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Abstract

Non-structural 1 (NS1) is a protein biomarker that can be found in blood in the early stages of dengue and related infec-
tions (Zika and Chikungunya). This study aims to develop a biosensor to selectively quantify NS1 using DNA aptamer co-
immobilized on gold electrodes with 6-(ferrocenyl)hexanethiol (FCH) using electrochemical capacitive spectroscopy. This
technique uses a redox probe (FCH) immobilized on the self-assembled monolayer to convert impedance into capacitance
information. The developed platform was blocked with bovine serum albumin before NS1 exposure and the ratio between
aptamers and FCH was optimized. The aptasensor was tested using commercial NS1 serotype 4 in phosphate-buffered saline
and commercial undiluted human serum. Using the optimum applied potential provides high sensitivity (3 and 4 nF per
decade) and low limit of detection (30.9 and 41.8 fg/mL) with a large linear range (10 pg to 1 pg/mL and 10 pg to 100 ng/
mL, respectively). Both results exhibit a residual standard deviation value < 1%. The results suggested that this aptasensor
was capable of detecting NS1 in the clinical range and can be applied to any other specific aptamer with FCH, opening the

path for label-free miniaturized point-of-care devices with high sensitivity and specificity.
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Introduction

According to the World Health Organization (WHO), dengue
has been identified as one of the ten threats to global health
in 2019 [1]. This disease has become a main public health
concern over last years, overcoming the status of neglected
tropical disease [2, 3]. Dengue is transmitted by Aedes mos-
quitoes [4], infected by Flaviviridae virus (DENV) [5], and
has four different serotypes (DENV-1, DENV-2, DENV-3,
and DENV-4), which makes it difficult to create a tetravalent
vaccine [2]. Over 3 million cases occurred in Brazil, only in
2022 [6]. To change this situation, early diagnosis is required
with low cost, fast procedures, and high selectivity.
Dengue virus leads the infected cells to produce ten
proteins: three structural proteins (capsid, membrane, and
enveloped glycoprotein, or protein E) and seven non-struc-
tural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and
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NS5) [4]. Between them, NS1 is the only glycoprotein, with
approximately 4650 kDa, secreted from all serotypes [7]
that is released in the blood and plays several roles in viral
replication and immune evasion [8, 9]. This unique feature
enables the detection of NS1, making it a biomarker of den-
gue during acute infection. High levels of NS1 protein can
be detected since the first symptoms up to 9 days of disease
[10]. Alcon et al. reported NS1 levels in human serum from
0.04 to 2 ug/ml in the first and 0.01 to 2 ug/ml in the second
infection [11].

Nowadays, the clinical tests are based on the detection
of NS1 using IgM and IgG antibodies in enzyme-linked
immunosorbent assay (ELISA), a current standard technique
or nucleic acid amplification tests for RNA [8]. All these
laboratory methodologies are efficient; however, they require
expensive equipment and specific and technical expertise
[9, 12].

Sensitive platforms using electrochemical techniques
for biosensors have made great progress, mainly due to
the efforts of different research fields. Electrochemical,
and especially potentiometric, biosensors are one of the
most promising classes with relatively simple devices, low
fabrication costs, and easy miniaturization processes [9].
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Electrochemical impedance spectroscopy (EIS) is widely
used to investigate modified surfaces capable of detecting
biomarkers. However, the need for a redox probe in solution
to obtain the data reduces the possible applications. Cec-
chetto et al. reported a sensitive electrochemical capacitance
spectroscopy (ECS) technique for dengue detection through
antibodies [12]. One other promising possibility is the use
of specific and artificial DNA sequences (aptamers) to inter-
act with the biomarker [13]. Compared with immunoassay-
based methods, which are strongly dependent on antibody
quality, aptamers exhibit a high specificity, affinity, excellent
stability, easy modification, and low cost to develop the bio-
sensing platform [14].

