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Larissa Berretta Guimarães d, Bruno Sussumu Maeda d, Lúcio Angnes a,** 

a Department of Fundamental Chemistry, Institute of Chemistry, University of São Paulo, Av. Prof. Lineu Prestes, 748, 05508-000, São Paulo, Brazil 
b Department of Clinical and Toxicological Analyses, School of Pharmaceutical Sciences, University of Sao Paulo, Av Prof Lineu Prestes 580, 05508-000, São Paulo, 
Brazil 
c Nuclear and Energy Research Institute, National Commission of Nuclear Energy (IPEN/CNEN - SP), São Paulo, SP, 05508-000, Brazil 
d Research and Education Division, Hospital A Beneficência Portuguesa de São Paulo, São Paulo, Brazil   

H I G H L I G H T S  

• First biosensing application of HSP70 for diagnosis/prognosis of COVID-19 developed. 
• Sandwich-like design equipped with reduced graphene oxide (rGO), Acropora-like gold (ALG) nanostructure, and aptamer-AuNPs. 
• Aptasensor confirmed a wide linear detection range (5 pg mL-1 - 75 ng mL-1) and a desirable LOD (2 pg mL-1). 
• Forty real plasma samples of hospitalized COVID-19 patients were analyzed and compared to the RT-PCR method.  
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A B S T R A C T   

In this research, by using aptamer-conjugated gold nanoparticles (aptamer-AuNPs) and a modified glassy carbon 
electrode (GCE) with reduced graphene oxide (rGO) and Acropora-like gold (ALG) nanostructure, a sandwich- 
like system provided for sensitive detection of heat shock protein 70 kDa (HSP70), which applied as a func
tional biomarker in diagnosis/prognosis of COVID-19. Initially, the surface of the GCE was improved with rGO 
and ALG nanostructures, respectively. Then, an aptamer sequence as the first part of the bioreceptor was 
covalently bound on the surface of the GCE/rGO/ALG nanostructures. After adding the analyte, the second part 
of the bioreceptor (aptamer-AuNPs) was immobilized on the electrode surface to improve the diagnostic per
formance. The designed aptasensor detected HSP70 in a wide linear range, from 5 pg mL− 1 to 75 ng mL− 1, with a 
limit of detection (LOD) of ~2 pg mL− 1. The aptasensor was stable for 3 weeks and applicable in detecting 40 real 
plasma samples of COVID-19 patients. The diagnostic sensitivity and specificity were 90% and 85%, respectively, 
compared with the reverse transcription-polymerase chain reaction (RT-PCR) method.   

1. Introduction 

Coronaviruses are a large group (Coronaviridae) of viruses that can 
cause some infections, from a common cold to acute respiratory chal
lenges. So far, four types of coronaviruses have been identified (α, β, γ, 

and δ) which human coronaviruses are found only in α and β groups [1]. 
The genomic sequencing confirmed the similarity between the recent 
coronavirus and two types of β-coronavirus (SARS-like and MERS-CoV) 
[2,3]. Hence, the new β-coronavirus was named severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2) [4]. The SARS-COV-2 
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transmitted disease was named COVID-19 by the World Health Orga
nization (WHO) [5]. Unfortunately, from the beginning of its emergence 
until November 2022, it has led to 635 million definitive infections and 
~6.6 million deaths worldwide [6]. The United States, India, Brazil, 
France, and Germany have had the highest number of diagnosed 
true-positive (TP) cases [6]. Till now, Different methods have been used 
to diagnose this disease, including designing/applying complementary 
RNA sequences of the virus genome, antigens, and antibodies related to 
this virus [7]. The most important method of diagnosing COVID-19 in 
clinics and hospitals is the real-time reverse transcription-polymerase 
chain reaction (RT-PCR) [8]. 

Patients’ samples for diagnosing this disease mainly include impor
tant biofluids (blood, saliva, and nasopharyngeal swab) [9]. HSP70 is 
one of the critical biomarkers with great potential for the diag
nosis/prognosis of COVID-19. Heat shock proteins (HSPs) are a set of 
proteins found in all living organisms and are classified according to 
their molecular weight, and the major ones include HSP27, HSP40, 
HSP60, HSP70, HSP90, and HSP110 [10]. The transcription process 
related to the production of these proteins increases or decreases in 
response to temperature shocks, stress, harmful chemicals, metabolic 
instabilities, and hypoxia/anoxia that facilitate folding and maintaining 
cellular protein structure [11]. The most important heat shock protein is 
HSP70, which has been shown to have varying levels of concentration in 
COVID-19 [12], cancer [13], diabetes [14], and some heart diseases 
[15]. So it can be used as a diagnostic biomarker. In a clinical study, the 
concentrations of HSP70 in the plasma of COVID-19 patients admitted to 
the intensive care unit (ICU) were evaluated. The increased HSP70 levels 
were confirmed as a biomarker predicting mortality for COVID-19 pa
tients [12]. This biomarker was reported at a relatively stable level of 
200 ng mL− 1 during a one-week evaluation. Also, in one of the other 
recent studies, it has been shown that this biomarkers’ maximum level in 
healthy individuals’ plasma is about 35 ng mL− 1 [16]. 

