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Fast, efficient, and accurate detection of SARS-CoV-2 spike antigen is pivotal to control the spread and reduce themor-
tality of COVID-19. Nevertheless, the sensitivity of available nanobiosensors to detect recombinant SARS-CoV-2 spike
antigen seems insufficient. As a proof-of-concept, MOF-5/CoNi2S4 is developed as a low-cost, safe, and bioactive hy-
brid nanostructure via the one-pot high-gravity protocol. Then, the porphyrin, H2TMP, was attached to the surface
of the synthesized nanomaterial to increase the porosity for efficient detection of recombinant SARS-CoV-2 spike an-
tigen. AFM results approved roughness in different ranges, including 0.54 to 0.74 μm and 0.78 to≈0.80 μm, showing
good physical interactions with the recombinant SARS-CoV-2 spike antigen. MTT assay was performed and compared
to the conventional synthesis methods, including hydrothermal, solvothermal, and microwave-assisted methods. The
synthesized nanodevices demonstrated above 88% relative cell viability after 24 h and even 48 h of treatment. Besides,
the ability of the synthesized nanomaterials to detect the recombinant SARS-CoV-2 spike antigen was investigated,
with a detection limit of 5 nM. The in-situ synthesized nanoplatforms exhibited low cytotoxicity, high biocompatibil-
ity, and appropriate tunability. The fabricated nanosystems seem promising for future surveys as potential platforms to
be integrated into biosensors.
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1. Introduction

The coronavirus disease 2019 (COVID-19) is caused by a novel corona-
virus (SARS-CoV-2), and it is now one of the major problems of public
health worldwide (Drobysh et al., 2022; Drobysh et al., 2021; Dronina
et al., 2021; Plikusiene et al., 2021; Yüce et al., 2021). The outbreak of
SARS-CoV-2 started in China and spread to other countries of the world,
leading to high death in the population (Maddali et al., 2021). It is a posi-
tive sense and enveloped RNA beta virus, and the primary target of this
virus is the lung. There are some symptoms of SARS-CoV-2, such as fever,
cough, fatigue, dyspnea, and anosmia, among others (Hornuss et al.,
2020). However, based on estimates, 20% of patients are asymptomatic
(Buitrago-Garcia et al., 2020). Furthermore, from time to time, mutation
of COVID-19, leading to the advance and spread of Delta and Omicron var-
iants, has become another nightmare,which necessitates quick and very ac-
curate detection of the SARS-CoV-2 spike antigen (Bhavya et al., 2022;
Takashita et al., 2022).

Radiography or computed tomography (CT) imaging can be employed
to diagnose SARS-CoV-2. Based on the findings, posterior lung areas are
commonly involved, and inflammation can be observed. Cavitation, nod-
ules, pleural effusions, and fibrosis are uncommon but can occur (Chung
et al., 2020). In laboratory tests, leucopenia, lymphopenia, and hypoalbu-
minemia are observed (Chen et al., 2020; Huang et al., 2020). After infec-
tion, fever is the most common symptom for up to 12 days, and other
symptoms such as cough and dyspnea can be developed in the following
stages (Zhou et al., 2020). As high numbers of deaths occur worldwide
due to the spread of SARS-CoV-2, most of the experiments have focused
on developing novel methods for detecting SARS-CoV-2 infection. Various
kinds of strategies have been developed to diagnose SARS-CoV-2, including
RT-PCR, antibody-based detection methods, antigen-based methods, and
CRISPR/Cas9 system, among others (Yüce et al., 2021). However, there
are some drawbacks associatedwith the aforementioned tests. For instance,
false results can occur in RT-PCR (Kumar et al., 2022; Shetti et al., 2021;
Suleman et al., 2021; Yüce et al., 2021). Recently, studies have designed
nanoplatforms for the diagnosis of SARS-CoV-2 in patients. The nanosys-
tems can provide a rapid, reliable, and cost-effective diagnosis of SARS-
CoV-2 in patients. To date, various kinds of nanomaterials such as gold
nanoparticles, graphene, and iron oxide nanoparticles, as well as
lanthanide-doped polystyrene nanostructures, have been designed for
SARS-CoV-2 diagnosis (Bidram et al., 2021; Iravani, 2020; Srivastava
et al., 2021; Xi et al., 2020).

