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ABSTRACT: Here, we report on an electrochemical biosensor - ~ .

based on core—shell structure of gold nano/micro-islands (NMIs) - /7 . & N LE:
and electropolymerized imprinted ortho-phenylenediamine (0-PD) T ] b ¢\ g3
for detection of heart-fatty acid binding protein (H-FABP). The 3 ‘\ ® ,' Ly
shape and distribution of NMIs (the core) were tuned by . % y 85
controlled electrodeposition of gold on a thin layer of electro- Fetentatim) Sl o

chemically reduced graphene oxide (ERGO). NMIs feature a large
active surface area to achieve a low detection limit (2.29 fg mL™", a
sensitivity of 1.34 X 10" yA mM™') and a wide linear range of
detection (1 fg mL™" to 100 ng mL™") in PBS. Facile template H-
FABP removal from the layer (the shell) in less than 1 min, high
specificity against interference from myoglobin and troponin T,
great stability at ambient temperature, and rapidity in detection of
H-FABP (approximately 30 s) are other advantages of this biomimetic biosensor. The electrochemical measurements in human
serum, human plasma, and bovine serum showed acceptable recovery (between 91.1 + 1.7 and 112.9 + 2.1%) in comparison with
the ELISA method. Moreover, the performance of the biosensor in clinical serum showed lower detection time and limit of detection
against lateral flow assay (LFA) rapid test kits, as a reference method. Ultimately, the proposed biosensor based on the core—shell
structure of gold NMIs and MIP opens interesting avenues in the detection of proteins with low cost, high sensitivity and
significantstability for clinical applications.

KEYWORDS: cardiac biomarkers, electrochemical biosensors, heart-fatty acid binding protein (H-FABP), gold nano/micro-islands,
molecularly imprinted polymers (MIPs)
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olecularly imprinted polymers (MIPs), a group of or electropolymerization.'” > The former can undesirably

biomimetic receptors, have gained significant attention
as an alternative to antibody-based immunosensors owing to
high stability at room temperature and a cost-effective
fabrication process.l_9 However, current challenges and

limitations on the application of MIPs in biosensing are

cause confinement of the protein in the polymeric layer, while
in the latter, controlling thickness of the polymeric layer is
crucial."®** Thus, the fabrication of ultrathin and controllable

polymeric layers with high sensitivity is known as another

mainly focused on improving their selectivity, sensitivity, and
ease of fabrication. In terms of selectivity, the combination of
. . 10-12
aptamers and MIPs is a promising approach. Surface
imprinting techniques and nanomaterial-conjugated MIPs can
be successfully used to improve the sensitivity and simplify the
fabrication process.'”'* Specifically for proteins, template
removal is the most challenging step in fabrication because it
is usually performed at high temperatures and for several
. . . 1. . 2,15,16
minutes using alkaline or acidic solutions. Surface
imprinting technology is one of the most promising methods
for the fabrication of MIPs, via two common strategies.”’18
First, by combining the template and monomer and
subsequent polymerization, and second, by immobilizing
protein on the surface and carrying out UV polymerization
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current challenge in the field of MIPs. Among various surface
imprinting methods, electropolymerization provides a compact
and ultrathin polymeric layer on the surface of the biosensor to
enhance the read-out signal and sensitivity for detection of

24,25

proteins, peptides,8 small molecules,26 bacteria,”” and

metallic ions.”® Ortho-phenylenediamine (0-PD) presents a
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Figure 1. Stepwise schematic of the MIP biosensor fabrication and electrochemical detection of H-FABP. (i) Electrochemical reduction of
graphene oxide on ITO, (ii) electrodeposition of NMIs, (iii) MIP biosensor fabrication through electropolymerization and template H-FABP
removal, (iv) H-FABP rebinding, and (v) subsequent electrochemical detection of H-FABP using the [Fe(CN)¢]*/#" probe. Black and blue
diagrams are related to before and after H-FABP rebinding, respectively. C.E: counter electrode, R.E: reference electrode, and W.E: patterned
working electrodes. The diameter of each individual electrode is 1 mm.

good biocompatibility behavior against proteins and can be
easily electropolymerized on gold electrodes.”” "

Nanomaterials are used in combination with MIPs (i) to
increase the sensitivity and linear range of detection by offering
a large active surface area, (ii) to facilitate the template removal
during MIP fabrication®*® by increasing the number of
surface atoms with higher energy than bulk atoms, and (iii) to
generate a core—shell or composite structure with MIPs to
simultaneously have the properties of the nanomaterial and
MIP. 333

