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Abstract

A straightforward in situ detection method for dengue infection was demonstrated through the molecular imprinting of a
dengue nonstructural protein 1 (NS1) epitope into an electropolymerized molecularly imprinted polyterthiophene (E-MIP)
film sensor. The key enabling step in the sensor fabrication is based on an epitope imprinting strategy, in which short peptide
sequences derived from the original target molecules were employed as the main template for detection and analysis. The
formation of the E-MIP sensor films was facilitated using cyclic voltammetry (CV) and monitored in situ by electrochemical
quartz crystal microbalance (EC-QCM). Surface properties were analyzed using different techniques including atomic force
microscopy (AFM), X-ray photoelectron spectroscopy (XPS), and polarization modulation-infrared reflection-adsorption
(PM-IRRAS). The standard calibration curve (R=0.9830) was generated for the detection of the epitope, Ac-VHTWTE-
QYKFQ-NH,, with a linear range of 0.2 to 30 pg/mL and detection limit of 0.073 pg/mL. A separate calibration curve
(R=0.9786) was obtained using spiked buffered solutions of dengue NS1 protein, which resulted in a linear range of 0.2 to
10 pg/mL and a detection limit of 0.056 pg/mL. The fabricated E-MIP sensor exhibited long-term stability, high sensitivity,
and good selectivity towards the targeted molecules. These results indicated that the formation of the exact and stable cavity
imprints in terms of size, shape, and functionalities was successful. In our future work, we aim to use our E-MIP sensors for
NS1 detection in real-life samples such as serum and blood.

Keywords Molecularly imprinted polymers - Epitope imprinting - Electropolymerization - Dengue nonstructural protein 1
(NS1) - Quartz crystal microbalance

Introduction

Dengue infection is a vector-borne systemic disease with a
burden level almost equivalent to that of tuberculosis [1]. It
is prevalent in 100 subtropical and tropical countries where

P4 Rigoberto C. Advincula
rca41 @case.edu

Institute of Chemistry, College of Science, University
of the Philippines Diliman, 1101 Quezon City, Philippines

Department of Macromolecular Science and Engineering,
Case Western Reserve University, Cleveland, OH 44106,
USA

Department of Biomedical Engineering, Case Western
Reserve University, Cleveland, OH 44106, USA

Department of Bioengineering, University of California,
Berkeley, CA 94720-1762, USA

Department of Chemical and Biomolecular Engineering
and Joint Institute for Advanced Materials, University
of Tennessee, Knoxville, TN 37996, USA

Center for Nanophase Materials and Sciences, Oak Ridge
National Laboratory, Oak Ridge, TN 37830, USA

the temperature is optimum for the proliferation of the virus
[2]. There are approximately 390 million cases of dengue
infection occurring yearly with a case fatality rate equiva-
lent to 5% [3, 4]. The cause of dengue infection is the virus
from the Flaviviridae family carried by mosquito vectors
principally by the species Aedes aegypti and Aedes albop-
ictus [5]. This virus has four serotypes, namely, DENV1,
DENV2, DENV3, and DENV4, all of which are genetically
distinct from one another, but are closely related in terms
of genome structure. This distinction is the reason why the
natural lifetime immunity from one serotype does not guar-
antee immunity from the other serotypes [4, 6]. Dengue
fever, also known as breakdown fever, is the most common
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manifestation of dengue infection. Severe fatal manifesta-
tions of dengue infection include dengue hemorrhagic fever
(DHF) and dengue shock syndrome (DSS) [7]. Presently, no
clinically certified antiviral medicine against dengue infec-
tion is available. Supportive and symptomatic treatments are
the only procedures available to prevent further complica-
tions triggered by dengue infection [8], where careful moni-
toring of the blood platelet count and hematocrit baseline is
extremely vital [9].