Metal-organic frameworks (MOFs) are warmly welcomed because their
exceptional porous and multifunctional character makes a promising plat-
form extensively applied in medicine as biosensors (Bhardwaj et al.,
2017). MOFs have a crystalline structure with a surface potent to
functionalization and tunable porosity (Xian et al., 2021). The network of
MOFs can be extended by coordinated bonds between the inorganic
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nodes and organic linkers (Furukawa et al., 2013). MOFs demonstrate
high surface area, and because of their biocompatibility and high stability,
they are utilized for cargo delivery, bioimaging, and sensing (Quijia et al.,
2021). Recently, an experimentalist team developed nickel-MOF and then
combined it with Au nanoparticles and carbon nanotubes. The resulting
nanostructure can detect HIV based on DNA hybridization (Lu et al.,
2021). In another effort, 2D MOF nanoenzymes were designed for
electrochemical detection of Staphylococcus aureus (Hu et al., 2021).
The resulting MOFs demonstrated high peroxidase-like activity and effec-
tively revealed bacterial concentration, possessing a detection range of
7.5–10 × 107 CFU/mL with detection limit of 6 CFU/mL. Hence, MOFs
are ideal candidates for the detection of infectious agents. Although these
materials have several routine synthesis methods, their synthesis is typi-
cally time-consuming and expensive (Stock and Biswas, 2012). In biomed-
ical applications, there is a need to use cost-effective, eco-friendly, and
adjustable nanomaterials as a priority (Ahmadi et al., 2020; Parsa et al.,
2018).

In order to amplify the biocompatibility of nanomaterials targeted for
biomedicine as well as to avoid environmental contamination, it is pivotal
to synthesize materials via green solvents (e.g., water) as well as utilizing
natural raw materials (as precursors including plant extracts and natural
dyes, along with employing low temperature of synthesis (Rahimnejad
et al., 2021a; Rahimnejad et al., 2021b; Seidi et al., 2021). In situ and
one-pot synthesis, approaches could lower production byproduct rate,
which is highly desirable to meet the green chemistry criteria
(Bagherzadeh et al., 2021; Rabiee et al., 2020a; Rabiee et al., 2020b). Be-
sides, the MOFs' cytotoxicity depends on the synthesis method and their
critical factors, including solvent, reaction time, temperature, stabilizer,
and environmental condition (Rabiee et al., 2022; Rabiee et al., 2021g;
Saeb et al., 2021a). Accordingly, altering the synthesis methods to greener
techniques may diminish the cytotoxicity of MOF-based devices. In light of
this, our recently developed approach, the high-gravity technique (Kiani
et al., 2021; Rabiee et al., 2020c), was employed to synthesize MOF-5
and in situ growth of CoNi2S4. It should be noted that the high-gravity tech-
nique is an eco-friendly technique that usually leads to lower reaction time
and temperature. Thus, the synthesized platform is greener than the other
conventional approaches (Rabiee et al., 2020c).

To date, several researchers have been conducted to develop a suitable
sensitizer for biosensors. Porphyrins were suitable for different materials
due to their low cytotoxicity, high quantum yield, and tunable chemical
structure. Porphyrins have different chemical properties based on their
functionalization and metal-coordinated approaches. The rigid porphyrins
can enhance nano architectures' detection limit and sensitivity (Rabiee
et al., 2020d; Saeb et al., 2021b).

On the other hand, efforts have been directed towards promoting the se-
lectivity of biosensors. For example, the CoNi2S4 nanostructures possess a
unique spatial shape, and they are capable of enhancing the selectivity of
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biosensors. However, CoNi2S4 nanoparticles suffer from poor biocompati-
bility, and one of the strategies for reducing their cytotoxicity towards nor-
mal cells is to embed them inside the porosity of MOFs. Then, natural
precursors such as the bioactive coating can improve biocompatibility
(Ahmadi et al., 2021; Jouyandeh et al., 2022; Maghsoudi et al., 2021).