Aptasensors as innovative detection tools are a subset of biosensors 
introduced in 1990 [17]. These quantitative diagnostic systems are 
extensively designed to diagnose various diseases [18–20]. In apta
sensors, short single-stranded DNA or RNA sequences are used as the 
bioreceptor that is purposefully designed and can be specifically 
attached to target molecules [21]. Optimizing aptasensor components 
such as the bioreceptor and the signal transducer with various nano
materials has recently been widely pursued [22]. Nanomaterials often 
amplify the aptasensors diagnostic signal and increase their sensitivity 
[23]. Moreover, nanomaterials can improve the stability of aptasensors 
[24]. Among the nanomaterials, carbon-based nanomaterials and 
nanomaterials synthesized from gold have received the greatest atten
tion. GO is a carbon-based nanomaterial that comprises 
two-dimensional (2D) biocompatible graphene plates containing oxygen 
groups like hydroxyl and epoxide on its surfaces [25,26]. The presence 
of the mentioned functional groups reduces the conductivity of GO, and 
therefore by eliminating/minimizing these groups, GO in its reduced 
form (rGO) can have an outstanding performance in modifying the 
signal transducer surface [27–29]. On the other hand, gold-based 
nanomaterials have been used in the design of aptasensors due to their 
high conductivity, simple synthesis, high flexibility, and compatibility 
with biomolecules [30]. 

Many biosensors, such as aptasensors, immunosensors, and other 
types, have been designed to diagnose COVID-19 (detecting of related 
genes, antigens, and antibodies) [31–36]. Using these aptasensors as an 
alternative approach to substitute expensive and highly limited methods 
such as RT-PCR can play a beneficial role in controlling epidemics in the 
future [37]. In addition, aptasensors can reduce the false-negative (FN) 
and false-positive (FP) results reported by other methods. Due to the 
higher sensitivity of HSP70 to cell-related instabilities, this biomarker 
increases rapidly in COVID-19 patients and can reflect the disease more 
early than other introduced analytes [12,16]. 

Herein, an aptasensor was constructed to diagnose COVID-19 by 
detecting HSP70. The signal transducer was a GCE modified with a thin 

layer of rGO and ALG nanostructure, respectively (Fig. 1). Then, the 
immobilization of a thiol-functionalized aptamer was performed on the 
electrode surface. Subsequently, different concentrations of HSP70 were 
added to the surface of the GCE/rGO/ALG nanostructure/aptamer. 
Finally, aptamer-AuNPs was added to the electrode surface as the second 
part of the bioreceptor. Aptamer molecules (by changing their confor
mation) in a sandwich-like state could have a high affinity for capturing 
the analyte. In the absence of the analyte, redox agents had more access 
to the surface of GCE (DPV peak current: maximum value). Conversely, 
in the presence of the analyte, a linear association was found between 
the regular reducing of DPV peak currents and enhancing the analyte 
concentration (signal-off aptasensor). The presence of AuNPs helped to 
maintain the conductivity of the signal transducer for a very wide con
centration range in a serial analysis of various concentrations of the 
analyte. This decrease in DPV peak currents was related to the limited 
access of the redox agent to the electrode surface due to the found 
electrostatic repulsion between the negatively charged aptamer strands 
(in the sandwich-like structure) and the redox molecules. 

2. Materials and methods 

2.1. Materials/reagents 

HSP70, HSP90, human serum albumin (HSA), immunoglobulin G 
(IgG), heparin, hemoglobin (Hb), a thiol functionalized aptamer 
(5′–SH–C6- GGGAGACAAGAAUAAACGCUCAAUGCGCUGAAUGCCCAG 
CCGUGAAAGCGUCGAUUUCCAUCCUUCGACAGGAGGCUCACAACAG 
GC-3′(Merck Batch number: WD09700943) [38], spermine, dithio
threitol (DTT), Tris (2-carboxyethyl) phosphine (TCEP), 6-mercapto-1-
hexanol (MCH), GO, HAuCl4, trisodium citrate dihydrate, ethylene 
diaminetetraacetic acid (EDTA), and ethanol were purchased from 
Millipore Sigma (USA). All other reagents and chemicals were of the 
highest quality commercial grades and were used without further 
purification. 

2.2. Apparatus 

Two potentiostat/galvanostat devices were used to conduct elec
trochemical experiments (Autolab-PGSTAT302 N and PalmSens, 
Netherlands). The surface of employed working electrodes was charac
terized by a field emission scanning electron microscope (FESEM) 
equipped with an energy dispersive X-ray spectrometer (EDS) (JEOL 
JSM 7401F, Japan). The surface of the GCE/rGO/ALG nanostructure 
before analysis by the FESEM was coated with a layer (3 nm) of gold 
performed by Cressington 208HR sputter coater (Cressington Scientific 
Instrument Ltd., Watford, UK). The morphology of AuNPs and aptamer- 
conjugated AuNPs utilized as the second part of the bioreceptor was 
investigated by a high-resolution transmission electron microscope 
(HRTEM) (JEOL JEM-2100, Japan). A UV–Vis spectrophotometer (HP 
8453, Agilent Technologies., USA) was applied to confirm the proper 
synthesis of AuNPs and aptamer-conjugated AuNPs. In order to perform 
another characterization, the instrument of Malvern Zetasizer equip
ment (Malvern Instruments Ltd., UK) equipped with Zetasizer software 
(version 7.11) was applied to determine the average size of AuNPs. 

2.3. Synthesis of AuNPs 

The AuNPs were synthesized based on the previous protocol but with 
some modifications [39]. First, all the required utensils and components 
of the reflux system were washed with aqua regia (following all the 
safety principles). A solution containing 50 mL of 1 mmol L− 1 HAuCl4 
(dissolved in the deionized water (DI water) water with the desired 
quality (resistivity = 18.2 MΩ cm)) was prepared, transferred to the 
reflux system and heated until boiling. Afterward, 5 mL of 66 mmol L− 1 

trisodium citrate dehydrate was injected into the reflux system. After 
enough time, the color of the solution changed from yellow to black, in 
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sequence to purple, and finally to deep red (synthesized form). Subse
quently, the synthesized AuNPs were cooled at room temperature, 
characterized by UV–Vis spectroscopy and TEM, and stored in a dark 
and refrigerated (4 ◦C) condition until further use. 

