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ARTICLE INFO ABSTRACT

Keywords: Rational selection of predicted peptides to be employed as templates in molecular imprinting was carried out for
DENV the heat-denatured non-structural protein 1 (NS1) of dengue virus (DENV). Conservation analysis among 301
Ns1 sequences of Brazilian isolates of DENV and zika virus (ZIKV) NS1 was carried out by UniProtKB, and peptide
Molecularly imprinted polymers . A, . . . .

Sensor selection was based on in silico data of the conservational, structural and immunogenic properties of the se-
Epitope quences. The selected peptide (from dengue 1 NS1) was synthesized and employed as a template in the elec-
Label-free tropolymerization of polyaminophenol-imprinted films on the surface of carbon screen-printed electrodes. Heat

denaturation of the protein was carried out prior to analysis, in order to expose its internal hidden epitopes. After
removal of the template, the molecularly imprinted cavities were able to rebind to the whole denatured protein
as determined by electrochemical impedance spectroscopy. This label-free sensor was efficient to distinguish the
NS1 of DENV from the NS1 of ZIKV. Additionally, the sensor was also selective for dengue NS1, in comparison
with human serum immunoglobulin G and human serum albumin. Additionally, the device was able to detect the
DENV NS1 at concentrations from 50 to 200 pg L~! (RSD below 5.04%, r = 0.9678) in diluted human serum
samples. The calculated LOD and LOQ were, respectively, 29.3 and 88.7 pg L™! and each sensor could be used for
six sequential cycles with the same performance.

1. Introduction

The genus Flavivirus contains more than 70 different viruses classi-
fied in 53 species. Yellow fever virus, Japanese encephalitis virus,
dengue virus (DENV) and zika virus (ZIKV) are the most frequent human
infections caused by these vector-borne diseases. The ZIKV outbreaks of
2013 and 2015, as well as the relation of ZIKV to the increase in fetal and
newborn microcephaly cases, reinforced the need for early diagnosis
(Gasco and Munoz-Fernandez, 2020). Dengue is a vector-borne disease
transmitted to a human host through the bite of an Aedes aegypti or
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A. albopictus mosquito infected with DENV. Five significantly different
serotypes have been distinguished at an amino acid level, but they still
share epidemiologic features and cause similar diseases (Pierson and
Diamond, 2013). Langerak et al. (2019) discussed the occurrence of an
antibody-dependent enhancement between DENV and ZIKV due to the
cross-reactivity of the host antibodies. This cross-reactivity occurs due to
the high degree of homology observed between these species. The first
licensed dengue vaccine, CYD-TDV, still offers risks for seronegative
patients and this lack of preventive measures emphasizes the need for a
precise diagnosis (Wilder-Smith, 2018).
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Confirmatory diagnosis of dengue and zika is difficult, especially in
countries endemic for other arboviruses. Molecular diagnosis is not al-
ways available and reference laboratories may be overloaded during
epidemics. Furthermore, DENV and ZIKV cross-react immunologically
with other flaviviruses, making the interpretation of serological results
complex (Braga et al., 2017). Non-structural protein 1 (NS1; ~46 kDa) is
a soluble glycoprotein produced by flaviviruses and implemented either
for early diagnosis in the first days of fever (when specific IgM is not
detectable), or at up to 9 days of infection (when RT-PCR for DENV RNA
is negative). It is secreted as a hexameric lipoparticle, circulating in the
serum of infected patients at concentrations up to 50 mg L~!. This
biomarker may be complexed with the host’s antibody, especially dur-
ing secondary infections (Blacksell, 2012; Darwish et al., 2015; Gelanew
et al., 2015).

Biosensors with natural antibodies have been used for detecting
proteins (e.g. NS1) (Anusha et al., 2019; Khristunova et al., 2020).
However, recognition elements of a biological nature (e.g.: antibodies,
enzymes and histones) are costly and lack stability, and have been
replaced by artificial elements such as molecularly imprinted polymers
(MIPs) (Arshad et al., 2020; Tai et al., 2005). MIP materials are able to
mimic the affinity of antibodies to antigens, reproducing a template
molecule with structural conformation, regarding the position of func-
tional groups and steric hindrance. Several applications of molecular
imprinting technology have been extensively reviewed in the literature
(Ertiirk and Mattiasson, 2017; Frasco et al., 2017; Ramanavicius and
Ramanavicius, 2021; Saylan et al., 2017; Silva et al., 2020).