To decrease the chance of dengue complications, it is
critical to detect the infection as early as possible. Currently,
the available diagnostic procedures for the detection of den-
gue infection include virus isolation [1, 7, 10], serological
tests [1, 10], and nucleic acid amplification tests (NAAT).
From these methods, only virus isolation and NAAT allow
detection at the onset of the dengue infection. Serological
tests such as IgM antibody-capture enzyme-linked immu-
nosorbent assay (MAC-ELISA) require the presence of the
dengue antibodies, which are not existent until the third
day of the ailment [11]. Other than these, serological tests
have cross-reactivities with other flaviviruses causing false
positives [1]. Virus isolation is the most applicable for early
detection. The disadvantage of virus isolation, however, is
that the process is time-consuming and false positives are
very likely if the blood samples are not taken from the onset
or near the onset of the illness [1, 7, 10]. NAAT are also
common in dengue detection with two major procedures
for analysis—the reverse transcriptase polymerase chain
reaction (RT-PCR) and real-time polymerase chain reaction
(real-time PCR). Similar to virus isolation, these methods
can do early detection, but these procedures take longer time
to be processed and the facilities for NAAT are not always
readily available [12, 13].

Recent studies presented another early diagnostic method
involving the dengue virus nonstructural protein 1 (NS1), a
glycoprotein secreted by flaviviruses and circulates in the
blood serum in high concentrations. Since NS1 appears in
the blood at the onset of the illness, it is the most appropriate
biomarker for the early detection of dengue [14—17]. Detec-
tion of NS1 can be done in many ways such as electrochemi-
cal detection [18, 19], fluorescence [20], and surface plas-
mon waveguide spectroscopy [21]. Most of these methods
require the entire NS1 protein for analysis and thus require
an extremely efficient antibody immobilization for sensing.
If the immobilization of the sensing element or the anti-
bodies is not efficient, the selectivity and specificity of the
sensor decrease. Another problem with using antibodies as
the sensing element is their stability, including the lifetime
and the applicability of the fabricated sensors [22]. These
molecules require proper temperature and storage conditions
to keep their stability and, in turn, their performance. Add-
ing the issue on the cost of the sensors also intensifies the
impracticality of using the whole NS1 protein for dengue
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detection. To answer these challenges, this paper presents a
method of detecting dengue virus that provides better sen-
sor stability, good sensitivity and selectivity, and low-cost
sensors. The detection strategy is based on the concepts of
molecularly imprinted polymers and epitope imprinting.

Molecular imprinting is a robust technique capable of
creating molecule imprints on a given polymer matrix
[23-32]. These imprints are complementary in size, shape,
and functionality as the target analyte mimicking the action
of antibodies. The specificity and binding interactivity of
molecularly imprinted polymers (MIP) are highly compara-
ble to those of antibodies making them suitable alternatives
for biosensing [33]. The major advantage of MIP materials
over antibodies in sensor fabrication is their ability to form
physically and chemically stable sensing elements, whose
binding sites are highly specific to the target molecule [34,
35]. This physicochemical stability increases the range of
solvents at which sensing can be done [36]. Tuning the inter-
actions and properties is also possible and easier because of
the vast number of monomers available for the fabrication of
MIP materials [22, 35]. Imprinted polymers are also easier
to prepare and are relatively less expensive, making them
valuable in the sensor industry.

Preparation of MIPs involves the polymerization of a
functional monomer in the presence of the target template
and crosslinking agent. During polymerization, two impor-
tant events occur concurrently. The first is the orientation of
the monomers towards their interacting template molecules,
whose stability is dictated by the strength of the interaction
between the monomer and template. After the pre-organi-
zation process, the monomers polymerize resulting in the
immobilization of the orientation of the functional groups
of the polymer with respect to the template molecules. Upon
completion of the polymerization process, the template mol-
ecules are removed using appropriate solvents leaving the
orientations formed during the polymerization untouched
[22, 37].

