IEEJAPPLIED MATERIALS

XINTERFACES

This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @

www.acsami.org Research Article

Rapid and High-Density Antibody Immobilization Using
Electropolymerization of Pyrrole for Highly Sensitive Immunoassay

USun Nam, Han Na Suh, Sang-Keun Sung, ChaeWon Seo, Jung Hyun Lee, Jeong Yoon Lee,
SangHee Kim, and JuKyung Lee*

Cite This: ACS Appl. Mater. Interfaces 2024, 16, 30611-30621 I: I Read Online

ACCESS | [l Metrics & More ’ Article Recommendations | Q Supporting Information
ABSTRACT: Polypyrrole (Ppy) is a biologically compatible é /\ Electropolymerization
polymer that is used as a matrix, in which drugs and enzymes

can be incorporated by doping. Here, we suggest an inventive C’ (\N) +

application of Ppy as a biorecognition film encapsulated with an
antibody (Ab) as an alternative strategy for the on-site multistep
functionalization of thiol-based self-assembled monolayers. The
fabrication steps of the recognition films were followed by
dropping pyrrole and Ab mixed solutions onto the electrode and
obtaining a thin film by direct current electropolymerization. The
efficiency of Ab immobilization was studied by using fluorescence
microscopy and electrochemical (EC) methods. Finally, the Ab
density was increased and immobilized in 1 min, and the sensing
performance as an EC immunosensor was demonstrated using a-fetoprotein with a limit of detection of 3.13 pg/mL and sensing
range from 1 pg/mL to 100 ng/mL. This study demonstrates the potential for electrochemical functionalization of biomolecules
with high affinity and rapidity.
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1. INTRODUCTION does not have a stable oxide layer. The first step in the
formation of alkanethiol is the adsorption of the thiol group
(—SH) onto the gold surface through the formation of the
gold—thiol bond. The other terminal group has an amine
(=NH,) or carboxylic acid group (—COOH), which has the
advantage that it makes covalent bonding to Abs. However,
these SAMs were limited to thiol-modified gold substrates and
did not consider the surface density of immobilized Ab.'’
Additionally, the formation of the SAMs takes a long time,
from 1 h to 1 day.

In order to overcome the above-mentioned limitation, we
designed an immobilization method for Abs to increase the Ab
density based on the electropolymerization of pyrrole.
Polypyrrole (Ppy) is a material of particular interest in EC
sensors because of it has good biocompatibility and easy and

Electrochemical (EC) immunosensors have been used to
analyze a target analyte in a complex mixture such as body fluid
and have been applied for disease diagnosis, environmental
monitoring, and single-cell monitoring.l_4 EC immunosensors
have many advantages over various types of immunoassays,
such as enzyme-linked immunosorbent assay (ELISA),’
fluorescence immunoassay (FIA),® and surface plasmon
resonance (SPR).7 EC immunosensors are used for rapid
and inexpensive analysis with a low limit of detection
(LOD).5™ !

The output module is easily integrated with wireless data
collection/transmission systems and is easy to apply to
wearable sensors.'”"® The most important factor in EC

immunosensors is the biorecognition layer, which interacts . : e . 20-22 :
simple immobilization of several biomolecules. Various

w11t h .thf blotloglcla : analyt.ef.l Thli b1§.r ecognition liyer Pli?’s N types of Ppy mixed layers are used for the selective detection of
role in target analyte specificity for biosensors such as antigen 2324 1 eurotransmitters,” and catechols.?® Ppy is also