The polymerization of electroactive compounds over the working
electrode allows the blending of molecular imprinting technology with
electrochemical transduction to produce a label-free, easily handled fast
analytical device. According to Erdossy et al. (2016), cyclic voltammetry
is one of the most widespread electropolymerization techniques for the
preparation of MIPs to recognize proteins. Electropolymerization en-
ables fine tuning of the morphology, homogeneity, conductivity, thick-
ness and overoxidation level of the formed polymer layer with molecular
imprints (Ramanavicius and Ramanavicius, 2021). The density and
thickness of MIPs can be tuned by varying the number of scan cycles, the
scan rate and the concentration of the monomeric mixture elements,
restricting the formation of binding sites to the MIP film surface.

Proteins displays complex and flexible structures, which may fold as
a response to minimal changes in the physicochemical conditions of a
system. While this flexibility is a natural tool to assure a proper turnover
and regulate protein functions, it may also be an undesirable factor for
subsequent protein recognition, which occurs in an imprinted rigid
structure. In this regard, epitope imprinting simplifies the process. It is a
well-known approach to recognizing the external epitopes of proteins
(Mujahid et al., 2018; Zahedi et al., 2016), formerly applied even to NS1
detection (Tai et al., 2005). The advantage comes from the use of a
template of reduced size, causing it to be less susceptible to conforma-
tional changes during synthesis, and avoiding the conformational
packing that assembles the tertiary structure of the protein. It is highly
desirable to manage the template in order to keep its conformation as
similar as possible to that in the target analyte. The use of water-soluble
monomers helps to avoid the denaturation of protein templates, and a
more stable template can be developed by the epitope imprinting
approach with a rational design.

The imprinting of an internal epitope was introduced by Bossi et al.
(2012) based on the recognition of epitopes produced by specific
enzymatic digestion of a protein (analyte). An internal epitope repre-
sents a section of the sequence that is less accessible to superficial in-
teractions, which becomes exposed after the protein unfolds. This
disruption of the tertiary structure of the protein uncovers the epitopes
and aids the recognition element to anchor the imprinted fragment of
the analyte. Gelanew, Poole-Smith and Hunsperger (2015) developed
monoclonal antibodies against monomeric heat-denatured NS1, char-
acterizing the epitopes by peptide scan. A denaturation step prior to
analysis improved both sensitivity, since it released epitopes previously
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blocked by antigen-antibody immunocomplexes, and selectivity, since
the denaturation process disrupted the tertiary structure of NSI,
exposing linear epitopes and lowering steric hindrance.

This work employed a rational design to select a predicted epitope
(template for MIP) based on in silico data of conservational, structural
and immunogenic properties, as well as to build and test a chemosensor
capable of differentiating the NS1 proteins from DENV and ZIKV. Heat-
mediated denaturation of NS1 was carried out prior to analyses. This
denaturation unfolds the tertiary structure in a quick way without the
use of enzymes or chemical agents. Moreover, exposure of internal
fragments of the sequence allowed the selection of hidden epitopes by
the rational design, avoiding competition with antibodies for the bind-
ing site. It also allows the choice of highly distinct regions among
different species, thereby allowing differential diagnosis of infectious
diseases.

2. Experimental
2.1. Reagents and solutions

All chemicals were of analytical grade, and ultrapure water was
obtained from a Milli-Q water purification system (resistivity 18.2 MQ
cm). Potassium hexacyanoferrate II (K4[Fe(CN)g]-3H20) and potassium
hexacyanoferrate III (K3[Fe(CN)g]) were obtained from Riedel de Haén
(Charlotte, NC, USA). Potassium chloride (KCl) was obtained from
Merck (Kenilworth, NJ, USA) and phosphate-buffered saline (PBS) tab-
lets were obtained from Amresco (Dallas, TX, USA). 3-Aminophenol (3-
AP) and proteinase K were from Sigma-Aldrich (San Louis, MO, USA).
Commercial carbon screen-printed electrodes (C-SPEs; Ref. C-110) were
purchased from DropSens (Comunidad Valenciana, Spain).

