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Abstract

Dengue is one of the most commonly neglected tropical diseases transmitted by Aedes aegypti
infected with Dengue virus. This virus belongs to the gender Flavivirus and produces a non-
structural protein 1 (NS1), which is an important biomarker found at high levels in blood in
early disease stage. Therefore, this study focused on the development of an electrochemical
biosensor for NS1 detection using DNA aptamers. Gold electrodes were co-immobilized with
specific aptamers and 6-mercapto-1-hexanol (MCH) to obtain a self-assembled monolayer. The
molar ratio between aptamers and MCH was optimized and the platform characterized by
electrochemical impedance spectroscopy and atomic force microscopy. Bovine serum albumin
was added in NS1 solution to stabilize it and block the surface to avoid non-specific
interactions. The biosensor performance was tested with NS1 protein serotype 4 (in phosphate
saline buffer and human serum) and with a solution of serotype 1 in human serum. The results
showed a sensitivity of 2.9 %, 2.7 % and 1.7 % per decade, respectively, and low limit of
detection (0.05, 0.022 and 0.025 ng/mL). The platform was also tested with Envelope protein
as negative control. Furthermore, the aptamer sensor was able to detect NS1 in clinical range
and it is a promising candidate for a new class for miniaturized point-of-care device for
different Dengue serotypes.
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Introduction

Dengue is the most common non-contagious infectious disease in the world, mainly in
tropical and subtropical regions. The disease is caused by the bite of infected mosquito with
Dengue virus [1]. This virus belongs to gender Flavivirus, Flaviviridae virus family (DENV)
and present five different serotypes (DENV - 1, DENV - 2, DENV - 3, DENV -4 and DENV -
5), which makes it difficult to create an unique vaccine [2,3]. This disease exhibits symptoms
similar to a normal flu on the first infection [4]. In the second infection, the symptoms can be
more aggressive, and in some cases, lead to death [5,6]. In Brazil, Dengue has evolved from an
endemic to hyperendemic disease [7], and only in 2019 over 1.4 million cases and 500 deaths

occurred [8].

The virus encodes three structural proteins (capsid, membrane and envelope
glycoprotein). From these proteins, the envelope glycoprotein, or E protein, has an important
role been associated with receptor binding, hemagglutination of erythrocytes, production of

neutralizing antibodies and immune response [4].

Others seven non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5)
are also encoded by the virus, but only NS1 is continuously secreted in blood by the infected
host cell [9], mainly in the first days of infection up to 9 days after the onset [10]. NS1 is a
glycoprotein with approximately 46-50 kDa, highly conserved among the four DENV serotypes
[11,12]. Alcon et al. reported NS1 levels on human serum as 0.04 to 2 ug/ml on the first and
0.01 to 2 ug/ml on the second infection [13]. These characteristics made NS1 an important
biomarker for Dengue.

The standard technique to detect Dengue NS1 for diagnostic purposes is enzyme-linked
immunosorbent assay (ELISA). This technique as well as the chemiluminescence needs high-
cost equipment. ELISA technique recognizes the binding event of one target (protein) and
antibody (l1gG, IgM) using an optical sensor. This technique can detect dengue infections up to
9 days after the onset of disease [14]. However, it is not a portable system [15] and needs high
expertise to manipulate it [16]. To solve this problem, many researchers have investigated the
biosensors as an alternative to detect dengue biomarkers, such as NS, looking for techniques

with low cost, high sensitivity and simple fabrication [17].



Aptamers are one of the options. They consist in a small single-stranded
oligonucleotides (DNA or RNA) sequence that is able to bind targets with high affinity,
specificity and used analogs of antibodies. These targets vary from simple molecules to large
and complex proteins, or even the hole cell. Aptamers are developed by SELEX (systematic
evolution of ligands by exponential enrichment) [18,19], an in vitro method that is easier and
cheaper than the methods used for antibodies production [20,21]. These three-dimensional
structures present other significant advantages over the antibodies, once they can be used in
Western blotting and ELISA protocols with high sensitivity [22-25], purify target proteins

[26,27], and are not toxic or immunogenic [28].

Aptamers have been successfully used as recognizing elements for biosensing over the
last years [29,30]. In this case, the surface density is higher once they are smaller than
antibodies [31,32], increasing the response. Aptamers also present high stability, are easier to
modify and have lower cost [33,34]. Among the biosensors, electrochemical transducers are the
most developed class with relative simplicity, low-cost, miniaturization and easy to use
portable devices [34]. Electrochemical impedance spectroscopy (EIS) is widely used to study
the changes on electrode surface, including the interaction between receptors and analyte by a

small perturbation in frequency domain range with a fixed potential [35].

