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Human-serum-albumin (HSA)-templated molecularly imprinted
polymer nanoparticles (nano-MIPs) were integrated with a
solution-gated field-effect transistor-based biosensor. The real-
time electrical analysis of nano-MIP-HSA binding showed a high
affinity and specificity of nano-MIPs for HSA. Moreover, the binding
behaviour was continuously visualised using a solution-gated
complementary metal-oxide semiconductor array image biosensor.

Biosensors consist of a receptor to identify a target, a transducer
to convert the receptor—target interaction into an electrical
signal, and an output system to process the signal.! Among
transducers, field-effect transistors (FETs) can detect changes in
the surface potential due to the receptor—analyte interactions
owing to the metal-oxide semiconductor FET (MOSFET) structure.
A platform based on a solution-gated FET, which originates from
electronics, is suitable for use in miniaturized and cost-effective
systems to directly measure biological samples as the FET
biosensor in the field of in vitro diagnostics.? Such miniaturized
electronic devices can be easily equipped with a wireless function
and attached to the body, which is applicable to wearable
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biosensors to detect biomarkers in tears, sweat, and saliva, that

is, for diagnostics in a blood-sampling-free manner. The
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prototype of a FET biosensor, which often comes from an ion-
selective FET (ISFET), employs the MOSFET structure in a wet
environment for pH sensing, replacing the metal gate electrode
with an electrolyte solution with a reference electrode and then
making the oxide serve as the pH-sensitive membrane.?
Moreover, extended-gate FETs (EGFETs) enable the connection of
a single transducer to various electrodes, enhancing the flexibility
in designing the electrode materials interacting with an
electrolyte solution extended from the MOSFET gate (Scheme 1);
ionic interactions at the electrode surface induce electrical
signals.*

Regarding the receptors, these can be natural or artificial:
natural receptors often pose challenges in preservation,
production and cost, whereas artificial receptors, although
typically have lower affinity, are inexpensive and simpler to
produce and preserve.® Thus, artificial receptors are always
designed such that they emulate the high affinity of natural
receptors, such as the antibody—antigen binding.® Molecularly
imprinted polymers (MIPs) are one of the candidates, selectively
capturing their target molecules that serve as templates during
their synthesis—a bulk imprinting method.”® This process involves
complexing functional monomers and crosslinkers with
templates, polymerizing, and then removing the templates to
leave cavities that selectively rebind the targets in real samples.
However, the bulk imprinting method results in the formation of
binding sites with a wide range of affinities; that is, few exhibit
tight binding, whereas most have a considerably lower affinity.1°

To address the bulk imprinting issues, a solid-phase imprinting
method has been developed.!! Here, templates are immobilized
onto solid supports like micro-meter glass beads, then contacted
with a monomer and crosslinker mixture, forming nano-MIPs with
high affinity by initializing the polymerization. These nano-MIPs
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firmly bind to the template-immobilized supports, whereas
subproducts such as unreacted monomers and low-affinity
nanoparticles can be washed away. Regarding the collection of
synthesized nano-MIPs, a temperature-responsive monomer, n-
isopropylacrylamide (NIPAAm), is copolymerized, providing a |
ower critical solution temperature (LCST) to the polymer
networks.'213 When polymerization is completed and the
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Fig. 1 XPS spectra of (A) Ta 4f, (B) N 1s, and (C) S 2p at each phase before (red) and after (green) polydopamine coating and before (blue) and
after (purple) HSA immobilization are presented. In the Ta 4f spectra, the peak intensities of Ta 4f decreased progressively during the
modification, especially after HSA immobilization, indicating a layer-by-layer modification. In the N 1s spectra, following the polydopamine
coating, an amine peak appeared adjacent to the Ta 4p;/, peak. After HSA immobilization, a sharp peak emerged in the N 1s spectra,
representing the C—N bond in the polypeptide backbone. In the S 2p spectra, no peak was observed until HSA immobilization, consistent with

HSA containing 17 disulfide bonds.

