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A B S T R A C T   

The COVID-19 pandemic has become a global catastrophe, affecting the health and economy of the human 
community. It is required to mitigate the impact of pandemics by developing rapid molecular diagnostics for 
SARS-CoV-2 virus detection. In this context, developing a rapid point-of-care (POC) diagnostic test is a holistic 
approach to the prevention of COVID-19. In this context, this study aims at presenting a real-time, biosensor chip 
for improved molecular diagnostics including recombinant SARS-CoV-2 spike glycoprotein and SARS-CoV-2 
pseudovirus detection based on one-step-one-pot hydrothermally derived CoFeBDCNH2-CoFe2O4 MOF- 
nanohybrids. This study was tested on a PalmSens-EmStat Go POC device, showing a limit of detection (LOD) 
for recombinant SARS-CoV-2 spike glycoprotein of 6.68 fg/mL and 6.20 fg/mL in buffer and 10% serum- 
containing media, respectively. To validate virus detection in the POC platform, an electrochemical instru
ment (CHI6116E) was used to perform dose dependent studies under similar experimental conditions to the 
handheld device. The results obtained from these studies were comparable indicating the capability and high 
detection electrochemical performance of MOF nanocomposite derived from one-step-one-pot hydrothermal 
synthesis for SARS-CoV-2 detection for the first time. Further, the performance of the sensor was tested in the 
presence of Omicron BA.2 and wild-type D614G pseudoviruses.   

1. Introduction 

According to recent data, SARS-CoV-2 has reached over 458 million 
cumulative reported cases including 5.7 million deaths globally since 
March 2022 [1]. This pandemic outbreak caused by SARS-CoV-2 has 
become a huge burden on public life and health care professionals 

worldwide [2]. Ever-increasing transmission rate has become a great 
challenge to control [3]. Although several vaccines and antivirals spe
cific to SARS-CoV-2 were under emergency use authorization (EUA) 
from the Food and Drug Administration, the development of reachable 
rapid diagnostic technologies is useful to control and monitor the 
COVID-19 pandemic [4–6]. This emergency actuates the researchers to 
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develop a more efficient, marketable, and rapid POC diagnostic device 
to detect the causative SARS-CoV-2 virus. 

The Reverse Transcriptase Polymerase Chain Reaction (RT-PCR) is 
being currently used as a standard methodology to detect COVID-19 but 
it can target the viral genome only in the nasopharyngeal or nasal 
samples [7]. Different proposed testing methods such as nucleic acid 
testing and computed tomography (CT) imaging lack rapid detection, 
and ease of handling to be used in a POC condition [8]. Provided the 
listed demerits of the available approaches and the demand for easy and 
early detection, a portable, real-time, ultra-sensitive alternating tech
nology is introduced in this study for early detection of SARS-CoV-2. 

The most frequently used biosensors for virus detection are mainly 
based on electrochemical devices [9]. The advancement in electronic 
designs and interlinked circuits for readout systems enable an inex
pensive biosensor fabrication process [10]. The partnership of bio
electronics and technology can lead to the generation of nanoscale 
devices that can compete with conventional systems [11]. 

Metal-organic frameworks (MOFs) are a unique class of materials 
that are porous, crystalline, self-assembled by single or multi metal ions 
or metallic clusters, and organic linkers through coordination bonds 
[12–14]. Some studies emphasize the fitness of MOFs in integrated 
analytical devices [15–17]. However, MOFs alone are considered elec
trically insulating because of their poor-electron transfer property, 
which retards the straight use of MOFs in electrochemical sensing [18, 
19]. To address this demerit, MOF-composites platforms were intro
duced in which the MOFs can be incorporated with conducting materials 
to enhance electron transfer ability and act as electrochemical sensors 
[20,21]. So far generated MOF-nanohybrids involves tedious, 
time-consuming, multi-step synthetic methods and characterization. 
Hence, in this study, a new attempt was made to minimalize the syn
thesis efforts and successfully achieved CoFeBDCNH2-CoFe2O4 
MOF-nanohybrids preparation in a one-step-one-pot hydrothermal re
action. The integration of high surface area MOFs and high electron 
conductivity of nanomaterials enables the MOF-nanohybrids an excel
lent sensor [22]. Thus, it is expected that the synergistic effects of MOF 
and CoFe2O4 in the MOF-nanohybrids would effectively enhance the 
electrode efficiency and stabilize the hybrids to undergo electrochemical 
reactions. Furthermore, the synergies of MOFs and CoFe2O4 in 
MOF-nanohybrids were evaluated towards SARS-CoV-2 spike protein 
detection electrochemically, including the recombinant viral glycopro
tein and the pseudovirus. 