(Ag)—antibody (Ab) interactions.'* Ab immobilization enzgmes, drue deli , . -
‘ i ) . : used as a drug delivery material because it exhibits electro-
determines the immunological recognition and immunosensor
performance.
The increase in the amount of Ab on the electrode surface is
a solution to increase the sensitivity and specificity. Surface
modification using self-assembled monolayers (SAMs) based
on thiolated hydrocarbon molecules is a well-known covalent
bond between the gold electrode surface and Ab."7"* Gold
electrodes are used most frequently because gold is rigid and
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chemically induced volume change due to the movement of
ions and solvents in and out of the polymer matrix when a
potential is applied.””** In our previous work, we synthesized
various types of Ppy morphologies using sodium perchlorate
(NaClO,) as a dopant. The cloud morphology was grown on
the electrode surface, and the density and thickness of the Ppy
films were investigated by applying the potential and applying
time. During the formation of Ppy, the molecules and materials
of the pyrrole solutions were also adsorbed on the electrode as
a mixing compound of Ppy layers. Figure la illustrates the
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Figure 1. (a) Schematic illustration of various types of immobilization
based on electropolymerization of pyrrole. (b) Schematic of
immobilization of construction process of Ab based on the Ppy
composite film. (c) Construction of the Ab recognition layer based on
SAMs.

various types of Ppy mixing layers comprising gold nano-
particles, silicon particles, and magnetic nanoparticles.
Similarly, mixing solutions of pyrrole and Ab electropolyme-
rization was performed. As a result, Ab—Ppy layers were
developed on the electrode surface in 1 min. This method is a
one-step immobilization method, because additional treatment
was not necessary to bind Ab. Thus, an Ab—Ppy mixing layer
was developed, and we observed that the Ab density was
increased compared with that of the SAMs-treated electrode.
The feasibility of the immunosensor based on EC analysis was
demonstrated by the quantification of a-fetoprotein (AFP) as a
model analyte. AFPs are plasma proteins with low molecular
weight (70 kDa) and are produced by the fetal liver during
fetal development.””~' Elevated AFP levels lead to various

diseases such as liver cancer, Down syndrome, and neural tube
defects.”*> AFP is observed in the body and is an important
biomarker for the diagnosis, recurrence, and prognosis of an
illness. Finally, we observed that this Ppy immunosensor has an
LOD of 3.13 pg/mL. Specificity using different analytes,
stability, and reproducibility were also investigated.

Ab immobilization strategy using electropolymerization of
pyrrole is a universal and direct assay to adsorb Ab on the
electrode compared with multistep immobilization such as
linker-mediated and layer-free immobilization using the F,
binding domain or protein A/G. In this multistep process,
functionalized pyrrole (1H-pyrrole-1-propionic acid, pyrrole-2-
carboxaldehyde)**** was widely used. However, to the best of
our knowledge, this study is the first attempt to direct an Ab
mixing layer on an electrode using pyrrole without any
functional group and the first attempt to apply this method to
the immunosensing of a specific biomarker. The greatest
advantage of this method is that it is easy and rapid (in 1 min)
to construct an Ab layer, and Ab the high density of the Ab
layer can be developed; some of the Ab has random
orientation compared to the multistep immobilization method.

2. EXPERIMENTAL SECTION/METHODS

2.1. Reagents and Chemicals. Human anti-AFP Ab and AFP Ag
were purchased from Abcam (Cambridge, MA, USA). Human anti-
interleukin-6 (IL-6) Ab and IL-6 Ag were obtained, provided from
R&D Systems (Minneapolis, MN, USA). Pyrrole monomer, NaClO,,
sulfuric acid (H,SO,), potassium chloride (KCI), 11-mercaptounde-
canoic acid (11-MUA), N-(3-(dimethylamino)propyl)-N’-ethylcarbo-
diimide (EDC), N-hydroxysuccinimide (NHS), bovine serum
albumin (BSA), potassium ferricyanide (KjFe(CN)4), potassium
ferrocyanide (K,Fe(CN)g), ethanolamine hydrochloride, goat anti-
mouse immunoglobulin G (IgG) H&L (Alexa Fluor-488 labeled),
fetal bovine serum (FBS), phosphate-buffered saline (10 mM PBS),
0.05% PBS between 20 (PBST), and all other analytical grade
chemicals were purchased from Sigma—Aldrich (St. Louis, MO,
USA).

