fully developed Poiseuille flow between infinite parallel plates,
given the high aspect ratio of the microchannel.

ay,
dy

~

T=U s
o M @)
where 7 is the shear stress on the channel bottom surface, y is
the dynamic viscosity of the antigen solution which is 9.0 X
107* Pa-s, and U, is the flow speed at the biosensor location
(10 mm from channel inlet) measured using a high-speed
camera (Phantom V-7.3) which is 22 mm/s. The flow rate of
the antigen solution is calculated as 0.46 uL/s. “w” and “h” are
the microchannel width and height, respectively. Therefore,
the shear stress was calculated using eq 7 = u X 6Q/wh* = 1.92
Pa, and it had an impact on the immobilization of CA-125
antibodies on the biosensor surface, consequently influencing

the stability of CA-125 antigen detection using biosensors. A
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high shear force in flow can detach immobilized antibodies
from unstable surfaces, such as agglomerated AuNPs, reducing
binding efficiency and affecting specificity. Researchers have
explored the use of tunable alternating current electro-
hydrodynamic (ac-EHD) forces to manipulate lateral fluid
motion over electrodes, aiming to reduce nonspecific binding
and enhance detection specificity.”>~>® However, for POC
applications, a passive method to improve sensing is preferred,
achieved through optimizing the biosensor’s sensing interface.
Flow control and sample preparation for optimizing assay
kinetics are commonly employed in paper-based lateral flow
assays (LFAs);>” ' however, LFAs typically exhibit lower
sensitivity, making it challenging to detect low concentrations
of biomarkers in real samples, such as CA-125. In high-shear
flow microfluidic systems with capacitive electrochemical
biosensors, addressing the misalignment and detachment of
immobilized probes caused by shear forces is critical for
improving the availability of antigen-binding sites, thereby
enhancing the sensitivity and repeatability of the detection
process.

3.3. Electrical Measurement. 3.3.1. Capacitance Meas-
urement of Each Functional Layer of PEG and AuNP-Based
Biosensors. PEG-coated and AuNP-coated biosensors were
connected to an LCR meter through the probe station for
capacitance measurements after each functional layer was
formed during fabrication. The capacitive signal change
measured for each sublayer helps confirm the formation of
the functional layers. Figure S shows the plot of capacitance
measurements for all sublayers, from bare IDEs to antibody-
immobilized IDEs, of PEG-coated and AuNP-coated bio-
sensors over frequencies ranging from 10 to 100 kHz in steps
of 10 kHz.

From Figure Sa, the capacitance of the bare IDEs was first
measured, decreasing from 6 pF at 10 kHz to 4 pF at 100 kHz.
After coating with SAM, the capacitance increased to 56 pF at
10 kHz, mainly due to the formation of the SAM layer. The
SAM coating on the IDEs provides insulation and induces
changes in the capacitance measurements. The AuNP coating,
having a higher permittivity, directly changed the dielectric
properties on the IDE surface, resulting in an increase in
capacitance measurement, recorded from 70 pF at 10 kHz to
S0 pF at 100 kHz. Finally, the capacitance of the antibody-
immobilized biosensor was measured at 112 pF at 10 kHz,
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biosensor and (b) PEG-coated biosensor. Each data point is the average of three replicates.

reducing to 74 pF at 100 kHz. For all capacitance
measurements, the capacitance decreases with increasing
frequency due to the decrease in capacitive reactance.

In Figure Sb, due to the same fabrication process of the
IDEs, the capacitive signals of bare IDEs are similar using the
average values from six replicates in both plots. The
capacitance measured on PEG-coated IDEs shows an increase
due to the electrical insulation property of the PEG, confirming
the PEG coating. As confirmed in Figure 3, the dry PEG
monolayer is a thin layer about S nm thick, causing a notable
change in the capacitive signal. The capacitance measured for
the PEG monolayer was 27 pF at 10 kHz, decreasing to 5 pF at
100 kHz. After immobilizing the CA-125 antibodies onto the
PEG monolayer, the capacitance measured on the biosensor
increased to 141 pF at 10 kHz and decreased to 79 pF at 100
kHz.