There are two significant challenges in imprinting large
molecules such as NS1. The first challenge is the efficiency
of specific binding. Due to the presence of many functional
sites, the specific binding between the molecules involved is
very weak and unstable. The second challenge is the limited
mobility of the large template molecule in and out of the
highly crosslinked polymer matrix [38, 39]. To solve this
issue, the technique of epitope imprinting can be employed.
Epitope imprinting is a strategy in molecular imprint-
ing commonly used for protein imprinting, which does
not require the entire protein for templating. The strategy
is based on the principle of antibody-antigen interaction,
wherein an antibody detects only a certain portion of the
antigen called an epitope [22, 40]. Epitopes are small por-
tions of the entire protein that are usually exposed, mak-
ing them easy targets for detection. This strategy was first
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introduced by Rachkov et al. [38] in which only part of
the original target analyte is used to create the cavities of
the polymer matrix. One thing that must be considered in
choosing an epitope for imprinting is the epitope length.
This is very crucial to attain a unique recognition since pep-
tide epitopes with very long amino acid sequences are too
flexible structures. Flexible structures can usually damage
imprinting and rebinding process, so they are commonly
avoided in epitope imprinting. The optimum length of
epitope for imprinting is between 7 and 12 amino acids [41].
This strategy offers several advantages over other imprinting
protocols: (1) epitope imprinting is highly favorable for mol-
ecules whose molecular orientation changes with changing
solution conditions; and (2) it decreases the binding affinity
energy required for interaction as compared to the binding
affinity energy needed if the whole structure is used [36, 42].

Experimental section
Materials

The monomer used for imprinting, (2,2°:5°,2"-terthiophene)-
3’-acetic acid [GO3TCOOH], was synthesized following the
procedure of Yassar et al. [43]. The synthesis procedure is
described in detail in the Supporting information (SI), while
the reaction scheme and the corresponding NMR spectra
are shown in Figures S1 and S2. All reagents needed for the
synthesis were obtained from Sigma-Aldrich. The epitope
template [Ac-VHTWTEQYKFQ-NH,] was prepared follow-
ing the standard procedure of solid-phase peptide synthesis
elaborated by Mide et al. [37]. The synthesis procedure is
described in SI, while the HPLC profiles and mass spectrum
are shown in Figures S3 and S4. For the epitope synthesis,
the Fmoc-terminated amino acids were purchased from GL
Biochem (Shanghai, China). The rest of the epitope synthe-
sis reagents were purchased from Sigma-Aldrich. Terthio-
phene synthesis reagents were all used as received without
further purification. For the preparation of the polyterthio-
phene films, the supporting electrolyte, tetrabutylammoni-
umhexafluorophosphate (TBAH), and epitope solvent, phos-
phate buffer saline, were purchased from Fisher Scientific
and Sigma-Aldrich, respectively. The imprinting solvent,
acetonitrile, was also obtained from Fisher Scientific.

The substrate used for the analysis is a standard AT-cut
5-MHz gold-coated quartz crystal microbalance (QCM)
chips (25.4 mm, 25 °C) with a chromium adhesion layer
obtained from INFICON Inc. (East Syracuse, NY). Prior to
use, all QCM crystals were cleaned using piranha solution
(i.e., 1:3 v/v H,0,/H,SO,) for 60 s and thoroughly rinsed
with Milli-Q water. The crystals were dried under N, gas
and treated via O, plasma cleaning using March Plasmod
GCM 200 plasma cleaner at 10 W for 30 s.

Preparation of VHTWTEQYKFQ-imprinted MIP
sensor films

Preparation of molecularly imprinted polymer films was
completed in a standard three-electrode electrochemical cell
shown in Fig. 1: Ag/AgCl electrode as the reference, plati-
num wire as the counter, and the gold-coated QCM chips
as the working electrode. The pre-polymer mixture used for
MIP preparation contains 5.00 mM monomer in acetonitrile
and 0.14 mM template in 20.0 mM phosphate buffer (pH
7.4), both mixed with 0.10 M TBAH. The non-imprinted
polymer (NIP) counterpart was prepared in a similar man-
ner, but in the absence of a template. All solutions were
allowed to stand overnight prior to analysis to ensure that the
molecules in the solution have adequate time for orientation
and pre-organization. The polymers were directly deposited
onto the gold-coated QCM chips via cyclic voltammetry
using AutolabGeneral Purpose Electrochemical System
PGSTAT302 unit (MetrohmAutolab). The electrochemical
polymerization and deposition were completed by sweeping
the potential between 0 and 1.1 V at a scan rate of 50 mV/s
for 10 cycles. All QCM ships were washed thoroughly with
acetonitrile and dried under nitrogen after analysis. Lastly,
the templates were removed via potential washing at 0.7 V
for 10 min [44].