We previously reported hierarchical gold nano/micro-islands
(NMiIs), with enhanced active surface area for optical and
electrochemical sensing, whereas the NMIs were successfully
implemented for detection of bacteria, antibodies, dopamine,
and glucose.‘%_42 In this work, we report on a hybrid structure
of NMlIs and MIP to develop an electrochemical biosensor for
detection of heart fatty acid binding protein (H-FABP), a
newly discovered cardiac biomarker, which is released in blood
after 30—90 min of myocardial infarction (MI). Compared to
myoglobin and troponin—two well-known cardiac bio-
markers—H-FABP is 20 times more specific than myoglobin
and4s3hows higher sensitivity than troponin in the first hours of
MIL

There are few studies on electrochemical detection of H-
FABP, in which antibody-based capturing probes are
immobilized on carbon and gold nanostructured electro-
des,**™*° but to the best of our knowledge, there is no report
on application of MIP/NMI electrodes. A stepwise schematic
of the MIP biosensor fabrication and detection of H-FABP is
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presented in Figure 1. Briefly, at the heart of our biosensor,
NMIs are electrodeposited on an indium—tin—oxide (ITO)
substrate coated with a thin layer of electrochemically reduced
graphene oxide (ERGO). The ERGO layer remarkably
increased the active surface area of the electrode®”*® and,
subsequently, the nucleation sites for electrodeposition, to
provide a more uniform distribution of gold on the surface.”’
Eventually, the MIP layer was electropolymerized on NMI-
modified electrodes and exploited toward detection of H-
FABP. NMIs feature a high surface area for deposition of MIP
and can be effective on template H-FABP removal during MIP
construction. We expect that this combination can successfully
result in the fabrication of a simple, cost-effective, and sensitive
biosensor for protein detection.

B EXPERIMENTAL SECTION

Materials, apparatus, and electrode preparation are presented in the
Supporting Information (see Section S1).

Preparation of the MIP Biosensor. Electrosynthesis of o-PD for
cardiac biomarkers was carried out following a facile method as
described elsewhere.”*> Briefly, a solution containing different
concentrations of 0-PD in 0.5 M acetate buffer was prepared using
sodium acetate and acetic acid (pH was adjusted by HCl and NaOH
to 5.2). H-FABP was added to the solution with a concentration of
100 pg mL™", and the volume of the monomer solution to the protein
solution was maintained in the ratio of 95:5. Furthermore,
electropolymerization of o-PD on the NMIs/ERGO electrode was
carried out using the cyclic voltammetry technique at a scan rate of 50
mV s7! in the range of 0 to 0.8 V versus Ag/AgCl. Eventually, the
samples were washed with ethanol and water solution (5:1 V/V)
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Figure 2. Microstructural properties and finite element simulation of the electric field on different electrodes. SEM images of the (A) NMIs/ERGO
electrode (inset: high-magnification SEM image of NMIs), (B,C) TEM images of a gold shrub-like structure (arrows display imperfections, and the
inset shows the corresponding SAED pattern). (D) 2D-contour of the electric field over four different electrodes: NPs/ERGO, needles/ERGO,
NMIs/ITO, and NMIs/ERGO for 1 (e/kgT). (E) Surface integration of energy density over the surface of the electrodes for different surface
charge densities. (F) Comparison of surface integration of electric density (the symbolic images of each electrode with SEM images of each

structure are included, scale bar: 1 ym).

containing 0.1 M NaOH to remove the template H-FABP. Similarly, a
control NMIs/ERGO electrode modified by non-imprinted polymer
(NIP) was fabricated without using H-FABP as the template protein.

Sensing Performance of the MIP Biosensor. A 10 mM
phosphate-buffered saline (PBS) solution and diluted human serum
(HS) were separately spiked with various concentrations of H-FABP,
troponin T (TnT), and myoglobin (Myo), incubated on the surface
of each electrode for 30 s, and followed by rinsing with deionized
water (DIW) to remove unattached proteins and drying. A similar
method was used for diluted human plasma (HP) and bovine serum
(BS), as well as clinical samples. Differential pulse voltammetry
(DPV) was applied at ambient temperature using a 10 mM PBS
solution containing S mM [Fe(CN)¢]** (1:1 V/V) for monitoring
MIP fabrication and sensing performance. DPV measurements were
performed in the range of 0 to 0.5 V versus Ag/AgCl. A step potential
of 4 mV, a modulation time of 0.05 s, a modulation amplitude of 0.05
V, and a scan rate of SO mV s~ were used for this aim.

