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HIGHLIGHTS GRAPHICAL ABSTRACT

o A novel ChF/ZnO/CNT nano-hybrid was
fabricated for detection of COVID-19.

e Paper based aptasensor with colori-
metric  detection  approach  was . [ : °« _—_
developed. °

o Oxidation of TMB substrate by biosensor
was detectable by naked eye sensitively.

e The LOD of method was 0.05 pg/mL in
colorimetric and 8 pg/mL in paper-
based platform.
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ARTICLE INFO ABSTRACT
Keywords: Corona Virus Disease 2019 (COVID-19) as the infectious disease caused the pandemic disease around the world
COVID-19 through infection by SARS-CoV-2 virus. The common diagnosis approach is Quantitative RT-PCR (qRT-PCR)
Aptase;sord which is time consuming and labor intensive. In the present study a novel colorimetric aptasensor was developed
E?ie;s:ie based on intrinsic catalytic activity of chitosan film embedded with ZnO/CNT (ChF/ZnO/CNT) on 3,3',5,5'-

tetramethylbenzidine (TMB) substrate. The main nanocomposite platform was constructed and functionalized
with specific COVID-19 aptamer. The construction subjected with TMB substrate and H,O in the presence of
different concentration of COVID-19 virus. Separation of aptamer after binding with virus particles declined the
nanozyme activity. Upon addition of virus concentration, the peroxidase like activity of developed platform and
colorimetric signals of oxidized TMB decreased gradually. Under optimal conditions the nanozyme could detect
the virus in the linear range of 1-500 pg mL and LOD of 0.05 pg mL. Also, a paper-based platform was used for
set up the strategy on applicable device. The paper-based strategy showed a linear range between 50 and 500 pg
mL with LOD of 8 pg mL. The applied paper based colorimetric strategy showed reliable results for sensitive and
selective detection of COVID-19 virus with the cost-effective approach.
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1. Introduction

The COVID-19 as the infectious respiratory illness was spread around
the world in recent years with the mortality rate about 5% [1]. More
than its mortality rate, the high transmission ability of SARS-CoV-2 virus
is the main reason for the pandemic outcome. The most common
symptoms of this illness include fever, fatigue, cough, myalgia and
headache. These symptoms are very similar to the infection by other
viruses such as influenza A and B which make it difficult to distinguish
SARS-CoV-2 virus from other viruses. This problem has been raised with
development of new serotypes with moderate symptoms recently.

The worldwide gold standard method across the world is quantita-
tive real-time reverse transcriptase-polymerase chain reaction (qRT-
PCR). Despite of qRT-PCR detection system priorities, it has some
drawbacks including time consuming, high cost and strict requirements
for laboratory settings and trained personnel. Several electrochemical
based methods have been developed for detection of COVID-19 [2,3].
The proposed assays showed lower detection limits (LODs) at micro-
molar per liter levels. Some detection methods has been developed
based on lateral flow immunoassay (LFA) which the detection strategy
are based on antibody-antigen interaction [4]. For fabrication of these
systems the recombinant antibodies with high binding affinity have
been produced by the immune system in response to an antigen and
deposited on lateral flow surface. Despite specificity of antibodies their
production is complicated and expensive process. So, there is an urgent
need for development of cost effective and sensitive method with the
same or improved performance. Several colorimetric approaches have
been reported based on peroxidase like activity of nanostructures to
catalyze the TMB substrate oxidation by HyO2 which result to blue color
appearance [5-7].

Aptamers are specific molecular detection probe which composed of
short sequence of oligonucleotides and showed comparable results with
antibodies in biosensors performance [8,9]. Among different optical
assays for development of biosensors, fluorescence based strategies
illustrated the higher sensitivity in different applied strategies for
detection of variety of bioanalytes [10,11]. But they are not applicable
for utilization in conventional and rapid test detection kits and need
instruments and equipment. Colorimetric methods are most reliable
assays among optical approaches and their detection results through
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naked eye introduce them as the applicable strategy in biosensing of
bioanalytes [12,13]. Several aptasensor based strategies has been con-
ducted for detection of SARS-CoV-2 virus including fluorescence
[14,15], electrochemical [16], surface enhanced Raman spectroscopy
(SERS) [17].

