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Purpose: In the present study, a highly sensitive and simple electrochemical (EC) aptasen-
sor for the detection of serpin A12 as a novel biomarker of diabetes was developed on
a platform where flower-like gold microstructures (FLGMs) are electrodeposited onto
a disposable screen-printed carbon electrode. Meanwhile, serpin Al2-specific thiolated
aptamer was covalently immobilized on the FLGMs.

Methods: The electrochemical activity of a fabricated aptasensor under various conditions
were examined by cyclic voltammetry (CV) and electrochemical impedance spectroscopy
(EIS). Aptamer concentration, deposition time, self-assembly time, and incubation time were
optimized for assay of serpin A12. The differential pulse voltammetry (DPV) was imple-
mented for quantitative detection of serpin A12 in K5 [Fe (CN) 4]/K4 [Fe (CN) 4] solution
(redox probe).

Results: The label-free aptasensor revealed a linear range of serpin A12 concentration
(0.039-10 ng/mL), detection limit of 0.020 ng/mL (S/N=3), and 0.031 ng/mL in solution
buffer and plasma, respectively.

Conclusion: The results indicate that this aptasensor has a high sensitivity, selectivity,
stability, and acceptable reproducibility for detection of serpin A12 in diabetic patients.
Keywords: clectrochemical aptasensor, screen-printed carbon electrode, flower-like gold
microstructures, label-free detection, serpin A12, diabetes biomarkers

Introduction

Serpin A12 (visceral adipose tissue-derived serpin), is produced by visceral and
subcutaneous adipose tissues.! Serpin A12 is expressed on the mRNA or protein
level in several tissues such as liver, pancreas, and skin. Serpin A12 acts as an insulin
sensitizer with an anti-inflammatory effect. Several studies have shown that plasma or
serum serpin A12 concentration rises in conditions of obesity and insulin resistance.”
In previous studies, mean plasma serpin Al12 concentrations have been reported
ranging from 0.1-7 ng/mL>" with increases during the early stages of insulin
resistance.* Currently, antibody-based ELISA methods are available for the analysis
of serpin A12.*? The ELISA technique, although sensitive, has some disadvantages
like high cost dependent on the prepared kits and experimental complexities.
Biosensors have been identified as appealing alternatives in order to solve these
constraints.'® By contrast, electrochemical detection methods offer various advantages
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for the identification of target proteins, such as direct detec-
tion, low cost, easy operation, ability to scale down, and rapid
response times.'' Aptamers that have a high specificity and
a stronger affinity for the different target molecules (eg,
proteins, toxicants, vitamins, medicines, small molecules,
and cells), are short special single-stranded oligonucleotides
of DNA and RNA that are selected by systematic evolution
of ligands through exponential enrichment (SELEX)."?
Aptamers have a greater affinity, better target recognition
versatility, and higher specificity compared to traditional
molecules of immunological and chemical identification.
Moreover, aptamers are more stable due to their temperature
tolerance and other experimental conditions.'® The aptasen-
sors are a combined platform of nucleic acids and electro-
chemical or optical transducers that monitor aptamer-analyte
molecule interactions.'* Various techniques and materials
such as Ag, Hg, Au, and glassy carbon have been used to
design and modify the surface of the electrode in electroche-
mical devices. Point-of-care testing (POCT) is a more inter-
esting technique than traditional diagnostic methods due to
several benefits, such as wide availability for diagnosis,
quick quantification, ease of access, and minimum necessary
sampling quantities.'>'® Screen-printed carbon electrodes
(SPCEs) are superior to POCT devices, due to the lower
cost of the carbon electrode, excellent reproducibility of
outcomes, rapid responses to analytes, surface functionality,
and disposability. Recently, these SPCEs have been used as
diagnostic devices for disease-related biomarkers, toxins,
and environmental contaminants.'”'® During the fabrication
process of electrochemical (EC) aptasensors, the aptamer
immobilization on the electrode surface not only provides
a reliable sensing interface, but even determines the level of
sensitivity, and selectivity of the aptasensor.’®?' Several
approaches have been suggested for the aptamer immobiliza-
tion, such as covalent binding,22 direct adsorption, avidin—
biotin interactions,”® and sol-gel entrapment.** Self-
assembled monolayers (SAMs) are formed by alkanethiol
interaction between Au-modified surface and thiol-
containing chemicals, which provides a suitable foundation
in order to immobilize biomolecules.”” Thiolated aptamer
directly immobilized on the metal nanoparticles-modified
electrode surface via self-assembly technique, in particular,
gold micro- and nanostructures and nanoparticles (AuNPs)
have some intriguing characteristics, such as favorable
microenvironment, excellent biocompatibility, and elevated
electron transfer capability. They were commonly used as the
immobilization matrix in the fabrication of biosensors to
increase the efficiency of biosensors, which promotes