In 2017, Lee and Zeng published an article describing the development of different
DNA aptamers for NS1 protein from Zika and Dengue [16]. The sequences were tested over
different NS1 concentrations from Zika and 10 nM NS1 from DENV 1, 2, 3 and 4. The results
show a successful ELISA-based assay with highly specific and sensitive detection of Zika NS1

antigen using an aptamer/aptamer pair and using a hybrid aptamer/antibody pair.

In the literature, there are really few articles focused on Dengue study through aptamers.
Therefore, due to all advantages on using single strand oligonucleotides, the novelty proposed
here is the development and characterization of a fast aptasensor platform for Dengue detection
using as recognizing element one of the aptamer sequence developed by Lee and Zeng. The
platform was based on a self-assembled monolayer (SAM) co-immobilized with aptamers and
MCH. Biosensor performance was tested with NS1 protein serotype 1 and 4 in PBS and human

serum using EIS.
Experimental

Materials



All chemicals, 6-Mercapto-1-hexanol (HS(CH,)sOH) and DNA aptamer thiol modified
sequence (5’ - HS(CH3)s — TTTTT — ACTAGGTTGCAGGGGACTGCTCGGGATTGCGGAT

CAACCTAGTTGCTTCTCTCGTATGAT - 3”) [16] were purchased from Sigma-Aldrich. The
NS1 protein serotype 4 (NS1-S4) was purchased from Abcam (ab181957). All aqueous
solutions were prepared using 18.2 MQ cm ultra-pure water (Merck Milipore Direct-Q 5UV)
with Biopak Polisher filter (Merck Milipore, CDUFB-001) to remove nuclease.

Protein expression

NS1 serotype 1 (NS1-S1) was expressed using a synthetic full-length NS1 gene of
dengue virus serotype 1 cloned into pET28a vector to construct plasmid pET28a_DENVNS1.
The recombinant plasmid was used to transform Escherichia coli strain Rosetta (DE3) and the
protein expression was induced with 1.0 mM isopropyl B-D-1-thiogalactopryanoside (IPTG) in
mid-log phase growth (ODggo = 0.4 - 0.6) for 4h at 37 °C. The protein was expressed in
inclusion bodies which were solubilized under denaturing conditions and the recovered protein
was purified by nickel affinity chromatography. The size of the expressed protein was
approximately 45 kDa and identified by Western Blotting using anti-His tag antibody. In
addition, NS1-S1 was recognized in a commercial Immuno chromatographic strip for detection
of dengue NS1 antigens (Wama diagnostic). More details about the proteins expressions are

presented in Supplementary material.
Measurement and apparatus

The potentiostat (Metrohm/Autolab PGSTAT302) was used with a three-electrode cell
configuration: Ag/AgCl (FACTE) as reference electrode, platinum wire (Metrohm) as counter
electrode and gold electrodes with 2 mm diameter (Metrohm) as working electrodes. Biosensor
development was characterized via atomic force microscopy (AFM) using a Shimadzu SPM-
9600 Scanning Probe Microscopy (Shimadzu Corporation, Japan). Scanning was performed in
air at 25 °C.

Electrode preparation and functionalization

DNA aptamer was incubated at 94 °C in water bath for 10 min followed by dilution in
SELEX solution (20 mM Tris pH 7.5 + 150 mM NaCl +1 mM MgCl, +2.7 mM KCI + 0.005%
Cy2Eg) at room temperature (24 °C) for 40 min to achieve the folded structure [16]. This
solution was mixed with MCH (10% ethanol) in different molar ratios. The ratios are presented

as [Apt / (total thiol)]. Total thiol corresponds to the sum of aptamer and MCH in solution.



Working electrodes were desorbed using cyclic voltammetry in NaOH (0.5 M) from -
2.0 to - 0.8 mV (vs. Ag/AgCl) for 30 cycles. Then, they were polished with different alumina
size (1 and 0.3 pum, sequentially), followed by sonication in water for 5 min between each
polish. After this procedure, the electrodes were electrochemically cleaned in H,SO,4 (0.5 M) by
scanning potential from - 0.5 to 1.1 V (vs. Ag/AgCI) for 25 cycles [35]. Gold clean electrodes
were dried with N, and co-immobilized using 150 uL SELEX solution with aptamer and MCH
for 18 h in a humidity chamber at 4 °C.