Monitoring of MIP and NIP electropolymerization

The progress of the deposition of MIP and NIP materials
onto the substrate surface was completed using electrochem-
ical-quartz crystal microbalance (EC-QCM) technique. The
experiment was completed using a Maxtex RQCM-quartz
crystal microbalance research system (INFICON, Inc.)
with a built-in phase lock oscillator, a measurement resolu-
tion of < 0.4 ng/cm?, and frequency range of 3.8 to 6 MHz.
The potentiostat used in tandem with the QCM equipment
is the Amel 2049 potentiostat together with Powerlab Sys-
tem (Milano, Italy). The experiment uses a three-electrode

Pt electrode
(counter)

il

Ag/AgCl electrode
(reference)

—_

connection to the QCM unit

polymer
solution

Au-coated QCM crystal
(working)

Fig. 1 Electrochemical cell diagram for the preparation of MIP and
NIP sensor films
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system with Ag/AgCl as the reference, Pt as the counter, and
AT-cut, 25.4-mm-diameter Au-coated QCM crystals (INFI-
CON, Inc.) as the working electrode.

Characterization of MIP and NIP sensor films

Different surface chemistry techniques were used to char-
acterize the MIP- and NIP-coated films. The first two tech-
niques—redox probing and electrochemical impedance
spectroscopy (EIS) —were carried out using the same equip-
ment used in electropolymerization. Redox probing was per-
formed by scanning between —0.2 and 0.6 V at 50 mV/s. EIS
was performed at an AC amplitude of 10 mV. All electro-
chemical analyses were performed using 20.0 mM potassium
ferricyanide and K;Fe(CN)g (Sigma Aldrich) in 0.1 M KCI
(Sigma Aldrich), following the three-electrode electrochemi-
cal cell setup in Fig. 1.

Surface morphology and thickness were analyzed using
atomic force microscopy (AFM) and ellipsometry, respec-
tively. AFM images were obtained from PicoScan 2500
AFM (Agilent Technologies) equipped with a piezo scan-
ner set to scan films at 1-1.5 lines/s. Tapping mode was
applied during the collection of AFM data using high-reso-
lution NSG30 silicon AFM probes from NT-MDT Spectrum
Instruments with a resonant frequency of 290 to 410 kHz.
Processing of AFM micrographs was completed using
Gwyddion Software. Ellipsometric measurements were car-
ried out using an Optrel Multiskop ellipsometer (Germany)
running at a fixed wavelength of 632.8 nm with an angle
of 60° with respect to the surface normal. The values of A
and y obtained from the experiments were then fitted using
package software of the equipment (Elli, Optrel) with an
assumption that the refractive index of the polymer matrix
is 1.5.

Further surface characterization was completed using
polarization modulation-infrared reflection-adsorption (PM-
IRRAS) spectroscopy and X-ray photoelectron spectroscopy
(XPS). Experiments on PM-IRRAS were completed using
Cary 600 Fourier transform infrared (FTIR) series (Agilent
Technologies). The PM-IRRAS accessory incorporates a
helium—neon (He—Ne) laser operating in the visible region at
832.8 nm. Also, the detector of PM-IRRAS requires continu-
ous cryogenic cooling. The XPS spectra of the films were
collected using the Physical Electronics Model 5700 XPS
instrument that uses a monochromatic Al KR X-ray source
(1486.6 eV) operating at 350 W. All data from XPS were
processed and analyzed using the Multipak software.

Sensor performance analysis
Series of solutions from 0.0 to 30.0 pg/mL were prepared

for the rebinding analysis of Ac-VHTWTEQYKFQ-NH, to
the prepared sensor films. Both MIP and NIP films were
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subjected to rebinding analysis to check the possible non-
specific binding of the analyte to the polymer matrix. Moni-
toring of the response of both films was done in situ using
QCM200 (Stanford Research Systems, Inc.).

Similarly, the selectivity analysis was conducted in situ
using the following compounds: (1) angiotensin II human
(Sigma), (2) glycyl glycine (Sigma), (3) bovine serum albu-
min (Sigma), and (4) fibrinogen (Merck Millipore). The
concentration of all solutions for selectivity was 10.0 pg/mL.