2.4. Preparing aptamer-conjugated AuNPs 

The aptamer-conjugated AuNPs were synthesized based on the pre
viously reported protocols and with some modifications [39,40]. Here, a 
vial containing 50 μL of 20 μmol L− 1 thiolated HSP70 aptamer, 10 μL 
acetate buffer (500 mmol L− 1, pH 5.2), and 10 μL of 10 mmol L− 1 TCEP 
was prepared and incubated at 25 ◦C for 120 min. Then, the vial’s 
content was transferred to a tube containing 2 mL of the synthesized 
AuNPs (section 2.3) and stored in a dark place (covered by aluminum 
foil) for 16 h at 25 ◦C. Afterward, 10 μL Tris-acetate (500 mmol L− 1, pH 
8.2) was added gradually. In another step, 150 μL of 1 mol L− 1 NaCl was 
added slowly, and the achieved mixture was stored in a dark place 
(covered by aluminum foil) for another 16 h at room temperature. Ul
timately, the mixture was centrifuged at high speed (15000 rpm) for 20 
min, and then the upper layer was discarded. The synthesized 
aptamer-conjugated AuNPs were characterized by UV–Vis spectroscopy 
and TEM. The aptamer-conjugated AuNPs were stored in a dark and 
refrigerated (4 ◦C) until further use. 

2.5. Preparing of HSP70 aptasensor 

For electrochemical experiments, a three-electrode system was used. 
The working, counter, and reference electrodes were GCE (2 mm ⌀, 
Metrohm, Netherlands), a platinum wire, and an Ag/AgCl, 3 mol L− 1 KCl 
(Metrohm, Netherlands), respectively. Initially, the working electrode 
was polished on an alumina (0.3 μm) polishing pad to a mirror finish and 
then cleaned in ethanol/DI water (3:1) using an ultrasonic bath for 8 
min. In the next step, the electrode was electrochemically cleaned by 
cyclic voltammetry (CV) in the presence of 0.5 mol L− 1 H2SO4 (pro
cedure detail: scan rate: 50 mV S− 1, potential range: -1 to 1 V, and 20 
continuous cycles). Afterward, the electrode was immersed in the 500 
μg mL− 1 GO solution. Nitrogen was injected into the synthesis solution, 
and the electrodeposition process was performed by the chro
noamperometry method (potential: -1.5 V, time: 400 s). This procedure 
reduced a 2D layer of GO sheets on the surface of GCE. Then, the 
modified GCE/rGO was immersed in the synthesis solution of the ALG 
nanostructure (15 mmol L− 1 HAuCl4, 500 mmol L− 1 H2SO4, and 50 
mmol L− 1 spermine), and the second surface modification was done by 
the chronoamperometry method (potential: 200 mV, time: 250 s). Since 
the applied aptamer was thiol-functionalized, in order to break thiol 
molecules and provide a reduced form of the aptamer, 20 μL of a solu
tion (500 mmol L− 1 DTT and 10 mmol L− 1 sodium acetate (pH 5.2)) was 
added to 20 μL of the optimized concentration of aptamer (detailed in 

Fig. 1. Schematic presentation of the sandwich-like aptasensing platform to diagnose COVID-19 through detection of HSP70.  
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section 2.6). After keeping the aptamer vial for 20 min at room tem
perature, the DTT was extracted by adding 3 times ethyl acetate (each 
time: 100 μL), vortexing, and discarding the upper layer. Then, the 
surface of the GCE/rGO/ALG nanostructure was covered with the acti
vated aptamer, and the immobilization process was processed in 
refrigerated condition (4 ◦C). The thiol group of aptamer established the 
covalent bond (Au–S) with the gold associated with the ALG nano
structure. Considering the time for covalently attachment of the aptamer 
on the surface (detailed in section 2.6), the GCE/rGO/ALG nano
structure/aptamer was covered with 1 mmol L− 1 MCH (30 min) to block 
unwanted/unspecific immobilization of aptamer molecules on the sur
face of GCE/rGO/ALG nanostructure. Subsequently, 10 μL of HSP70 
(various concentrations from 5 pg mL− 1 to 75 ng mL− 1) was dropped on 
the surface of the electrode, and then 10 μL of the prepared aptamer- 
conjugated AuNPs (section 2.4) was added. After considering enough 
binding time (detailed in section 2.6) at 37 ◦C, the electrochemical as
says were achieved using the differential pulse voltammetry (DPV) in 
the presence of the redox electrolyte (20 mM Tris-HCl buffer, 500 mmol 
L− 1 KCl, 0.5 mmol L− 1 K4[Fe(CN)6]/K3[Fe(CN)6]). 

2.6. Optimizing the aptamer condition 

Open circuit potential (OCP) analysis was performed to find the best 
required time for immobilizing of aptamer on the surface of the working 
electrode. This experiment was performed in the presence of several 
screen-printed carbon electrodes (SPCE) (110, Metrohm DropSens, 
Spain). Due to the necessity of using refrigerated conditions to minimize 
environmental contamination and preventing the aptamer from drying 
on the surface, as well as the facility to use the smallest volume of 
aptamer, this experiment was performed using the SPCE instead of GCE. 
So, after preparing SPCE/rGO/ALG nanostructure, different concentra
tions (2, 5, 10, 15, 25, and 50 μmol L− 1) of aptamer were immobilized 
separately and in a refrigerated condition (4 ◦C). Potential changes were 
recorded for 12 h. The best time required for aptamer immobilization on 
the electrode surface was obtained by considering the first time corre
sponding to the first potential steadying point. In another experiment, 
the GCE/rGO/ALG nanostructure was prepared, and different concen
trations (2, 5, 10, 15, 25, and 50 μmol L− 1) of aptamer were immobilized 
on its surface. Following MCH treatment, a DPV was recorded for each 
aptamer concentration. The concentration corresponding to the first 
steady peak DPV currents was utilized in all future assays as the desired 
aptamer concentration. After finding the desired aptamer concentration 
and aptamer immobilization time, a typical concentration (1 ng mL− 1) 
of analyte was dropped on the surface of the GCE/rGO/ALG nano
structure/aptamer. Then aptamer-AuNPs were added, and GCE/rGO/ 
ALG nanostructure/aptamer/HSP70/aptamer-AuNPs were obtained. 
This aptasensor was placed in an incubator (37 ◦C), and a DPV was 
recorded every 4 min; when the first steady point in the DPVs peak 
current was attained, the desired binding time related to the interaction 
between aptamer strands and analyte was identified. Therefore, in all 
subsequent experiments, the found binding time was used. 