After surface modification, the electrodes were rinsed with three solutions (200 mM
phosphate buffer (PB); 10 mM PB + 100 mM ethylenediaminetetraacetic acid (EDTA); 10 mM
PB) for 5 min each. To prevent non-specific interaction and ensure the total thiol coverage,
electrodes were backfilled with 150 uL of MCH (10% ethanol) for 1 h. Afterwards, electrodes
were rinsed with ultra-pure water and immediately immersed in 400 pl of PBS (137 mM NaCl
+ 2.7 mM KCI + 1 mM Na;HPO, + 0.18 mM KH,PQO,, pH 7.4) for 2 h to stabilize the platform
[35]. Finally, the electrodes were blocked with 150 uL of BSA (0.1 %) in PBS or serum for 30
min. Figure 1(a) shows an illustration of co-immobilization solution preparation and SAM

architecture.
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Figure 1. In (a) an illustration of co-immobilization solution preparation and surface
architecture on top of gold electrode after BSA blocking and NS1 binding. In (b) Nyquist
diagram using electrochemical impedance spectroscopy from SAM blocked with BSA (square)
and binding with 1 pg/mL NS1-S4 (circle). The inset in (b) shows the Randle’s equivalent

circuit adopted as model to fit the data.
Electrode characterization

The EIS measurements were obtained in the frequency range from 100 kHz to 100 mHz
with a 10 mV a.c. voltage superimposed on a d.c. bias of open circuit potential (OCP)
configuration (approximately - 0.23 mV) using 2.5 mM CgFeK4Ng + 2.5 mM CgFeK3Ng (1:1)
in PBS. All data was fitted using Randle’s equivalent circuit (Fig. 1(b) inset). The charge
transfer resistance (Rc) represents the electrical signal for SAM and protein binding; Warburg
diffusion element (Z,) corresponds to the diffusion process in the solution; Constant phase

element (CPE) corresponds to non-pure capacitor to represent the electrode inhomogeneity and



surface roughness, and Rs represents the electrolytic solution resistance [36,37]. Figure S.1

(Supplementary material) describes the equivalent circuit with more details.
Data Analysis

The data was fitted using Autolab software (Nova 2.1) and the equivalent circuit adjustments
were evaluated through qui-square test with values under 102. Each electrode data were
normalized by surface roughness using the reduction peak area divided by the reduction charge
per microscopic area (390 + 10 uC/cm?) [38, 39]. All electrodes measures were repeated three
times and the standard average was obtained with standard deviation error according to
equation S.2 and S.3 (Supplementary material) to guarantee the repeatability. Each experiment

was repeated at least two times to evaluate the reproducibility.
Results and Discussion
Self-assembled monolayer

Monolayer organization allows the development of a stable biorecognition surface with a low
interference of non-specific targets. In this case, electrodes were incubated with thiolate DNA
aptamer solution and MCH. The thiol termination has a high affinity and makes a strong
covalent binding on the gold surface. This spontaneous organization form a compact
monomolecular film with a weak electrostatic attraction between alkyl chains that helps to

stabilize and orientate the molecules [38].
Characterization of DNA aptasensor

AFM images of different modifications on gold electrode are shown in Figure 2: ()
corresponds to clean electrode with 113 nm highest peak and (b) corresponds to MCH
modification (41 nm) using a 1.00 x 1.00 pm resolution. This difference in the surface height
evidences the smoothness on gold electrode surface after MCH immobilization. Figure 2(c)
shows the SAM architecture with DNA aptamer co-immobilized with MCH, where the surface
height increases due to the aptamer size to 43 nm compared with (b). The SAM blocked with
BSA is shown in Figure 2(d) with a surface height increased to 71 nm after 1 pg/mL NS1-S4

protein interaction with the aptamer.

One important parameter to evaluate AFM images is the average surface roughness (Ra)
[40,41]. Clean bare electrodes presented 9.31 nm and MCH 3.99 nm. For SAM modification,
the R, factor exhibited 4.90 nm and for the NS1 interaction 6.34 nm. These values corroborate

that the aptamer immobilization increases the surface roughness compared to the MCH



immobilization due to its size and the NS1 protein interaction can be verified once it also

increases the surface height.