Results and discussion

Preparation of epitope-imprinted polymer sensor
films via electropolymerization

The preparation of epitope-imprinted sensor films is illus-
trated in Fig. 2, highlighting the use of a terthiophene-based
monomer (GO3TCOOH). The physical appearance of the
fabricated sensor films is shown in Figure S5. Terthiophene
compounds are known for its low oxidation potential, mak-
ing it highly suitable for electrochemical functionalization
and modification. Terthiophenes oxidize at 1.1 V [45], while
its base unit, thiophene, oxidizes at 1.6 V [46], making the
former more suitable for Au-coated working substrates
whose oxidation potential is 1.3 V.

For GO3TCOOH, the electropolymerization was con-
ducted by sweeping the potential from O to 1.1 V—a pro-
cess known as anodic electropolymerization. This method
allows the direct grafting of the conducting polymer onto the
surface of the working substrate in the absence of catalyst
and initiators, and allows film thickness control via deposi-
tion charge [47, 48]. The oxidation half reaction of the pro-
cess presented an oxidation peak at approximately 0.90 V as
shown in Fig. 3A, which represents the one-electron transfer
process forming terthiophene cation radicals. The formation
of this cation radical is more favorable when the electropo-
lymerization scan rate is low and the concentration of the
terthiophene monomer is in the order of 107> M. This half
reaction is highly irreversible pushing the reaction towards
the formation of more radical cations, which in turn initiates
the series of coupling reaction forming polythiophene/poly-
terthiophenes. The termination of the process is represented
by the reduction half reaction. Two reduction peaks were
observed representing two different allowable termination
processes forming the polymer.

The oxidation onsets between the non-imprinted poly-
mers (NIP) and MIP were compared to distinguish the
polymerization of the two polymer films. In the presence
of the template, the required amount of current needed
to drive the polymerization forward is higher, compared
to the system with no templates (Fig. 3A, B). The differ-
ence in the shape of the voltammograms also suggested
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Fig.2 Molecular imprinting.
A Electropolymerization of
GO3TCOOH in the presence
of the epitope template. B
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Fig.3 Electrochemical deposition of A GO3TCOOH NIP polymer film and B GO3TCOOH-VHTWTEQYKFQ MIP complex polymer film
including their corresponding EC-QCM monitoring in terms of C mass per square area and D change in frequency
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the disparity in the composition of the polymer films. A
free monomer scan was also conducted after the process to
confirm the stability of the polymer film surface.

The actual material deposition was monitored using
EC-QCM. The main feature of EC-QCM analysis is the
staircase behavior common to many electropolymeriza-
tion processes. In the plot of AF (frequency) vs time pre-
sented in Fig. 3D, each stair denotes a single cycle in the
process. The immediate decrease in AF corresponds to
the oxidation half scan (from 0 V to 1.1 V), followed by
a slight increase in AF, signaling the reduction half scan
(from 1.1 to 0 V) of the polymerization. This oscillating
behavior indicates the continuous capture and release of
the supporting electrolyte anion, PF;, during polymeri-
zation [42]. The EC-QCM data also provides another dis-
tinguishing feature between NIP and MIP films, which is
the difference between the AF shifts after polymerization.
MIP EC-QCM data in Fig. 3C showed a total deposited
mass of 13.572 pg/cm (AF= —770.91 Hz). This value is
higher compared to NIP having a total deposited mass of
10.607 pg/cm (AF = —147.35 Hz). The values obtained
provide evidence of the presence of the epitope template
in the deposited material.
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Electrochemical characterization of MIP and NIP
sensor films

One method of checking the material deposition on the Au-
gold surface is by monitoring the electrochemical behavior
of the surface before and after the process. The standard used
for this analysis is K;Fe(CN)g due to its well-established vol-
tammogram. The peak intensities of the K;Fe(CN)y redox
reaction are highly affected by the amount of conducting sur-
face area exposed for analysis. In the absence of deposited
materials, the signature peaks of K;Fe(CN)4 can be observed
clearly. As the amount of deposited material increases, the
peak current describing the redox process of K;Fe(CN),
decreases. When the substrate is completely covered with
the deposited materials, the redox peak currents disappear.
This phenomenon was observed during the electropolym-
erization of both MIP and NIP films (Fig. 4A, B). Upon
template removal, cavities were formed, creating a porous
polymer surface. These cavities allow transfer of electrons
for the redox of K;Fe(CN)g. This observable phenomenon
supports the claim on the removal of template by potential
washing. Figure S6 shows the rebinding analysis after tem-
plate removal.
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Fig.4 Electrochemical behavior monitored by K3Fe(CN)6 redox probe for A NIP and B MIP polymer films and electrochemical impedance