2.2. Apparatus and Electrode. The commercial Au-screen-
printed electrode (SPE; Model no. DRP C220AT, ® = 4 mm; DRP
C223AT, ® = 1.6 mm), which consists of a working electrode (WE),
counter electrode (CE), and reference electrode (RE), was purchased
from Metrohm (Asturias, Spain). Cyclic voltammetry (CV), square-
wave voltammetry (SWV), and EC impedance spectroscopy (EIS)
were performed using a multichannel potentiostat obtained from
Biologic Co (Paris, France; Model VMP3). All EC measurements
were performed at room temperature (RT) in a Faraday cage to
ensure electromagnetic shielding.

2.3. Fabrication of Electrode. The electrode was fabricated by
using an e-beam evaporator (SNTek, Korea). An 8 in. Si wafer was
cleaned with piranha solution (H,SO,:H,0, = 4:1) and placed in an
e-beam chamber with an aligned film mask (Microtech, Korea). A 200
nm Au layer was deposited by following a Ti adhesion layer (30 nm).
A shielding layer was deposited using SU-8 photoresist (MicroChem,
USA) to increase the sensitivity of the EC sensor. After UV cross-
linking, the substrate was developed and rinsed using an SU-8
developer (MicroChem, USA).

2.4. Construction of Ab-Ppy SPE. The electrode was precleaned
by using H,SO,. The SPE was immersed in a 10 mM H,SO, solution
with two CV scans, with a scan range from 0 to 1.8 V. This sequence
was used to remove dust by EC cleaning. Ab was immobilized by the
electropolymerization of pyrrole. A 1 yg/mL amount of anti- AFP Ab
was mixed with 0.1 M monomer pyrrole/0.05 M NaClO, in PBS and
prepared as an Ab—pyrrole mixing solution. The mixing solutions
were dropped onto precleaned and precleaned SPE, and direct current
electropolymerization (DCeP) was performed by simple chronoam-
perometry. The DC potential was fixed at 650 mV, and the potentials
were applied for 1 min (Figure 1b). Finally, the modified electrode
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Figure 2. (a) Mechanism of Ppy on the electrode and (b) FTIR and (c) Raman spectroscopy of the Ppy film.

was removed, washed thoroughly with 0.05% PBST three times to
remove physically adsorbed Ab and Ag, and prepared for EC
measurements.

2.5. Ab Immobilization Using SAMs Based on Covalent
Bonding. The electrode was washed with acetone, cleaned with
absolute ethanol and DI water, and dried in a stream of N,. To allow
covalent bonding with proteins, the electrodes were first treated with a
SAMs. The SPEs were subsequently incubated in 10 mM 11-MUA
dissolved in absolute ethanol for 1 h at RT. After washing with
absolute ethanol, equal volumes of 400 mM EDC and 100 mM NHS
in a pH 4.7 MES buffer were dropped into the SPE and incubated for
10 min to activate the carboxyl groups in the SAMs. Next, a 1 ug/mL
anti-AFP Ab was dropped into the SPE and immobilized by covalent
bonding between SAMs and Ab in RT for 1 h, followed by FBS (1:10
diluted, for 30 min), which deactivated the non-Ab area in the
electrodes, preventing nonspecific binding (Figure 1c). Next, SO uL of
AFP Ag of various concentrations was dropped onto the electrodes
and incubated for 30 min at RT. After washing with 0.05% PBST to
remove the physically adsorbed Ab and Ag, the electrode was
prepared for EC measurements. All washing processes were repeated
three times.

2.6. Characterization of the Ppy Modified Electrode.
2.6.1. Confocal Microscopy. The anti-AFP-modified Ppy composite

electrode was prepared as described in Section 2.4. The Ab—Ppy
electrode was incubated with 3% BSA. Then, it was immersed in 100
ng/mL goat antimouse IgG (Alexa Fluor 488 labeled) in PBS for 1 h
at RT. The Ab—Ppy—SPEs were washed three times with 0.05%
PBST, mounted on cover glass using ProLong Gold Antifade Mount
(Invitrogen) and visualized using confocal microscopy (LSM 800,
ZEISS, Dresden, Germany). Finally, the fluorescence intensity was
analyzed using the ImageJ program.