2.7. Evaluation criteria for the reproducibility, regeneration, and stability 
assays 

In order to determine the reproducibility, the aptasensor bound with 
a typical concentration of analyte (GCE/rGO/ALG nanostructure/ 
aptamer/HSP70 (1 ng mL− 1)/aptamer-AuNPs) was refabricated seven 
times, and then related DPVs were recorded. After each time, the apta
sensor was soaked in piranha solution for 1 min to eliminate all organic 
molecules from the surface of the signal transducer. After washing with 
the DI water, the obtained electrode (GCE/rGO/ALG nanostructure) was 
applied for the next aptasensor refabricating. For the regeneration 
monitoring, the aptasensor was bound with HSP70 (1 ng mL− 1), and de- 
bound (by immersing in hot (95 ◦C) DI water for 5 min [41,42]), and 
related DPVs were recorded for both statuses. The mentioned assay was 

repeated seven times. To assess stability, the constructed aptasensor was 
bound with HSP70 (1 ng mL− 1), and the corresponding DPV was 
recorded for a continuous period (10 times DPV recording for 21 days). 
After each DPV recording, the electrode was rinsed with DI water and 
refrigerated in Tris-HCl buffer (pH 7.4). 

2.8. Evaluation criteria for specificity analysis 

Several biomolecules (HSP90, Hb, heparin, HSA, and IgG) were used 
as interfering agents to investigate the specificity performance of the 
developed aptasensor. In addition, mixtures of all mentioned interfering 
agents and the analyte were considered as another interfering group. In 
these groups, a concentration (1 ng mL− 1) of the analyte was used in the 
presence of three concentrations (1 ng mL− 1, 10 ng mL− 1, and 1 μg 
mL− 1) of HSP90 and three concentrations (10 ng mL− 1, 1 μg mL− 1, and 
100 μg mL− 1) of other interferences. Nevertheless, for the aptasensor 
performance in the presence of interferences mixtures, the concentra
tions of HSP70 were 1 ng mL− 1 and 100 ng mL− 1, and concentrations 
related to mixtures of all interferences were 100 ng mL− 1 and 100 μg 
mL− 1. DPVs were recorded, and the maximum peak decrement in each 
group was considered 100%, and the decrement percentages for other 
agents were obtained compared to 100%. 

2.9. COVID-19 real samples applying criteria and ethics 

This research was permitted by the research ethics committee of BP- 
A Beneficência Portuguesa de São Paulo hospital (CAAE number 
36730020.6.0000.5483). All patients or their legal representatives 
provided informed consent. The study included 40 patients of both 
genders, older than 18-year-old and diagnosed with COVID-19 by RT- 
PCR attended at Hospital BP-A Beneficência Portuguesa de São Paulo. 
All patients were hospitalized no longer than 5 days at the time of in
clusion, were followed up during hospitalization, and were evaluated by 
clinicians. Each patient’s electronic medical records were inspected for 
demographic, clinical, and laboratory information. Plasma samples 
were obtained from blood collected in EDTA tubes on the day of inclu
sion and the day of hospital discharge. The plasma samples categorized 
into two groups (each group: 20 samples) were considered for assess
ment. Group 1 was related to samples detected before as COVID-19 
positive by the RT-PCR method, and these patients were hospitalized 
based on the RT-PCR result and clinical symptoms. The second group 
(group 2) contained samples related to the same patients at the time of 
recovery and their discharge from the hospital. The electrochemical 
assay for plasma samples was done in a lab with certified biosafety 
control in the Pharmacy Sciences Faculty from the University of São 
Paulo (USP). Before electrochemical measurements, plasma samples 
were diluted 10 times with normal saline solution (0.9% NaCl). Every 5 
pairs of samples (5 samples related to the first day (group 1) and 5 
samples related to the discharge day (group 2)) were evaluated elec
trochemically in one day. The DPV peak current of plasma samples was 
compared with the DPV peak current related to the standard HSP70. The 
DPV peak current was used to estimate the concentration of HSP70 in 
the plasma of COVID-19 patients. For group 1, the results related to the 
RT-PCR method were considered as the reference. Moreover, true- 
positive (TP), true-negative (TN), FP, and FN results by considering 
the cut-off value (35 ng mL− 1 [16]) of HSP70 in the plasma of healthy 
individuals were determined to find the diagnostic sensitivity and 
diagnostic specificity of the designed aptasensor. It should be considered 
that all samples related to the discharge day (group 2) from the hospital 
were assumed as TN. 

2.10. Analysis of data 

The data relating to electrochemical analyses were provided by Nova 
(version 1.11) and PSTrace (version 5.7) software. Analyses of electro
chemical data and UV–Vis spectroscopy were performed via Microsoft 
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Excel (version 2010) and Origin (version 2019). Image analysis related 
to SEM and TEM results were followed by Digimizer (version 4.5.2). 