In this work, as a proof-of-concept, a cost-effective and one-pot synthetic
route was developed to fabric MOF-5 decorated with the in-situ growth
CoNi2S4. Subsequently, the MOF-5/CoNi2S4 was adorned with the porphy-
rins H2TMP. The ability of the synthesized nanocomposite to detect the re-
combinant SARS-CoV-2 spike antigen was investigated through an easy and
reputable optical method. In addition, the treatment of HEK-293, MCF-7,
HepG2, PC12, and HeLa cell lines was considered a method to investigate
the potential biocompatibility and cytotoxicity of the synthesized nanomate-
rial. This study provides new insight into the development of green-modified
nano architectures as biosensors for diagnosing SARS-CoV-2.

2. Materials and methods

2.1. One-pot synthesis of MOF-5/CoNi2S4 in assistance of high-gravity

For the first time, the MOF-5 was synthesized via a facile and high-
gravity technique. Briefly, 1.5 mmol of Zn(NO3)26H2O and 0.5 mmol of
terephthalic acid (H2BDC) were mixed together and transferred to a
100 mL jar, and the mixture was dissolved via the addition of 52 mL of
DMF and 1.3 mL of deionized water. In this step, the modified rotating
packed bed (RPB) systemwas applied, which has a sealed ring and a packed
rotator, and a jacket for temperature control and the necessary inlets and
outlets. The RPB system was set up as described in our previous articles
(Ghadiri et al., 2020; Kiani et al., 2020b). For the synthesis procedure, the
solution mixture was transferred to the internal circulation space of the
RPB system through the inlet. The rotation of this RPB systemwas adjusted
with the 1400 rpm, which resulted in the high-gravity factor of 182.

The temperature of the RPB system was adjusted at 88 °C (that is more
than 20 °C below the typical reaction protocols (Brozek and Dincă, 2012;
Tranchemontagne et al., 2008)), and the internal space of the RPB was
degassed with flowing the oxygen for 1.5 h prior to starting the system.
After about 75 min, the samples were cooled down to room temperature
under the gas flow of NH3, and after that, the central system of RPB was
degassed with the N2, and Ni(NO3)2.6H2O (2 mmol), Co(NO3)2.6H2O
(1 mmol) and thiourea (9 mmol) were added to the above solution, and
the system runs for about 5.5 h. After that, the samples were cooled down
to room temperature under the gas flow of NH3, and then, the central sys-
tem of RPB was degassed with the N2 prior to collecting the samples.

2.2. Fabrication of nano biosensor for recombinant SARS-CoV-2 spike antigen
assay

Determination of the possible interactions between the recombinant
SARS-CoV-2 spike antigen and the synthesized nanomaterials has been con-
ducted by incorporating the prepared H2TMP (5 mg in 12 mL DMF) on the
surface of the in situ synthesized nanomaterial and exposing that to differ-
ent weight ratios of recombinant SARS-CoV-2 spike antigen. The procedure
for one-pot synthesis of MOF-5/CoNi2S4 nanocomposites and fabrication of
Fig. 1. Schematic illustration of the one-pot synthesis of MOF-5/CoNi2S4 nanocomposi
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biosensors for recombinant SARS-CoV-2 spike antigen assay is shown in
Fig. 1.

2.3. Cell evaluations

All of the applied nanomaterials have been exposed to ultraviolet radi-
ations to be sterilized and washed ethanol (75%) and PBS solution for fur-
ther purifications. The precise and defined cytocompatibility assessment
was performed using the routine MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-di-
phenyltetrazolium bromide) (MTT, Sigma) method at 24 and 48 h of time
points.

Four cell lines of PC12 cells (ATCC CRL-1721™), HEK-293(ATCC CRL-
1721™), HeLa (ATCCCCL-2), andHepG2 (ATCCHB8065) have been applied
for this study. In this regard, 1 × 105 cells per well were cultured in the
presence of the synthesized nanomaterials in Dulbecco's Modified Eagle's
Medium (DMEM, Gibco) containing 100 IU/mL penicillin, 100 IU/mL
streptomycin (Invitrogen), and 10% fetal bovine serum (FBS; Gibco) and
incubated at 37 °C at 5% CO2. At each time point, 100 μL MTT solution
(5 mg/mL in PBS) was added to each well. After 4 h incubation, the medium
was removed, and the formazone precipitates were dissolved in dimethyl
sulfoxide (DMSO; Sigma-Aldrich). The optical absorbance was measured at
570 nm using a microplate Elisa reader (ELX808, BioTek). At least three
samples were averaged to calculate each time point.