2.6.2. Scanning Electron Microscopy (SEM). SEM micrographs
and energy-dispersive X-ray spectroscopy (EDS) images were
recorded using a JSM-7610F instrument (JEOL LTD, Japan).
Samples were coated with 4 nm thickness before microscopic
analyses.

2.6.3. FTIR and Raman Spectroscopy. For Fourier transform
infrared (FTIR) characterization, samples were made into KBr disks,
and spectra were recorded using a PerkinElmer 2000 spectrometer.
Raman spectra were obtained by using a Renishaw 2000 Raman
spectrometer.

2.6.4. Electrochemical Characterization. In this study, CV, SWV,
and EIS were performed to characterize the EC performance. SPEs
were connected to a multichannel potentiostat that measured the EC
signal. The SPEs were immersed in an electrolytic conducting
solution of 5 mM [Fe(CN)4]*~/#~ + 0.1 M KCl in pH 7.4 PBS at RT.
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Figure 3. (a) Confocal fluorescence images of the electrode with the Ab—Ppy composite film by DceP with changing potential and the electrode
with SEM. Goat antimouse IgG (with Alexa Fluor 488) was labeled. (b) Amperometry curve at 400, 500, 550, 600, 650, 700, and 800 mV in an

Ab—pyrrole mixing solution. (c) Comparison of IgG binding affinity based on fluorescence images of the Ab—Ppy composite film (positive) and
the only Ppy composite film (negative).
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Figure 4. (a) Amperometry curve of DCeP with different polymerization times. SEM images of Ppy morphology according to DCeP time at (b) S,

(c) 10, (d) 30, and (e) 60 s in Ab—pyrrole mixing solutions.

CV was performed at 0.05 V/s, and the potential range was —0.3 to
0.5 V. SWV signals were recorded at each step between —0.3 and 0.5
V, with a step potential (AE) of 4 mV, an amplitude (E,) of 4 mV,
and a frequency of 15 Hz. AFP quantification was performed by
nonfaradaic EC impedance in PBS as the electrolyte. EIS data were
recorded from 1 MHz to 0.5 Hz with a fixed DC potential at the open
circuit. All EIS tests were performed at RT, and the data were
collected at 10 Hz.

2.6.5. Methods in Statistics. All assays were performed five times,
and the mean and standard deviations (SDs) were calculated at each
concentration to generate the calibration curve. Each replicate was
measured by using a new electrode. The electrolyte was prepared at
each measurement time to maintain the fresh conditions. All graphs

were created by using the Origin 8.0 program.

3. RESULTS AND DISCUSSION

3.1. Methodology and Characterization of Ab—Ppy
Composite Layer. Electropolymerization of pyrrole is
accomplished by oxidation of the neutral monomer to a
radical cation followed by aromatization and oxidation of the
dimer.***” Ppy polymerization proceeds when the potential is
sufficiently high to oxidize the monomer. In this work, DCeP
based on potentiostatics was performed and the Ab—Ppy layer
was generated by electropolymerization of pyrrole. Pyrrole and
Ab are distributed in the solution. Once an oxidative potential
is applied to the electrode, the Ab and pyrrole monomer near
by the electrode make an Ab—Ppy encapsulated layer with
growing polymer. As shown in the confocal fluorescence
image, any fluorescence intensity could not be observed in the