Clinical Sample Collection. To investigate the performance of
the developed H-FABP MIP biosensor under clinical conditions, the
human blood serum samples were collected from patients with
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symptoms of chest pain, ST-segment and troponin I (Tnl: another
important cardiac biomarker) elevation, typical of MI. The patients
were admitted at the intensive care unit (ICU) and coronary care unit
(CCU) sections of “Noor and Hazrat-e-Ali Asghar” hospital, an
Isfahan University of Medical Sciences-affiliated hospital in Isfahan,
Iran. Human serum collected from adult healthy patients with no
underlying MI symptoms was used as the negative control in this
study. The ethics approval for the study protocol was reviewed and
confirmed by the institutional review boards (IRB) at McGill
University and Isfahan University of Medical Sciences (Approval
IDs: A11-M66-20A (20-11-056) and IR MULMED.REC.1399.820).
Before electrochemical investigations, clinical serums were diluted
with 10 mM PBS.

LFA Studies. Lateral flow assay (LFA) cassettes, as an immuno-
assay antibody-based colorimetric rapid test, were received from
Home Health UK company and used as a qualitative reference
method to explore the performance of the developed MIP biosensor
in clinical samples. The cassettes were a combo device to
simultaneously examine H-FABP and Tnl in blood/serum/plasma.
The limit of detection for this device reported by the company was 8

https://dx.doi.org/10.1021/acssensors.0c01701
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ng mL™! for H-FABP and 0.5 ng mL™! for Tnl. Therefore, before
investigating the performance of the MIP biosensor against clinical
samples, they were tagged as negative and positive H-FABP and Tnl
by the LFA cassettes. According to the company’s instructions, after
dropping SO uL of clinical serum samples and 40 yL of the buffer
solution (provided by the company) on the specimen area and
waiting for 10 min, the appeared colored line(s) was(were)
investigated.

Finite Element Simulation. Finite element simulation is
performed to evaluate the effect of NMIs/ERGO on the electrical
field in COMSOL Multiphysics (version 5.5, COMSOL, Inc.). The
geometry was made in SolidWorks (version 2020, Dassault Systems)
based on statistical scanning electron microscopy (SEM) images. The
analysis was performed over four different structures including gold
nanoparticles (NPs)/ERGO (deposited using S mM HAuCl, at —0.4
V vs Ag/AgCl for 50 s), gold needles/ERGO (deposited using S0 mM
HAuCl, at 0.0 V vs Ag/AgCl for 50 s), NMIs/ITO (deposited using
100 mM HAuCl, at 0.0 V vs Ag/AgCl for 50 s), and NMIs/ERGO
(deposited using 100 mM HAuCl, at 0.0 V vs Ag/AgCl for 50 s). The
diameter of NPs was 0.1 ym, and the gold needle was considered a
square with 0.3 ym on each side. The height of the needle was 1.5
pum. The NMIs/ITO was considered to have 1.7 ym width and a very
small thickness of 0.3 ym with a height of 2.8 ym. Finally, the NMIs/
ERGO was made similar to needles/EGRO and the shrubs were
added with a final height of 2.2 ym, 1.2 gm width, and a thickness of
0.4 pm. The electrostatic module was used to simulate the electrical
field. In this simulation, the surface of the structures was
homogenously charged. The structures are placed in a half-sphere
environment, and the infinite element domain is used to apply zero
potential in infinity.

B RESULTS AND DISCUSSION

Choice of Materials. Material selection in defining a
biosensor is always the most important of the initial stages. In
biosensing, a combination of high electrical conductivity,
surface area, and stability, as well as facile fabrication processes,
is suggested to reach a high sensitivity, wide linear range of
detection, and high stability. ITO as a cost-effective and
conductive glass can be used for electrodeposition of a wide
range of materials. For increasing the surface area of ITO, we
modified the surface with ERGO. Gold electrodes with high
electrical conductivity and chemical stability are widely used
for electrochemical biosensing. To reach a high surface area
and high sensitivity with a facile methodology, we used
electrodeposited 3D gold NMIs on the surface. The NMIs
with spatial orientation and tunable nanorough protrusions
provide enhanced sensitivity and quantifiable detection in
electrochemical and optical sensors.*****' The proposed
electrode possesses higher chemical stability than silver
nanoparticle-based devices®® along with an easier fabrication
process than ZnO, MoS,, carbon quantum dots, and other
oxides or sulfides used in biosensing."">'~>* Ultimately, in
order to reach high stability, we used o-PD as a typical
nonconductive monomer for electropolymerization and MIP/
protein fabrication.”>*® The o-PD monomer rather than
conductive ones such as aniline and pyrrole can create
ultrathin and stable polymeric layers comparable to the size
of proteins and, consequently, provide high sensitivity and
efficient surface imprinting.