biosensor stability and full functionality.*®>° Gold micro-
structures have lately attracted considerable attention due to
their unique physical and chemical characteristics distinct
from the bulk Au and broad range of uses in the optical,
digital, catalytic, electrochemical, and biomedical industries.
Several efficient pathways may be used for the preparing of
flower-like, cube, sphere, plate, and rod gold micro-/
nanostructures.>® The flower-like gold microstructures
(FLGMs), with their distinctive high surface-to-volume
ratio, could improve electrochemical performance, and their
potential application in biological labeling, optics, and cata-
lysts could attract extensive study interests.’' Recently, based
on the exploration of serpin Al2-targeted DNA aptamers
sequences, a few aptamer-based sensors have been con-
structed to detect serpin A12 in biological samples.**>*
Until today, only one aptasensor is introduced by Kim
et al for detection of serpin A12 based on the electroche-
mical methods.’® The interaction of the cognate pair apta-
mers with the analyte was maintained on coccolith
modified screen-printed gold electrode (SPGE) surface,
and EC detection was facilitated by using cyclic
voltammetry (CV) and chronoamperometry. In the present
study, we present a simple, sensitive novel label-free EC
biosensor based on thiolated aptamer (one-capture apta-
mer) which immobilized on FLGM-modified SPCEs in
order to determine the minimum concentration of serpin
A12 in plasma samples. Each step of the developed apta-
sensor was successfully characterized using CV, differen-
tial pulse voltammetry (DPV), and electrochemical
impedance spectroscopy (EIS). The morphological char-
acteristics of the resulting electrodes were tested by field
emission scanning electron microscopy (FE-SEM). The
efficiency of the assay in terms of sensitivity, selectivity,
and reproducibility has been studied and the response of

the aptasensor in plasma samples was precisely screened.

Materials and Methods

Experimental Animals

In the present study, eight-week-old male Wistar rats (-
200-250 g) were obtained from the animal house of
Tehran University of Medical Sciences (TUMS). Rats
were housed in propylene cages and were fed with
a standard laboratory diet or high-fat diet and tap water.
Animals were maintained on a 12 h light/dark cycle, at
a room temperature of 22-25°C, humidity (55£5%) and
quarantined for seven days prior to use. Plasma samples
were collected from high fat diet-induced diabetic rats
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according to previous study protocol.* All the ethical
issues were cautiously adhered. The experiments were
carried out in full accordance with the Declaration of
Helsinki and national guidelines for the use and care of
laboratory animals. This work was registered and
approved by the TUMS Ethics Review Board (code num-
ber: IRTUMS.VCR.REC.1395.1697).

Materials
All chemical reagents those origins are not mentioned were
purchased from Sigma-Aldrich Co., (St Louis, MO, USA.).
Recombinant serpin A12, RBP,4, adiponectin, were pro-
vided by AdipoGen Inc. (Incheon, Korea), bovine serum
albumin (BSA), gold chloride trihydrate (HAuCly-3H,0),
H,SO4, PBS (pH 7.4), 6-Mercapto-1-Hexanol (MCH), KClI,
NaCl, potassium ferricyanide and potassium ferrocyanide,
Tris-HCI and MgCl, were implemented in the study.
Solutions were prepared by ultra-pure water 18MQ cm
(EMD Millipore, Billerica, MA, USA). All chemicals
were of analytical reagent grade. The serpin A12-thiolated
aptamer with the following sequences®> was purchased
from MWG-BIOTECH, Germany:
5'-Thiol-C6-ATACCAGCTTATTCAATTGGGCGGTG
GGGGGGGTAGTGGGTGTTATGGCGATCGTGGAGAT-
AGTAAGTGCAATCT-3'".