The peptide sequence template 2*WTEQYKFQA®® was purchased
from GenScript (Piscataway, NJ, USA). Recombinant dengue virus
serotype 1 (DENV-1) NS1 protein hexamer was purchased from the
Native Antigen Company (Oxford, UK). The NS1 from dengue virus
serotype 2 (DENV-2) was produced in a procaryotic vector. Briefly, the
protein’s coding sequence was obtained from public repositories and
codon-adapted for expression in Escherichia coli. The gene was
commercially obtained, subcloned in a pET21 expression vector and
used to transform BL21(DE3) cells. Expression was induced by adding
IPTG to the culture medium, and the expressed protein was visualized in
PAGE and purified by affinity chromatography in an AKTA system (GE
Healthcare). ZIKV NS1 was expressed in E. coli as inclusion bodies (NS1-
IB). NS1 was solubilized from the NS1-IB utilizing high pressure and pH
11.0 in the presence of arginine, as described by Rosa Da Silva et al.
(2018). Immunoglobulin G from human serum (IgG) and human serum
albumin (HSA) were purchased from Sigma-Aldrich (San Louis, MO,
USA).

2.2. Apparatus

The protein heat denaturation was carried out in a J. P. Selecta
Thermobloc (Barcelona, Spain). Electrochemical data were obtained
using an Metrohm Autolab PGSTAT128N potentiostat/galvanostat with
a FRA32M module (Barendrecht, Netherlands), controlled by Nova 2.1.3
software. The SPEs were connected to the equipment through a Met-
rohm DropSens DRP-DSC box connector (Ovedo, Spain). Raman read-
ings were carried out in a modular Raman system composed of an
Olympus B-X41 microscope (Tokyo, Japan), a Horiba iHR550 mono-
chromator (Darmstadt, Germany) and a 532 nm solid state laser (B&W
Tek, Newark, Denmark).

2.3. Rational selection of the template
NS1 sequences from Brazilian isolates of DENV (serotypes 1, 2, 3 and

4) and ZIKV were prospected at UniProtKB. These sequences were
aligned by the ClustalW algorithm of MEGA software 10 (https://www.
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megasoftware.net/). To select the desirable structural features of the
template, the sequences were analyzed by the prediction algorithms
Emini Surface Accessibility, Karplus & Schulz Flexibility and BepiPred
Linear Epitope Prediction, available in the Immune Epitope Database
and Analysis Resource (IEDB; https://www.iedb.org/). The region was
then selected, and immunogenicity was evaluated by other IEDB tools,
MHC I Binding and MHC II Binding, based on the Stabilized Matrix
Method algorithm.

2.4. Chemosensor construction and characterization

Prior to modification, the commercial C-SPEs were washed thor-
oughly with ultrapure water, followed by electrochemical cleaning from
—0.3to 1.5V, at a rate of 50 mV s~ !in a 0.5 mol L' sulfuric acid so-
lution for 10 cycles. The electrodes were washed again with ultrapure
water.

Epitope-imprinted films were deposited on C-SPEs by electro-
polymerization using a mixture of 2.5 mmol L ™! 3-AP and 250 pmol L™*
BWTEQYKFQA3® peptide, prepared in 10 mmol L™} PBS at pH 7.4.
Electropolymerization was achieved by collecting 10 cyclic voltammo-
grams between 0 and 0.38 V at the scan rate of 25 mV s~!. The SPEs were
washed thoroughly with water and subjected to 5 more cyclic voltam-
mograms, in 10 mmol L™ PBS (pH 7.4) under the same conditions, in
order to stabilize the formed film. A similar procedure without addition
of the peptide template was implemented to act as control material for
non-specific binding, called non-imprinted polymer (NIP). The resulting
modified electrodes were thoroughly rinsed with ultrapure water to
remove the remains of any reagent, dried under a nitrogen flow and
stored properly at room temperature.

Template removal was performed in both MIP and NIP by treatment
with 0.5 g mL ™! proteinase K solution prepared in 10 mmol L7l PBS (pH
7.4) for 1 h at 25 °C. After this, 25 more cyclic voltammograms were
carried out in 10 mmol L."! PBS (pH 7.4) using the same conditions as for
polymerization, followed by subsequent gentle washing with ultrapure
water and storage for further use.

Raman readings were obtained immediately after electrode cleaning,
polymerization and template removal. The spectra were collected in the
regions of interest between 900 and 1950 cm™!, and 2350 and 3250
cm ™! of Raman shift.