temperature is raised above the LCST, the polymer networks
shrink, releasing the nano-MIPs from the template-immobilized
solid phases. Nano-MIPs synthesized this way are virtually
template-free and maintain high binding affinity, as compared
with bulk imprinting. Several instances of successful synthesis of
nano-MIPs templating proteins or epitopes have been
reported.141>

As our target, human serum albumin (HSA) is selected. This is
because HSA plays a crucial role in determining glycated albumin
percentage (%GA), which is a biomarker for monitoring blood
glucose levels and assessing glycemic control in diabetes patients.
%GA reflects blood glucose levels over the previous 21 days,®
which is more effective in monitoring short-to-middle-term
swings glycated hemoglobin percentage (%HbA1c), which reflects
blood glucose levels over the previous 120 days.”*® We will
imprint both HSA and GA, but mainly focus on imprinting HSA in
this study because HSA resembles GA (precursor of the glycation
process) and thus guides the way for imprinting GA in the future.

In our previous work, we evaluated the fundamental
properties of synthesized HSA-templated nano-MIPs.'® The nano-
MIPs were characterized as all-monomer-integrated, uniformly
sized, and nanostructured, and they exhibited sufficient affinity
and specificity towards HSA. Three monomers were used in the
synthesis: NIPAAm, N-tert-butylacrylamide (TBAAm), and
acrylamide (AAm). TBAAm and AAm were characterized by
attenuated total reflection-Fourier transform infrared
spectroscopy, whereas NIPAAm was identified by its swelling
behaviour in an aqueous solution. In dynamic light scattering
measurements, the polydispersity index and hydrodynamic
diameter of nano-MIPs were determined to be 0.30 + 0.02 and
245 + 7 nm, respectively, exhibiting their uniformly sized feature.
By atomic force microscopy, we confirmed the nanostructure of
the nano-MIPs with a spherical morphology. Moreover, the
average size in the dry state was determined to be 100 nm by
obtaining a histogram. The dissociation constant (Ky) was
determined to be 2.4 x 10° M by using surface plasmon
resonance, exhibiting a high affinity; moreover, specificity was
also confirmed.
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In this study, we clearly demonstrated the electrical
monitoring of the HSA-templated nano-MIP—HSA interaction with
the solution-gated FET for the miniaturized electronic system.
Here, HSA was immobilized on the extended-gate Ta,0s
electrode, where the nano-MIPs were electrically detected as the
change in the surface potential of the FET.

Regarding the preparation of the electrodes, Ta,0s was used
as a gate material owing to its high-k dielectricity with a low
leakage current.?? Subsequently, a simple polydopamine coating
approach to introduce amine groups proposed by Lee et al. was
inspired by the attachment of mussels to wet surfaces.?! Finally,
HSA was crosslinked using glutaraldehyde (Fig. S1). To validate
the modification methods at each step, substrates before and
after polydopamine coating and before and after HSA
immobilization were evaluated by X-ray photoelectron
spectroscopy (XPS) focusing on Ta 4f, N 1s, and S 2p spectra (Fig.
1). The Ta 4f spectrum has well-separated components of Ta 4f;/,
and Ta 4fs;; with an energy separation of 1.9 eV, peaking at 26.2
eV for Ta 4f;/, (Fig. 1A).22 Overall, peak intensities decreased as
the modification proceeded, especially after HSA immobilization,
indicating that a layer-by-layer modification occurred. The peak is
still present after dopamine coating, implying two possibilities: (1)
X-rays penetrating through a firm polydopamine layer that is
probably thin, so X-rays can penetrate; (2) the polydopamine
layer with an island structure. Ta 4ps,, peaks but overlaps in the
N 1s spectrum (Fig. 1B),%® which is evidence of the modification
process with a similar trend, aligning with Ta 4f spectra. After the
polydopamine coating, the amine peaked adjacent to the Ta 4ps,;
peak. Gaussian functions were fitted to this peak, with the best fit
resulting in peaks at binding energies of 399.7 and 400.6 eV
assigned to primary and secondary amines, respectively,
indicating that intramolecular cyclization occurred through
oxidative dopamine polymerization.?* After treating the
substrates with glutaraldehyde, the best fit was found to differ
from the previous step. The intensity of the primary amine peak
decreased, indicating changes in chemical states, whereas
primary amines linked with glutaraldehyde and turned into