Preparation and Characterization of the MIP Bio-
sensor. We used different surface characterization techniques
including SEM, transmission electron microscopy (TEM), and
atomic force microscopy (AFM) to study the morphology,
crystallinity, and structural properties of the fabricated
electrodes. Figure 2A shows a uniform distribution of gold
NMIs on the ERGO surface which is vital for sensor
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reproducibility and favorable sensing performance. From
Figure 2B, the length of a single gold shrub is found to be
about 2.2 um (line 1). The microdimension of the gold
electrode significantly improves electrical conductivity.”’
Figure 2C shows the enlarged TEM image of a single
electrode containing nanoelectrodes with dimensions in the
range of SO to 300 nm (line 2 in Figure 2B). These
nanoelectrodes provide high nanoroughness and active surface
area for detection of protein (Figure S3). The arrows in Figure
2C indicate the presence of defects and dislocations in the
structure, likely resulting from the induced local stress through
the electrodeposition process.”® The inset in Figure 2C
displays the selected area electron diffraction (SAED) pattern
of NMIs, signifying a combination of poly-nanocrystalline
(dots) and amorphous (shade) areas. The dislocations and
poly-nanocrystalline and amorphous areas act as catalytic
active sites which enhance the entropy, surface energy, and
electroactivity of the structure.””~®" This will favor a high level
of reaction with the washing solution, simplify the template
removal during MIP construction, and increase the catalytic
activity, with a final result of higher sensitivity. Increasing the
catalytic activity that resulted from crystalline defects improves
the electron transfer rate at the electrode/electrolyte interface.
Consequently, lower amounts of analytes can be detected
easily and with higher sensitivity. The performance of NMIs/
ERGO (containing defective needle shape structures) and
NPs/ERGO electrodes in template removal is presented in
Figure S4C.

We exploited finite element simulation to analyze the effect
of nanostructuring on the electric field and consequently the
electrode sensibility. Different gold electrodes were successfully
modeled in COMSOL Multiphysics. Based on the SEM
images, four different electrodes are drawn including NPs/
ERGO, needles/ERGO, NMIs/ITO, and NMIs/ERGO. The
electric field distribution surrounding the structure is evaluated
by considering a uniform charge density (1 e nm™) on the
surface of the structure (Figure 2D). Accordingly, the
appendage needles from the backbone provide a highly local
electric field, which can boost charge transformation and
oxidation rate in electrochemical investigations. Surface
integration of energy density over the surface of the structure
represents the charge transferability of the structure and
consequently lower LOD.”” Figure 2E shows the relation
between energy density and surface charge density for four
different structures. The energy density depends on the surface
area and the electric field surrounding the structure and
increases exponentially with surface charge density. Figure 2F
shows the value of electric field density over the surface of
different structures when the surface charge density is 1 (e
nm~2) and the comparison of the model used in simulation
and SEM images. The defective structure of NMIs/ERGO
electrodes and their high surface area (Section S4) result in
high local electric fields and provide considerably higher
energy density per surface area in comparison to the normal
electrodes, which yield high sensitivity.”” Thus, in the next
sections, we have considered this electrode as a core for the
MIP (shell) layer. Electropolymerization and optimization of
the MIP layer are presented and discussed in the Supporting
Information (see Section SS).