In a previous study [15], the focus was investigating the
aptamer interaction with two different NS1 serotypes using
impedimetric detection. However, in this method, it was
necessary to add a redox molecule to the solution to verify
and quantify the interaction. In this study, gold electrodes
were modified with DNA aptamers to detect NS1 protein
using ECS. This device was based on a self-assembled mon-
olayer (SAM) where the aptamers were co-immobilized with
6-(ferrocenyl)hexanethiol (FCH) and 6-mercapto-1-hexanol
(MCH). The probe surface density was optimized, and the
biosensor performance was tested in phosphate-buffered
saline (PBS) and undiluted human serum.

Experimental
Materials

The Serotype 4 NS1 Protein (Abcam, ab181957) was
used as a target. The DNA aptamer sequence (5'-
HS(CH,),~TTTTT ACTAGGTTGCAGGGGACTGCT
CGGGATTGCGGATCAACCTAGTTGCTTCTCTCG
TATGAT-3’), Trizma base (C,H;;NO;, >99%), mag-
nesium chloride (MgCl,, >98%), octaethylene glycol
monododecyl ether (C;,Eq, >97%), 6-(ferrocenyl)hex-
anethiol (C,¢H,,FeS,>97%), 6-mercapto-1-hexanol
(HS(CH,)cOH, >97%), bovine serum albumin (BSA),
sodium phosphate dibasic (Na,HPO,, >99%), potassium
phosphate monobasic (KH,PO,, >99%), and ethylen-
ediaminetetraacetic acid (C;,H,,N,Og, > 99%) were pur-
chased from Sigma-Aldrich. Sulfuric acid (H,SO,, >95%)
and sodium chloride (NaCl, >99%) were purchased from
Synth; sodium hydroxide (NaOH, >97%) was purchased
from Dinamica and potassium chloride (KCI, >99%) was
purchased from Cinetica. Ultra-pure water (18.2 MQ.cm,
Merck Millipore Direct-Q 5UV) was used to prepare all
aqueous solutions. The Biopak Polisher filter (Merck Mil-
lipore, CDUFB-001) was used in Millipore equipment
to remove all nuclease in ultra-pure water. Commercial
human serum was purchased from Sigma-Aldrich (human
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male AB plasma, USA origin, sterile-filtered) and stored in
the freezer (—20 °C). All the chemicals used in this study
were analytical or commercial grade.

Electrode preparation

All procedures were developed by your group and
published in previous works [15]. Briefly, gold elec-
trodes with a 2 mm diameter (Metrohm) were desorbed
using cyclic voltammetry in NaOH (0.5 M) from — 2.0
to— 0.8 mV (vs. Ag/AgCl) for 30 cycles. Thereafter,
the surface was polished with different alumina sizes (1
and 0.3 pm), followed by sonication in water for 5 min
between each polish. The electrochemical cleaning was
performed in H,SO, (0.5 M) by scanning the potential
from—0.5to 1.1 V (vs. Ag/AgCl) for 25 cycles [16]. The
effective surface was calculated by the reduction peak
area and used to normalize all data [17, 18]. Clean elec-
trodes were dried with N,.

Electrode functionalization

DNA aptamer was incubated at 94 °C in a water bath
for 10 min and immediately diluted to 1 pg/mL in Selex
solution (20 mM Trizma pH 7.5+ 150 mM NaCl+ 1 mM
MgCl, +2.7 mM KC1+0.005% C,,Eg) at room tempera-
ture (24 °C) for 40 min [13, 15]. The Selex solution with
aptamer was mixed with 1 mM 6-(ferrocenyl)hexanethiol
(FCH) (10% ethanol) in different molar fractions. The frac-
tions are presented in this work as (Apt / (total thiol)),
where total thiol corresponds to the sum between aptamer
and FHC. The electrodes were co-immobilized with
aptamer and FHC in 150 pl of Selex solution for 18 h, in
a humidity chamber, at 4 °C [19].