(a) (b)

1000.00 x 1000.00 [nm]  Z 0.00 - 41.57 [nm)

1000.00 x 1000.00 [nm]  Z 0.00 - 43.02 [nm] 1000.00 x 1000.00 [nm] Z 0.00 - 71.49 [nm]

Figure 2. AFM images: (a) corresponds to clean bare electrode with 113 nm surface height, (b)
the surface height decreases due to MCH modification to 41 nm. The modified SAM increased
the surface roughness due to the aptamer presence to 43 nm in (c) and (d) shows the increase
when the SAM blocked with BSA interacts with 1 pg/mL NS1-S4 to 71 nm. All the AFM

images were analyzed in 1 x 1 um resolution.
NS1 protein stability and surface density for aptamer/MCH

EIS is a powerful technique to characterize and quantify the surface interactions by
measurements of charge transfer resistance (Rc). This variation (AR() evidences the binding
between the aptamer and NS1 (Equation S.1) [AR (%) = (Re(target)-Rci(blanck)) / Rci(blanck)
x 100 %]. The platform stability was verified by repeating EIS measurements every 30 min, at

least 3 times, before target interaction.

The protein was tested with and without BSA due to its structure stability [42]. Figure
3(a) shows in solid squares this interaction, where AR (%) = 5.26 + 0.3910g Cns1 (Cnsz in the



concentration of NS1 in g/mL). This sensor exhibits a sensitivity of 0.39 % per decade (log
Cns1) with a correlation coefficient of 0.27. The low AR signal variation (3 %) in high value
of NS1 concentration (1 pg/mL) indicates any process that prevent or hinders the NS1 binding
to the surface. To increase this signal, BSA (0.1 %) was diluted in the NS1 buffer solution to
interact with cysteine residues [16]. The open squares on Figure 3(a) show that the signal
improved to 10%, with a sensitivity of 1.65 % per decade (log Cns:) and correlation coefficient
of 0.94.

Keighleys et al. described the SAM performance optimization though surface density
[35]. Thus, the platform was optimized with different molar ratios between aptamer and MCH
(1:25, 1:50, 1:100, 1:150 and 1:200) and its interaction with 100 pg/mL NS1 using buffer
solution (PBS + BSA 0.1%, pH 7.4). The results presented in Figure 3(b) and in Table S.1 in
the Supplementary material confirm that surface density is an important parameter [35]. MCH
concentration affects SAM organization and helps to reduce electrostatic interaction between
DNA negative charge [43,44]. In this case, 1:150 ratio provided the optimized signal (7.3 %)

and was used for further experiments.
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Figure 3. Change in charge transfer resistance (AR¢). (a) stability test for NS1-S4 with BSA
(0.1 %) in PBS (pH 7.4) solution (open square) and NS1-S4 without BSA in solution (solid
square); (b) aptamer/MCH molar fraction (apt : total thiol) with 100 pg/mL NS1-S4 in PBS (pH
7.4) + BSA (0.1%) solution. Error bars show the standard deviation for at least three

measurements from different electrodes.
Analytical Curve

Gold electrodes modified with SAM in the optimized ratio were tested from 10 pg to 1
pHg/mL NS1 — S4 (Figure 4). The electrodes were first blocked with BSA (0.1%) in PBS (pH
7.4) and the signal was used as a baseline to all NS1 interactions. After that, the electrodes were
incubated with 100 pL of NS1 solutions in different concentrations for 30 min and washed with
PBS (pH 7.4) to remove unbound NS1 molecules. Figure S.2, S.3 and S.4 in Supplementary
material exhibits the Nyquist diagram for each NS1 dilution in different solution. The solid

squares in Figure 4 show the AR increase for each NS1 concentration in PBS + BSA (0.1 %)



in a linear range (10 pg to 1 pug/mL). Figure S.5 shows the analytical curve for all buffer and
serum dilution. The open squares exhibit signals for NS1 incubation in undiluted serum with a
linear range from 10 pg to 100 ng/mL and a plateau at 100 ng/mL (Table S.2 indicates the
analytical results in Supplementary material). This plateau indicates the surface saturation due
to the high amount of other proteins and molecular agglomerates on it. The limit of detection
(LoD) was obtained by LoD = 3.3 x o/b, o represents standard deviation and b represents the
slope of analytical curve [45]. For buffer solution, the LoD correspond to 0.05 ng/mL with
sensitivity of 2.9 % per decade. In undiluted serum, the limit reached 0.02 ng/mL and the
sensitivity of 2.7 % per decade. Both results show a good sensitivity comparing to other
techniques reported in the literature. Table 1 presents a comparison between the results from
this study and the state-of-art for NS1 detection over the last 5 years
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Figure 4. Analytical curve for NS1-S4 diluted in buffer (solid square) and commercial
undiluted human serum (open square). Error bars show the standard deviation from at least

three individual electrodes.
Selectivity

Lee and Zeng demonstrated the ability of this DNA aptamer to detect more than one
serotype from NS1 [16]. To confirm this, two NS1 serotypes (S4 and S1) were tested over
different concentrations. Serotype 4 exhibits que highest binding to the aptamer [16] and

serotype 1 is the most common form [46]. Figure 5(a) compares the analytical curve in



undiluted human serum for NS1-S4 and NS1-S1. The results from NS1-S4 were discussed in
the last section. NS1-S1 was expressed, purified and lyophilized. Before the experiment, the
protein was suspended and interacted with the platform with a linear range from 10 pg/mL to

1pg/mL with 0.025 ng/mL as LoD and sensitivity of 1.7 % per decade.