2.5. Electrochemical assays

Electrochemical measurements were obtained with equimolar
amounts of 5.0 mmol .} [Fe(CN)é]B’/ 4~ as a redox couple, using 10
mmol L™! PBS (pH 7.4) as supporting electrolyte. Electrochemical
impedance spectroscopy (EIS) assays were performed in an open circuit
potential, with a sinusoidal potential perturbation amplitude of 0.01 V
with readings collected over the frequency range 0.01-10,000 Hz. Data
were gathered at room temperature. Between each measurement, the
electrodes were gently rinsed in ultrapure water and dried under flowing
nitrogen gas.

Chemical modifications to each electrode were followed by checking
the variations in the charge transfer resistance (R.y) from EIS. Experi-
mental data were fitted with NOVA 2.1.3 software, and the Randles
circuit model (with Warburg diffusion) was adopted as an equivalent
circuit for the present system.

The rebinding experiments were evaluated by consecutive EIS
readings. After stabilization in PBS, the sensor was submitted to suc-
cessive incubations with rising concentrations of the analyte, being
gently rinsed with water before and after the incubation. The last sta-
bilization reading was set as the blank. The response for the rebinding
experiments was normalized by the last stabilization response and
defined as relative Ret (Ret(x)/Ret(stabilized))-
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2.6. NS1 rebinding

The system response to denatured NS1 was monitored by recording
calibration curves. This procedure was initiated by the incubation of
increasing concentrations of heat-denatured NS1 (from 25 to 200 pg L™},
in 10 mmol L™! PBS, pH 7.4) on the polymer sensing films, for 30 min.
This was followed by washing with water to remove any loosely bound
materials that could have been adsorbed to the surface.

3. Results and discussion
3.1. Rational selection of the template

The following characteristics are desirable for a template epitope: (1)
a similar isoelectric point to the protein; (2) the avoidance of areas
susceptible to post-translational modification; (3) a limited sequence
size (generally from 7 to 15 amino acids) to allow some degree of
selectivity, but not so small that it may hinder recognition of the target
template; (4) a conserved sequence among distinct isolates of the same
species which differs from other related organisms, in this case, other
related flaviviruses; (5) weak immunogenicity, to evade competition
with host antibodies. For the template epitope selection, our starting
point was the LD2 epitope (24VHTWTEOYK32), located by Falconar et al.
(1994). According to them, LD2 shows partial dependence upon
conformation, indicating that flanking sequences and regions may
contribute to the recognition of sequence composition and conforma-
tion. Gelanew, Poole-Smith and Hunsperger (2015) mapped a mono-
clonal antibody to the sequence 2’EVHTWTEQYKFQADSP>° and proved
its capability to bind to monomeric and even to hexameric forms, sug-
gesting that the forward side (from 33 to 39) of the sequence is a less
restricted region. To achieve these characteristics for a molecular
imprinting template, we aimed to reduce the 2°EVHTWTE-
QYKFQADSP* fragment to a nine-residue template. To do so, conser-
vation analysis was performed, prospecting 67 and 20 NS1 sequences for
DENV-1 and ZIKV, respectively. The conservation of a sequence is a
pivotal element for specificity in epitope imprinting protocols. The
sequence chosen should be conserved among different isolates of the
target species and serotype. For the conservation analysis, we also
prospected 137, 62 and 15 NS1 sequences of DENV-2, -3 and -4,
respectively. The reviewed sequences P27909 (DENV-1 - strain Bra-
zil/97-11/1997) and Q32ZE1 (ZIKV - strain Mr 766) were taken as
references for the conservation analysis (Table S1) and structural pre-
diction (Figs. S1-S3). Immunogenicity was determined as the proba-
bility of the selected sequence being recognized by T cells. The region
BEVHTWTEQYKFQADSP*® was analyzed by the MHC I Binding and
MHC II Binding tools with the recommended preset of alleles for each
tool. The binding affinity thresholds (ICs) for each allele of MHC Classes
I and II predicted by the Stabilized Matrix Method are depicted in
Fig. S4. The predicted ICso values were all below the cut-off values of
500 nmol L™, for MHC class I, and 1000 nmol L™}, for class II. So, the
region exhibited no alert of immunogenicity.