In the present study, we developed a novel platform composed of
chitosan film (ChF), ZnO nanoparticles (ZnO NPs) and carbon nanotubes
(CNTs) for quantitative detection of the COVID-19. The synthesized
hybrid (ChF/ZnO/CNT) showed superior performance in biomimetic
catalytic activity which was applicable in construction of colorimetric
aptasensor. Intrinsic affinity of aptamer to CNT part of platform resulted
to deposition of aptamer on ChF/ZnO/CNT nanohybrid and also
enhanced the oxidized TMB color in the presence of HyO». Addition of
COVID-19 virus in reaction resulted to removal of aptamer and
decreased the appeared blue color and solution absorbance (Scheme 1).
The platform was deposited on the specific ppad along with corre-
sponding aptamer and target virus. Developed biosensing platform
showed efficient performance in both mode of colorimetric and paper-
based approaches with low sensitivity. Moreover, developed strategy
is the low-cost, fast and facile with high sensitivity toward detection of
SARS-CoV-2 virus.

2. Materials and methods
2.1. Materials

The applied solution through the experiments were prepared by
double distilled and deionized water. CNTs with the length of 1-25 um
and 10-40 nm diameters were obtained from the Research Institute of
Iran's Petroleum Industry. Chitosan with the low molecular weight was
purchased from Sigma-Aldrich, Munich, Germany. Other applied
chemicals including ammonium hydroxide (NH4OH), zinc sulfate hep-
tahydrate (ZnSO4-7H30, 99%), acetic acid (CH3COOH, 99%), poly-
ethylene glycol (PEG), nitric acid (HNO3, 70%), sodium hydroxide
(NaOH, 98%), hydrochloric acid (HCl, 37%) HyO, and TMB were ob-
tained from Merck (Germany). Specific COVID-19 aptamer including 41
bp (GTAGGGTTTGGCTCCGGGCCTGGCGTCGGTCGTCTCTCGCC) was
synthesized by Generay Biotech Co. (Shanghai) according to previous
study [18].

H.0 TMB

H.0 TMB

Scheme 1. Schematic representation of proposed platform for detection of COVID-19.
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2.2. Synthesis of ChF/ZnO/CNT platform

For synthesis of ZnO NPs, zinc sulfate heptahydrate (ZnSO4 * 7H20)
was used as a precursor and sol-gel method was applied in this experi-
ment. In the beaker containing 10 mL distilled water, 5 g polyethylene
glycol (PEG) was dissolved and following 2.875 g, ZnSO4-7H0 added to
solution. Titration with 0.1 M NH4OH was performed until colloidal
sediment precipitated. After centrifugation at 9000 rpm, it was washed
twice with water. Finally, precipitant calcinated in air condition at
500 °C and 2 h to obtain the ZnO NPs. For synthesis of ChF/ZnO/CNT,
chitosan solution (0.2%) was prepared through solving in 0.1 M acetic
acid and stirred for 3 h for complete dissolution. Then ZnO NPs and CNT
were dispersed in chitosan solution with the molar ratio of 3:1:100 for
CNT:ZnO:chitosan respectively. Finally, the obtained mixture stirred for
6 h and sonicated subsequently. Synthesized colloidal solution dried at
the room temperature and stored for further analysis and experiments.

2.3. Apparatuses

The spectroscopic analysis was performed through UV- Visible
spectrophotometer (Shimadzu, double beam, Japan) along with another
single beam spectrophotometer (Jenway, UK) for optimization process
of applied strategy. Homogenization and dispersion of hybrid platform
was performed with high energy sonicator (Hielscher ultrasonic pro-
cessor 200 W, 50 kHz, UTR 200, Germany). Field emission scanning
electron microscopy (FESEM energy-dispersive) was used for determi-
nation of morphology and size of synthesized nanostructure. The surface
morphology was also characterized using atomic force microscopy
(AFM, model Full plus), in tapping mode. The X-ray diffraction pattern
and crystalline nature of nanostructures was analyzed with Philips
analytical diffractometer. The Fourier transform infrared analysis was
performed by FTIR spectroscopy (Shimadzu 8400, Japan).