Modified gold electrodes were rinsed with three
wash solutions (200 mM phosphate buffer (PB);
10 mM PB + 100 mM ethylenediaminetetraacetic acid
(EDTA); 10 mM PB) for 5 min each. Following this pro-
cedure, the electrodes were backfilled with 1 mM 6-mer-
capto-1-hexanol (MCH, 10% ethanol) for 1 h to block
the remaining spaces on the surface. The electrodes were
rinsed with ultra-pure water (Milli-Q) and immediately
placed in PBS (137 mM NaCl+2.7 mM KCl+1 mM
Na,HPO, +0.18 mM KH,PO,, pH 7.4) for 2 h to stabilize
[16]. Finally, the gold electrodes were exposed to BSA
(0.1%) or serum for 30 min. Figure la presents an illus-
tration of SAM architecture. The capacitance responses
from blocked electrodes with BSA, or serum, were used
as a baseline for all NS1 responses. Figure 1b exhibits the
capacitive response after the BSA blocking and interaction
with 1 ug/mL NS1 protein.
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Fig.1 Schematic illustration of self-assemble monolayer in a. The
illustration is out of scale and does not represent the real aptamer
folding. In b, the capacitive signal after the BSA blocking. The sig-

Measurement and apparatus

All measurements were obtained using the potentiostat
(Metrohm/Autolab PGSTAT302) with a three-electrode
cell configuration: Ag/AgCl (FACTE) as the reference
electrode, platinum wire (Metrohm) as the counter elec-
trode, and gold electrode as the working electrode. All pro-
cedures were carried out in a 15-ml electrochemical cell
with PBS buffer. The ECE measurement was performed
in the 100-kHz to 100-mHz frequency range with a 10 mV
a.c. potential difference superimposed on a d.c. bias of the
open circuit potential (OCP) configuration in PBS buffer.
Autolab software (Nova 2.1) was used. The OCP measure-
ment can be used to detect the potential variation due to
the changes in biolayer capacitance [19]. To analyze the
charge on the surface, the OCP values obtained for SAM/
BSA response were fixed during all procedures for each
electrode. All data were originally obtained as complex
impedance signals (Z*(w)), Eq. 1. The capacitance complex
signals (C*(w)) were obtained by deriving the last equation
in two new equations (Eqs. 2 and 3):
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nal decreases upon the interaction with 1 pug/mL of NS1 protein. In
detail, the decrease in capacitance curve

where C' is the real capacitance; C” is the imaginary capac-
itance [20]. These data generated a capacitive spectrum
(Fig. 1b).

The biosensor surface was characterized via atomic force
microscopy (AFM) using a Shimadzu SPM-9600 Scanning
Probe Microscopy (Shimadzu Corporation, Japan). The
analysis was obtained in air at 25 °C using the same gold
electrode.

Results and discussion
Electrochemical capacitance spectroscopy analysis

The EIS is composed of two processes: Faradaic and non-
Faradaic. The Faradaic process needs a redox specie (e.g.,
the redox couple [Fe(CN)6]4_/ [Fe(CN)G]S_) to investigate the
interactions on the electrode surface [16]. The non-Faradaic
measurements do not require any external redox probe, indi-
cating the existence of dielectric (associated with a double
layer) contribution and making this technique able to ana-
lyze small changes in the interface charge [21]. In this case,
the technique uses a redox probe (FCH) co-immobilized
with the biological receptive layer. The capacitance values
are related to this molecule’s coverage and concentration.
The interaction between the aptasensor and target changes
the charge over the surface, limits the redox process, and
reduces the capacitive response [12].

To analyze the capacitive data, it is important to find the
highest phase angle by plotting the dose-dependent response
from the capacitive signal change over frequency [22]. The
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phase angle is presented in Fig. 2a and indicates the maxi-
mum capacitive response at ~ 1.7 Hz, which corresponds to
86°. Fixing the analysis in 1.7 Hz, Fig. 2b shows the real
capacitance (C’) reduction when the NS1 concentration
increases from 1 pg/mL to 1 ug/mL, indicating a successful
binding between protein and aptamer. Figure 2c exhibits the
alteration in dielectric properties on the biolayer capacitance
for different protein concentrations. The interface SAM/
BSA indicates 1.19 pF as capacitance response, and this
value decreases to 1.15 pF with the addition of 1 pug/mL
NS1 protein, which corresponds to 40-nF variance in real
capacitance (— AC").