In this study, a commercial PalmSens-EmStat GO system was chosen 
as it facilitates the application of various electrochemical measurements 
including EIS without requiring extensive knowledge regarding firm
ware and digital electronics. Additionally, the miniaturized module 
(Production of electrodes, Scheme S1) allows for affordable, portable, 
and rapid electrochemical detection, which is suitable for point-of-care 
use. It is portable, cheap, and enables rapid sensor prototyping but it 
requires basic programming knowledge that can be considered a major 
hindrance in this study. Herein, this work presents a real-time, biosensor 
test strip for improved molecular diagnostics using a one-step-one-pot 
hydrothermally synthesized CoFeBDCNH2-CoFe2O4 MOF-nanohybrids- 
modified gold chip as the substrate. The gold chip electrode modified 
with such MOF-nanohybrids provides a high surface area which is 
further applied to increase the target binding on the electrode surface. 
Furthermore, the SARS-CoV-2 specific antibodies were conjugated onto 
the electrode surface in an ordered orientation through a self-assembled 
monolayer (SAM) using 11-Mecaptoundecanoic acid (11-MUA) as a 
linker. Accordingly, the sensitivity of the fabricated electrode signifi
cantly increased the direction of the SARS-CoV-2 viral antigen. These 
test strips allows the possibility of on-site screening using a low volume 
of testing samples. In addition, it is further compared against a com
mercial instrument “CHI 6116E CH Electrochemical Analyzer” to 
compare the electrochemical performances in buffer and serum- 
containing media. 

2. Materials and methods 

The details of the experimental methods are provided in the sup
porting information. 

3. Results and discussion 

3.1. Design and sensing strategy of MOF-nanohybrid platform 

In this report, we developed a simple one-step-one-pot hydrother
mal, various Fe-MOFs, and nanomaterial-evolved process to produce 
hollow porous CoFe2O4 combined CoFeBDCNH2 MOF-nanohybrid as the 
material for POC diagnostics (Scheme 1). To the best of our knowledge, 
this is the first report utilizing the one-step-one-pot hydrothermal 
derived MOF-nanohybrids for the SARS-CoV-2 viral antigen sensing. The 
integration of high surface area MOFs and high electron conductivity of 
nanomaterials enables the MOF-nanohybrids an excellent sensors [22]. 
Such a super combo can surpass the performance of original elements 
[22,23]. Thus, it is expected that the synergistic effects of MOF and 
CoFe2O4 in the MOF-nanohybrids would effectively enhance the elec
trode efficiency and stabilize the hybrids to undergo electrochemical 
reactions. 

Additionally, the electrochemical activity is investigated individu
ally for each material isolated at different reaction times so that the 
conductive effect of each material can be determined to ultimately 
identify the most suitable material to work towards the SARS-CoV-2 
viral antigen detection. Therefore, the sensing competence of the 
newly fabricated electrodes was explored using electrochemical 
impedance spectroscopic (EIS) measurements. Finally, the MOF- 
nanohybrids formed at a reaction time of 120 min were used as the 
substrate for the SARS-CoV-2 viral antigen detection as they displayed 
the best conductivity among all the products obtained. 

3.2. Evolution of the CoFeBDCNH2-CoFe2O4 MOF-nanohybrids and their 
structural investigations 

The surface topology of the materials obtained from the hydrother
mal reactions at increasing reaction times 30 min, 60 min, 90 min, 
120 min, 10 h, and 24 h analyzed using scanning electron microscopy 
(SEM) is summarized in Fig. S1. 

