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Abstract

In this study, molecular imprinted polymer (MIP)-based impedimetric sensor has been
developed to detect dengue infection at an early stage. Screen-printed carbon electrode
(SPCE) was modified with electrospun nanofibers of polysulfone (PS) and then, coated
with dopamine while using NS1 (non-structural protein 1—a specific and sensitive
biomarker for dengue virus infection) as template during polymerization. The self-
polymerization of dopamine at room temperature helps to retain exact structure of
template (NS1) which results in generating geometrically fit imprinted sites for specific
detection of target analyte. The electrochemical properties of MIP-modified SPCEs were
studied by cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS)
at every step of modification. Under optimal conditions, impedimetric measurements
showed linear response in the range from 1 to 200 ng/mL. The developed sensor can
selectively detect NS1 concentrations as low as 0.3 ng/mL. Moreover, impedimetric
sensor system was also employed for NS1 determination in real human serum samples
and satisfying recoveries varying from 95 to 97.14% were obtained with standard
deviations of less than 5%.
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Introduction

Dengue virus is a member of the genus Flavivirus of Flaviviridae family, affecting more than 100
countries, including Europe and USA. Southeast Asia is considered as an area with the highest
prevalence of this disease [28]. It is one of the most significant causes of arthropod-borne diseases
on earth, with 400 million infections annually, affecting particularly children [14]. Dengue virus
exists as four distinct antigenically related viral serotypes (DEN-1, DEN-2, DEN-3, and DEN-4),
producing a wide spectrum of illness ranging from asymptomatic to serious complications [4].
Dengue can be manifested according to three distinct pathologies: dengue fever (DF) and its more
serious forms; dengue hemorrhagic fever (DHF), or dengue shock syndrome (DSS). Dengue-
related diseases have emerged as a major public health problem and are considered by the World
Health Organization (WHO) as a health challenge in tropic and subtropic nations [21, 22]. The
prevention of this disease is largely focused on rapid and reliable diagnosis [2]. Due to the limited
resources of affected countries, WHO suggests tourniquet test as a vital parameter in dengue
diagnosis [23]. However, immunological-based tests, mainly hemagglutination inhibition and
MAC-EIA (monoclonal antibody capture enzyme-linked immunosorbent assay), are more ap-
plicable, because of their accuracy and sensitivity [10, 12]. A peptide-based chemiluminescence
enzyme immunoassay has also been developed for diagnosis of dengue virus infection in short
time [32]. Polymerase chain reaction (PCR) and related techniques have also been used for early
diagnosis of dengue infection [16]. Despite their effectiveness, these techniques are laborious,
time-consuming, and expensive and require sophisticated equipment and highly qualified staff for
point-of-care testing in resource-limited settings [31]. Biosensors offer a simple, sensitive, and
low-cost analysis for early diagnosis of dengue diseases in comparison with these routine
laboratory tests.

The principle of biosensing is based on target binding by a bioreceptor followed by
transduction of this biological response into a measurable signal. In the literature, different
bioreceptors and transducers have been used for dengue virus detection [9, 17, 20]. Electro-
chemistry is one of the most sensitive and simple transduction techniques allowing device
miniaturization [3]. Apart from transducers, the recognition element plays a key role in the
specificity and sensitivity of diagnostic method, where antibodies are the most commonly
employed [18]. However, these are costly, lack stability, and their use is limited to physiolog-
ical conditions. Therefore, artificial receptors such as aptamers and MIPs have received
significant attention, in recent years [25]. MIPs are synthetic intelligent materials that mimic
biological recognition through specific imprinted cavities. In MIP sensing, the selective
recognition of target analyte is based on its geometrical as well as chemical fitting in imprinted
cavities of polymer matrix [7]. MIP-based electrochemical sensors are characterized by a
mechanical/thermal stability, excellent specificity, and sensitivity and provide a greater pros-
pect for high-quality sensing applications, over other types of sensors [13]. In the recent
advancement in MIP formation techniques, a better selectivity of the MIP systems for large
molecules can be achieved. The MIP-based sensors have been reported for a number of
bioanalytes in the literature [8, 26].