AFM and TEM were further used to evaluate the fabricated
MIP structure. AFM observations can be employed to validate
the successful removal of H-FABP from the polymeric
matrix.”>*> Figure 3AB represents the AFM micrographs

https://dx.doi.org/10.1021/acssensors.0c01701
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Figure 3. Microstructural characteristics of the MIP biosensor. The 3D and 2D AFM micrographs and cross-sectional AFM profiles of (A) NIP and
(B) MIP electrodes. (C) TEM image of the MIP electrode: (i) before and (ii) after washing with the optimal solution (inset: the clarified imprinted

sites with arrows).

and cross-sectional profiles of the NIP and MIP electrodes,
respectively. The MIP surface seems to be rougher relative to
NIP. The red arrows in the cross-sectional profiles highlight
the valleys, signifying the successful H-FABP removal. This
observation is in agreement with previous studies.’>
Further characterization of the MIP structure was carried
out by TEM investigations. Figure 3C(i) depicts the TEM
images of the core—shell structure of the MIP electrode before
template removal. The dark area and the ultrathin gray layer
are corresponded to gold (core) and MIP (shell), respectively.
The average thickness of this layer is approximately 5.5 + 0.5
nm. The inset shows a very smooth and uniform layer of 0-PD
before H-FABP removal. This ultrathin layer is also beneficial
to facilitate H-FABP removal during the MIP construction.
After washing the electrode with the optimal solution, the
imprinted sites are created [highlighted with yellow arrows in
Figure 3C(ii)]. The inset clearly shows the imprinted sites in
the o-PD matrix, where the sizes of an imprinted site are
comparable with the calculated size of H-FABP (Section SS).
Analytical Performance of the MIP Biosensor. The
optimized MIP biosensor was used to quantitate H-FABP in
the range of 1 fg mL™' to 100 ng mL™'. Figure 4A
demonstrates the DPV responses of the MIP biosensor with
different H-FABP concentrations in a 10 mM PBS solution
containing 5 mM [Fe(CN)4]*™*~ (pH 7.4). The current (I,
of [Fe(CN)4]>~/#") linearly decreases with an increase in H-
FABP concentration over the range of 1 fg mL™" to 100 ng
mL™, according to current (uA) = 10.3—0.89 log[H-FABP]
(fg mL™"). Also, the positive shift of the oxidation potential
with increasing H-FABP concentration indicates the rebinding
of H-FABP on the surface, decreasing the electron transfer rate
and decreasing oxidation of [Fe(CN)4]*™ to [Fe(CN)¢]*". The
LOD was calculated by dividing three times the standard
deviation of the blank (Sb = 0.68) by the slope of the
calibration plot (3Sb/0.89) equal to 2.29 fg mL™" (Figure 4A).
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Also, the analytical sensitivity based on the slope of the
calibration plot (4uA mM™")/active surface area (0.45 + 0.05
cm?)®® was calculated to be 1.34 X 10" A mM™!, which
shows an ultrahigh sensitivity. The physiological concentration
range of H-FABP in human serum for a healthy adult is
reported as 3.9 ng mL™\. When MI occurs, this value will
increase to 15.6 ng mL™.* Also, it should be considered that
under the clinical conditions, cardiac biomarker evaluations are
usually performed in the range of pg mL™' (or lower) to
several hundreds of ng mL™" in order to accurately monitor the
MI patients.*”% Interestingly, the MIP/NMIs biosensor not
only functions in the biological range of H-FABP but also
detects very low values of proteins. Even though an ultrahigh
sensitivity may not be a necessity for detection of H-FABP, our
results suggest that the hybrid structure of MIP/NMIs could
efficiently be applied for highly sensitive detection of a wide
biological range of proteins. Moreover, the wide linear range of
detection is mainly attributed to the high number of imprinted
sites (4.80 X 10" calculated in Section S5) related to the large
active surface area of NMlIs.