The reaction path for the evolution of MOF composite from the hy
drothermal reactions can be analyzed from the surface topology results. 
The results estimate the structural morphology and the conversion of the 
product composition are shown in Fig. S1. It is noted that in the initial 
stage of the reaction times, at 30 min, a mixture of comparable portions 
of the two different have appeared. When the reaction time is further 
increased to 60 min and 90 min, both the MOFs remain to be the same 
mixture. Among them, one product was identified with spindle 
morphology and the other product as particulate type. The spindle 
shaped products here were assigned as MIL-88B(Fe)-NH2 and the other 
particulate type is meant to be MIL-53. The absence of cobalt ions in the 
elemental composition obtained from Energy-Dispersive-X-ray Analysis 
(EDX) clearly shows the formation of iron based MOFs alone until 
90 mins (Fig. S1). When the reaction proceeded further up to 120 mins, 
the mixture of MIL-53 and MIL-88B(Fe)-NH2 disappeared and the for
mation of MOF-nanohybrids appeared with chunk morphology. The 
hybrid material obtained is the combination of CoFeBDCNH2 MOFs and 
a spinel ferrite CoFe2O4. The SEM-EDX elemental composition is evident 
in the presence of both cobalt and iron (Fig. S2). When the reaction time 
is exceeded over 120 min, a mixture of two different products CoFe2O4 
and CoFeBDCNH2 MOFs were identified at 10 h, with CoFe2O4 as a 
dominant one. The SEM-EDX data and mapping analysis further support 
the increasing CoFe2O4 formation (Fig. S2). At the reaction time of 24 h, 
the spindle-shaped products completely disappeared and only particu
late materials remains. The only material that remains after 24 h reac
tion time was found to be CoFe2O4. The SEM-EDX elemental data 
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indicates the complete formation of CoFe2O4 (Fig. S2). It is widely 
accepted that the electrochemical performances are highly dependent 
on the morphology of the electrode materials including the size and 
shape [24–28]. Also, it is identified that the materials with hierarchial 
and porous architectures can exhibit excellent electrochemical behavior 
owing to the presence of effective surface properties, structural stabil
ities, and shorter diffusion paths of electrolytic ions due to the close 
contact between the electrode and electrolyte [29,30]. In this study, the 
obtained porous MOF-nanohybrids with hierarchially oriented 
nanosheets-like morphology are expected to have potential electro
chemical properties when analyzing biosensing applications. The com
plete transitions in the evolution of the MOF-nanohybrids were further 
studied by XRD studies. Several other studies were performed to confirm 
the final product as well. 

As the sensor performance is particularly reliant on the microstruc
ture of the sensing element, it is important to investigate the 

morphology of the obtained nanomaterials. The formation of 
CoFeBDCNH2-CoFe2O4 MOF-nanohybrids and pure CoFe2O4 at reaction 
times 120 min and 24 h, respectively, were characterized by TEM 
analysis (Fig. 1) which not only throws light on morphological structures 
but also on the size of the products. The MOF-nanohybrids along with 
the longer reaction time product CoFe2O4 were characterized for com
parison (Fig. 1). The high and low magnification TEM images are shown 
in Fig. 1, indicating that the MOF-nanohybrids are composed of crys
talline nanosheets-like morphology CoFeBDCNH2 and spherical 
CoFe2O4 with the size of 200 nm. The HR-TEM images of the final 
product with the interfinge distance of 0.26 nm are shown in Fig. S3. 
The elemental composition of the as-synthesized MOF-nanohybrids and 
pure CoFe2O4 were further analyzed with TEM-EDX and elemental 
mapping analysis (Fig. 1). Additional TEM images, TEM-EDX spectra, 
and the elemental mapping recorded for the final 24 h product, CoFe2O4 
can be found in Fig. S4. 

Scheme 1. (A) Schematic illustration for the time dependent one-step-one-pot hydrothermal synthesis of CoFeBDCNH2-CoFe2O4 MOF-nanohybrids and other 
products at increasing reaction times. (B) Schematic representation of fabrication and sensing strategy of MOF-nanohybrids platform for the SARS-CoV-2 viral 
antigen detection using a handheld, portable device. 
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Despite the availability of various synthetic approaches to limit the 
growth of MOF nanoparticles and nucleation, the formation of mixed- 
phase MOFs obtained from one-pot solvothermal synthesis is inevi
table [31–33]. The formation of MOFs with different secondary building 
units leads the metal clusters to attain uncertain surface areas, indistinct 
pore structures, etc., which remarkably limit their applications [34,35]. 
It is reported that the MIL-88(Fe) MOF can be transformed to 3D 
Fe3O4/C with controlled particle size and shape and is further used for 
electrochemical studies [36]. Therefore, in this study, the formation of a 
mixture of two particle populations MIL-88B(Fe)-NH2/MIL-53 and 
CoFeBDCNH2-CoFe2O4 MOF-nanohybrids from the one-step-one-pot 
hydrothermal synthesis in the initial stage of the reactions is reason
able [37]. 