Electrospun polysulfone nanofibrous membrane has proven an excellent material for rapid
and on-site visual detection of hydrogen peroxide by decorating these nanofibers with gold
nanocluster [27]. Moreover, polysulfone membranes were also employed as a supporting
material for polyaniline to develop optical pH sensor [1].

In the present work, advantages of MIPs and electrochemical transduction have been
employed to develop a sensor system for NS1 protein. Herein, NS1 was selected as a target
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for early diagnosis of dengue viral infection, since it is considered as a common biomarker for
all the serotypes, and it is present at high concentrations even in early stages of infection (DHF,
DSS) [19]. In order to fabricate this sensor system, functional monomer dopamine was
polymerized (in presence of NSI protein) directly on polysulfone nanofiber-modified
screen-printed carbon electrodes. Finally, the modified SPCE was used for electrochemical
detection of dengue viral infection. Fabrication principle of MIP-based sensor system and its
application for NS1 detection is shown in Fig. 1.

Furthermore, the selectivity of our MIP-based impedimetric sensor has been demonstrated
in the presence of other interfering species. The results highlight that the sensor system is
selective towards its imprinted analyte in comparison with other interfering species.

Materials and Methods
Reagents

Dengue NS1 protein (recombinant) was purchased from Enzo Lifescience New York.
Polysulfone was purchased from Scientific polymer products, Inc., whereas N,N-
dimethylformamide (DMF) and tetrahydrofuran (THF) were purchased from Merck-
Schuchardt, Germany. Dopamine hydrochloride (DA) was purchased from Thermofisher,
Germany. Proteinase K was purchased from Bio Plus Fine Research Chemicals. Chitosan
was purchased from MP Biomedical, France. Acetic acid, potassium ferrocyanide, and
ferricyanide were purchased from Uni-Chem Chemical Reagents. Sulfuric acid was obtained
from AnalaR. Phosphate buffer saline (PBS) was purchased from Oxoid Limited, England.
Aqueous solutions were prepared in deionized water.

Instrumentation

An AMEL Potentiostat/Galvanostat (model 2553, AMEL Electrochemistry, Italy) was used for
electrochemical characterization of SPCE and its different modification stages. SPCEs were
fabricated by employing screen printing system DEK 248 (DEK, Weymouth, UK) [15] using
graphite for printing working (diameter 4 mm) as well as counter electrode and Ag/AgCl for
reference electrode. Scanning electron microscope (TESCAN VEGA 3) was used for surface
profiling of SPCE at each modification step.

Nanofibers Imprlntlng Detection
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e e nanofibers Dopamine

Fig. 1 Fabrication of MIP-based sensor for NS1 detection: (a) screen-printed carbon electrode (SPCE), (b)
immobilization of polysulfone electrospun nanofibers on SPCE, (c) NS1-imprinted sites were generated by using
dopamine as functional monomer, (d) detection of NS1 protein
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SPCE Modification with Polysulfone Nanofibers

The SPCE was cleaned electrochemically in order to remove impurities through continuous
CV scans in 0.5 M H,SO, within potential range of — 1.5 to 1.5 V. Afterwards, a homogeneous
solution of polysulfone, 24 wt.% in tetrahydrofuran (THF)/dimethylformamide (DMF) (3:1),
was electrospun at an applied potential of 17 kV in order to modify SPCE surface with
polysulfone nanofibers. These nanofibers were anchored on SPCE surface by using 10 pL of
0.5% chitosan solution.

Preparation of Molecularly Imprinted SPCEs

At first, a freshly prepared solution of dopamine hydrochloride (2 mg/mL in 10 mM TRIS
buffer, pH 8.5) was mixed with 5 pug/mL NS1 solution. Then, 20 puL of NS1/dopamine
mixture was dropped on polysulfone-modified SPCEs and allowed to proceed until complete
polymerization [24]. After self-polymerization of dopamine, the resulting electrode (SPCE/PS/
NS1/DA) was thoroughly washed with buffer. Afterwards, it was treated with 500 pg/mL of
proteinase K for 2 h in the dark, to remove protein template. Finally, it was washed with PBS
to remove proteinase K and remaining fragments of protein. The regeneration of MIP-
modified SPCE was performed to detect different concentrations of NS1 protein as well as
for selectivity studies, as shown in Figs. 4 and 5, respectively. The polydopamine was
employed to retain the shape of imprinted cavity structure after proteinase treatment.