2.4. Statistical analysis

The statistical analysis was performed using one-way analysis of vari-
ance (ANOVA), and all of the presented data means of ±SD of at least
three independent sets of experiments.

3. Results and discussion

3.1. Characterizations

The FTIR and XRD spectrum results are in good agreement with the lit-
erature (Fig. 2a and b). FTIR spectrum clearly showed that the peaks at
around 600–1250 cm−1 correspond to the BDC carboxylate groups out-
of-plane vibrations, as well as the characteristic peaks of the MOF-5
observed at 1410 cm−1, 1564 cm−1, 1510 cm−1, and 1732 cm−1, which
correspond to the asymmetric and symmetric stretching bands of the
carboxylate groups. In addition, the fingerprint absorption peaks of
CoNi2S4, which are 3451 cm−1, 1630 cm−1, 1370 cm−1, 901 cm−1, and
610 cm−1, correspond to the stretching and bending vibrations of the
water compartment (OH) on the surface of theCo (Co-O-H), C-O-C vibrations,
N-C=S and CS vibrations of the thiourea, respectively (Bhardwaj et al., 2020;
Du et al., 2014; Jing et al., 2020; Patil et al., 2017), indicating the successful in
situ and one-pot synthesis of nanocomposite along with CoNi2S4.

The XRD pattern represents the indicative peaks at 2θ = 50.2o, 47.1o,
38.0o, 31.4o, 26.6o, and 16.2o, which is proof of the successful in situ syn-
thesis and incorporation of CoNi2S4 in the MOF-5 structure (Li et al.,
2018; Mei et al., 2014). Those peaks are in good agreement with the
JCPDS 00–024-0334 (Tsukasaki et al., 2019). It should be noted that
some of the 2θ = +50o have very low intensity in the XRD pattern due
tes and nanomaterial fabrication for recombinant SARS-CoV-2 spike antigen assay.



Fig. 2. FTIR (a), XRD (b), FESEM (c, d, e, f, g, h, i and j), and TEM (k, l, m, n, o, p and q) results of the one-pot synthesized MOF-5/CoNi2S4 in assistance of high-gravity
technique.
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to the presence of CoNi2S4 in the structure and matrix of MOF-5 and their
interference with the X-ray diffractions. The morphology analysis was con-
ducted with FESEM and TEM and clearly showed that the semi-cubic struc-
ture of the MOF-5 in the FESEM images (Fig. 2) and rode-like CoNi2S4
nanostructures coated on the surface of the MOF-5 in the TEM images
(Fig. 2). Besides, HRTEM images of the synthesized nanocomposites
(Figs. S1-S8) clearly approved the successful synthesis and the mentioned
morphology of the nanostructures.

Based on the AFM results (Fig. 3; and Figs. S9, S10, and S11), different
types of roughness have been observed in different spots. In Figs. 3A, B, and
C, the roughness is all about the surface decorated nanoparticles in the
range of the mix presence of MOF-5/CoNi2S4, 0.5 to 1.1 μm; however, in
Fig. 3D, E and F, this presence dominates by mostly the CoNi2S4 species
on the surface of MOF-5, in the range of 0.75 to 0.93 μm. By changing the
spot of the nanostructure, based on Fig. 3G, H, and I, the roughness is
more homogenous than the two other mentioned spots, 0.54 to 0.74 μm.
From another perspective, Fig. 3J, K, and L showed the most homogenous
roughness compared to other parts, 0.78 to near 0.80 μm.