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 Sensorgrams of (A) nano-MIP—HSA; (B) nano-MIP-GA
binding. The devices with HSA-immobilized electrode produced
signals with the output signal decreasing as the nano-MIP
concentration increased, whereas the GA-immobilized
(positive control) produced noisy signals or maintained silence,
indicating that the binding between nano-MIPs and HSA caused
ionic events to occur at the gate electrodes.

secondary amines; that is, the area ratio for the two peaks (S-NH,/
S_NH-) was decreased from 2.26 to 0.43 owing to the anchoring of
glutaraldehyde at the polydopamine surface. After HSA
immobilization, a sharp peak emerged, representing C—N (399.5
eV) in the polypeptide backbone. In the S 2p spectra, no peak
emerged until HSA immobilization: HSA comprises 17 disulfide
bonds.?

The detection of nano-MIP—-HSA binding was then recorded.
Each experiment was conducted in triplicate to ensure
reproducibility. Moreover, GA-immobilized electrodes were
prepared for control experiments in the same manner (Fig. S1).
All electrodes were conditioned to achieve stable baselines for
reliable measurements. The binding results in the deviation of the
surface potential from the established baseline (the change in the
surface potential) through the charge redistribution at the Ta,0s
gate surface, which can be recorded by the FET as a measurable
response. After the addition of nano-MIPs, the devices with HSA-
immobilized electrodes produced signals with the output voltage
decreasing as the nano-MIP concentration increased (Fig. 2A),
whereas the GA-immobilized (positive control) produced noisy
signals or maintained silence (Fig. 2B). The result indicates that
the binding between nano-MIPs and HSA caused ionic
redistribution at the HSA-immobilized electrodes. In the voltage—
time profiles of the nano-MIP—HSA interaction, after the addition
of nano-MIPs, the devices initially showed a strong signal but
gradually stabilized followed by a logarithmic delay. This indicates
a diffusion-driven process of ionic events at the interface after the
nano-MIP addition. The possible mechanisms can be proposed as
to how the device produced signals, depending on the charge of
the nano—MIPs. Considering that the zeta potential of the nano-
MIPs was measured to be -6.3 + 2.4 mV, the increase in the
amount of the negative charges of nano-MIPs is assumed to have
induced the negative shift in the surface potential of the HSA-
immobilized electrode. In this case, the output signal may have
included the change in the surface potential caused by the fact
that the binding expelled the positive counterions of HSA,

This journal is © The Royal Society of Chemistry 20xx
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considering a rule of thumb in a zeta potential measurement of
nanoparticles.?® Moreover, our approach to analysing the
response curves of nano-MIP—GA (positive control) involved the
evaluation of nonspecific adsorption, which did not show
significant changes.

As shown in Fig. 3, the equilibrium voltages against the HSA
concentrations are plotted and then fitted with a Hill-Langmuir
isotherm model,2” which can be expressed as AV = —AVpax
([eD™/[([cD™ + (K™, where [c] is the concentration of nano-
MIPs, V the change in signal voltage at equilibrium after nano-MIP
addition, Vmax the maximum change in voltage signal when the
nano-MIPs reach saturation, K4 the dissociation constant, and
the Hill coefficient. The fitting of our data to the Hill-Langmuir
isotherm model reveals K4 of 0.20 pg/mL, R? of 1.00, and 1 of
0.84. The R? of 1.00 indicates an excellent fit, suggesting that the
fitted parameters of the isotherm model can provide meaningful
insights related to the binding process. The 1 being less than 1,
that is, 0.84 indicates negative cooperativity in the binding
process;?® that is, the nano-MIPs may have bound to HSA and
inhibited the subsequent bindings, which should be attributed to
steric hindrance caused by the bound nano-MIPs. The error
margins were quantified using the standard deviation and
standard error of the mean. However, these error margins appear
somewhat high, indicating variability in the data; that is, they are
likely to be due to the small signals to begin with and the multiple
processing steps of the substrate samples (artifacts are
unavoidable). Additionally, the p-value of 0.01 (p < 0.05)
demonstrated that the observed differences between the
datasets of the target and control sensors within the measured
concentrations were statistically significant. The criteria were
based on the consistency of the results across replicates;
therefore, the errors were considered acceptable if they did not
alter the overall trends and conclusions drawn from the data.