3. Results and discussion 

3.1. Characterization of the modified GCE with GO and ALG 
nanostructure 

The surface of a GCE was modified with GO and ALG nanostructure 
through the electrodeposition method, and then modified surfaces were 
characterized by the FESEM. The time and applied potential during the 
electrodeposition process were effective in the morphology of produced 
materials. For modifying the surface of GCE (Fig. 2-a) with the reduced 
GO (rGO), the optimized condition was potential: -1.5 V and time: 400 s 
(Figs. S1–a and Fig. 2-b). The presence of 2D sheets of rGO on the surface 
of GCE enhanced the reactivity and electrocatalytic behavior of the 
signal transducer explained in section 3.3 with comprehensive detail. 
Optimizing the electrodeposition time related to the gold solution 
(section 2.5) was followed in the absence of GO. It was found that when 
different electrodeposition times were applied, a dissimilar layer of gold 
was shaped (Fig. 2-c and 2-d, electrodeposition time: 400 s) and (Fig. 2-e 
and 2-f, electrodeposition time: 250 s). It seems that the time and the 
applied potential (0.2 V) changed the interaction of spermine molecules 
with other reagents present in the solution. A more homogeneous dis
tribution of synthesized shapes of the gold structure and smaller sizes of 
shapes was found for optimized conditions (Fig. 2-e and 2-f). Once more, 
GCE/rGO was prepared, and by applying the optimized condition (po
tential: 0.2 V, time: 250 s), it was modified with a layer of ALG nano
structure (Figs. S1–b and Fig. 2-g and 2-h). The presence of reduced 
graphene oxide on the surface of GCE made it possible to grow the gold 
structure in smaller sizes and nanometer dimensions, which provided 

the desired substrate for the subsequent stages. The EDS analysis also 
confirmed the excellent purity of the synthesized ALG nanostructure 
(Figs. S1–c). Considering the formal potentials based on the two prin
cipal gold redox processes (Au3+ + 3e− ⇌ Au and AuCl4− + 3e− ⇌ Au +
4Cl− , E0 = 1.27 V, vs. AgCl), the applied electrodeposition potential (0.2 
V) was negative [43]. The presence of spermine in the gold nano
structure solution led to the creation of electrostatic interaction with 
AuCl4− , which triggered the shift of gold reduction potential and the 
deposition of gold nanostructure on the electrode surface. We have also 
shadowed the use of other biogenic amines in synthesizing several other 
gold nanostructures in previous research [18,44]. The FESEM analysis 
showed that the typical arm diameter in the ALG nanostructure was 
about 75–100 nm (Fig. 2-g and 2-h). 

3.2. Analysis of synthesized AuNPs and aptamer-conjugated AuNPs 

In another experiment, the synthesized AuNPs and aptamer- 
conjugated AuNPs were analyzed. The average size of the generated 
AuNPs was confirmed by zetasizer analysis, which was about 26 nm. 
Afterward, aptamer-conjugated AuNPs were prepared, and then UV–Vis 
spectroscopy and TEM were performed to know the difference between 
this conjugated form and AuNPs. The visible absorbance wavelength for 
AuNPs was found at ~520 nm and confirmed the controlled synthesis 
(Fig. 2-i). Afterward, UV–Vis spectroscopy was also performed for 
aptamer-conjugated AuNPs. The absorbance signal decreased when the 
aptamer strands were conjugated with the AuNPs, indicating the 
contribution of aptamers to the decrease of visible light and a small shift 
(~523 nm). The applied aptamer was thiol-functionalized, and TEM 
analysis for aptamer-conjugated AuNPs confirmed that there wasn’t any 
significant change in the size of AuNPs compared to the non-conjugated 
form (Fig. 2-j and 2-k). However, the important thing that can be 

Fig. 2. FESEM micrographs of GCE (a), GCE/rGO (b), GCE/Gold nanostructure: electrodeposition time: 400 S, magnification 30 K (c), GCE/Gold nanostructure: 
electrodeposition time: 400 S, magnification 40 K (d), GCE/Gold nanostructure: electrodeposition time: 250 S, magnification 10 K (e), GCE/Gold nanostructure: 
electrodeposition time: 250 S, magnification 15 K (f), GCE/rGO/ALG nanostructure: electrodeposition time: 250 S, magnification 10 K (g), GCE/rGO/ALG nano
structure: deposition time: 250 S, magnification 15 K (h), UV–Vis of AuNPs and aptamer-AuNPs (i), TEM micrographs of AuNPs (j), and aptamer-AuNPs (k). (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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implied from the TEM images is that the presence of aptamer strands 
played a role in creating the network structure of nanoparticles, and the 
pattern of randomly dispersed AuNPs changed. This phenomenon was 
also confirmed in other research [45,46]. The conjugation and accu
mulation process changed the regular distribution of AuNPs, and most of 
the AuNPs were conjugated with aptamer strands. 