Non-imprinted polymer (NIP)-based electrode was prepared by following similar procedure
but without adding template (NS1 protein) and used as control.

Selectivity and Applicability Analysis

The specificity of sensor system was analyzed by exposing it to interfering proteins: FBS and
lysozyme. Afterwards, analytical applicability of the proposed method was verified by deter-
mining NSI protein in serum samples. At first, human serum was diluted with PBS buffer for
specific working concentrations and then spiked with different concentrations of NS1 ranging
from (5-200 ng/mL), to study matrix effect and NS1 recovery.

Results and Discussion
Morphological and Electrochemical Characterization of Sensor System

Surface morphology of SPEC was analyzed by SEM at every modification step and results are
shown in Fig. 2. SEM image of bare electrode is shown in Fig. 2a, whereas Fig. 2b represents
SPCE modification with polysulfone electrospun nanofibers. Afterwards, nanofiber-modified
SPCE was covered with dopamine in the presence of NS1 protein. The dopamine engulfs NS1
protein during self-polymerization and subsequent removal of protein generates imprinted sites
on the surface of nanofiber-modified SPCE for NS1 re-inclusion, as shown in Fig. 2c.
Electrospun nanofibers of polysulfone were used as a support for preparing imprinting
material on the basis of its large surface area and mechanical strength. The NS1-imprinted
polymer is in the possession of large surface area because polymerization of dopamine occurs
on PS nanofibers surface. In this way, recognition sites were generated on the surface of
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coating electrospun fibers with polydopamine while using NS1 as template

imprinted layer which results in reducing template removal and binding time as well as
improves accessibility to target analyte. Moreover, self-polymerization of dopamine at room
temperature helps to retain exact structure of template protein which results in generating
geometrically fit imprinted sites for specific detection of target analyte. All these factors such
as large surface area, accessibility to binding sites, and template structure preservation during
polymerization help to achieve higher sensitivity and excellent performance of developed
sensor system. Proteinase K was used to remove protein template and subsequently excess of
PBS was used to remove proteinase K and remaining fragments of protein. The electrochem-
ical properties of MIP-modified SPCE were studied by cyclic voltammetry (CV) and electro-
chemical impedance spectroscopy (EIS) at every step of modification. As can be seen in Fig. 3,
a significant increase in peak current was observed which is attributed to the formation of
imprinted sites after extraction of template protein.

The electrochemical measurements were performed in PBS (pH 7.4) containing 0.5 mM
of ferricyanide/ferrocyanide couple [Fe(CN)g]4~3~ as electroactive probe. Figure 3A shows
the voltammograms recorded by varying the potential range from — 1 to + 1 mV at a scan
rate of 50 mV/s. Scan rate in the range of 10—-100 mV/s was employed. A better peak to
peak separation with well-defined redox peak was observed at S0 mV/s. Furthermore, the
objective of CV studies was employed to validate the EIS characterization of transducer/
substrate surface at different fabrication and modification steps. As can be seen from
voltammograms, a significant decrease in redox peak was observed after the modification
of SPCE with polysulfone nanofibers (SPCE/PS) (curve b). The decrease in the current is
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Fig. 3 CV (A) and EIS (B) for bare SPCE (a), polysulfone electrospun nanofiber-coated SPCE (SPCE/PS) (b),
template (NS1) containing polydopamine layer (SPCE/PS/DA(NS1) (c), polydopamine-imprinted layer after
removal of NS1 (SPCE/PS/DA(-) (d)

attributed to non-conductive behavior of polysulfone fibers [1]. The oxidation and reduc-
tion current values were decreased to 5.7 x 105~ and — 5.0 x 1057, in comparison with 9.2 x