https://doi.org/10.1021/acsami.4c00730
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case of the Ppy layer without adding anti-AFP Ab (only pyrrole
in the solution); however, fluorescence intensity could be
observed widely in the case of a Ppy layer with added anti-AFP
Ab (in Ppy + Ab mixing solution) (Figure 2a). These results
demonstrate that the Ab—Ppy recognition layer could be
generated by using electropolymerization of pyrrole as a
driving force. As shown the Figure 2b,c, the chemical
compositions of Ppy electrodes were characterized by FTIR
and Raman spectroscopy. The FTIR spectrum of Ppy showed
a strong peak near 1670 cm™" due to pyrrole ring stretching,*®
a broad band located at 3333 cm™ is due to N—H stretching
vibration, and the band at 1141 cm-"1 is due to C—N
stretching.”” Raman spectroscopy results show clearly the
presence of Ppy and the Raman peaks appear at 1040 cm™
(C—H), 1230 cm™' (C—N), and 1750 cm™! (C=N
bonding),*" respectively. These results confirmed the fab-
rication of Ppy on the electrodes. The microscopic
morphology of the Ab—Ppy composite film on the electrode
was characterized by SEM and confocal microscopy. The Ppy
structures were polymerized with a DC potential in Ab—
pyrrole mixing solutions. As shown in Figure 3a, the SEM
morphology of the Ppy composite film changed with the DCeP
potential. Ppy was not polymerized at low potential (450 mV),
and a micrometer-sized boundary was generated at a potential
of 600 mV. The large-cloud morphology was generated at 650
mV, and the small swelling and aggregated morphology were
observed below the 700 mV potential. The current—time
amperometric curve shows the Ppy polymerization reaction,
and the current value increases with increasing DCeP potential
(Figure 3b). This means that the electrical conductivity
changed with the conditions; therefore, we assume that the
Ppy density and thickness changed with the DCep potential.
Supporting Information Figure Sla shows the thickness of the
film. We found that the thickness started to increase at 650 mV
potential and dramatically increased continuously. The Ppy
deposition weight also increased with increasing potential
(Figure S1b). After the Ppy morphology was observed, the
efficiency of the Ab activity of the Ab—Ppy composite film was
estimated from the performance of the Ab conjugated with a
fluorescent dye (Alexa 488). As shown in Figure 3c, the 650
mV condition has a higher intensity and is distributed more
homogeneously than the other conditions. In addition, also, we
observed that the Ab—Ppy composite film below 650 mV has a
condition having a higher value than the covalent bonding of
AD based on SAMs. The microscopy images also mention the
Ppy aggregation state when there is a high amplitude of over
650 mV potential. The Ppy cloud and globular morphology
were not observed at 700 mV and 800 mV potentials, and a
small Ppy cloud was overlain on the Ppy cloud that was
generated previously. We also observed that Au was damaged
in some areas because a high potential was continuously
applied to the electrode. This reaction was observed under
potential conditions of >800 mV (Figure S2). This Ppy
aggregation affects the ability of the Ab recognition layer to
bind Ag."'™* The fluorescence images at 700 and 800 mV
show the aggregation of Abs, and the largest aggregation
structure must cause diminution of the effective Ab area for
binding Ag. Therefore, the superior limit was chosen to be 650
mV.

After optimizing the DCeP potential, we evaluated its
influence on the Ppy morphology over time. Figure 4a shows
the amperometric current—time (I—t) reaction and its SEM
morphology at specific times according to Ppy growth. During