3.3.2. Capacitance Measurement of CA-125 Antigen—
Antibody Conjugation on the Biosensor. The CA-125
antigen detection experiments were conducted in two stages:
(i) measuring the baseline capacitive signal using static PBS
droplets without CA-125 antigen on the biosensors and (ii)
measuring the capacitive signal of CA-125 antigen—antibody
conjugation with a 500 U/ml antigen solution in PBS droplets
on the biosensors. The results of these capacitance measure-
ments are presented in Figure 6.
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In Figure 6a, the capacitive signal of the PBS baseline for the
AuNP-coated biosensor was measured at 346 pF at 10 kHz,
decreasing to 160 pF at 100 kHz. In the PBS drop condition,
PBS served as the dielectric medium between the IDEs, which
has a much higher electrical permittivity than air, leading to a
significant increase in capacitance. After applying a 500 nL
drop of CA-125 antigen solution in PBS to the biosensor, the
antigens reacted with the antibodies immobilized on the sensor
surface, forming antigen—antibody complexes. These com-
plexes altered the size and polarity of the molecules on the
IDEs, which interfered with the original charges, contributing
to the formation of a dipole moment.”” This phenomenon
enhanced polarization on the IDE surface and significantly
increased the capacitance measured by the biosensor.”® For the
AuNP-coated biosensor, the capacitance measurements for
antigen—antibody conjugation were recorded over frequencies
from 10 to 100 kHz, with the highest value reaching 2551 pF
at 10 kHz, a substantial increase from the baseline value of 346
pF at 10 kHz.

Figure 6b presents the capacitive signals measured using the
same protocol as that with PEG-coated biosensors. The
capacitance of the PBS baseline ranged from 470 to 340 pF
over the same frequency range. PEG-2000, which is initially
approximately 5 nm thick in its dry state, expands several times
its original thickness in an aqueous environment due to its
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hygroscopic properties,”* leading to a thicker PEG monolayer.
During this expansion, the PEG polymer chains absorbed polar
water molecules, leading to a higher capacitance measurement
for the PEG-coated biosensor’s PBS baseline. The antigen—
antibody conjugation detected by the PEG-coated biosensor
showed a significantly higher capacitive measurement (5660
pF at 10 kHz) compared with the AuNP-coated biosensor
(2551 pF at 10 kHz). The increased sensitivity with the PEG
monolayer coating can be attributed to two main factors: (i)
the hygroscopic property of PEG, which absorbs and stores
water, thereby increasing polarity and amplifying the capacitive
sensing signals, and (ii) the better alignment of antibody
immobilization. Unlike the AuNP coating, where antibodies
may bind randomly on the spherical particles, the brush-like
structure of the PEG monolayer allows most antibodies to bind
on the top surface, enhancing their interaction with antigens.
Consequently, the PEG coating provides enhanced sensitivity
for CA-125 antigen detection.

3.3.3. Capacitance Measurement Comparison of CA-125
Antigen—Antibody Conjugation in the Static Drop and
Microfluidic Shear Flow Condition Using AuNP- and PEG-
Coated biosensors. Understanding the biosensor performance
under microfluidic shear flow is essential for integrating the
biosensor into a microfluidic platform as a POC device.
Therefore, the stability of AuNP- and PEG-coated biosensors
under microfluidic shear flow was evaluated by comparing the
capacitive measurements of CA-125 antigen—antibody con-
jugation in both static drop and microfluidic shear flow
conditions, as shown in Figure 7.

The inherent tendency of AuNPs to agglomerate leads to
clusters composed of two or more particles. As depicted in the
AFM image, the AuNPs do not form a uniform monolayer,
resulting in an uneven coating on the IDE surface due to
agglomeration. This tendency is exacerbated during fabrication
by the elevated ionic strength of PBS, which reduces the
electrostatic repulsion and promotes clustering between
AuNPs. During antibody immobilization, a significant portion
of the antibodies, intended to bond to the AuNPs attached to
the biosensor via peptide bonds, instead adhere to the AuNP
clusters. These interactions within the AuNP clusters, driven
by van der Waals and electrostatic forces, deviate from the
designed peptide bonds between the AuNPs and the
biosensors. As a result, the antibodies are prone to dissociating
from the AuNP clusters under the shear flow conditions of
microfluidics. This dissociation of AuNP-antibody complexes
from the clusters leads to a substantial decrease in the
capacitive signal of the AuNP-coated biosensor, dropping from
2551 pF in static drop conditions to 1726 pF under
microfluidic shear flow, representing a 32.4% decrease in
capacitance (ACp%)), as illustrated in Figure 7a.