Tris-HCI buffer solution (0.1M NaCl, 20 mM Tris-
HCI, 5 mM MgCl, and 0.2 M KCIl, pH 7.4) was used to
prepare different concentration of serpin Al2 aptamer
solution and 10 mM Tris—HCI containing 5.0 mM magne-
sium chloride, 0.1 M NaCl at pH 7.4 (washing buffer) was
used to wash the electrode surface and stored at —20°C.

Apparatus

An AUTOLAB PGSTAT 101 potentiostat/galvanostat
from Methrohm Autolab BV, Utrecht,(Netherlands), com-
patible with NOVA 2.1 software in order to perform the
electrochemical measurements. EC techniques for modi-
fied-SPCEs surface are characterized by CV, EIS and DPV
assays using 5 mM [Fe (CN) o> in 0.1 M KCl solution
as a redox probe. EIS was performed by AC voltage
amplitude of +10 mV with frequency range of 0.01 Hz
to 100 kHz. Acquired data are shown in Nyquist plots. CV
was employed to demonstrate the process of fabrication of
the aptasensor. The potential was measured in a range of
—0.4 to +0.6 V by scan rate of 0.1 V/s. DPV measurements
were performed in the experimental conditions (potential
range from 0.6 V to —0.4 V, amplitude modulation of 50
mV). The morphology of FLGMs was evaluated in details

by FESEM (Hitachi A-4160, Japan) after electrodeposition
procedure. SPCEs (3.4 x 1.0 x 0.05 cm, length x width x
height) included carbon working and carbon counter elec-
trodes, as well as silver-based reference electrode. The
electrical contacts composed of silver, were purchased
from DropSens (Spain).

Preparation of FLGMs-Modified SPCE

Gold solution, 0.6 M HAuCl,.3H,0 was prepared in 0.5M
H,SO,4. The electrodeposition process was performed for
modification of the working electrode surface via FLGMs
to realize the aptasensors fabrication.***” CV scanning acti-
vated electrode surface process, is performed using H,SO,
solution with a concentration of 0.5 M and potential range of
—0.4 to +0.6 V and scan rate of 0.1 V/s in order to achieve
a steady voltammograms. The SPCE was characterized by
CV in the range between —0.4 and 0.6 V with a redox solution
that contains, 5 mM [Fe(CN)e]*"* in 0.1 M KCI with scan
rate of 0.1 V/s before electrodeposition process. The FLGMs
deposition process was performed under electrodeposition
potential of —0.2 V in 0.6 M HAuCl,/0.5 M sulfuric acid
solution with different deposition times ranging from 30 to
150s, following activation of the electrode surface. The
SPCE was analyzed by CV in 5 mM KjsFe (CN)¢ (0.1
M KCI) with a scan rate of 0.1 V/s after providing each
deposition. In addition, the optimal electrodeposition time
was achieved for surface modification, then the output
between FLGMs-modified SPCE and bare-activated SPCE
was compared. Finally, the presence of FLGMs deposited
onto the SPCE was investigated by the use of FE-SEM.

Aptamer Immobilization Onto FLGMs/
SPCEs Surface

Aptamer was immobilized onto the modified working
electrode using of 20 uM aptamer (10 pL) stock solution
installed onto the FLGMs-modified SPCE and SAM was
formed spontaneously at 4 °C in a dark place by a 12 hr
incubation. Afterwards, the SPCEs was thoroughly washed
several times with ultrapure and sterilized water in order to
remove the excess aptamer. In the present research, 1 mM
MCH solution (5 pL) (volume ratio of absolute ethanol to
water (3 to 4:1) was added and incubated at 25 °C for 30
min. MCH was used to block the surface of the FLGMs
through self-assembly to reduce nonspecific binding.
Subsequently, the modified electrodes were washed by
buffer to remove any unattached agent and then dried
using nitrogen gas after each incubation process.
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Electrochemical Detection of Serpin Al2