Since the template is not immobilized, its disposition in the poly-
merization mixture is random. The Karplus & Schulz Flexibility Pre-
diction algorithm determines the flexibility of an amino acid residue
based on the B factor of a-carbons (Karplus and Schulz, 1985). Flexible
regions (Fig. S1) should be avoided to obtain more uniform imprinted
cavities. Nonetheless, the template peptide should not be rigid, to
facilitate its removal after imprinting. Linear regions (Fig. S2) may also
contribute to template removal since non-linear epitopes are more sus-
ceptible to becoming entangled with the polymeric network after
polymerization. The BepiPred Linear Epitope Prediction combinatorial
model provides a score for each residue of the sequence based on Hidden
Markov models (Larsen et al., 2006). After the heat denaturation, we
were aiming for an accessible region (Fig. S3) to perform easier
rebinding to the imprinted cavity. A residue is considered accessible
when it exhibits an area of more than 20 A accessible to water. The
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Emini Surface Accessibility Prediction algorithm determines the acces-
sibility of a residue by empirical comparison (Emini et al., 1985). We
avoided the flexibility of residues 37, 38 and 39 (Fig. S1) and selected as
a template the accessible and partially linear (Figs. S3 and S2, respec-
tively) nine-residue region 28WTEQYKFQA36 (Fig. 1). The selected re-
gion remains conserved in all the isolates of serotypes 1 and 3 tested,
differing from all isolates of serotypes 2 and 4 at residue 36 (exchanging
an alanine for a proline). At least 66.66% of this sequence differs from
that of the 20 ZIKV isolates tested. The conservation analysis results are
available in Table S1.

3.2. Electrochemical behavior of the mixture

First, the electrochemical behavior of each component of the poly-
merization mixture was evaluated in PBS from 0 to 1.5 V, in order to
identify the best potential range in which to carry out the electro-
polymerization, while keeping the template intact. The results obtained
are displayed in Fig. 2, showing monomers and epitope tested separately
in the same conditions. Overall, the monomer 3-aminophenol exhibits a
distinct electroactive behavior beginning at 0.2 V with a peak around
0.5 V. The Z2WTEQYKFQA®® peptide remains inactive up to 0.4 V, from
which point it starts showing electroactivity. To confirm that this elec-
troactivity was really from the peptide, cyclic voltammetry of the PBS
solution alone was carried out in the same potential range. It was
possible to observe that the current from the peptide increased and it
became higher than that of PBS from potentials greater than 0.4 V,
thereby confirming the electroactivity of the peptide.

Based on these observations, the range of 0-0.38 V was selected for
the polymerization. This range would avoid any chemical modifications
of the template, by promoting its oxidation under higher potentials. In
addition to this, any oxidation of the template could contribute to its
participation in the polymerization stage, which in turn would entrap
the peptide within the polymeric network by covalent binding, thereby
limiting its removal.

3.3. Assembly of the recognition element

Each step of the sensor construction is exhibited in Fig. 3. Pre-
treatment of the C-SPE with HySO4 promotes the formation of an
oxidized surface. Despite the lower conductivity, this modified surface
aids adhesion of the polymer film to the carbon ink of the working
electrode. After activation of the surface, the system is rinsed with water
and the polymerization is performed, promoting a similar increase in R¢
in both MIP and NIP films. The formed polyaminophenol network pro-
moted an insulating effect directly proportional to the thickness and

Fig. 1. NS1 dimer structure of DENV-2 (406B) with one subunit in gray, the
ZWTEQYKFQAZ® fragment highlighted in green and the other colored by
domain (cyan, p-roll; yellow, wing; and red, central f-ladder). Atomic co-
ordinates and structure factor files obtained in RCSB Protein Data Bank (PDB)
under the accession code 406B from Akey et al. (2014). (For interpretation of
the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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Fig. 2. Electroactivity of each component of the polymer mixture by cyclic
voltammetry. First cycle for pure 10 mmol L~! PBS, pH 7.4 (solid); 2.5 x 1072
mol L~! 3-aminophenol (@/@) prepared in 10 mmol L™ PBS, pH 7.4; and 250
umol L™' 2®WTEQYKFQA3® peptide (@/—) prepared in 10 mmol L~! PBS,
pH 7.4.