2.4. Catalytic activity of synthesized nanohybrid

The acetate buffer was used as the solution substrate for determi-
nation of peroxidase like activity of ChF/ZnO/CNT nanohybrid. The
optimization was performed to determine the efficient performance of
biosensor in different conditions. Various concentration of TMB and H
205 were added to ChF/ZnO/CNT nanohybrid solution to determine the
optimum concentration. Also, other parameters including aptamer
concentration, incubation time and ChF/ZnO/CNT Concentration were
optimized through UV-Vis spectroscopy.

2.5. Colorimetric detection of COVID-19

The effect of COVID-19 concentration on catalytic performance of
proposed method was determined in the optimized concentration of
other parameters. Briefly, the concentration of virus was prepared with
dilution of Sinopharm vaccine as the source of inactivated virus in PBS
buffer (pH = 7). Subsequently, the same amount of ingredients added to a
test tube solution containing 50 uL of ChF/ZnO/CNT nanohybrid solu-
tion, 25 pL of TMB, 200 uL of acetate buffer solution and different con-
centration of COVID-19 virus. Afterwards, the 25 pL of HoO5 was added
to solution and incubated for 15 min. Finally, the blue color was appeared
and absorbance of solution was measured through UV-Vis spectrometry.

2.6. Paper based detection approach

For preparation of paper-based platform, filter paper (Whatman,
No.1) was cut according to designed pattern by laser engraver machine.
The process was performed through burning the paper to obtain the
ideal pattern. Obtained paper platforms were soaked in distilled water
for 2 h to discard the burning impurities. Subsequently, for paper plat-
form preparation, the spot zones were coated with the nanohybrids and
following the optimum concentration of aptamer and TMB substrate
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were added on paper surface. After being dried, different concentration
of COVID-19 virus was poured on the paper. Finally, HoO, was added to
center entrance zone. While the H,05 reached to around spot zones
resulted to appearance of blue color due to the enzymatic activity of
proposed biosensor. The intensity of sample colors was observable with
naked eye and determined quantitively through Image J software.

3. Results and discussion
3.1. Principle of mechanism

Colorimetric detection of COVID-19 would be superior detection
approach compared to other applied method due to its application in
rapid test detection kits. The applied ternary nanocomposite provided a
sufficient substrate by integration of CNT in platform structure for
attachment of applied COVID-19 aptamer through van der Waals and
n-n stacking interaction with CNT component. Due to the poor dis-
persibility of CNT, it is necessary to combine appropriate dispersants.
Chitosan with excellent film-forming ability and good adhesion is one of
the most popular dispersants. Also, Chitosan has been used to overcome
the insolubility caused by attraction between CNTs, which prevents
their stable dispersion in aqueous solution. The ZnO nanoparticles could
accelerate the catalytic activity of peroxidase with the substrate 3,3,5,5-
tetramethylbenzidine (TMB). Also, integration of ZnO NPs in different
heterostructures have been reported for improving of TMB oxidation in
previous studies [19,20]. Regarding to intrinsic catalytic activity of
applied components, the fabrication of ChF/ZnO/CNT resulted in cata-
lytic activity and oxidation on TMB substrate. Addition of TMB and
H»0; led to appearance of blue color which demonstrate the peroxidase
like activity of fabricated nanocomposite. The immobilized aptamer on
nanocomposite induced higher peroxidase activity compared to bare
nanocomposite platform. Addition of virus samples resulted to separa-
tion of aptamer from nanocomposite due to its more affinity to the virus
target. Detachment of aptamer reduced the peroxidase like activity and
decreasing the color and absorbance of oxidized TMB molecules. So, the
detection platform was based on specific interaction between virus
concentration and specific aptamer.