Our biosensor possesses a low LOD and a wide linear range
compared to other reported values in the literature (Table S1),
which is attributed to the high active surface area and superb
electrochemical performance of the NMIs. We also compared
the performance of the NIP and MIP electrodes with H-FABP
spiked at four distinct concentrations in a 10 mM PBS solution
(Figure 4B). Here, we assessed the performance of the
biosensor by defining (I, — I)/I, parameter, where I, is I,, of
[Fe(CN)4]>/* recorded in DPV test in the absence of H-
FABP and I is I, of [Fe(CN)¢]*/*" in DPV test in the
presence of H-FABP on the electrode. The changes in (I, —
I)/1, with concentration are negligible for the NIP electrode
with a lower slope [0.0063 (fg™' mL) compared to the MIP
(0.0715 fg™' mL)], indicating that the NIP electrode is
incapable of detecting H-FABP.
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Figure 4. MIP biosensing properties. (A) DPVs and calibration plot (inside) of the MIP biosensor in 10 mM PBS spiked with various H-FABP
concentrations (1 fg mL™" to 100 ng mL™"). (B) Comparison of the performance of the MIP and NIP electrodes in 10 mM PBS spiked with
various H-FABP concentrations. (C) Stability of the developed MIP biosensor. (D) Bar charts for the selectivity performance of the MIP electrode
in nonspiked 10 mM PBS, 10 times diluted human serum (HS-10D) and spiked PBS and HS-10D with 100 pg mL™" H-FABP, 100 pg mL™'
myoglobin (Myo), 100 pg mL™" troponin T (TnT), 100 pg mL ™' H-FABP + 1 ng mL ™" Myo, 100 pg mL~' H-FABP + 1 ng mL ™' TnT, and 100 pg
mL™" H-FABP + 1 ng mL™' TnT+ 1 ng mL™" Myo. (E), (F), and (G) Comparison of the performance of the MIP biosensor versus the clinical
range of H-FABP in the as-received and 10 times diluted (10D) human serum (HS), human plasma (HP), and bovine serum (BS), respectively.
(H) Photographs of the LFA examinations of clinical samples (C: control line; T: test line), and (I) DPV plots and related bar charts of the MIP
biosensors for detection of clinical samples. Positive control (Pos. Ctrl) is HS-10D spiked with 100 ng mL~" H-FABP. The electrochemical results
are obtained in a 10 mM PBS solution containing S mM [Fe(CN),]>~/*" before and after incubation of protein solutions on the electrode (1 = 3).

Stability, Repeatability, and Reproducibility of the
MIP Biosensor. One of the major advantages of MIP
biosensors over antibody-based biosensors is their high
stability at ambient temperature.” Here, we examined the
stability of the MIP biosensor during 21 days of storage at
ambient temperature. The I, of [Fe(CN)4]>/*" for the MIP
biosensor was recorded after 2 h, 3 days, 7 days, and 21 days of
storage in a shelf. Figure 4C demonstrates that the current
responses decrease by 4.4% and 8.4% after 7 and 21 days,
respectively. These results indicate that the developed
biosensor possesses high stability at the ambient temperature.
This is another advantage of the current work compared to the
antibody-based biosensors with limited storing capability at
ambient temperature (Table S1). To guarantee the absence of
carryover effects upon successive measurements on a single
sensor, the repeatability of the biosensor was determined by
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DPV repetitive measurements (five times, n = 5) (Figure S6A),
after 30 s incubation of 100 pg mL™' H-FABP on the MIP
electrode. Each experiment was repeated for three individual
electrodes, and the relative standard deviation (RSD) was
recorded as 2.71%, which is in an acceptable range. Another
important feature for empirical applications of the biosensor is
the reproducibility which was verified by recording the I, of
[Fe(CN)4]>™/# for the five as-prepared MIP electrodes, each
one three times with a total RSD of 5.57% (n = S) (Figure
S6B). A slight high value of this parameter can be related to the
high surface roughness of the NMIs/ERGO electrode which
can be effective on the distribution of the MIP layer and its
thickness.

Interference Studies and the Performance of the MIP
Biosensor in Serum and Plasma. Serum and cardiac
biomarkers released during MI can interfere with H-FABP
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Table 1. Summary of the Clinical Sample Investigation and Comparison of the Results of the Developed MIP Biosensor with

the LFA Cassettes as a Reference Method

sample code description of the clinical sample® LFA (Tnl)
sample 1 patient without MI symptoms negative
sample 2 patient without MI symptoms negative
sample 3 Tnl ~ 36.1 positive
sample 4 negative troponin but MI occurred negative
sample S negative troponin but MI occurred negative
sample 6 Tnl > 50,000 positive
sample 7 negative troponin but MI occurred negative
sample 8 Tnl ~ 27.7 positive

LFA (H-FABP) (i = i)/io H-FABP value”
negative 0.15 + 0.02 < 10 pg mL™*
negative 0.12 + 0.05 < 10 pg mL™
negative 0.29 + 0.04 <10 pg mL™!
positive 0.68 + 0.05 ~10 ng mL™*
negative 0.50 + 0.05 <10 pg mL™!
positive 0.36 + 0.06 <10 pg mL™!
positive 0.70 + 0.05 ~30 ng mL™"
negative 0.26 £+ 0.05 <10 pg mL™!