density of the film. The lower R observed in the MIP may be correlated
to the presence of the functional groups of the 2WTEQYKFQA®® frag-
ment, reducing the insulating effect of the system. The thickness of the
resulting films was calculated by coulometric analysis after formation of
the film (Ribeiro et al., 2017). The following equation was employed:

a=MC
FAp

where d represents the thickness of the film, M is the molecular mass of
3-aminophenol monomer (1.195 g cm™3), Q is the total charge trans-
ferred during the electropolymerization — calculated by integration of
the voltammogram by Nova Software, F is the Faraday constant (9.6485
x 107* C mol™Y), A is the surface area of the working electrode (0.126
cm?) and p is the density of the polymer, considered the same as for 3-
aminophenol (1.195 g cm™3). Charges of 380.40 and 232.43 yC and a
respective estimated thickness of 24.54 and 17.51 nm were obtained for
NIP and MIP, respectively.

The system was gently rinsed with water, and the removal began by
incubation with proteinase K. A rise in R can be observed for both MIP
and NIP after 30 min of enzymatic digestion at room temperature. Since
the predominant cleavage sites of the enzyme are peptidic bonds near
aromatic rings, it should not affect the NIP so much. But Khan et al.
(2016) reported that the enzyme may partially digest p-aminophenol
films due to the similarity between these cleavage sites and the poly-
meric network (plenty of oxygen and nitrogen-related groups). Since the
enzyme may promote modification of the polymeric film and occa-
sionally damage the imprinted cavities, the analytical performance of
the sensor was evaluated for single use.

To finish the removal, the system was gently rinsed with water and
the cleaning stage was completed by performing 25 CV cycles in PBS, to
remove any digested fragments that could remain adsorbed. After these
cycles, the NIP sensor remained almost unchanged, while the MIP R
dropped out to levels below those at the post-polymerization stage. This
can be justified by the removal of the template, leaving behind the
imprinted cavities to be filled with the reading probe, reducing the
impedance of the surface.

3.4. Raman spectroscopy characterization
The Raman spectra (Figs. S5 and S6) illustrate three peaks generally

obtained in carbon materials, found at around 1370, 1580 and 2700
cm™! Raman shift, typically known as G, D and 2D bands, respectively.
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Fig. 3. EIS readings for bare electrode (\/), cleaning treatment (v), polymerization (a), treatment with proteinase K (), removal step by cyclic voltammetry (@).

The G band corresponds to the bond stretching of all pairs of sp? carbons
in both rings and chains. The D peak originates from the breathing
modes of the six-atom rings of graphene and requires a defect for its
activation. The intensity is proportional to the disorder of the network.
The 2D band corresponds to the second-order zone-boundary phonons
or an overtone of the D band. The second-order peak around 2950 cm™*
can be assigned to a combination of D and G bands (D + G) (Bulusheva
et al., 2008; Ferrari et al., 2006; Kawashima and Katagiri, 1995; Roscher
et al., 2019). The Ip/Ig ratio is used to infer defects in carbon materials.
The NIP (Fig. S5) displayed Ip/Ig ratios of 0.9723 > 0.9154 > 0.9064 for
cleaning > polymerization > removal. This means that the surface
exhibited fewer defects after each of the monitored steps. The shape of
the 2D band is affected by doping and stress. The 2D band of the NIP
built up during the polymerization, reflecting the presence of the ami-
nophenol N- and O- groups in the aromatic rings. The MIP (Fig. S6)
displayed Ip/Ig ratios of 0.9723 > 0.9035 > 0.9549 for cleaning >
polymerization > removal. Similar behavior of MIP and NIP can be
observed after the polymerization, but the increase of the Ip/Ig ratio for
MIP after the removal step indicates more defects and corroborates the
formation of the imprinted cavities. Furthermore, the lesser intensity of
the 2D band in the MIP after the removal step indicates a minor
contribution from doped content in the network and matches with the
removal of the template.