105~ and — 8.0 x 105~ for bare electrodes. A further decrease in redox peak was observed
when dopamine and NS1 were coated on nanofiber-modified SPCE represented as
SPCE/PS/DA(NSI), as shown in curve c. The observed redox current was 5 x 105~ and —

4.8 x 105~ for oxidation and reduction peak, respectively. Furthermore, a slight shift to
higher potential was observed for redox peaks. This shift to higher potential can be related
to formation of NS1 insulating, leading to a slow diffusion process for flow of electrons. In
the next step, corresponding to the removal of template protein represented by SPCE/PS/
DA(-) in curve d, a significant increase was observed in the peak current. The observed
current values were 6.8 x 105~ and — 5.0 x 10%~ for oxidation and reduction peak, respec-
tively. This is, certainly, due to the formation of imprinted sites after the extraction of
template protein NS1.

EIS is also a very sensitive method to investigate the characteristics of a sensing platform.
Therefore, it was used to characterize different steps of SPCE surface modification. The
corresponding impedance spectra (Nyquist plots) were obtained within a frequency range of
100-0.2 Hz, at AC amplitude of 100 mV and a sampling rate of 10 points (Fig. 3B). The
interface is modeled using the Randles equivalent circuit with ohmic electrolyte resistance (Ry),
the electron transfer resistance (R), the Warburg impedance element (Z) resulting from the
diffusion of ions from electrolyte bulk to interface and the constant phase element (3C). The
electron transfer resistance (Re) is measured with respect to different frequency levels for
impedance data. Breaks in the impedance spectra represent the frequency pulse range and each
point of impedance data in the spectra corresponds to a specific frequency value. Electro-
chemical analyzer has built-in software for frequency measurement, with tunable parameters as
per experimental requirements. EIS characterization was based on R, because it is directly
related to the facial properties of the surface. Before deposition of polysulfone fibers, the Ry
value of bare electrode was 7.5 € (curve a). Afterwards, an increased resistance can be
observed in curve b (13 €2) corresponding to SPCE/PS. This phenomenon can be attributed
to the polysulfone layer which hampers electron transfer between electrolyte and the interface.
This increase was more significant (22 €2), in curve ¢, when NS1-imprinted polydopamine was
formed on the polysulfone-modified surface. The entrapped NS1 protein blocked the perme-
ating channel of probe. This can be confirmed by curve d, where the R.; value decreased to
16 Q after template removal showing that cavities were successfully formed for specific
recognition of NS1 protein.
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Impedimetric Detection of NS1 Protein Using the Designed MIP Sensor

Following the principle shown in Fig. 1, the detection of different concentrations of NSI
protein was carried out using MIP-modified SPCE electrode. The corresponding electrochem-
ical responses were recorded by EIS using a frequency range of 100-0.2 Hz, at AC amplitude
of 100 mV and a sampling rate of 10 points. As shown in Fig. 4a, presenting the obtained
impedimetric signals, sensor resistance increases with increasing NS1 concentrations.

Interaction sites formed by imprinting technique bind with target protein NS1 and sensor
signals increase with increasing NSI1 concentrations. This can be attributed to rebinding of
NSI1 into the imprinted sites of sensor, thus hindering electron transfer of redox probes to
electrode surface. These results were used to construct calibration curve by plotting the Aratio
as a function of protein concentration, whereas Aratio was calculated on the basis of R, values
of MIP and NIP, presented in Fig. 4b. A linear relationship was observed over NS1 concen-
trations within the wide range of (1-200 ng/mL). The limit of detection (LOD) was calculated
as 0.3 ng/mL (S/N = 3). Each point of calibration graph is the average of three replications. The
comparison of imprinted sensor performance with previously reported electrochemical
methods for NS1 detection is listed in Table 1.