the initial polymerization at S s, the s current value increased
dramatically at that stage. Additionally, some Ppy morpholo-
gies that have 1—3 um size start to generate (Figure 4b), and
this small size of Ppy morphology was observed in the wide
area on the electrode at a reaction time of 10 s (Figure 4c).
The current value is a maximum at 30 s. At this stage, a
globular Ppy morphology was produced which has a 4—7 ym
size (Figure 4d). The large-cloud morphology was produced
by increasing the reaction time and reaction to 60 s, as
previously reported (Figure 4e).**”*® The current value is
maintained until 90 s, and the Ppy morphology is very similar
to 60 s; therefore, we choose the 60 s value as the
polymerization time to make the Ab—Ppy composite layer.
After potential and time optimization, we observed the
fluorescence image by using low film thickness (128 + 15
nm, 450 mV DCeP), medium thickness (498 + 37 nm, 650
mV DCeP), and high thickness (1538 + 158 nm, 900 mV
DCeP), and we optimize that the about 500 nm thickness
condition which was polymerized by 650 mV so that it has
maximum intensity compared with other conditions (Figure
S3a). This is correlated with the Ab density result, which was
previously shown at Figure 3a. Ab density was increased with
DCeP until 700 mV. However, overpotential (above 800 mV)
makes the Ppy thicker but damages the electrode (Figure S3b).
Table 1 shows the optimized experimental variables.

Table 1. Optimization of the Experimental Variables
Affecting the Performance of Ppy—AFP Immunosensor

Variable Tested Selected
DC potential (DCep) 550—800 mV 650 mV
Polymerization time 0-60 s 60 s

Ppy thickness 128—1500 nm near 500 nm

3.2. Nonfaradaic EIS Detection of AFP Using Ppy
Immunosensor. In order to fully understand the sensing
performance of the Ppy EC immunosensor, we evaluated the
EC properties of each electrode. First, CV and SWV
measurements were conducted to study the EC behavior of
the Ab—Ppy electrode at each stage of modification by
changing the DCeP potential. As shown in Figure S4, the EIS
curve and impedance increased in the frequency range of 1-10
kHz at 400 and 500 mV DCeP potentials. However, the
impedance value starts to decrease at the 550 mV DCeP
potential condition, which means that Ppy was generated,
which has high conductivity. In this study, the impedance
paper and value were recorded in the low-frequency region
because the difference was observed at this frequency. We
assumed that the EC signal of Ag binding to the Ab—Ppy
recognition layer on the electrode is dominated by the
interfacial capacitance of the system. Our previous work and
other work used EIS immunosensors that are used in the low-
frequency region of 4—100 Hz.*"~*’ After optimization of the
Ppy and recording conditions, EDS spectra were obtained to
quantitatively analyze the elemental composition of the
fabricated Ppy film and Ab—Ppy composite film (Figure Sa,
Table 2). The Au material was quantitatively reduced from 75
to 50% after Ppy polymerization. When an Ab—Ppy film was
generated on the number of elements of the electrode, N and
O increased compared with those of the other electrode. These
changes indicated that the functional group of Ab with
—COOH and —NH, were observed on the electrode.’”
Additionally, Ab was controlled when we prepared the pyrrole
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Figure S. (a) SEM images of the Au, Au—Ppy, and Au—Ab—Ppy composite films and EDS analyses. The atomic fraction of the elements of the film
was analyzed by EDS. (b) EIS curves of different modified electrodes.

Table 2. Weight Percent of Each Sample Measured by EDS

wt %
Au Au—Ppy Au—Ppy + Ab
Carbon 5.63 23.50 20.96
Au 75.89 49.66 27.53
Oxygen 8.78 14.76 29.97
Nitrogen 5.84 1591

and Ab mixing solutions. As shown in the confocal image, the
Ab concentration in the mixing solution increased and the
fluorescence intensity increased (Figure SS). EC results also
show Ab immobilization on the electrodes. As shown the
Figure S6, the faradaic region (redox region) and nonfaradaic
region (charge/discharge region) were decreased with
increasing Ab concentrations. It means more anti-AFP Ab
was bound to the electrode, making a denser, thicker insulation
layer to be generated on the electrode. Considering these
results, we know that (1) Ab was encapsulated in the Ppy layer
and (2) a high-density Ab layer could be generated by adding