Therefore, it could be possible to consider that the CoNi2S4 species are
accumulated on different parts of theMOF-5, in some cases, on the porosity,
and the other cases, on the surface of the MOF-5. Based on the literature,
4

the high roughness usually leads to considerable aggregations on the cell
walls and significant cytotoxicity (Rabiee et al., 2021a; Rabiee et al.,
2021c; Rabiee et al., 2021d; Rabiee et al., 2021e; Rabiee et al., 2021f).
Therefore, the minimal and controlled roughness in some spots could be
able to control both the cytocompatibility and cytotoxicity.

3.2. Cellular experiments

Although significant efforts have been made to develop biosensors for
diagnosing human diseases (Banerjee and Jaiswal, 2018), the clinical appli-
cation of such devices is limited due to their safety concerns. Hence, re-
cently much attention has been directed towards applying novel methods
for the synthesis of nanostructures for diagnostic aims. The recent experi-
ments that have synthesized MOFs for cargo delivery and detection have
paid exceptional attention to these nano architectures' biocompatibility.

For instance, γ-cyclodextrin MOF crystals have been developed for pul-
monary delivery of budesonide, and cell viability assay revealed high bio-
compatibility and safety profile of nanoparticles towards A549 cells (cell
viability more than 90%) (Hu et al., 2019). Another study developed
MOF-5 for drug delivery, and MTT assay was used to evaluate the safety
profile of nanocarriers. Different concentrations of nanoparticles, including



Fig. 3.AFM results of the one-pot synthesizedMOF-5/CoNi2S4 with the assistance of the high-gravity technique fromdifferent perspectives. Normal AFM images (a, d, g, and
j); roughness labeled AFM images (b, e, h, and k) and the line roughness (c, f, I, and l).
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5, 10, 15, 20, and 25 μg/mL, were used, and in all cases, cell viability was
more than 80–85%, showing good biocompatibility of nano architectures
(Chen et al., 2019). Another experiment developed Fe-soc-MOF nanostruc-
tures for photothermal therapy, and cell viability assay (MTT) and flow cy-
tometry revealed high biocompatibility of nanostructures, no significant
decrease in viability of cells, and no death (Cai et al., 2018). We also per-
formedMTT to investigate the biocompatibility ofMOF-5. For this purpose,
two kinds of normal cells, including HEK-293 (fibroblasts) and PC12 (neu-
ron) cells, were chosen. Furthermore, like tumor cells, MCF-7 (breast can-
cer) and HepG2 (liver cancer) were selected to investigate toxicity.

Figs. 4 and 5 demonstrate cytotoxicity of MOF-5, high-gravity MOF-5,
and high-gravity MOF-5/CoNi2S4 on HEK-293 cells, while high-gravity
MOF-5 has the lowest toxicity. The high-gravity MOF-5/CoNi2S4 has better
biocompatibility than normal MOF-5, but it is lower than high-gravity
MOF-5. This is maybe due to the presence of CoNi2S4 in MOF-5, which
5

has low biocompatibility. A similar is true for PC12 cells (Fig. 5). However,
it is worth mentioning that after 48 h and 72 h, high-gravity MOF-5/
CoNi2S4 has the lowest cytotoxicity on PC12 cells. This shows that toxicity
and biocompatibility are context- and time-dependent. Figs. 6 and 7 show
the toxicity of nanostructures on HeLa and HepG2 cells, respectively. In
both cancer cells, high-gravity MOF-5 has the highest biocompatibility,
while high-gravity MOF-5/CoNi2S4 has the lowest biocompatibility.
Overall, the presence of CoNi2S4 increased the cytotoxicity that would
be because of the nickel, which is highly toxic even in the ppm concentra-
tions.

The cellular investigations represent a suitable form of cobalt and
nickel-based nanomaterials with higher cellular viability than the litera-
ture. Furthermore, it should be noted that the electron transfer between
the MOF-5 and CoNi2S4 could be able to increase the interactions with
the rigid-porphyrin, and this leads to increasing the sensitivity of the



Fig. 4.TheMTT assay ofHEK-293 cells after 24 h (A), 48 h (B), and 72 h (C) of treatment. These results advocate that using the high-gravity technique enables the synthesis of
nanoparticles with high biocompatibility. In addition, these nanostructures show low toxicity on HEK-293 cells as normal cells.
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porphyrin to different types of analytes (Ahmadi et al., 2020; Kiani et al.,
2020a; Rabiee et al., 2021b; Rauwel et al., 2020; Türkez et al., 2020).