3.3. Electrochemical analysis of GCE surface 

Primarily, the signal transducer in various statuses, including GCE, 
GCE/rGO, and GCE/rGO/ALG nanostructure, was evaluated by CV 
analysis. The applied scan rates were from 2 to 200 mV s− 1, and CVs 
were recorded in the presence of 20 mM Tris-HCl buffer, 500 mmol L− 1 

KCl, 0.5 mmol L− 1 K4[Fe(CN)6]/K3[Fe(CN)6] as the redox marker 
(Figures S2-a, b, and c). The optimal concentrations required for GO and 
ALG nanostructure electrodeposition on the electrode surface were 
determined using this experiment so that the concentrations corre
sponding to the highest increase in CVs peaks compared to the bare 
electrode were desired (500 μg mL− 1 GO and 15 mmol L− 1 HAuCl4). In 
addition, CVs in the maximum scan rate applied (200 mV S− 1) were 
shown in Fig. 3-a. The results confirmed the improvement of electron 
transfer rate for GCE/rGO and GCE/rGO/ALG nanostructure compared 
to the bare GCE. Afterward, the electrochemically active surface related 
to the signal transducer in various mentioned statuses was determined 
through the Randles-Sevcik equation (Ip = 2.69 × 105 A × D1/2 n3/2 v1/2 

C) [47,48]. The results (Figures S2-d and e) showed that the electro
chemically active surface for bare GCE, GCE/rGO, and GCE/rGO/ALG 
nanostructure was 0.054, 0.066, and 0.13 cm2, respectively. Findings 
confirmed that GCE/rGO electrochemically active surface was improved 
but only 1.22 times enhanced compared to the bare GCE. The rate for 
conductivity improvement based on electrochemically active surface 
related to GCE/rGO/ALG nanostructure compared to GCE/rGO and bare 
GCE was more significant, 1.97 and 2.4 times, respectively. 

In another analysis, the charge transfer resistance (Rct) related to the 
signal transducer in various statuses was investigated by 

electrochemical impedance spectroscopy (EIS) (Fig. 3-b). This experi
ment showed excellent convergence of results and confirmed that the 
optimum circuit could be R([RW]Q), as depicted in Fig. 3-b. The 
maximum Rct was found for bare GCE (Fig. 3-b: diagram a). After 
modifying the surface with GO and ALG nanostructure, the Rct was 
decreased (Fig. 3-b: diagram b: GCE/rGO, diagram c: GCE/rGO/ALG 
nanostructure)). Then, the thiol-functionalized aptamer was immobi
lized (aptamer concentration: 15 μmol L− 1 (Figs. S3–a), aptamer 
immobilization time: 130 min; (Figs. S3–b)) on the surface of the GCE/ 
rGO/ALG nanostructure and could create Au–S covalent bound. This 
event led to a slight enhancement of the Rct due to electrostatic repul
sion provided by the negatively charged phosphate backbone of aptamer 
induced to the anionic [Fe(CN)6] 3-/4- (Fig. 3-b: diagram d). Then, HSP70 
(1 ng mL− 1) was dropped on the surface to be trapped by the aptamer 
strands from one side. Then the other part of the bioreceptor (aptamer- 
AuNPs) was dropped and captured the HSP70 from the other side 
(aptamer binding time: 24 min at 37 ◦C, (Fig. S4)). The reported iso
electric pH of HSP70 is about 5.4 [49]. So, the used pH by aptasensor 
components (pH ~ 7) and HSP70 was negatively charged and showed a 
more hindering electron effect on [Fe(CN)6] 3-/4-. Thus, the interaction 
of the analyte with aptamer strands increased the Rct value by 
restricting the access of the redox molecules to the working electrode 
and blocking the electron transfer on the surface (Fig. 3-b: diagram e). 
The presence of AuNPs helped maintain the conductivity for a wider 
concentration range in a serial analysis of various analyte concentra
tions, confirmed in section 3.4. 

In another analysis, the signal transducer in various statuses was 
evaluated by the DPV. As shown in Fig. 3-c, the lowest DPV peak current 
(lowest electron transfer rate) was found for the bare GCE. By modifying 
the surface with GO and ALG nanostructure, the DPV peak current was 
enhanced, and this event confirmed the enhanced surface area for 
interaction with the redox marker molecules. 

Fig. 3. CVs related to the various states of the signal transducer (scan rate: 200 mV S− 1) (a); EIS analysis of the various states of the signal transducer: a) GCE, b) 
GCE/rGO, c) GCE/rGO/ALG nanostructure, d) GCE/rGO/ALG nanostructure/aptamer (without analyte), e) GCE/rGO/ALG nanostructure/aptamer/HSP70 (1 ng 
mL− 1)/aptamer-AuNPs; DPVs of the various states of the signal transducer (c); DPVs (signal-off) of aptasensor in the presence of various concentrations of HSP70 (d); 
calibration curve of HSP70 aptasensor (Ip vs. logarithm of analyte concentrations) (e); Error bars indicate standard deviations from three repeated measurements 
(error bar: SD/n = 3). 
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3.4. Determination of analyte concentrations 

In this experiment, the constructed aptasensor was used to measure 
various concentrations of HSP70. The analyte was detected by the 
designed aptasensor throughout a wide linear range of 5 pg mL− 1 to 75 
ng mL− 1 (concentration span: 15,000 times). By incrementing the ana
lyte concentration, the DPVs peak current was decreased regularly 
(signal-off) Fig. 3- d. Here, using a sandwich-like structure in analyte 
detection led to an increase in diagnostic stability and maintaining the 
electrode conductivity at high analyte concentrations, which provided a 
wide range of detection for a set of analyte concentrations. In fact, the 
binding of aptamer-conjugated AuNPs from the other side to analyte 
molecules caused a slight decrease in the electron transfer process with 
increasing analyte concentration. Compared to the previous aptasensor 
designed by our team to detect this protein, in that aptasensor, the 
sandwich-like structure equipped with aptamer-conjugated AuNPs was 
not used, and the LOD and detection range was equal to 20 pg mL− 1 and 
50 pg mL− 1 - 75 ng mL− 1, respectively [44], which confirms that the 
special design and Sandwich like aptasensor in this research has pro
vided a more sensitive detection, with a wider and more stable range 
(LOD: 2 pg mL− 1 and detection range: 5 pg mL− 1 - 75 ng mL− 1). This 
wide detection range and possibility for a regular and stable detection 
response can be translated as improving the role of the present 
sandwich-like aptasensing platform in improving the conductivity 

offered by AuNPs in the conjugated form. Consequently, by considering 
the value of this biomarker in healthy individuals (35 ng mL− 1), this 
aptasensor can be used at upper and lower levels than the cut-off value 
[12,16]. Here, the elevated concentration of HSP70 was considered for 
monitoring hospitalized COVID-19 patients. In many reports, the level of 
HSP70 changes in biofluids along with the severity of several diseases. 
Changes in the level of HSP70 can be used to diagnose/prognosis in 
some other diseases, such as diabetes [14,50], cancer [13,51], heart 
diseases [52,53], and neurodegenerative disease [54,55]. Fig. 3-e shows 
the calibration curve related to various concentrations of analyte (where 
X = logarithm of concentrations and Y = DPVs peak current). The linear 
regression was: Δcurrent (μA) = − 1.094 log C HSP70 + 5.075, R2 =