spectroscopy for C NIP and D MIP polymer films
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Another process that can be used for electrochemical
monitoring is EIS [49]. The Nyquist plots (imaginary imped-
ance component Z” against the real impedance component
Z’ at each excitation frequency) show the different responses
of the surface of the sensor film. Prior to deposition, the
spectrum of bare Au is observed as a straight plot with a
very small semicircle in the high-frequency range as shown
in Fig. 4C and D. Upon deposition, the impedance of the
system increases as shown by the increase in the semicircle
diameter of the plot. This change in impedance can be attrib-
uted to the surface being covered by the polymer materi-
als, causing a blockage for electron transfer. Upon template
removal, it was observed that the impedance decreased. This
result is expected since theoretically there should be changes
in the porosity of the surface due to the process of potential
washing. The R, values for bare Au, after NIP deposition,
and after washing are ~ 150, ~ 500, and ~400 €, respectively.
Figure 4D displays the Nyquist plot for the MIP sensor film,
showing the increase in the system’s impedance after the
MIP deposition. However, the increase was large such that
the plot did not project a complete semicircle. This result
suggests that the surface impedance of the system was drasti-
cally changed because of the deposition of the MIP with the
template. Upon template removal, the impedance decreased,
suggesting that the originally filled substrate housed cavi-
ties that allowed the passage of electrons. This hypothesis
supports the claim that the templates were removed from
the polymer matrix. The R values for bare Au, after MIP
deposition, and after washing are ~ 100, ~900, and ~ 600 €2,
respectively.
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Surface characterization of MIP and NIP sensor films

The surface roughness of the sensor films was analyzed
by AFM using the tapping mode. In general, the MIP sen-
sor film exhibited a rougher surface due to the presence of
imprinted cavities throughout its surface, unlike NIP sensor
film, which lacks these imprints. This expected trend was
clearly observed in the AFM images obtained from the sen-
sor films (after epitope removal) as shown in Fig. 5A and
B. The surface roughness for the NIP film was observed to
be ~5.73 nm. Consequently, MIP film had a surface rough-
ness of ~6.13 nm. The values coincide with the expected
trend between the MIP and NIP sensor films. The surface
stability after polymerization and after potential washing
was analyzed by CV and the results are shown in Figure
S7. It can be observed that potential washing does not cause
damage on the surface of the films.

The film thickness was also measured using ellipsometry
(Table 1) and the values suggest that templates were present
on the film surface, thereby increasing the film thickness,
compared to the NIP counterpart. Such result is expected
since the process entails a type of surface imprinting, mean-
ing most of the templates are protruding from the surface.

Table 1 Ellipsometry thickness

d,,. (NIP) (nm) d,,. (MIP) (nm)
After deposition 22.1 309
After template removal 17.9 15.0

(C) —MIP (before washing) I"#$ %"$ 1$&"

——MIP (after washing) 184S %

: 18)$

)

Absorbance (a.u

=0 = =
strelch sirelch  besd
1900 1800 1700 1600 1500 1400
Wavenumber/cm!
|—MIP (after washing) ) N c s

|—MIP (before washing)

Binding energy/eV

Fig.5 Surface characterization of the fabricated polymer films using AFM for A MIP and B NIP, C PM-IRRAS and D XPS
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This phenomenon causes the thickness to be higher. How-
ever, after template removal, the thicknesses of the MIP and
NIP became closer to each other, with the MIP film thick-
ness slightly lower by 2 nm. Also, this result is expected as
the preparation method for the two films was similar, except
for the presence of the template in the MIP preparation. The
slightly smaller value for the MIP is due to the presence of
its imprinted cavities, unlike in NIP.

Elemental analysis for the films was also conducted using
XPS (Fig. 5D). The point of comparison is the presence of
the nitrogen peak in the wide spectrum for the template.
Other elements representing the monomer and template were
also detected. The sulfur peak confirms the presence of the
terthiophene monomer on the surface of the QCM chip. The
expected decrease in intensity after template removal was
observed, which also supports the removal of the majority
of the template from the sensor surface.