Selectivity Studies

In order to analyze the specificity of this MIP-based impedimetric sensor for NS1 protein,
lysozyme and FBS were selected as interfering proteins. This validation step is crucial since
false positive readings and interference of cross reactivity is the main problems encountered
in disease diagnosis [9]. Selectivity of MIP-based impedimetric sensor for NS1 was
analyzed by exposing it to different proteins such as FBS and lysozyme. However,
applicability and reliability of proposed sensor system was confirmed by determining
NS1 in spiked human serum samples which contains all the interfering species (including
albumin, globulins, and fibrinogen) and satisfying recoveries were obtained. To perform
this study, the MIP sensor was exposed to 50 ng/mL concentrations of interfering species.
ARatio values were then calculated from obtained impedimetric signals of MIP and NIP, as
presented in Fig. 5. It can be seen that AR value of the modified sensor towards its
templated analyte is very high as compared with that of interfering proteins. These results
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Fig. 4 (a) EIS of NSI-imprinted polymer incubated in different concentrations of NS1. (b) Calibration curve of
NS 1-imprinted polymer for different concentrations of NS1 in PBS (1 to 200 ng/mL)
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Table 1 Comparison of this research with other relevant studies

Sensing platform LOD (ng/mL) Linear range (ng/mL) Ref
Poly(allylamine)/carbon nanotube layered immunoelectrode 35 100-2500 [29]
Carbon nanotube ink-printed immunoelectrode 12 40-2000 [11]
Lateral flow immunosensor/screen-printed gold electrode 0.5 1-25 [30]

Gold film immunoelectrode 0.33 1-100 [6]
BSA-modified immunoelectrode 0.3 1-200 [20]
Chitosan-modified carbon fiber immunoelectrode 0.94 1-175 [5]

MIP polysulfone nanofiber-modified electrode 0.3 1-200 This work

show that the selectivity of our MIP-based sensor is sufficient to identify the target protein
in the presence of other interfering analytes.

Detection of NS1 Protein in Serum Samples

Aiming to confirm the applicability and reliability of the proposed method, the imprinted
sensor was employed for NS1 determination in real human serum samples. The absence of
infection was first verified in non-spiked samples, by measuring the corresponding resistance
and observing no related response. Then, serum samples were spiked with three concentrations
of NS1 protein within the linear range of MIP sensor. Afterwards, the modified electrodes were
exposed to spiked samples and corresponding EIS spectra were recorded for determination
purpose according to calibration curve, previously described. Table 2 summarizes the obtained
recovery percentages for three tested concentrations: 5, 50, 70, 100, and 200 ng/mL. As can be
seen, satisfying recoveries varying from 95 to 97.14% were obtained with standard deviations
less than 5%. These results confirm the accuracy and reproducibility of developed sensor for
clinical diagnosis in complex biological samples.

Conclusion

In summary, an impedimetric MIP-based sensor has been successfully developed for early
diagnosis of dengue viral infection. The NS1-imprinted sensor was constructed by polymer-
izing dopamine (having NS1 protein as template) on polysulfone nanofiber-modified screen-

printed carbon electrodes. The removal of template creates imprinted sites for detecting dengue

2.5

N

HMIP ENIP

A Ratio
=

i mE
NS1 FBS

Lysozyme
Fig. 5 Selectivity of MIP-based impedimetric sensor for NS1
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Table 2 Recovery percentages obtained with designed MIP-based electrochemical sensor for NS1 monitoring in
human serum sample

NS1 added (ng/mL) NS1 found (ng/mL) R.S.D % R.E % R%
5 4.8 4.2 4 96
50 47.5 3.5 5 95
70 68 4 2.86 97.14
100 96.4 3.3 3.6 96.4
200 194 4.9 3 97

R.S.D. %, relative standard deviation percentage; R.E %, relative error percentage; R%, recovery percentage

virus biomarker specifically. Afterwards, the resulting sensing system was employed for
impedimetric determination of NS1 protein. The developed sensor system showed excellent
analytical performances in terms of sensitivity and selectivity. Moreover, applicability of the
proposed method for clinical diagnosis of dengue virus was demonstrated with high accuracy.
Finally, the sensor simplicity and low cost allow its application for other analytes detection in
different domains.
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