3.2. Characterization of proposed platform

The synthesized ChF/ZnO/CNT hybrid morphology and nano-
structure was investigated by field emission scanning electron micro-
scope (FESEM). Fig. la demonstrated the spherical shaped of
synthesized ZnO NPs with the average size of 20 nm. The nanostructure
hybrid image showed the deposited CNTs on the surface of ChF and ZnO
NPs which dispersed uniformly on CNTs (Fig. 1b). The electrostatic
interaction between the positively charged of chitosan and negatively
charged CNTs resulted to coating of ChF surface by CNTs. The atomic
force microscopy (AFM) was also used to obtain the topographic image
of ChF/ZnO/CNT. As illustrated in Fig. 1c, high roughness was observed
on the sample which confirmed presence of ZnO deposited CNTs on the
surface of chitosan substrate. FTIR analysis of prepared sample was
performed to determine the functionalized groups on the surface. As
illustrated in Fig. 1d, the characteristic stretching bands of ZnO NPs
appeared at 430, 500 cm ™ in spectrum a, with distinguished band at
3555 cm ™! which indicate surface hydroxyl group of ZnO NPs [21]. The
vibration bands of C = O and C-O groups in the CNT related bands was
observed at 1715 and 1172 cm™! bands in spectrum b. Another weak
band was observed at 3415 cm ' which was attributed to O-H
stretching band of carboxylic acid on the CNTs surface [22]. In the
hybrid spectrum c, diverse bands were observed that attributed to the
components of nanostructure. Also, the bands at 3433, 2888, 1728,
1560, 1413, 1343 and 1061 cm ™! were belonged to the chitosan film. To
determine the crystalline structure of hybrid, XRD analysis was per-
formed. The Fig. 2e shows the obtained results while the spectra (a) has
diffraction peaks of 31.62, 34.27°, 36.07°, 47.42°, 56.47°, 62.72°,
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Fig. 1. Characterization of proposed platform, a) FESEM analysis of synthesized ZnO NPs b) FESEM image of ChF/ZnO/CNT nanohybrid, ¢) AFM image of ChF/ZnO/
CNT nanohybrid, d) FTIR spectra of ZnO, CNT and ChF/ZnO/CNT nanohybrid, e) XRD analysis of ZnO, CNT and ChF/ZnO/CNT nanohybrid, f) UV-Vis spectra of
ChF/ZnO/CNT nanohybrid before (a) and after immobilization of COVID-19 aptamer.

66.32°, 67.82°, 68.97°, 72.57° and 76.77° related to planes of ZnO
crystal and demonstrates the wurtzite structure spherical phase of ZnO
NPs (JCPDS card NO. 36-1415) [23]. The diffraction peak in CNTs
related spectrum (b) at 26.13°is because of the reflection of (002) planes
of graphite (JSPDS = 96-101-1061). Another diffraction peak at 43.94°
is also related to the diffraction of C (100) planes of graphite (JCPDS =
96-100-1061). Finally, as depicted in spectrum (c), the diffraction peaks
of ChF, ZnO and CNTs are illustrated with the same characteristics in
synthesized ChF/ZnO/CNT hybrid.

3.3. Immobilization of aptamer on the applied nanohybrid

The binding of DNA aptamer to the nanocomposite was confirmed
with UV-Vis analysis. The obtained spectra (Fig. 1f) for ChF/ZnO/CNT
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Fig. 2. Feasibility of performed experiment in the presence of TMB + H202 +
COVID-19 aptamer (a), TMB + H202 + COVID-19 virus (b), ChF/ZnO/CNT +
TMB + H202 (c), ChF/ZnO/CNT + TMB + H202 + COVID-19 aptamer (d) and
ChF/ZnO/CNT + TMB + H202 + COVID-19 aptamer + COVID-19 virus (e).

hybrids (a) and aptamer functionalized nano-hybrids (b) showed over-
lapped in absorbance at 260 nm and this absorbance was higher in
functionalized nanocomposite due to presence of aptamer in the struc-
ture. The previous studies clearly illustrated the efficient and consider-
able interaction of DNA oligonucleotides with carbon-based structures
such as CNTs and GOs. The aptamer binding to nanocomposite attrib-
uted the intrinsic affinity of applied CNT in the nanocomposite structure.
To evaluate the catalytic performance of aptamer conjugated nano-
structure, obtained assembly catalytic activity evaluated in the presence
of TMB and H;0. Improvement of catalytic performance was observed
after incubation with aptamer oligonucleotides which illustrated the
role of aptamer in electron transfer from TMB substrate to HoO.