3.5. Analytical performance of the system

The analytical performance of the sensor was first evaluated by EIS,
testing the binding of the 2 WTEQYKFQA3® fragment to MIP and NIP
sensors. The peptide was previously heat-denatured to reproduce the
closest conformation of the denatured protein to be further analyzed.
The response was calculated as relative R.;. As observed in Fig. 4, MIP
displays a rise of R directly proportional to the increase in peptide
concentration, while NIP exhibits random behavior with increasing

)
3
I
3

concentrations of peptide. This could mean that rebinding of the peptide
is dominated by the imprinted cavities of the polymer. The imprinting
factor was calculated as the ratio of the signals obtained at the epitope
rebinding for the MIP and NIP at the higher concentration of the analyte.
The averages of relative R found for the epitope rebinding at 10~* mol
L' were 13.99% and 1.10% for MIP and NIP, respectively. So, the
calculated IF was 12.72.

Knowing that the cavities were successfully imprinted, the next step
consisted of evaluating the sensor’s ability to bind to the whole protein
and estimate the contribution of the heat denaturation to the affinity of
the polymer (Fig. 5a and b). Overall, the folded protein displayed a
random behavior (Fig. 5a), with slight variations in R¢; throughout the
whole concentration range of the calibration. This small variation re-
flected the weak binding affinity of this folded protein to the SPE sur-
face. In contrast, the heat-denatured NS1 displayed the opposite
behavior (Fig. 5b). There were significant changes in R, which were
concentration-dependent. In MIP, the R.; decreased proportionally to
the denatured protein concentration, attributed to the interaction of
exposed residues of the denatured protein with the reading probe. It is
known that in faradaic EIS biosensors, the R.; may increase (in most
cases) or decrease in response to target binding (Luo and Davis, 2013),
justifying this reverse behavior between the epitope and the protein.
Supporting the huge sensitivity observed, Gelanew et al. (2015) re-
ported that their monoclonal antibodies exhibited less activity against
hexameric and dimeric forms of NS1 and amplified performance against
heat-denatured monomeric forms, proving that exposure of the epitope
boosts the effectiveness of the recognition. The results obtained from the
calibration curve plotted by NS1 concentration against Rt showed that
the sensor had a good analytical performance with linear correlation (r
= 0.9893) and RSD below 5.58% (n = 3) from 10 to 200 pg L~L. Addi-
tionally, the sensor exhibited an LOD and LOQ of 13.9 and 42.2 pg L™},
respectively. The bulky body of the 352 residues of the protein increased
the intensity of the response signal and reduced drastically the RSD,

calibration curves for

Fig. 4. EIS
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Fig. 5. EIS calibration curves for rebinding with folded (a) and heat-denatured (b) DENV-1 NS1 protein. The reading for stabilized sensor (gray) is followed by that
for rising concentrations of the protein, from 25 to 200 pg L™%, with RSD below 5.24% (n = 3). The behavior of the sensor was also evaluated against increasing
duration of incubation (c¢) with 100 pg L~ folded (red) and previously heat-denatured NS1 (black). (For interpretation of the references to color in this figure legend,

the reader is referred to the Web version of this article.)

when compared to the nine-residues epitope rebinding.

To investigate the effect of the heat denaturation, the sensor was
submitted to incubations of increasing duration with the previously
heat-denatured NS1 (Fig. 5¢). Due to having cysteine residues that form
disulfide bonds, NS1 was able to form highly stable homodimers, around
30 min after the synthesis (Winkler et al., 1988, 1989). The behaviors
observed in 5 and 10 min were similar to the folded protein adsorption
in Fig. 5a, being treated as non-specific adsorption. For 20 and 30 min
incubations, the increasing variations complied with the tendency
observed for the heat-denatured protein in Fig. 5, with a stronger signal
for greater exposure. This tendency, however, returned after 40 min of
incubation. The protein was denatured by heat before the incubation,
being able to refold after cooling. For the extensive incubations of 40
and 50 min, the previously exposed residues were internalized due to
protein refolding. Again, the folded conformation of the protein
appeared to contribute to slow electron transfer between the interface of
the electrolyte and the electrode. Furthermore, incubation for 30 min
provided the most precise result (RSD = 1.79%, n = 3).

After each analysis, the sensor was washed with plenty of water, and
immediately reused for sequential analysis with a higher concentration.
The same sensor was used during six sequential analyses of increasing
concentrations of protein, with good performance. Although the enzy-
matic removal step may damage the imprinted cavities, the analytical
performance of the sensor along with the characterization data provides
proof that the imprinted cavities are capable of successfully binding the
protein. It seems that we initially employed incubation conditions that
favor the formation of the cavities without much damage to the film.
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Nonetheless, we did not optimize this parameter.