Furthermore, the cytocompatibility and the biocompatibility potentials
of the synthesized nanomaterial in the presence of the HEK-293 cell line
(Fig. 8 and S12) were investigated. Based on the confocal laser microscopy
(CLSM) images, after 4 h of treatment, the cellular density was not de-
creased, and also the 4′,6-diamidino-2-phenylindole (DAPI)-stained cells
have remained intact. This phenomenon would be because of the chemi-
cal/physical changes in the environment of the synthesis method, which
leads to a substantial decrease in the cytotoxicity and improves the cell-
cell type interrelations between the nanostructures and the cellular micro-
environments. Besides, the DAPI-stained MCF-7 cells were also screened
in the presence of the synthesized nanomaterials (Fig. 8). The results
showed that the cytocompatibility of the synthesized nanomaterial is in
the range of optimal values and could not be able to kill/destroy the
MCF-7 cells as well.

3.3. Biosensor analysis

Significant attempts have been made to synthesize MOF for detection,
and each experiment provides a different detection limit. For instance, a re-
cent study developed Cd-MOF/Tb3+ ultrathin nanosheets to detect
6

cefixime. The resulting nano architectures had better detection capacity
than conventional and bulk Cd-MOF/Tb3+ sensors, and the detection
limit was 16.7 nM for cefixime (Qin et al., 2021). Another experiment pre-
pared amine-functionalized MOF nanosheets to detect hydrogen peroxide,
and the detection limit was reported to be 26.9 nM (Chen et al., 2021). Fur-
thermore, a study prepared a hybrid of MOF and quantum dots to detect ri-
boflavin with a limit of 15 nM (Feng et al., 2021). In order to improve the
capacity of MOFs in detection and increase sensitivity compared to conven-
tional nano architectures, the synthesis method can be changed.

The ability of the synthesized nanocomposite based on the MOF-5 and
CoNi2S4 towards optical detection of trace-concentrations of recombinant
SARS-CoV-2 spike antigenwas investigated in the presence of different con-
centrations of that. The results (Fig. 9) showed that the nanocomposite has
considerable sensitivity towards recombinant SARS-CoV-2 spike antigen,
even more than the recent studies with the same sensitizer, porphyrins
(Ma et al., 2021; Mougang et al., 2021). Therefore, it could be considered
that the role of the porphyrin, H2TMP, in these optical biosensors is not
as much as the role of the substrate. In order to be exact, the MOF-based
substrate could lead to the formation of different interconnected pores
and channels, and this porosity could have a significant impact on the load-
ing/decorating with CoNi2S4 and even porphyrins. Therefore, the role of
CoNi2S4 and porphyrins are dependent on the structure and morphology



Fig. 5. The MTT assay on PC12 cells after 24 h (A), 48 h (B), and 72 h (C) of treatment. Cell viability decreases over time, and high-gravity MOF-5 has the highest
biocompatibility within 24 h. After 48 and 72 h, biocompatibility is highest for high-gravity MOF-5/CoNi2S4 nano architectures.
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of MOF. In this study, the detection limit was found to be around 5 nM,
which is highly competitive with other studies.

The fluorescence quenching mechanism is related to surface physi-
cal/chemical aggregations of the recombinant SARS-CoV-2 spike anti-
gens and tailoring the bandgap of the sensitizer. Moreover, the results
were compared with the literature in Table 1. Therefore, we believe
that the present method is safer, greener, more cost-effective, and easier
than electrochemical sensors. In general, electrochemical biosensors
have a better limit of detection even better linear range, but because
of their high cost of preparation and their difficulty in use, they can be
replaced with optical biosensors that are not perfect in terms of their
limit of detection. Therefore, in this study, our goal was not to provide
a biosensor with excellent limit detection but to reduce the cost of
7

preparation and provide a technique to detect the coronavirus via a sim-
ple, green, and cost-effective one.