In contrast, PEG with a thiol group forms a stable monolayer
on the gold surface of the IDEs,** preventing agglomeration
effectively and allowing for uniform antibody immobilization
through peptide bonds. This PEG monolayer is securely
attached to the IDEs via covalent bonds, ensuring robust
interactions. The robustness of these interactions is a key
advantage as it ensures the stability and reliability of the
biosensor. Additionally, the PEG monolayer provides a
smoother surface, reducing friction during fluid flow and
stabilizing the biosensing environment by absorbing water
molecules from the aqueous environment. As a result,
antibodies immobilized on the PEG monolayer remain
securely attached under microfluidic shear flow, leading to
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only a minor change in the capacitive signal from 5660 pF in
static drop conditions to 5498 pF under microfluidic shear
flow, corresponding to a 2.9% decrease in capacitance (ACp
%), as shown in Figure 7b.

4. CONCLUSIONS

This study examined the sensitivity of a capacitive biosensor
utilizing PEG compared to AuNP as an immobilization
nanomaterial. Surface characterizations through AFM analysis
were conducted on both the AuNP and the PEG layers to
understand their morphologies. The phenomenon of AuNP
agglomeration led to antibodies bonding to the AuNPs on the
surfaces of the clusters, making them susceptible to peeling off
during microfluidic shear flow. In contrast, PEG offers several
advantages in microfluidic applications, including a smooth
monolayer coating, precise alignment for antibody immobiliza-
tion, hydrophilic nature, and the ability to absorb water. These
attributes collectively contribute to the stable detection of
antigens using a PEG-coated biosensor under microfluidic
shear flow conditions.

The results of our study demonstrate a significant enhance-
ment in the sensitivity with the PEG-coated biosensor. The
capacitive signal variation observed between CA-125 antigen—
antibody conjugation and the PBS baseline was 1.6 times
higher (at 10 kHz) with the PEG-coated biosensor compared
to the signal variation of the AuNP-coated biosensor,
indicating a clear advantage in sensitivity for the PEG-coated
biosensor in detecting the CA-125 antigen.

Under microfluidic shear flow conditions, the capacitive
signal typically measures lower than under static drop
conditions due to the shear effect. For instance, a 32.4%
decrease in the capacitive signal was observed with the AuNP-
coated biosensor at 10 kHz under shear flow conditions. In
contrast, the PEG-coated biosensor exhibited only a minor
variation between microfluidic shear flow and static drop
conditions with just a 2.9% reduction in the capacitive signal
measured at 10 kHz. This suggests significantly improved
stability of the PEG-coated biosensor in detecting CA-125
antigen under microfluidic shear flow compared with the
AuNP-coated biosensor.

This study experimentally investigates the sensitivity and
stability of CA-125 antigen detection using a PEG-coated
biosensor under microfluidic shear flow conditions. In addition
to its favorable performance in the microfluidic system, PEG’s
lower cost and ease of fabrication align well with the objectives
of point-of-care diagnostic device applications. While PEG
demonstrates enhanced sensitivity and stability for CA-125
antigen detection, its performance with other biomarkers in
different types of biosensors under microfluidic conditions
remains unexplored. Future efforts will focus on developing
multiplex assays using PEG-coated biosensors for detecting
multiple biomarkers on microfluidic platforms. Clinical studies
with real patient samples will be essential to assessing the
durability, sensitivity, and specificity of these biosensors.
Additionally, a degradation study of PEG-coated biosensors
will be crucial to ensure their reliability for POC applications.
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(Figure S1) Interdigitated electrodes (IDEs) fabrication
process using E-beam lithography and physical vapor
deposition techniques; (Figure S2) schematics of the
CA-125 antigen detection experimental setups: CA-125
antigen detection in static drop condition and micro-
fluidic shear flow condition; (Figure S3) schematic
diagrams of different layers of PEG-coated biosensor
structure and different layers of AuNP-coated biosensor
structure (PDF)
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