Further analysis with PM-IRRAS, an FTIR technique
highly advantageous for monolayers and thin films, was
conducted. Figure 5C presents the PM-IRRAS spectrum of
MIP sensor film in comparison with the spectrum of MIP
with template film. Three major signals are important for
analysis here. Two of these signals, which suggest the pres-
ence of the polyterthiophene material on the surface of the

--NIP
-=-MIP

0 500
Timels

1000

233 127 133 14 206

ENIP
=MIP

0.20 040 060 0.80 2.00 6.00 8.00 20.00 30.00
Concentration/ug mL"

Fig.6 Sensor response towards the presence of the epitope analyte
and dengue NS1 protein. A QCM response of the analyte with MIP
and NIP sensor film with 10.0 pg/mL analyte, B QCM response and
imprinting factors (i.e., numbers below the bars) comparison with
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film, were attributed to the C=0 and C =C stretch between
1685-1665 cm™! and 1540-1520 cm™', respectively. The
last signal, attributed to the N-H bending, supports the pres-
ence of the nitrogen detected by XPS. This N-H peak was
observed in the spectrum of unwashed MIP sensor film at
14851475 cm™! [50]. Its disappearance in the spectrum of
the washed MIP suggests the removal of the peptide tem-
plates from the surface of the film, further supporting the
information obtained from XPS.

Sensor performance

The rebinding capacity of the imprinted films for the detec-
tion of the target was measured using QCM. The QCM
curves for the rebinding of Ac-VHTWTEQYKFQ-NH, on
NIP and MIP sensor films are shown in Figure S8. Both
films were subjected to adsorption studies to examine the
extent of non-specific binding interactions of the analyte to
the NIP film and these interactions were measured in terms
of changes in the frequency of the quartz crystal (AF)
against time (7). Figure 6A presents the time-dependent
QCM response of the two films in the presence of 10.0 pg/
mL VHTWTEQYKFQ. It can be observed that there is a
significant difference between the binding activities of the

0.0
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increasing concentration of the analyte and the calibration curve for
the rebinding activity of C VHTWTEQYKFQ and D dengue NSI1
protein in phosphate buffer (pH 7.4, 20 mM) with the fabricated MIP
sensor film
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two films. This result supports the presence of imprinted
cavities within the polymer matrix. Without these ana-
lyte-specific cavities, only non-specific binding should
be observed, which is true for the case of the NIP film.
Furthermore, this plot proves that the non-specific bind-
ing of VHTWTEQYKFQ to the polymer matrix does not
significantly affect the QCM response with the imprinted
sensor film. The response of the films was further investi-
gated by measuring their QCM responses in the presence
of increasing concentration of the analyte. Figure 6B pre-
sents the changes in the frequency of the quartz crystal for
both films as the concentration of the injected epitope tem-
plate was increased. The response of the NIP film clearly
suggests that the film has only non-specific binding with
respect to the analyte. Even at large concentrations, only a
small portion of the injected sample was bound in the pol-
ymer matrix. MIP sensor films, on the other hand, showed
good response in the presence of the analyte. This differ-
ence in AF was distinctly presented in Fig. 6B together
with the imprinting factors (IF) for each concentration.
IF defines the rebinding behavior difference between the
NIP and MIP sensor films. As IF values increase, the bind-
ing interactions occurring in the absence of the imprinted
cavities become insignificant or negligible.

The linearity of the MIP response with the epitope tem-
plate is presented in Fig. 6B and C. The calculated cali-
bration sensitivity of the system was —2.27 Hz per unit
concentration (pg/mL) with a linear correlation factor (R?)
of 0.9830. The limits of detection and quantification were
calculated using the following equations:

limitofdetection(LOD) = 3;" )

limitofquantification(LOQ) = IOKG 2)

Values 72.6 and 242.0 ng/mL for the limits of detection
and quantification, respectively, were obtained.