“Troponin levels were the approximate values determined by ELISA at the hospital. MI occurrence was detected by chest pain and ST-segment
elevation. “The approximate values of H-FABP measured by the developed MIP biosensor. The values were determined through comparison of the
recorded (i — i)/i, for 10 times diluted clinical serum samples with the calibration plot of HS-10D spiked with various concentrations of H-FABP

(Figure 4E).

during the detection.®®®” As such, we investigated the
performance of the developed biosensor in nonspiked HS
(Figure S7A). To reduce the interference from high
concentration of other proteins such as albumin, globulin,
and ﬁbrin08gen inside the serum, we diluted the as-received HS
with PBS.°*% There is no distinguishing difference between 10
and 100 times diluted HS. Therefore, 10 times diluted HS
(HS-10D) was chosen for selectivity investigations. We also
investigated the selectivity of the biosensor versus 100 pg mL™"
of each one of H-FABP (My, = 15 kDa), myoglobin (Myo: My
= 17.67 kDa), and troponin T (TnT: My, = 35 kDa) in 10 mM
PBS and HS-10D. Moreover, the interference effects of Myo
and TnT during detection of H-FABP were examined using
three different solutions containing 100 pg mL ™" H-FABP + 1
ng mL™' TnT, 100 pg mL™" H-FABP + 1 ng mL™' Myo, and
100 pg mL~" H-FABP + 1 ng mL™" TnT + 1 ng mL™" Myo in
PBS and HS-10D (Figures 4D and S7B,C). In this regard,
protein solutions were incubated on the MIP electrodes for 30
s. The electrodes were rinsed with DIW and then dried at
ambient temperature. Eventually, I, of [Fe(CN)4]*~* was
recorded based on the DPV measurements. Overall, it is
concluded that the interference of Myo (17.67 kDa), as
another early biomarker of MI, with H-FABP (15 kDa) is
slightly higher than TnT, mainly due to their approximately
similar molecular weight and shape.”’ Figure S7D depicts the
schematic illustration of simulated three-dimensional struc-
tures of cardiac and major serum proteins.69

To demonstrate the feasibility of the MIP biosensor for
practical applications, we assessed the biosensor performance
in HS, HP, and BS, where BS can also contain H-FABP.”""*
The usual clinical range for H-FABP measurements is between
pg mL™' to several hundred ng mL™', and the general
concentration of H-FABP in human serum is 3.9 ng mL™" for
normal adult individuals.* Thus, we spiked the as-received and
10 times diluted (10D) HS, HP, and BS with H-FABP in the
range of 10 pg mL™' to 100 ng mL™', which are shown in
Figure 4E,F, and 4G, respectively. After incubating the spiked
samples on the electrode surface for 30 s and rinsing with
DIW, the I, of [Fe(CN)4]*/* was recorded using DPV
measurement. Accordingly, a similar condition in three media
can be observed (corresponding DPV results are presented in
Figure S8). As expected, the 10 times diluted serum (plasma)
presents higher sensitivity to H-FABP in the clinical range
concentrations. A similar trend has been reported in other
literature studies,**”>7* suggesting the importance of serum
(plasma) dilution to reduce the background noises. Interest-
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ingly, the current MIP assay demonstrates better performance
in 10 times diluted serum (plasma) owing to the large active
area, competed to the other MIP biosensors which merely
work in more diluted serum and plasma (up to 100 times
dilution).>**”>”* Moreover, based on the previously reported
H-FABP MIP biosensor,'® we compared the results of the
developed biosensor with a valid recorded enzyme-linked
immunosorbent assay (ELISA) for H-FABP (as a reference
method).”” For this assay, the recovery values in 10 times
diluted HP were recorded as 97—113%. Therefore, we
calculated the recovery values of the MIP biosensor in HS,
HP, and BS, each one 10 times diluted with 10 mM PBS and
spiked with a range of H-FABP (10 pg mL™" to 100 ng mL™").
The results presented in Table S2 show that the recovery
values in HP (91.7 + 4.0—109.1 + 7.5%) are approximately
close to the reference method,”® describing the potential of the
biosensor for clinical applications.