4. Conclusion

For the first time, MOF-5/CoNi2S4 was synthesized via a facile and one-
pot method with the assistance of the high-gravity technique. The results
confirmed the successful fabrication method. The morphology of the syn-
thesized nanocomposite was investigated by FESEM and TEM, showing
semi-cylindric nanostructures of the CoNi2S4 on the surface of MOF-5,
with the average particle size between 25 and 80 nm for the CoNi2S4 nano-
particles. These nanoparticles were decorated with a rigid structure of por-
phyrins, H2TMP, and the ability of the whole nanostructure, bulk, and



Fig. 6. The MTT assay of HeLa cells after 24 h (A), 48 h (B), and 72 h (C) of treatment with nanostructures. Similar to normal cells, MOF-5/CoNi2S4 nanoparticles
demonstrated high biocompatibility on HeLa cells. In addition, high-gravity synthesis was responsible for reduced toxicity on HeLa cells.
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crystal form, to detect the recombinant SARS-CoV-2 spike antigen was in-
vestigated by optical methods. MTT assay showed low cytotoxicity towards
both HEK-293 and HeLa cell lines; the results showed more than 65% rela-
tive cell viability for both of the cell lines.

Furthermore, the cytocompatibility of the synthesized nanomaterial
in the presence of HEK-293 and MCF-7 cell lines were screened by DAPI-
stained cells and showed no considerable damage to the cell walls. One
of the challenges in working with cytotoxic nanoparticles like CoNi2S4 is
their ability to change the morphology of the cells. In this regard, the
morphology of those two mentioned cell lines was screened, and the
results showed no observable changes in the morphology. Therefore,
we can conclude that using the inorganic-organic nanocomposite
consisting of MOF-5 and porphyrins could reduce the interactions
with the cell walls. The limit of detection of 5 nM was obtained, which
is highly promising with a cost-effective and straightforward optical
nano-bio-probe.
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Abbreviation

DMEM Dulbecco's Modified Eagle's Medium
COVID-19coronavirus disease 19
CT computed tomography
MOFs metal-organic frameworks
RPB rotating packed bed
FBS fetal bovine serum
DMS dimethyl sulfoxide
CLSM confocal laser microscopy
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Fig. 7. The MTT assay on HepG2 cells after 24 h (A), 48 h (B), and 72 h (C). The highest biocompatibility is attributed to high-gravity MOF-5, while the lowest
biocompatibility is related to high-gravity MOF-5/CoNi2S4.

Fig. 8. The CLSM images of HEK-293 and MCF-7 (b) and (d) cell lines were treated with the synthesized nanomaterials. The scale bar is 50 μm (all of the panels). The CLSM
images showed no morphology changes, which is another proof of the safety of the nanomaterial and in-line with the MTT results. The MCF-7 (a) and (c) are optical images
confirming the biocompatibility of nanostructures.
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Fig. 9. (A) Schematic representation of MOF-5/CoNi2S4 nanostructures for optical imaging. (B) The fluorescence spectra of the optical probe in the presence of different
concentrations of recombinant SARS-CoV-2 spike antigen and the heat map of the changes.
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Table 1
A literature survey on the developed biosensors for the detection of SARS-CoV-2.

The method and the used biosensor Limit of detection and
Limit of quantification

Notes

Optical biosensor based on AuNPs
monoclonal antibody

48 ng/mL; 50 ng/mL Simple and rapid detectio
cross-activity with other v

Cell-based technique based on a PDMS
layer

1 fg/mL; 10 fg/mL Simple, rapid, and portabl

Electrochemical immunosensor based
on magnetic beads

19 ng/mL; 30 ng/mL High cost of preparation;

Homogeneous circle-to-circle
amplification real-time optomagnetic
detection

0.4 fM; 10 fM A sub-femtomolar detectio
cascade amplification was

miRNA biosensor based on localized
surface plasmon resonance-enhanced

1 pM; Not applicable The limit of detection and
range; The biosensor can q

Detection by using gold nano spikes in
optofluidics

0.5 pM; Not applicable The sensing platform achi
up to 30 min to complete

Optical biosensor based on
MOF-5@CoNi2S4@H2TMP

5 nM; Not applicable The first SARS-CoV-2 opti
role of porphyrins and por
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