The selectivity of the sensor was tested using different
peptide sequences and small proteins: angiotensin II human,
bovine serum albumin, fibrinogen, and glycyl glycine. Fig-
ure 7 presents the response of the compounds tested together
with the response of the original template molecule. Also,
the response of the protein target, NS1, was included in the
plot. Compared to the original template molecule and NS1,
the response of the other compounds was relatively smaller.
The signals for the test compounds, however, show that these
compounds have non-specific binding interaction to the sen-
sor film. Nonetheless, the response is weak and insignificant
as compared to the target molecules.

Another important analysis for the performance testing
of MIP sensor films is the analysis with solutions spiked

AF/Hz

mVHTWTEQYKFQ
mNS1

-30

m Angiotensin |l human
-35 m Bovine serum albumin
40 m Fibrinogen

© Glycyl glycine
-45

Fig. 7 Selectivity analysis with selected proteins and peptides

with NS1 antigen. The range of concentration used was
between 0.2 and 10.0 pg/mL of NS1 in phosphate buffer
solution. It can be observed in Fig. 6D that the fabricated
MIP sensor film had good response to the incoming NS1
antigen molecules. This result suggests that the epitope-
imprinted cavities were able to bind the target protein. The
limit of detection for the analysis is 56.1 ng/mL, while the
limit of quantification calculated was 187.15 ng/mL. The
values were significantly lower than those of the reported
values of NS1 in the blood serum, suggesting the poten-
tial of the proposed system and method of NS1 antigen
diagnosis.

The detection limit achieved for this QCM-based MIP
sensor film was reasonable and highly applicable for the
NSI1 detection in the blood serum. The value in the literature
for the elevated level of NS1 in serum within the first 72 h
is 600 ng/mL [51]. Another study reported medium level
values of 104 ng/mL for dengue fever and 156 ng/mL for
dengue hemorrhagic fever [19]. The detection limit obtained
was significantly lower as compared to the reported values,
making this QCM detection method practical and opera-
tional for dengue infection detection. Our initial assessment
of the sensing capability of our MIPs should lead to a future
work that focuses on the detection of dengue infection in
real blood samples. The analysis with more complex media
often requires extensive sample purification and analyte con-
centration. The goal of our current work is to set the method
of MIP use, which we believe is unique as it employs the
epitope approach in a most effective manner.

Conclusion

A facile in situ QCM detection method for dengue infec-
tion that is highly specific and selective to its target analyte
has been demonstrated using E-MIP of polyterthiophene
and NS1 epitope. Unlike other detection methods, the sen-
sor film developed in this study does not incorporate anti-
bodies in the sensing element of the detection procedure.

@ Springer
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Instead, a more stable, cost-effective, and simple sensing
element was established making the fabricated sensor films
for dengue more applicable for industrial and commercial
purposes. The developed method incorporated the strategy
of epitope imprinting, which allows the creation of NS1-
specific cavities without actually imprinting the original
protein. Although real blood serums were not used in this
study, we aim to further use our developed E-MIP sensors
for NS1 detection in such real-world samples for a more
practical application in a future work. Detection using blood
serum may result in possible interference with other serum
proteins, albumin, lyzozymes, etc., which will require fur-
ther long and tedious sample separation, purification, and
recalibration of all the measurements. Most real-time and
real blood studies require pre-testing purification or serial
dilution to result in a meaningful analyte study. In addition,
we will not be able to reliably account for changes in the RI
and differential experiments with changes in the viscosity
of blood, which would require a different model and setup
with the current QCM. While serum analysis is important,
many studies reported in the literature did not explore real
blood serum and found their data more than appropriate for
examining the capability of their sensing material for dengue
detection. Likewise, our initial assessment of the sensing
capability of our E-MIPs should lead to a future work that
focuses on the detection of dengue infection in real blood
samples. The goal of our current work is to set the method
of MIP use, which we believe is unique as it employs the
epitope approach in a most effective manner rather than
focusing on sample purification. Furthermore, our method of
preparing sensor films via electrochemistry shows a promis-
ing start for developing other sensor films for other illnesses
such as malaria, tuberculosis, and Japanese encephalitis, all
of which are viral illnesses plaguing the world population.
Further analysis for this system can be conducted such as
analysis of NS1-spiked blood samples and clinical testing
for practical laboratory usage. Also, another future prospect
of this developed method is to incorporate it in small handy
sensor devices, basically developing a point-of-care diag-
nostic system for dengue infection.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00216-021-03757-y.
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