Protein

Following the aptamer immobilization process, different
serpin A12 concentrations were added on the modified
electrodes (MCH/aptamer/FLGMs/SPCEs). After incubat-
ing aptasensor for 30 min to interact with the different
concentration of serpin A12, the prepared electrode was
rinsed with ultrapure water and dried under N, gas flow.
Then the aptasensor was placed into an electrochemical
chamber (containing solution of 5 mM [Fe (CN) o7+ in
0.1M KCI), The DPV response of serpin A12/MCH/thio-
lated aptamer/FLGMs/SPCEs in the presence of several
concentration of serpin A12 was evaluated in experimental
condition (interval and modulation time were 0.2 s and
0.05 s, respectively) and potential range was between +0.6
to —0.4 V). Scheme 1 depicts a schematic representation of
various stages of the proposed serpin Al2 aptasensor

fabrication.

Results and Discussion
Characterization of the FLGMs

FESEM images of both SPCEs and FLGM-modified
SPCEs are shown in Figure 1. FLGMs have been used
to immobilize the thiolated DNA aptamer, providing
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a higher loading surface for the immobilization of apta-
mer on the electrode surface and also improved signal
transduction by raising the electroactive surface area.*®>’
The sharp edges of the microstructures provides a highly
reactive surface for chemically bonding to thiolated
aptamer.”® Activation process was conducted in 0.5
M H,SO, solution by CV from —0.1 to 1.3 V with scan
rate of 0.1 V/s in order to obtain steady and repetitive
voltammograms. Presence of most active sites on the
electrode surface and removal of the oxide coating in
previous studies demonstrated the significant increase in
electrochemical performance.*'*** The SPCE was charac-
terized by CV (0.4 to +0.6 V) in a solution of 0.1 M KCI
containing 5 mM Kj [Fe (CN) ¢x]/K4 [Fe (CN) 4] with
scan rates of 0.1 V/s, after the activation process. The
deposition time of the FLGMs could considerably affect
the size, deposition quantity and extent of the Au micro-
structures on the SPCE.*'® Considering the maximum
response acquired, the electrodeposition time of the
FLGMs was fixed at 150 s in order to obtain superior
EC performance of SPCEs. Following the deposition of
the FLGMs on the electrode surface, the CV measure-
ments were performed by using the modified FLGMs and
activated-bare SPCEs in solution of 0.1 M KCI contain-
ing 5 mM [Fe(CN)e]>* (pH 7.4) (Figure 2).

[Fe(CN)6]3"“'
S

H alltiier ——
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|

Scheme | lllustration of the electrochemical aptasensor fabrication and the procedure of serpin Al2 detection; before (A) and after (B) analyte-incubation.
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Figure | Field emission scanning electron microscopy images of carbon electrodes; (A) Bare screen-printed carbon electrode, (B) Flower-like gold microstructures
modified screen-printed carbon electrode with 0.6M HAuCl4/0.5M H2SO4 (optimal electrodeposition time=150 s).

Label-Free Aptasensor (Serpin Al2/
MCH/Thiolated Aptamer/FLGMs/SPCEs)

Characterization

All the steps of the fabrication of the aptasensor (serpin
A12/thiolated aptamer/FLGMs/SPCEs) were controlled by
EIS and CV measurements. All experiments were carried
out in solution of 0.1 M PBS, containing 5 mM
[Fe(CN)6]>"* in 0.IM KCI (pH 7.4). K5[Fe(CN)s]/K4
[Fe(CN)g]
transduction.”®*? CVs scanned potential range from —0.4