0.9955. The calculated limit of detection (LOD) was about 2 pg mL− 1 

considering 3 σ (σ is the standard deviation (SD) of 10 assays of the blank 
signal) (S/N = 3). In Table 1, the key characteristics of the designed 
HSP70 biosensing platforms developed are compared with the ones that 
emerged in this research. 

As shown in Table 1, compared to all the biosensors designed to 
detect HSP70 protein, none of the previous research has specifically 
investigated the use of HSP70 biosensing to detect real samples related 
to a specific disease. The HSP70 biosensor designed in this research is 
the first and only HSP70 biosensing platform employed in the diagnosis 
of real samples of a disease (plasma of Covid-19 patients). Also, 
compared to other designed biosensors, the highest stability (remaining 

Table 1 
Essential details of developed biosensors for monitoring of HSP70.  

Type of biosensing Working 
electrode or 
transducer 

Bioreceptor Nano-advanced 
materials 

Measuring 
method 

Linear 
range of 
detection 

LOD Stability Human 
sample 
analysis 

Application Reference 

Immunosensor 
(electrochemistry- 
based) 

GCE Anti-HSP70 
antibody 

Polyaniline 
functionalized 
graphene 
quantum dots 

DPV 97.6 pg 
mL− 1 - 
100 ng 
mL− 1 

50 pg 
mL− 1 

90.16%, 
15 days 

Serum -a [56] 

Immunosensor 
(electrochemistry- 
based) 

GCE Anti-HSP70 
antibody 

Porous graphene 
(PG) 

DPV 44.8 pg 
mL− 1 - 
100 ng 
mL− 1 

20 pg 
mL− 1 

92.36%, 
15 days 

Serum – [57] 

Immunosensor 
(electrochemistry- 
based) 

GCE Anti-HSP70 
antibody 

GO EIS/CV 12 - 144 fg 
mL− 1 

0.765 
fg mL− 1 

-♣ Serum – [58] 

Immunosensor 
(electrochemistry- 
based) 

GCE Anti-HSP70 
antibody 

Fullerene C60 
NPs 

EIS 0.8–12.8 
pg mL− 1 

0.273 
pg mL− 1 

– Serum – [59] 

Immunosensor 
(electrochemistry- 
based) 

Plastic chip 
electrode 

Anti-HSP70 
antibody 

Au nanolayer DPV 10 pg 
mL− 1 - 
1000 ng 
mL− 1 

3.5 pg 
mL− 1 

94.5%, 
21 days 

Serum – [60] 

Immunosensor 
(electrochemistry- 
based) 

Indium tin 
oxide 
electrode 

Anti-HSP70 
antibody 

AuNPs EIS/CV 1 - 166 fg 
mL− 1 

0.0618 
fg mL− 1 

92.29%, 
15 days 

Serum – [61] 

Immunosensor 
(electrochemistry- 
based) 

Titanium 
foil 

Anti-HSP70 
antibody 

Titanium dioxide 
nanotubes/Ag 
NPs 

EIS/CV 100 pg 
mL− 1 - 
100 ng 
mL− 1 

480 pg 
mL− 1 

– – – [62] 

Immunosensor 
(optical-based) 

oxidized 
porous 
silicon 

Anti-HSP70 
antibody 

Porous silicon UV–Vis 3–500 μg 
mL− 1 

1290 
ng mL− 1 

– – – [63] 

Immunosensor 
(localized surface 
plasmon resonance- 
based) 

Glass 
substrate 

Anti-HSP70 
antibody 

AuNPs LSPR 920 pg 
mL− 1 - 4 
μg mL− 1 

920 pg 
mL− 1 

– – – [64] 

Peptisensor 
(electrochemistry- 
based) 

GE Peptide -♠ Square wave 
voltammetry 
(SWV) 

0.2–2 nU 
mL− 1 

– – – – [65] 

Aptasensor 
(electrochemistry- 
based) 

GE Aptamer Lady fern-like 
gold 
nanostructure 

DPV 50 pg 
mL− 1 - 75 
ng mL− 1 

20 pg 
mL− 1 

92%, 18 
days 

Serum – [44] 

Aptasensor 
(electrochemistry- 
based) 

GCE Aptamer AuNPs/rGO/ALG 
nanostructure 

DPV 5 pg mL− 1 

- 75 ng 
mL− 1 

2 pg 
mL− 1 

96.9%, 
21 days 

Plasma COVID-19 This work  

a Application for any disease monitoring not reported; ♣ Stability not reported; ♠ Nanomaterial (s) not reported. 

M. Negahdary et al.                                                                                                                                                                                                                            



Analytica Chimica Acta 1242 (2023) 340716

8

96.9% of initial activity after 21 days) has been reported in this research, 
which can be related to the special structure of using different nano
materials as well as sandwich-like aptasensing platform for detection of 
the analyte. Also, very low LOD and wide detection range are other 
important competitive advantages over other biosensors designed for 
HSP70. 