On the basis of the concept of FET biosensors, a
complementary metal oxide semiconductor (CMOS) array of
image sensors revolutionizes image recording technology and
have found applications in biosensing technologies. A CMOS
image sensor typically consists of a two-dimensional array of
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Fig. 3 Hill-Langmuir isotherm fitting of the voltage output values of
the HSA-immobilized electrodes in the devices. The fitting of our
data to the Hill-Langmuir isotherm reveals a K4 of 0.20 pg/mL and a
n of 0.84. The n being 0.84 less than 1 indicates negative
cooperativity in the binding process: nano-MIPs bind HSA and inhibit
the subsequent bindings, which is attributed to the steric hindrance
caused by the bound nano-MIPs. Error bars represent the standard
deviation determined from the number of experiments (N = 3).
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Fig. 4 Visualization (heatmaps) of the real-time nano-MIP-HSA
binding of HSA-immobilized CMOS array biosensor (A) at 0 s, (B) at
300 s (with 10 ug/mL nano-MIPs), and (C) at 600 s (with 20 pg/mL of
nano-MIPs). This movie is included in Supplementary Information
(Fig. S6).

pixels (i.e., Ta,Os gate electrodes) arranged in sequential rows
and columns (Fig. S2).2° The operation of a pixel in an HSA-
immobilized CMOS image sensor possibly involves the following
steps; (1) the nano-MIP—HSA binding induces the change in the
amount of molecular charges at the surface, (2) this contributes
to the formation of a potential well, and (3) the change in surface
potential, which is correlated with the potential well, is
measured. The variation in the depth of the potential well
indicates the amount of nano-MIP—HSA binding at the surface.

The capability of the biosensor to image the nano-MIP—-HSA
binding on the functionalized CMOS array biosensor was tested.
The signals were then used to construct two-dimensional
heatmap images, as shown in Fig. 4. As the nano-MIPs were
added to the HSA-immobilized CMOS array biosensor at O s (Fig.
4A), the images turned light green at 300 s (Fig. 4B) and then dark
green at 600 s (Fig. 4C). This indicates that the amount of negative
charges at the array surface increased owing to the nano-MIP—
HSA binding. These results align well with the results obtained
using the EGFET sensors (Figs. 2 and 3).

In summary, we primarily focused on integrating the
synthesized HSA-templated nano-MIPs with the EGFET
electrodes. We developed a simple polydopamine coating
method to crosslink HSA on the Ta,0s5 gate electrode, which was
characterized by XPS. Real-time analysis showed the interactions
between the nano-MIPs and HSA immobilized on the Ta,0s5 gate
electrode of the EGFET sensor. The output signals were then
fitted with the Hill-Langmuir isotherm model, obtaining a Ky of
0.20 pg/mL and the Hill coefficient of 0.84, indicating the negative
cooperativity in the binding process owing to steric hindrance
caused by the nano-MIPs. Furthermore, the capability of the
biosensor to image the nano-MIP-HSA binding of the HSA-
immobilized CMOS array biosensor was tested. As a result, the
functionalized CMOS array biosensor was found to be capable of
visualizing the nano-MIP—HSA binding on the basis of the change
in the amount of molecular charges. Considering the above, the
electrical detection of the nano-MIP—HSA binding shown in this
study will contribute to the quantitative analysis of HSA included
in biological samples on the basis of a competitive method in the
future. In particular, this study indicates the potential use of
nano-MIPs in the miniaturized electronic devices with FET
biosensors and other future biosensing applications.
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