Additionally, the XRD patterns were recorded to evaluate the prod
uct formations at different reaction times. The analysis was performed to 
understand the phase composition and to ensure that all the synthesized 
products were free of impurities. The phase structures of all the hydro
thermal products are shown in Fig. S5. The XPS survey was recorded to 
gain knowledge of the chemical and electronic states of the synthesized 
materials. The recorded survey clearly illustrated the presence of 
elemental components (Co, Fe, C, N, and O) in the MOF-nanohybrids 
(Fig. S6). The Co2p XPS spectrum of MOF-nanohybrids displayed two 
major peaks at 779.7 eV and 795 eV are attributed to the presence of 
Co2p3/2 and Co2p1/2, respectively. This indicates that the cobalt ion 
present in the MOF-nanohybrids is in the + 2-oxidation state. This 
identification is further verified by the formation of two satellite peaks 
at 803 eV and 787 eV corresponding to the Co2+. The two other major 
peaks displayed at 710.6 eV and 723 eV reveal the presence of Fe2p3/2 
and Fe2p1/2, respectively. The Fe in the CoFeBDCNH2-CoFe2O4 acquired 
a + 3 oxidation state which is further verified by the presence of two 
satellite peaks at 717 eV and 731 eV related to iron. The C1s peaks 
located at 284 eV are assigned for C-C groups and the N1s peaks found at 
399 eV are related to C-N formation. Overall, the XPS survey determines 
the formation of CoFeBDCNH2-CoFe2O4 hybrids. The FT-IR recorded for 
CoFeBDCNH2-CoFe2O4 MOF-nanohybrids was obtained from the hy
drothermal reaction at 120 min (Fig. S7). 

3.3. Stepwise fabrication of CoFeBDCNH2-CoFe2O4 MOF-nanohybrid 
modified gold electrodes 

Fig. S8 depicts the pictorial representation of the device and its setup 
used for electrochemical measurements. Competitive EIS measurements 
of MOF‘X′ products isolated from different reaction times are given in 
Fig. S9. Before this analysis, the stability of Ab-SARS-CoV-2 was tested 
by dot blot assay. The resulting dot formation confirms the stability of 
the antibody as shown in Fig. S10. 

Fig. 2 demonstrates the impedance spectra for the redox probe 
recorded during stepwise electrode fabrication processes of the gold 
chip simulated using Randle’s equivalent circuit (Fig. S11). In the first 
step, the EIS spectra were recorded for the bare gold chip and noted their 
Rct. Then, the EIS spectra of the SAM of the carboxylic-terminated group 
on the gold surface show the typical impedance semi-circles which 
represent the electron transfer. On the other hand, a decrease in the 
charge transfer was noticed after the decoration of MOF-nanohybrids on 
the gold surface, indicating the MOF-nanohybrids catalyze the charge- 

Fig. 1. (A-D) SEM images of CoFeBDCNH2-CoFe2O4 MOF-nanohybrids obtained from the hydrothermal reaction at 120 min (100 nm scale bar). (E) TEM-EDX 
elemental mapping images of CoFeBDCNH2-CoFe2O4 MOF-nanohybrids highlighting the formation of CoFeBDCNH2 obtained from the hydrothermal reaction at 
120 min (200 nm scale bar). (F) TEM-EDX elemental mapping images of CoFeBDCNH2-CoFe2O4 MOF-nanohybrids highlighting the formation of CoFe2O4 obtained 
from the hydrothermal reaction at 120 min. 

Fig. 2. EIS measurements during the fabrication process of CoFeBDCNH2- 
CoFe2O4 MOF-nanohybrid modified gold electrodes in the presence of [1:1] 
redox probe, pH 7.4 in a buffered media. 
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transfer process of [Fe(CN]6]3-/4-. After immobilizing the Ab-SARS-CoV- 
2 on the CoFeBDCNH2-CoFe2O4/11-MUA/gold chip electrode, the semi- 
circle diameter increased due to high resistance and decreased electron 
transfer. Then, the non-specific binding sites were blocked using the 
bovine serum albumin (BSA), and set the electrodes for binding with 
SARS-CoV-2 spike protein. Finally, the EIS was recorded for the elec
trodes after binding with the SARS-CoV-2 spike protein of concentration 
1 pg/mL. The Rct is found to be highly increased probably due to the 
steric hindrance and blocking of the electron transfer by antibody- 
antigen binding. It is found that the MOF-nanohybrid modified elec
trode is very reliable and sensitive sufficient for the SARS-CoV-2 viral 
antigen detection, demonstrating the synergistic effects of MOFs and 
porous CoFe2O4 in the MOF-nanohybrids. The amount of antibody 
bound on the electrodes was further quantified by the enzyme-linked 
immunosorbent assay (ELISA) (Fig. S12, Table S1). All the MOF‘X′