Detection of H-FABP in Clinical Samples. Next, we
explored the performance of the MIP biosensor for detection
of H-FABP in clinical samples. Eight clinical blood serums
samples were tested using commercial LFA cassettes and the
MIP biosensor (Figure 4H,I, and Table 1). The positive
control (Pos. Ctrl) sample was HS-10D spiked with 100 ng
mL ™' H-FABP. The clinical samples without MI symptoms
showed very low (iy — i)/iy and tested negative H-FABP and
Tnl on LFA cassettes (samples 1 and 2) which made them as
the negative control (Neg. Ctrl). The two samples (samples 3
and 8) tested negative H-FABP and positive Tnl on LFA
cassettes and demonstrated low (iy — i)/i; (less than 0.4)
compared with the Pos. Ctrl, while showed higher (i, — i) /i, in
comparison with the Neg. Ctrl. This implies that the level of
H-FABP is lower than 8 ng mL™" (the LOD of the LFA for H-
FABP, provided by the company) in these serums.
Furthermore, comparing these results with standard calibration
plots of H-FABP in HS-10D (Figure 4E) revealed that the
levels of H-FABP in these samples are lower than 10 pg mL™",
despite the negligible interference from Tnl. Sample S (tested
negative for H-FABP and Tnl) showed higher (i, — )/
(approximately 0.5). According to the calibration plot (Figure
4E), the level of H-FABP in this sample is lower than 10 pg
mL™Y; thus, the LFA cassette cannot detect it. This clearly
highlights the benefits of the developed biosensor with a lower
LOD than the commercial device.

The other two samples (samples 4 and 7) that tested
positive H-FABP on the LFA cassettes displayed (i, — i)/ij
close to the Pos. Ctrl, confirming the ability of the device to
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reliably detect H-FABP in clinical samples with levels higher
than 1 ng mL™". Sample 6 tested positive for H-FABP and Tnl
by LFA. However, the (iy — i)/i, recorded by the biosensor
was less than 0.4, mainly related to the rather weak
performance of the biosensor in high concentrated serum
(the Tnl value for this sample was recorded to be more than
50,000 ng mL™" according to Table 1). Consequently, while
the LFA needs expensive bioreceptors (antibodies) and has a
longer analysis time (~10 min) and a high detection limit, the
cost-effective MIP biosensor can successfully and specifically
detect significantly lower levels of H-FABP in clinical samples,
in less than 1 min.

Overall, the results of this study indicate that the developed
MIP biosensor offers acceptable sensitivity, stability, repeat-
ability, and reproducibility toward protein detection. We
confirm that the integration of NMIs with MIP improves the
limitations of MIP-based biosensors such as low sensitivity and
the difficulties in the fabrication process. The selectivity of the
proposed biosensor in undiluted serum (plasma), however,
needs further improvement. Therefore, we intend to
investigate the performance of other nonconductive monomers
for electropolymerization such as p-aminothiophenol or
dopamine and use aptamer/MIP combinations for improving
the selectivity.

B CONCLUSIONS

In summary, we developed an electrochemical biosensor based
on a core—shell structure of NMIs and MIP for detection of H-
FABP in PBS, human plasma, human serum, and bovine serum
via a hybrid electrodeposition/electropolymerization fabrica-
tion protocol. We found that the size and morphology of NMIs
are tunable via electrodeposition. The results suggested that
the ERGO improved nucleation of NMIs and provided
uniform distribution of gold on the surface due to the increase
in the electrode surface area. The electropolymerization of o-
PD on NMIs was successfully optimized to reach the core—
shell structure. Our study indicated that gold NMIs facilitated
the template H-FABP removal process from the polymeric
matrix during washing with ethanol and water at ambient
temperature by reducing the template removal time to less
than 1 min.

The proposed biosensor was used to detect H-FABP as one
of the early biomarkers of myocardial infarction with
concentrations lower than 10 fg mL™" in PBS and in a short
period of time (30 s). Due to the large active area of NMIs/
ERGO, this biosensor showed a lower LOD and wider linear
range of detection than the commercial H-FABP LFA cassette.
The selectivity evaluations also indicated distinguishable
detection of H-FABP among other cardiac biomarkers and in
clinical samples owing to the biomimetic MIP layer. Moreover,
the polymeric nature of the MIP layer provided high stability
of the proposed biosensor at ambient temperature up to 3
weeks, depicting its excellent storage ability than the previously
reported antibody-based biosensors that are usually stored at 4
°C.*7%77 However, the performance of the biosensor in
undiluted serum samples and the electrochemical setup for
point-of-care applications need to be improved in future
investigations. As MIP biosensors are more stable, more
efficient, and more scalable, than antibody-based biosensors at
ambient temperature and in clinical environments, this
biosensor combination can be considered for fast, sensitive,
and affordable detection of proteins in future studies.
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