high concentrations of Ab in the Ppy mixing solutions. In order

to fully understand immobilization, a nonfaradaic EIS test was
performed. Compared with the Au baseline, the impedance
value dramatically decreased after the immobilization of Ab—
Ppy because Ppy facilitates the electron transfer speed of the
sensing interface.”! Next, we dropped the 1:10 FBS solution to
block nonspecific binding, and the nonspecific and impedance
increased due to the low electric permittivity of the FBS. After
AFP, specific Ag was incubated on the electrode, and the
impedance was further increased because of the low
conductivity of AFP. The change in impedance recorded
after being combined with AFP confirmed the feasibility of the
immunosensor (Figure Sb). The sensing performance of the
Ab—Ppy immunosensor was characterized by performing
nonfaradaic EIS tests in 10 mM PBS after immobilization

with various AFP concentrations.
In this work, impedance change was calculated to quantify

AFP, and it was determined by following eq 1.
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quantification of AFP by magnitude of impedance:

1zl 1Zly,_a, — 1ZI
impedance change/% = — = _TAb-Ag  FBS

1Zl, |Zlgps (1)
where |Zl;,_,, is the impedance value at 10 Hz as AFP binds to
the AFP antibody on the Ppy immunosensor. |Zlgg is the value
after blocking FBS for nonspecific binding as a baseline. Panels
a and b of Figure 6 show the relationship between the change
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Figure 6. EIS curves at various concentrations of AFP via EC
measurement in PBS using (a) an electrode with an AFP Ab—Ppy
composite layer and (b) expansion of the frequency region from 0.1
to 20 Hz as designated on panel a. EIS with curves at various
concentrations of AFP in FBS using the (c) electrode an AFP Ab—
Ppy composite layer and (d) expansion of the frequency region from
0.1 to 20 Hz as desinated on panel c. The EIS curves were measured
by using PBS as an electrolyte. Calibration curves of the AFP in (e)
PBS and (f) FBS. (g) Selectivity test of the electrode with the AFP
Ab—Ppy layer (n = $).

in the impedance signal at 10 Hz, for which the signal is
dominated by the dielectric behavior of the electrode surface,
and the logarithm of the concentration of AFP, with the
concentration ranging from 1 pg/mL to 1 ug/mL. In the signal
for the negative control (without Ab) Ppy immunosensor, the
impedance was not significantly changed because AFP did not
bind to the Ppy immunosensor (Figure S7a). AFP was also
calibrated in 10% FBS (in which there are other proteins and

cells but insignificant amounts of AFP). In these conditions,
impedance increased with increasing AFP concentrations, and
it shows a result similar to that from the AFP measurement in
PBS (Figure 6¢,d). Additionally, the signal for negative control
(without Ab) detection in FBS was not changed compared to
the positive control (Figure S7b). The AFP calibration plot is
shown in Figure 6e,f. The LODs of AFP were estimated to be
3.13 (PBS) and 43.86 (FBS), respectively. In this calibration
plot, the LOD was estimated by gathering the impedance
signal of the zero-concentration value plus three times its SD.>”
The selectivity test was performed for the specific detection of
the AFP Ppy immunosensor to target AFP by choosing some
interference proteins such as interferon-y (IFN-y), IL-6,
cortisol, human serum albumin, tumor necrosis factor-a
(TNF-), and transforming growth factor-ff (TGF-f). As
shown in Figure 6g, this Ppy immunosensor only showed a
significant impedance change to AFP compared with other
interfering proteins. This indicates that the Ppy immunosensor
can detect AFP. Finally, repeatability and reproducibility tests
were performed by measuring by using various concentrations
of AFP (low, 10 pg/mL; medium, 1 ng/mL; high, 100 ng/mL)
under the same status (Figur S8) and the RSDs (relative
standard deviations) are 6.67, 6.42, and 7.54%, respectively.
The reproducibility test was also performed. The
reproducibility of the AFP biosensor was measured by using
the developed electrode constructed under the same test
conditions. The impedance signal was measured by using
various concentrations of AFP (low, 10 pg/mL; medium, 1 ng/
mL; high, 100 ng/mL) and the RSDs are 7.58, 7.67, and
10.70%., respectively. Figure S9a showed the results of the
stability of the Ppy immunosensor and the EIS curves of fresh
conditions and after 5 days were compared, and we found that
their EIS curves perfectly overlapped. Figure S9b shows the
degradation durability result and the impedance signal before
and after AFP binding using a set of Ppy immunosensors for 10
days, showing excellent stability. Considering the results
obtained for the Ppy immunosensor, we compared it to the
other AFP biosensors mentioned in Table 3. Our AFP
immunosensor based on DCeP of the Ab—Ppy composite film
exhibited (1) excellent Ab immobilization time, which we
called “rapid coating”, and (2) high sensitivity and selectivity.
Although the Ab orientation problem still should be solved, we
performed to achieve Ab orientation by additional coating
protein G or AuNp or magnetic particle. These results in this
work are considerable because the rapid and direct coating of
the Ab layer was consistent in 1 min. It is a quick and simple
step and easy, so anyone can use this method anywhere. In
addition, material, whether a polar or nonpolar group and
regardless of its size from nm to ym, could be coated on the
electrode by a rapid coating method. Based on this, we are
developing a platform that can be applied to an infectious
disease that can be applied to on-site diagnosis.