The negative control was performed with E protein, an envelope protein also expressed
during Dengue infection, comparing to NS1-S4 and NS1-S1 in undiluted human serum. In
Figure 5(b) it is possible to observe that serotype 1 exhibited a change in charge transfer
resistance increase over 9 %, close to 8 % from serotype 4, comparing to envelope protein, with

negative change in R;.

(a) Protein in Undiluted Human Serum: 104 (b)
14 m NS1-81 T I
7 NS1-54. 5

AR (%)
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Figure 5. Selectivity control. In (a) the analytical curve comparing the biosensor performance
for NS1-S1 and S4 in undiluted human serum. Error bars show the standard deviation from at
least three individual electrodes. In (b) change in charge transfer resistance (AR¢) for 1 ng/mL
of different Dengue proteins in undiluted human serum: NS1-S4, NS1-S1 and Envelope protein
(E Protein).

The electrochemical aptasensor platform presented a good selectivity over different
Dengue proteins, with the ability to recognize the two tested serotypes with a linear range over
the clinical range and low limit of detection, emerging as a future device for clinical

applications.



Table 1. Comparison between the present study and state-of-art technologies over the last 5

years.
Bioreceptor  Technique LoD Sensitivity Linear Solution Serotype Reference
(ng/mL) Range
Peptides Impedimetric 1500 [ 0.025 to Buffer 2 [47]
12.5 pg/mL
Antibody Potentiometric 0* -452perlog  10°to0 107 Artificial 2 [48]
ng/mL mg/mL Saliva
Antibody Capacitive 0.34 4.5 % per 1 to 5000 Buffer M [49]
decade ng/mL
Antibody Capacitive 1.2 6.7% per 5 to 1000 Diluted M [49]
decade ng/mL serum (1:5)
Antibody Optical 15 * 15 to 500 Buffer 2 [50]
ng/mL
Antibody Impedimetric 30 10.4 % per 10 to 1000 Undiluted 2 [51,52]
decade ng/mL serum
Antibody Capacitive 0.5 22 % per 5 to 1000 Undiluted 2 [51]
decade ng/mL serum
Antibody Impedimetric 0.5 0* 1to 25 Buffer 2 [53]
ng/mL
Antibody Amperometric 12 85.6 yA/mM 40 to 2000 Buffer M [54]
ng/mL
Aptamer Impedimetric 0.05 2.9 % per 0.01 to 1000 Buffer 4 This work
decade ng/mL
Aptamer Impedimetric 0.022 2.7 % per 0.01 to 100 Undiluted 4 This work
decade ng/mL serum
Aptamer Impedimetric 0.025 1.7 % per 0.01to 1000  Undiluted 1 This work
decade ng/mL serum

[]*: data not available.

Conclusion

We developed a new platform for fast NS1 detection using specific DNA aptamer using
electrochemical technique. The electrodes were successfully characterized by AFM to confirm
surface modification and protein binding through changes in surface roughness. NS1 protein
showed a different behavior in the presence or absence of bovine serum albumin protein. The
aptamer-based sensor showed a good sensitivity to detect NS1 protein in a large dynamic range
in buffer and in undiluted human serum, fast response time, low cost and a high degree of
selectivity against other Dengue protein. In addition, the biosensor was capable to detect
serotypes 1 and 4 in clinical range for first (40-2000 ng/mL) and second (10-2000 ng/mL)

infection being a promising tool for miniaturization and point-of-care device.
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Highlights

e An electrochemical biosensor for Dengue detection using DNA aptamers.

e Surface characterization through AFM and electrochemical impedance spectroscopy.
e Biosensor identify NS1 serotype 1 and 4 in undiluted human serum in clinical range.
e Platform provided 22 pg/mL as LOD with a linear range from 10 pg to 1 ug/mL.

e Aptasensor was tested with E protein as negative control and show a high selectivity.
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