Surface functionalization

The surface modification for ECS measurements was tested
with two different protocols. First, the surface was co-immo-
bilized with DNA aptamer and FCH. After 18 h, the elec-
trodes were backfilled with MCH. This result is presented
in Fig. 3 and corresponds to aptamer + FCH/MCH. In the
second protocol, aptamer and MCH were co-immobilization
and backfilled with FCH (aptamer + MCH/FCH).

Figure 3 shows the change in real capacitance
[- AC'=(Cyg; — Cgam)] over NS1 concentrations from
10 pg/mL to 1 p g/mL. When the surface is co-immobilized
with aptamer + FCH, the NS1 increase changes the capaci-
tance response. However, the aptamer + MCH co-immobili-
zation with FCH just added in the backfilling does not show
any increase in capacitance response. This result is related
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to the presence of FCH on the SAM; once it takes more time
to interact with the gold surface and organize as part of the
SAM [23], the backfilling is not appropriate.

When FCH is correctly immobilized on the gold surface,
it can accumulate charge in the interface, increasing the
capacitive value and generating a high electron transfer rate
between interface and surfac [24, 25], which can be observed
with the change in — AC’ when NS1 interacts with aptamer.

O Aptamer+FCH/MCH
20 4 O  Aptamer+MCH/FCH .
[V
£
o 10 1
<
0 G T € =~~~ [C N ——)
10™M 10710 10°° 108 107
NS1/g mL™

Fig.3 Change in real capacitance (—AC’) as a function of NS1 con-
centrations for two different protocols for co-immobilization and
backfilling: Selex +FCH with MCH in backfilling and Selex + MCH
with FCH in backfilling
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Surface characterization and protein interaction were
also characterized using atomic force microscopy (AFM).
The images are shown in Figure S1 (Supplementary infor-
mation), where the clean bare electrode (Figure S1(a))
exhibited an 83.53-nm peak. After surface immobilization,
backfilling, and BSA blocking, the peak value increased to
145.10 nm, indicating that the immobilization of biomol-
ecules on the gold surface increased the surface roughness
due to the different sizes of the molecules (Figure S1(b)).
After 1 pg/mL NSI1 interaction, the peak value decreased to
101.34 nm. This change indicated that the protein interac-
tion on the surface occupies the remaining spaces and brings
the aptamers close to the electrode surface, resulting in a
smoother surface (Figure S1 (¢)).

Surface density

Auletta et al. report that the proportion between FCH and
aptamers influences the interaction between target and probe
[26]. Electrodes were exposed to different molar fractions
of FCH and aptamers (1:10, 1:50, 1: 100, 1: 150, 1: 200) in
immobilization solution and tested with 100 pg/mL NS1
diluted in buffer solution (PBS +BSA (0.1%), pH 7.4). Fig-
ure 4 shows the influence of molar fraction in capacitance
response as an important step for the biosensor performance,
once FCH concentration affects the SAM organization. The
surface coverage does not need a large amount of aptamer
(1:10) or FCH (1:200) because the SAM organization
depends on the alkanethiol chain and van der Walls interac-
tions, making an intermolecular film in the gold surface [27].
The ratio 1:10 showed the lowest capacitance signal (2 nF),
which indicates an excess of aptamer and high repulsion

-AC'/nF
o

T T T T
1:10 1:50 1:100 1:150 1:200

Ratio/Aptamer : Total Thiol

Fig.4 Change in real capacitance (-AC’) for aptamer/FCH molar
ratio (aptamer: total thiol) with 100 pg/mL NS1 in PBS (pH
7.4)+BSA (0.1%) solution. Error bars show the standard deviation
for at least three measurements from different electrodes

between DNA oligonucleotide aptamer chains, generating
an unstable monolayer. On the other hand, the ratio 1:200
presented a low capacitance signal (4 nF) due to the low
amount of aptamer. The most stable biolayer was performed
by 1: 150 molar fraction (with 11 nF) and was used for bio-
sensor development.