as a redox probe was applied for EC

to 0.6 V and scan rates of 0.1 V/s were obtained. Figure 2
depicts the redox probe CVs scans of the bare SPCE (blue
curve), FLGMs/SPCE (red curve), aptamer/FLGMs/SPCE
(violet curve), MCH/aptamer/FLGMs/SPCE (green curve)
and 0.039 ng/mL serpin A12/aptamer/FLGMs/SPCE (yel-
low curve). CV and EIS techniques were used for monitor-
ing the elaboration protocol of the aptasensor. Functional
characteristics of the redox probe were explored for dif-
ferent stages with variations in the values of current
response and peak-to-peak separations (AEy=E,,—E,c).
The CV results of redox probe at the SPCE demonstrated
a pair of reversible reduction/oxidation peaks (AE,= 0.153
V) (Figure 2, blue curve). After modification with FLGMs,
the peak current significantly increased and AE, decreased
to 0.148 V (Figure 2, red curve), as suggested in previous
studies, FLGMs plays a key role in enhancing the electro-
active surface area and providing the conductive bridges
for the electron transfer of the redox probe.'~* Self-
assembly of thiol-terminated aptamer onto the FLGM-
modified SPCE induced a significant decrease in peak
currents of redox probe [Fe(CN)¢]*”* and a slight
increase in AE, (0.203 V) was found (Figure 2, violet
curve). When the surface of the FLGMs/SPCE was coated
with thiolated aptamer, the faradaic current response

decreased significantly whilst peak potential separation
increased. This indicates that serpin A12 specific aptamer
significantly decreases efficient electron transfer area and
active sites caused by repulsive force generated by apta-
mer phosphate groups.** Based on the green curve in
Figure 2, with addition MCH on electrode surface, an
additional barrier is produced between the redox mediator
and electrode surface that led to further decline in redox
peak current and elevation of peak to peak potential
separation (AEp:O.233V).45 At last, the label-free aptasen-
sor was incubated for 30 min with 0.039 ng/mL serpin
A12; the faradaic peak current value increased signifi-
cantly and peak potential separation clearly decreased
(AE,=0.156V). In Figure 2, the yellow curve shows
a rise in peak currents after the protein binding process.
Serpin A12 (My 45.2 KDa, pI=9.31) has a positive charge
at pH 7.4 (under neutral conditions). The results demon-
strated the binding of aptamer to serpin A12 that creates
a surplus positive charge on the surface of electrode, and
the value of peak current increased due to electrostatic
attraction between the negatively charged [Fe(CN)e]* "+
and positive charge density of serpin A12, which result in
enhancement of the effective redox reaction.

Optimization of the Analytical

Parameters for Serpin Al2 Detection

We optimized several variables of the aptasensing including
incubation time, aptamer self-assembly time, electrodeposi-
tion time, and aptamer concentration. The aptamer concentra-
tion is a critical factor in the design of aptasensor to achieve
a better response to the target analyte. As a result, different
concentrations of the thiolated aptamer were evaluated to
achieve the optimum response against serpin Al2.
Optimization of concentration of serpin A12 specific aptamer

was carried out on the FLGMs/SPCE surface with 10.0 pL
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Figure 2 Recorded cyclic voltammograms and Nyquist plots of impedance spectra of the screen-printed carbon electrodes in different stages of the aptasensor designing
[analysis in solution of 0.1 M PBS, containing 5 mM [Fe(CN)¢]** in 0.1 M KCI (pH 7.4)]: (blue curve) bare screen-printed carbon electrode (SPCE), (red curve) Flower-like
gold microstructures (FLGMs)/SPCE, (violet curve) aptamer/FLGMs/SPCE, (green curve) 6-Mercapto- | -Hexanol (MCH)/aptamer/FLGMs/SPCE, and (yellow curve) 0.039 ng/
mL serpin A12/MCH/aptamer/FLGMs/SPCE.