4. CONCLUSIONS

In this study, we presented the development of an AFP
quantification of EC biosensor composed of an Ab—Ppy
composite layer. DCeP was performed to polymerize pyrrole,
and during polymerization, Ab was also coated on the Ppy
layer. We optimized Ab density by controlling the polymer-
ization time and potential. Finally, 74% of Ab with high density
was coated on the electrode in 1 min. This process is fast
compared with conventional SAMs, and direct coating is
possible without any additional supporting material such as a
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Table 3. Comparison of the AFP Immunosensors”

Method Material
Giant Cogg,Fey 381y, 5B s glass-coated
magnetoimpedance amorphous wire/MB-labeled AFP antibody

Microcantilever array Gold-coated rectangular microcantilever/aptamer

sensing

Microcantilever array SiO, microcavity of the

sensing cantilever/AuNPs functionalized detection antibody
Photoelectrochemical TiO, and the conjugated polymer/antibody
assay
EC assay Polyaniline/BSA/silver nanoparticle
immobilization matrix/antibody
EC assay Thi and AuNPs comodified with rGO-TEPA-Au)/
antibody
EC assay PtNps/rGO—COOH-modified SPGE/Aptamer
EC assay Ab-Ppy composite layer

Sample prep

Range LOD time Ref
100 fg/mL to 1 fg/mL 1 day (24 h) 53
1 ug/mL
1-900 ng/mL 0.6 ng/mL 1h 54
0—70 ng/mL 21 pg/mL 12 h (4°) S
100 pg/mL to 30 pg/mL Overnight 56
100 ng/mL (12 h
10 pg/mL to 4.7 pg/mL 48 h (4°) 57
10 ng/mL
S pg/mL to 2.2 pg/mL 2h (RT) S8
100 ng/mL
3—30 ng/mL 1.22 ng/mL 45 min (RT) 59
1 pg/mL to 3.13 pg/mL (PBS); 1 min (RT) This
100 ng/mL 43.86 pg/mL (FBS) work

“MB, magnetic beads; Thi, thionine; AuNPs, gold nanoparticles; rGO, reduced graphene oxide; Thi, thionine; SPGE, screen-printed graphene
carbon paste electrode; PtNPs, platinum nanoparticles; TEPA, tetraethylenepentamine.

nanoparticle. Moreover, a high and rigid Ab recognition layer
was consistent on the electrode. Next, AFPs in the PBS and
serum were quantified, and the LODs of AFP were estimated
to be 3.13 pg/mL (PBS) and 43.86 pg/mL (FBS), respectively.
This AFP sensor exhibits satisfying sensitivity, selectivity,
reproducibility, and stability. This AFP EC sensors can become
a valuable tool for point-of-care biomarker assessment.
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