Analytical curve and negative control

The optimized ratio was used to test the system and obtain
a calibration plot. The performance of this biosensing plat-
form was tested from 10 pg to 1 ug/mL in buffer (Fig. 5a)
and commercial undiluted human serum (Fig. 5b). For each
measurement, the SAM was incubated with 100 ul of NS1
concentrations for 30 min, followed by washing with PBS
to remove unbound NS1.

Figure 5c¢ shows the calibration plot as — AC’ increases
for NS1 concentrations in buffer and undiluted serum. The
platform has a linear behavior from 10 pg/mL to 1 pg/mL
(buffer) and from 10 pg/mL to 100 ng/mL (undiluted serum).
Serum has a high amount of protein that can saturate an
electrode surface, reducing the linear range.

The limit of detection (LOD) was calculated as 3.3 X o/b,
where ¢ represents standard deviation, and b represents the
slope of the analytical curve fitting on a linear range [28]. In
buffer, the biosensor presented a LOD of 30.9 fg/mL with 3-nF
sensitivity per decade. In undiluted serum, the platform reached
41.8 fg/mL and a sensitivity of 4 nF per decade. The relative
standard deviation (RSD) was calculated from both calibration
curves (0.09% and 0.1% from PBS and serum, respectively).
These results exhibited a high sensibility in comparison with
other techniques reported in the literature. Table S1 (supple-
mentary material) compares the results from the last 5 years
of different platforms to detect NS1 in the clinical range for
first (0.04 to 2 pg/mL) and second (0.01 to 2 pg/mL) infection.

The negative control was performed with 1 ng/mL E
protein in undiluted serum. Envelope protein (E protein) is
a dengue protein expressed in infected cells and is respon-
sible for virus protection and target cell binding [29]. Fig-
ure 5d shows the difference between the NS1 response with
14 nF in comparison to the E protein (8 nF) with a 43%
decrease in the signal response. This difference validates
the selectivity characteristic of this aptamer to detect Den-
gue NS1 protein.

It is crucial to acknowledge the current limitations of this
platform, including its non-disposable electrodes, and the
need for improved NS1 detection in real human samples. All
the measurements were performed with at least six different
electrodes and performed at two different times. The results
present a 5% difference between batches. The aptamer plat-
form storage lifetime was previously tested using other
sequences, in the same conditions, and presented a 40% sig-
nal reduction after 2 weeks. Despite these limitations, the
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Fig.5 Analytical curve for NS1 diluted with a linear response in
a buffer; b commercial undiluted human serum; ¢ change in real
capacitance (— AC') for each NS1 concentration in buffer (open black
square) and undiluted serum (open red circle). Error bars show the

proposed method for capacitive biosensors enables dengue
and other disease detection using a label-free system.

Conclusion

A new platform that selectively quantifies NS1 protein using
DNA aptamer on the gold electrode was developed. As a
highlight, it was demonstrated that electrochemical capaci-
tive spectroscopy, using a simple approach with FCH on
the SAM, was able to detect NS1 in PBS and in serum bio-
logical matrix presenting a linear detection range from 0.01
to 1000 ng/mL in buffer and 0.01 to 100 ng/mL in undi-
luted serum. The biosensor achieved low limits of detec-
tion of 30.9 fg/mL and 41.8 fg/mL in buffer and undiluted
serum, respectively. The main advantage of this platform
is that there is no need to add a redox molecule to the solu-
tion, which is particularly useful to reduce patient sample
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standard deviation from at least three individual electrodes. d Nega-
tive control shows the change in real capacitance (— AC’) for 1 ng/mL
of NS1 and envelope protein (protein E) in serum

manipulation, increasing applications. Moreover, the ECS
platform exhibited a rapid response time, easy operation,
and cost-effectiveness.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00604-023-06141-y.
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