concentration. It is supposable that the surface of modified
electrode was saturated at a concentration of 20 uM aptamer,

aptamer, installed in various concentrations (5-30 uM). After
an increment in concentration of aptamer, the highest peak

current value was achieved at 20 pM of aptamer therefore, 20 pM as an optimum concentration of aptamer
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could be regarded (Figure S1A). Several time intervals within
the range of 4-25 h was evaluated in order to complete the
optimal time response for self-assembly. The maximum peak
current value in DPV occurred when self-assembly time
increased to 12 h (Figure S1B). After 12 h, excessive aggrega-
tion of aptamer on the electrode surface resulted in saturation
of reactive sites. That is why we selected 12 h as the optimum
reaction time for self-assembly. The influence of serpin A12
incubation time on the signal current response was investi-
gated. The dependence of incubation time (10—50 min) on the
DPV peak current response after serpin A12 (0.039 ng/mL)
addition was shown in (Figure S1C). The total current value
enhanced with increase of the incubation time that resulted in
a plateau at 30 min. This suggests that serpin A12 was
saturated on the modified SPCE surface (MCH/thiolated apta-
mer/FLGMSs/SPCE). The various deposition time of FLGMs
were characterized by CV (Figure S2). Oxidation and reduc-
tion currents rise distinctly in parallel with an increase in
deposition time. Generally, the current response value
increased along with the electrodeposition time increment
from 30 s to 150 s (Figure S1D). Therefore, 150 s was chosen
as the optimal electrodeposition time of FLGMs-modified
electrode surface to achieve the optimal aptasensor state.

EIS Spectra of Surface-Modified Electrodes
EIS has been proven to be one of the most effective tools to
analyze the real condition of the aptasensor in each assembly
stage as one of the electrochemical technologies. Impedance
spectrum (Nyquist plot) is composed of a semicircle section
at high frequency regions corresponding to the electron
transfer resistance process and a linear part of the lower
frequencies representing the diffusion process. Randles
equivalent circuit was used to fit the electrochemical impe-
dance data as a model (Figure S3). The diameter of the
semicircle represents the charge-transfer resistance (R.;) at
the electrode surface and a straight line shows the diffusion
resistance.*™*” EIS measurements were recorded at an AC
voltage amplitude of +10 mV and frequency in a range from
0.01 Hz to 100 kHz, superimposed on a direct current (DC)
potential of +0.13 V. Figure 2 shows the Nyquist plots of
impedance spectra in a solution of 0.1 M PBS, containing 5
mM [Fe(CN)¢]>’* in 0.1 M KCI (pH 7.4) obtained at each
electrode surface modification step. Figure 2 (blue curve)
represents the electrochemical impedance of the bare SPCE
which is semicircle. The diameter of the semicircle with a R,
value of about 1.987 kQ was observed. Subsequently, the
electrodeposition of FLGMs on the working electrodes of
bare SPCE resulted in a remarkable decline in the R level to

0.18 kQ and a significant increase in the conductivity that
confirmed the measurements of CV (Figure 2, red curve). As
already stated, this increase in the current value, could be
related to the extension of the electrode’s accessible surface
area to the redox probe. After immobilization of thiolated
capture aptamer and MCH onto the FLGMs/SPCE, the dia-
meter of semicircles of the impedance spectrum significantly
increases due to the blocked electron transfer between the
electrode surface and the redox probe (Figure 2, violet curve
about 4.418 kQ and Figure 2, green curve about 4.610 kQ,
respectively). Finally, after interaction with 0.039 ng/mL
serpin A12 and the captivity of analyte by the aptamer,
remarkable decrease in the R, value was observed (to
3.955 kQ) (Figure 2, yellow curve). As mentioned earlier,
this is attributed to the fact that the electrostatic effect dom-
inates over the steric hindrance effect. The positive charge
of serpin Al2 on the aptamer-modified electrode surface
electrostatically attracts the negatively charged redox probe
and makes the electron transfer easier.*®