3.5. Reproducibility, regeneration, and stability performance 

In another analysis, the aptasensor bound with HSP70 (1 ng mL− 1) 
was refabricated seven times according to the criteria presented before 
(section 2.7). This experiment verified an excellent performance, and 
very low DPV peak current changes were found (RSD: 1.6%) (Fig. 4-a). 
In another experiment, the response of the constructed aptasensor was 
examined seven times after capturing a typical concentration of the 
analyte (1 ng mL− 1). After recording DPV for each bound time, the 
electrode was immersed in 95 ◦C DI water (for 5 min) to change the 
aptamer conformational and release the analyte molecules. So, after de- 
binding the aptasensor from the analyte, another DPV was recorded 
(Fig. S5). The regeneration performance for bound and de-bound DPVs 
was evaluated, and the RSD for bound and de-bound DPVs was calcu
lated as 1.11% and 1.28%, respectively, which confirmed an excellent 
regeneration performance. In order to determine the stability, a specific 
concentration (1 ng mL− 1) of the analyte was bound to the aptasensor, 
and the electrochemical performance was monitored for 21 days 
without any change in the structure of the aptasensor (ten DPV recor
ded) (Fig. 4-b). The stability of the presented aptasensor was excellent 
compared to other HSP70 biosensors (Table 1). After 21 days, this 
aptasensor could maintain 96.9% of its initial activity (RSD: 3.1%). 

3.6. Specificity performance 

To verify the specificity of the developed aptasensor, several inter
fering agents (HSP90, heparin, IgG, Hb, and HSA) were used in the 

presence of the analyte. The samples were prepared (detail presented in 
section 2.8). The DPVs related to interfering agents were achieved 
(Figure S6, (a-g)), and the corresponding peak current was evaluated. 
There was also a group containing mixtures of all interfering species and 
the analyte aiming to evaluate the aptasensor specificity performance. 
To do this experiment, a series of six groups were considered. For each 
series, the maximum peak decrement value (compared to the peak 
current of the aptasensor (blank signal)) in each group was considered 
100%. The percentage values related to the presence of interfering 
species in each group were calculated (Fig. 4-c). The maximum inter
ference effect was related to 100 μg mL− 1 HSA (16.4%) compared to 1 
ng mL− 1 HSP70 (100%). The minimum interference effect was related to 
10 ng mL− 1 heparin (0.1%) compared to 1 ng mL− 1 HSP70 (100%). So, 
the results showed selective aptasensing to detect HSP70, even in 
employing higher concentrations of the interfering agents than the an
alyte. This experiment confirmed that this aptasensor could be used in 
biofluids containing other proteins or biomolecules with the highest 
selectivity for detecting HSP70. 

3.7. Application for diagnosis of COVID-19 patients 

Forty plasma samples related to COVID-19 patients were analyzed. 
These samples were categorized into two groups; the group 1 samples 
were previously analyzed by the RT-PCR method (section 2.9). Group 2 
contained samples of the same patients related to the discharge day from 
the hospital that was assumed as TN. Samples were diluted ten times and 
then assessed by the aptasensor. For each sample, a DPV was recorded 
(Figure S7-a, b, c, and d), and using the equation (Δcurrent (μA) =
− 1.094 log C HSP70 + 5.075) related to the calibration curve of stan
dard samples (Fig. 3, (e)), concentrations associated with each DPV peak 
current were estimated. Considering that the samples were diluted ten 
times, the estimated final concentration was multiplied by ten (Table 2). 
Based on the reported healthy cut-off value (35 ng mL− 1) [12,16], two 
false-negative and three false-positive results were found. So, the 

Fig. 4. Reproducibility performance for seven consecutive repeated refabricating of aptasensor (a); stability of aptasensor for 21 days analysis (b); specificity analysis 
of aptasensor in the presence of HSP90, Hb, heparin, HSA, IgG, and mixtures of all interfering agents; Error bars indicate standard deviations from three repeated 
measurements (error bar: SD/n = 3). 
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diagnostic sensitivity and the diagnostic specificity of the designed 
aptasensor for the diagnosis of COVID-19 patients were 90% and 85%, 
respectively. 

4. Conclusion 

In the presented study, a novel aptasensor was developed to detect 
COVID-19. This aptasensor could detect the HSP70, which can be used 
as a biomarker in the diagnosis/prognosis of COVID-19. Once the 
plasma level of this protein in COVID-19 patients increased sharply, the 
mentioned aptasensor provided a reliable diagnosis for this viral disease. 
Using different nanomaterials (AuNPs, ALG nanostructure, and rGO) 
increased the sensitivity, the linear detection range, and the stability of 
the desired aptasensor. Utilizing aptamer strands in two positions 
(directly immobilized on the surface of the working electrode and also 
conjugated with AuNPs) provided optimal conditions for the analyte 
detection. The presence of rGO sheets on the GCE distributed a specific 
and stable surface for the deposition of ALG nanostructure. In particular, 
the proficiency of the designed diagnostic platform in the assays of real 
plasma samples of COVID-19 patients was also evaluated. In the future, 
the role of the HSP70 biomarker in diagnosing other diseases, such as 

various cancers, heart diseases, and diabetes, should also be investi
gated. In addition, in the subsequent research, other nanomaterials, 
signal transducers, and bioreceptors (antibodies and peptides) can be 
considered in the presence of aptamers. 

Study limitations 

Despite the excellent diagnostic sensitivity and specificity of the 
designed aptasensor for HSP70, it is important to highlight that this 
protein is not specific to COVID-19 and may also be involved in other 
diseases. Moreover, Group 2 contained samples related to the discharge 
day from the hospital. However, no tests have been performed in the 
hospital for this group to prove COVID-19 negative results. 
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