3.4. Peroxidase like activity of constructed nanohybrid

The conducted experiment showed peroxidase like activity of syn-
thesized ChF/ZnO/CNT through color change from colorless to green
color and maximum UV-Vis absorption (A max) at 650 nm (Fig. 2).
Determination of peroxidase activity of TMB substrate and HO- in the
presence of COVID-19 aptamer and COVID-19 virus showed no chro-
mogenic response (Fig. 2a,b). These results indicated that the COVID-19
aptamer and COVID-19 virus ingredients could not have catalytic ac-
tivity alone. Integration of applied nanostructures on the chitosan film
as the organic compound resulted in enhancement of catalytic activity of
proposed platform (Fig. 2¢). Immobilization of aptamer on the surface of
ChF/ZnO/CNT enhanced more the catalytic activity of biosensor which
attributed to z-n stacking and electrostatic interaction of oligonucleo-
tides with ChF/ZnO/CNT assembly (Fig. 2d). Addition of COVID-19
virus resulted to separation of aptamer from the surface of nano-
composite and reduced the absorbance of UV-Vis spectrum (Fig. 2e).
The peroxidase like activity of ZnO, CNT and chitosan constitutes in
several nanocomposite structures has been reported in previous studies
[24-26]. Integration of these nanostructures brought significant enzyme
activity as expected on TMB substrate in the presence of HyOs.
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COVID-19 aptamer were determined in the range of 0.05-1 uM. Increase
of aptamer concentration enhanced the absorbance at 650 nm gradually
and reached the plateau after 0.5 uM and it was selected as the optimum
concentration (Fig. 3d). Peroxidase like activity of proposed platform
was also determined at every 5 min incubation time from 5 to 30 min.
The maximum absorbance value was obtained after 15 min incubation

3.5. Optimization of assay condition

For optimization of assay condition, first the various concentration of
TMB and H30, were added to determine the best condition for the
catalytic activity of TMB. Different concentrations of TMB (2, 4, 8,10,

15, 20 mM) were used in the presence of 10 mM H50, and the 1 mg/mL
of synthesized platform. The obtained results showed the optimum point
for TMB concentration at the 15 mM (Fig. 3a). Following, the series of
H30, concentration (2, 4, 8,10, 15, 20 mM) were checked in the pres-
ence of 15 mM TMB and 20 mM showed the highest absorbance and
performance for further experiments (Fig. 3b). The various concentra-
tions of ChF/ZnO/CNT nanocomposite were also used in the range be-
tween 0.01 and 3 mg/mL and the maximum absorbance was determined
at the 1 mg/mL and higher concentration showed no further increase in
absorbance (Fig. 3c). Moreover, the effect of different concentrations of

and then decreased at next incubation times. Thus, 15 min was chosen as
the ideal incubation time (Fig. 3e).

3.6. Colorimetric detection of COVID-19 virus

A Sinopharm vaccine was used as the source of inactivated SARS-
CoV-2 and was diluted to a series of concentrations in PBS buffer (pH
= 7.5). The different dilutions of COVID-19 virus sample were added to
the prepared detection reaction with the optimized concentration of
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Fig. 3. Optimization of different parameters including TMB concentration (a), H>O, concentration (b), ChF/ZnO/CNT Concentration (c), aptamer concentration (d),

incubation time (e).
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Fig. 4. Catalytic activity of proposed biosensor in the presence of COVID-19 virus concentration through UV-Vis spectroscopy (a), The obtained calibration curve for
virus detection (b) and naked-eye color change of TMB oxidation by addition of virus concentration.

nanocomposite, aptamer, HoOy and TMB. After incubation at the ob-
tained optimum incubation time (15 min), the visual detection showed
blue color appearance which decreased after addition of more concen-
tration of virus samples (Fig. 4). Also, the absorbance spectra of the
samples were recorded and showed gradual decrease which was
dependent in addition of virus sample concentration (Fig. 4a). The linear
relationship was observed according to standard calibration curve
which demonstrated a linear range between 1 and 500 pg mL (1 x 1072,
5x1072,1 x 101, 2.5 x 101, 5 x 101,1 x 10,2 x 10719, 3 x 10°1°
4 % 10°, 5 x 10'1% g mL) with a linear relationship of Y = -0.0005X +
0.4497, R? = 0.9446 where Y is the absorbance and X is the concen-
tration of COVID-19 virus (Fig. 4b). The limits of detection (LOD) was
calculated based on following formula: LOD = 3c/s, where ¢ is the
standard deviation of baseline noise and s is the analytical sensitivity of
the calibration curve [27]. So, the LOD was calculated at 0.05 pg mL.
This novel detection platform presented some advantages including
quick response, simple and cost-effective approach toward virus detec-
tion. Also, all the experiment condition was performed at room tem-
perature and peroxidase like activity showed reliable response which
was reproducible in triplicate test.