Detection of Serpin Al2 with the

Aptasensor

In order to further demonstrate the serpin A12 detection
assay, the quantitative detection of serpin Al2 was
achieved under the optimal experimental conditions by
DPV (potential range of 0.6 to —0.4 V interval time= 0.2
s, modulation amplitude= 0.05 V). Various concentration
of serpin A12 in PBS 0.1 M (pH 7.4) was incubated on the
fabricated aptasensor and eventually was detected in
a solution of 5 mM [Fe(CN)s]*"*" containing 0.1 M KCl
(pH 7.4). Figure 3 shows the corresponding DPV peak
current that increased with elevated concentration of ser-
pin A12. These results are in accordance with the CV and
EIS results. The linear relationship between cathodic peak
current and logarithmic concentration of serpin A12 was
obtained in the range from 0.039 to 10 ng/mL. Figure 4
illustrates the performance of the aptasensor at different
serpin A12 concentration by DPV. As the concentration of
serpin A12 increases, capture aptamer specifically recog-
nizes a higher quantity of serpin A12 in a gradual increase
in electrochemical signal reactions. In the linear concen-
tration of 0.039-10 ng/mL serpin A12 analyte, the limit of
detection (LOD) was observed to be 0.020 ng/mL [defined
as blank sample (buffer) +3 SD] using the regression
equation AI=—4.3401 Log Cgerpin a12 (ng/mL)-7.1764
with the coefficient of determination r*= 0.9979 in buffer

(Figure 4 inset). The responses of three modified SPCEs
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Figure 3 Differential pulse voltammograms of the serpin Al2-aptamer modified 6-Mercapto-|-Hexanol/aptamer/Flower-like gold microstructures/screen-printed carbon
electrode after incubation with different concentrations of serpin Al2. Analysis in solution of 0.1 M PBS, containing 5 mM [Fe(CN)¢]*”* in 0.1 M KCI (pH 7.4), (a—): 0,

0.039, 0.156, 0.625, 2.56, and 10 ng/mL.
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Figure 4 The calibration curve of the fabricated aptasensor after incubation with various concentration of serpin Al2 in buffer solution: 0 ng/mL, 0.039 ng/mL, 0.156 ng/mL,
0.625 ng/mL, 2.56 ng/mL, and 10 ng/mL, 1000 ng/mL. The inset is the linear relationship between differential pulse voltammetry peak current response and serpin Al2
concentration. The standard deviations of three duplicate measurements are indicated by error bars.

prepared at exactly same conditions for detection of serpin
A12 at 0.039 ng/mL were examined and the relative stan-
dard deviation (RSD) was 3.67%, indicating the accepta-
ble reproducibility of proposed aptasensor. The long-term
storage stability of the fabricated aptasensor was also

examined. For this purpose, three SPCEs were stored at

4°C for two weeks with free preservatives and intermit-
tently assayed every three days. The value remained at
94.91% of the initial signal after 14 days, suggesting good
stability of the fabricated aptasensor. The comparison of
the analytical performance of the presented label-free apta-
sensor with  previously

reported  biosensors  are
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Table | Analytical Performance of the Presented Aptasensor Compared with Previously Reported Studies for Detection of Serpin

Al2
Detection Platform Biorecognition Element R? Linear Range Limit of References
Method Detection
(ng/mL)
Optical SPR/sandwich-type/aptamer Capture aptamer-labelled Buffer | 0.9425 0-117.5 ng/mL 35 33
duo reporter aptamer
Blood | 0.9688 0-117.5 ng/mL 47
Optical ELAAS/sandwich-type/aptamer- | Labelled antibody-capture Buffer | 0.99 39 ng/mL-2.5 ug/mL 38.07 32
antibody aptamer
Blood | 0.97 39-625 ng/mL 38.07
Electrochemical | Chronoamperometry/ Capture aptamer-labelled Buffer | 0.9682 0-94 ng/mL 13.63 35
sandwich-type/Aptamer duo/ reporter aptamer
CME-SPGE Blood | 0.9162 0-752 ng/mL 120.32
Optical LFSA using a pair of aptamers Primary and secondary Buffer | Not 6.439-1175 ng/mL 6.439 34
aptamers- labelled reporter reported
aptamer
Blood | Not 4.935-1175 ng/mL 4.935
reported
Electrochemical | Label-free aptasensor Capture aptamer Buffer | 0.9977 0.039-10 ng/mL 0.020 Present
study
Blood | 0.967 0.039-10 ng/mL 0.031

Abbreviations: SPR, surface plasmon resonance; CME-SPGE, coccolith modified electrodeposited on the screen-printed gold electrode; ELAAS, enzyme-linked antibody-

ssDNA aptamer sandwich; LFSA, lateral flow strip assay.

summarized in Table 1. It can be noted that in comparison
with the suggested EC aptasensor, most of these methods
are time-consuming, expensive, and have higher LODs. In
addition, the linear response range of detection of serpin
A12 in our designed aptasensor covers the physiopatholo-

gical concentration range of serpin A12 in plasma.