3.6. Selectivity and specificity of the sensor

The influence of components from a real serum sample matrix was
evaluated by incubation of MIP and NIP with HSA and IgG. Specificity
was appraised by the response of the sensor to the NS1 proteins of
DENV-2 and ZIKV. Spiked samples of diluted human serum (1:1000)
were also tested by the sensor and the results are displayed in Fig. 6. The
responses observed for the NIP were attributed to non-specific adsorp-
tion, related to the affinity of the analytes tested to the chemical
composition of the network. The small cavities of MIP appear to make
the non-specific adsorption of HSA difficult, while the adsorption of IgG
showed no statistical significance between MIP and NIP. DENV-2 NS1
displayed a signal similar to the response to DENV-1 NS1. Eight of the
nine residues of the imprinted sequence are conserved among the four
serotypes of DENV. This high degree of identity makes it difficult to
distinguish the protein between serotypes. For ZIKV, however, no more
than three residues of the sequence are conserved. This difference
allowed the imprinted sensor to distinguish the ZIKV protein from DENV
serotypes. As depicted in Fig. 6, the response was the same for NIP and
MIP, with the variation observed being attributed to non-specific
interaction. Overall, the sensor was able to provide a good analytical
performance, showing good linearity (r = 0.9678) and precision at the
lowest concentration (25 pg L’l, RSD = 15.96%). Besides that, the
sensor presented almost the same sensitivity observed in PBS medium
(0.1910 and 0.1915, respectively), with RSD below 5.04% from 50 to
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Fig. 6. Left: response obtained for peptide template against heat-denatured interferents (HSA and IgG) and heat-denatured NS1 proteins of DENV-1 and 2 and ZIKV.
All analytes were incubated in 10 x 107> mol L™ PBS, pH 7.4 (100 ug L™%). Right: EIS calibration curve for DENV-1 NS1 protein rebinding in spiked samples of
diluted human serum (1: 1000). The reading for stabilized sensor (gray) is followed by that for rising concentrations of the protein, from 25 to 200 pg L1
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200 pg L1, thereby confirming the negligible effect of serum. The
calculated LOD and LOQ for the diluted serum rebinding experiment
were 29.3 and 88.7 pg L1

4. Conclusions

This work introduces a multidisciplinary approach for rational
epitope design, considering conservational and structural properties and
the immunogenicity of the sequence. Nonetheless, we provide a proof of
concept for in situ exposure of the hidden sites of proteins without
chemical modifications. The combination of these techniques provides a
versatile protocol which can be applied for epitope imprinting for
various MIP applications. These strategies were associated with direct
electrochemical transduction, leading to a new state of art for sensors
based on plastic antibodies and specifically epitope imprinting. The
heat-denaturation step also dissolves previously formed antigen-anti-
body complexes. This can aid the avoidance of false negative results due
to antibody cross-reactivity. Despite the analytical performance ob-
tained in this work being inferior to that in the previous work of Arshad
etal. (2020) (LOD = 0.3 pg L™1) and Tai (2006) (LOD ~ 1-10 pg L™1), it
attested the suitability of the sensor to perform a label-free differential
diagnosis between DENV and ZIKV. This is a huge achievement, since
the closely related symptoms of zika and dengue and the high degree of
sequence homology exhibited among flaviviruses make differential
diagnosis a difficult task even nowadays.

To overcome the difficulties found in this experimental model, some
strategies can be suggested as future trends. Since non-specific adsorp-
tion can hardly be distinguished from specific adsorption in electro-
chemical sensing of unlabeled antigens (Ramanaviciene and
Ramanavicius, 2004), the use of strong interactions between the poly-
mer and analyte can boost the selectivity and specificity of the sensor. As
an example, reversible covalent bonds (e.g. boronate-based systems)
(Silva et al., 2020) aimed at glycosylation sites could be strong enough
to hold the analyte during intense washing after incubation, enhancing
the removal of interferents before the analysis. At the same time, the
pH-reversible character of this bond could also allow a mild regenera-
tion process and several reuses.

Overall, this approach may open new horizons onto a novel
imprinting approach for complex proteins, by using internal epitopes as
templates. This will contribute to provide responses that are more spe-
cific and thereby reduce false negative/positive data.
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