3.7. Paper based detection of COVID-19 virus
Paper based detection strategy as the low cost and rapid detection

approach is highly considered in recent years. For determination of
proposed approach performance on paper-based test a circle shaped

0 pM Virus

(i {

50 pM Virus \ / 500 pM Virus
%ﬂ‘" ‘ H,0, ( .

Nanohybrid free sample

G

200 pM Virus

100 pM Virus

paper device was used as depicted in Fig. 5a. The ppad consists of a
central zone for sample inlet that connects to separate detection zones
around it. This pattern was designed for conduction of HyO, toward
detection zones. The negative sample without nanohybrids could not
exhibit color change after addition of HyO5 while presence and bio-
mimetic activity of nanohybrid in the presence of aptamer showed
intense blue color (Upper spot zones). After spotting of all components,
different concentrations of COVID-19 virus were also added in each spot
zone and showed gradual decrease in color which was detectable with
naked eye. The detachment process of aptamer and subsequent color
change was performed on the paper through weakening of electrostatic
interaction between CNT and aptamer in the presence of COVID-19 virus
as the target. So, according to obtained results the assay strategy showed
similar results compared to detection in solution test. A smart phone was
used for picture capturing. The obtained picture was analyzed with
Image J software and showed decreasing trend of grey intensity by
addition of COVID-19 concentration between 50 and 500 pg mL with
LOD of 8 pg mL (Fig. 5b).

3.8. Selectivity of experiment

The selectivity of the proposed biosensor was evaluated in the
presence of possible concomitant microorganisms found in environment
and body fluid as the pathogen and non-pathogen strains (500 pmol
L™Y), including Bacillus subtilis and staphylococcus aureus gram positive
bacteria and Pseudomonas aeruginosa and Escherichia coli strains. The

b

60 ¥=0.0524x + 115.29
R*=0.8562

0 100 200 300 400 500 600
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Fig. 5. Paper-based detection platform for determinization of COVID-19 virus (a), and the calibration curve for grey intensity of each sample (b).
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Fig. 6. Selectivity of proposed strategy in the presence of different microorganisms.

same concentration of above microorganisms was studied to evaluate
the maximum levels of each interference. It was possible to observe that
after the addition of the interferents, the obtained absorbance values
decreased significantly (Fig. 6). This shows that the selectivity of the
ChF/ZnO/CNT based aptasensor for the detection of COVID-19 virus has
not been affected in the presence of the evaluated interfering analytes.

4. Conclusion

The novel and colorimetric method has been developed for detection
of COVID-19 virus. In the present strategy ChF/ZnO/CNT was intro-
duced for the first time as the nanocomposite with peroxidase like ac-
tivity which also could play a role as the detection platform. Intrinsic
affinity of oligonucleotides toward CNTs facilitated immobilization of
aptamer and COVID-19 virus addition decreased the appeared blue color
and absorbance of oxidized TMB as the chromogenic substrate. This
strategy was also performed on paper-based platform to demonstrate the
applicability of method with naked eye detection. Analytical perfor-
mance of ChF/ZnO/CNT nanohybrid were evaluated and found to be
linear in the range of 1 pg mL to 500 pg mL in colorimetric mode and 50
to 500 pg mL in paper-based platform. Proposed biosensor showed low
LOD in colorimetric and paper-based detection modes and could be as
the alternative cheap and portable device for COVID-19 detection.
Feasibility of proposed biosensor for detection of whole particle of virus
would be another advantage of this method which can be applicable in
detection kits. Developed biosensor bring down the cost of COVID-19
detection assays and make them affordable and reliable for onsite
detection and screening of virus particles.
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