1.5 4

-Al (nA)

0.5 -

.| =

Selectivity

Specificity is a key analytical parameter that affects the efficacy
of the aptasensor in clinical analysis. This novel label-free
aptasensor after binding to other plasma proteins of diabetic
individuals, such as adiponectin (6 mg/mL), RBP4 (21 mg/
mL), and BSA (33.33 mg/mL) was incubated for 30 min at 37°

man BN

ect'\“

N
gerp®™ A Adipo™

BSA RBYA

Figure 5 The selectivity test of the assay for serpin Al2 on the fabricated aptasensor after incubation in 0.039 ng/mL, 6 mg/mL, 21 mg/mL, and 33.33 mg/mL of serpin Al2,
adiponectin, RBP4 and BSA, respectively. Standard deviations of the measurements performed with three independent tests are indicated by error bars.
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C, followed by DPV signals measured. According to the
acquired outcomes from test samples, lower response of peak
current could be ascribed to the low affinity of the fabricated
aptasensor to the nonspecific proteins and good selectivity for
serpin A12 (Figure 5).

Analysis of Real Sample

In order to demonstrate the aptasensor performance for detec-
tion of serpin A12 in real samples, the control plasma samples
after dilution in the PBS solution (1:10) were spiked with five
different concentrations of serpin A12 and analyzed using the
proposed aptasensor. Data indicates satisfactory results of the
recoveries and relative standard deviation values (90.17% to
101.69% and 2.91% to 5.29%, respectively) for the fabricated
aptasensor (Table 2). Under the same conditions described in
DPV quantitative analysis section, the calibration curve
(Figure S4) for detection of serpin Al12 in plasma samples
was performed under optimized condition. In the linear
dynamic range of 0.039—10 ng/mL serpin A12 analyte which
is in the physiological range of interest, the detection limit was
found to be 0.031 ng/mL by use of regression equation Al=
—3.3572 Log Cyerpin a12 (ng/mL)-4.8823 with the coefficient
of determination (R*= 0.968) presented at Figure S2 inset. It is
interesting to note that the LOD for serpin A12 spiked slightly
higher in the control plasma samples than in the buffer solu-
tion, but still lower than the physiological range. This demon-
strates that the designed label-free aptasensor can be used for
accurate detection of serpin A12 in real samples.

Conclusion

In summary, a simple, sensitive, and label-free EC biosensor
was designed on the basis of an aptamer for detection of serpin
A12 as a diabetes biomarker. The FLGMs provided an effec-
tive and highest surface area for immobilization of the aptamer.
Unlike previous studies, an established EC aptasensor was
designed for the detection of serpin A12 using label-free one-

Table 2 The Recoveries of Different Concentrations of Serpin
Al2 in Spiked Plasma Samples Using the Fabricated Aptasensor

capture aptamer, nevertheless in comparison with other
designed aptasensors, the present fabricated aptasensor is
more sensitive for detecting serpin Al2. Interestingly, the
sensitivity of detection of serpin A12 was 0.020 ng/mL by
the developed aptasensor. In addition, we demonstrated that the
aptasensor can be successfully applied to the detection of
serpin A12 in real samples. The aptasensor offers acceptable
reproducibility, good selectivity and stability. Advantages of
our designed aptasensor include simple design, high accuracy
with rapid response, and possessing potential for clinical
usage. Our aptasensor can also sense concentrations in physio-
logic and pathologic ranges of plasma serpin A 12 with the least
amount of plasma (10 pL).

Highlights

e Circulating plasma serpin Al2 shows significant
changes in diabetic individuals

e Aptamer-based EC biosensor to measure serpin Al2
was designed

e Electrodeposition of Au nanostructures was used on the

SPCE.
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