electrodes used in the competitive EIS measurements were also prepared 
using the same method. Additionally, the EIS recorded for a batch of 
electrodes during each step of electrode fabrication is given in 
Figs. S13–S17. 

3.4. Surface topography analysis by SEM during the fabrication of 
CoFeBDCNH2-CoFe2O4 MOF-nanohybrid sensor 

To further investigate the antibody conjugation on CoFeBDCNH2- 
CoFe2O4/11-MUA/gold chip composite electrodes, SEM analyses were 
performed. During the fabrication of each step of the electrode 

construction, the morphological changes were recorded and the results 
are displayed in Fig. S18. The result illustrates the SEM images obtained 
after the electrode material, MOF-nanohybrid was introduced on the 11- 
MUA linked gold chip electrode. The electrode surface became rough 
after the attachment of CoFeBDCNH2-CoFe2O4 on the electrodes as 
shown in Fig. S18A. The immobilization of antibodies on the 
CoFeBDCNH2-CoFe2O4/11-MUA/gold chip electrode yields visible 
globular structures suitable for the SARS-CoV-2 viral antigen binding. 
The recorded SEM images of antibody conjugated electrodes are shown 
in Fig. S18B. The treatment of the SARS-CoV-2 spike protein (1 ng/mL) 
on the Ab-SARS-CoV-2/CoFeBDCNH2-CoFe2O4/11-MUA/gold chip 
electrode shows decreased globular structures, suggesting the antibody- 
antigen interactions (Fig. S18C) [38]. Clear, morphological changes on 
the surface modified electrodes are evidence of the successful fabrica
tion of the electrodes and the SARS-CoV-2 spike protein detection. 

3.5. Analytical ability of CoFeBDCNH2-CoFe2O4 MOF-nanohybrid 
platform towards SARS-CoV-2 detection 

To demonstrate the detection range in patient samples, presently 
Taiwan has imposed high restrictions on using real COVID samples for 
research purposes. At the same time, it is important to validate the 
performance of the sensor using high standard methods. Therefore, this 
study makes use of a pseudovirus system for the application as an 
alternative approach to mimic a real scenario. Pseudovirus systems can 
effectively screen vaccines outside of a biosafety level BSL-3 or BSL-4 

Fig. 3. (A) Nyquist plots obtained after the treatment of various concentrations of SARS-CoV-2 viral antigen ranging from 10 ng/mL to 10 fg/mL in the presence of 
[1:1] redox probe, at a pH 7.4 under buffer media. (B) A linear plot was obtained from Rct [MΩ] versus SARS-CoV-2 concentration for (A). (C) Nyquist plots were 
obtained after the treatment of various concentrations of SARS-CoV-2 antigen ranging from 10 ng/mL to 10 fg/mL in the presence of [1:1] redox probe, at pH 7.4 in 
10% serum-containing solution. (D) A linear plot was obtained from Rct [MΩ] versus SARS-CoV-2 concentration for (C). 
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level laboratory conditions. Utilizing this method allows them to be 
safely handled in BSL-2 laboratories and can avoid the handling of 
highly infectious viruses. The numerous benefits associated with pseu
doviruses triggered us to perform scientific research on the detection of 
SARS-CoV-2 viral antigen. This is the real reason why this work 
employed pseudo virus investigations in our study instead of real COVID 
samples [39,40]. 

The fabricated sensors were tested for various concentrations of the 
SARS-CoV-2 spike protein ranging from 10 ng/mL to 100 fg/mL in 
buffer and 10% serum media. The Nyquist plots recorded for the EIS 
measurements are shown in Figs. 3 and 4. It shows the sequential 
impedance changes obtained after the SARS-CoV-2 spike protein bind
ing on the Ab-SARS-CoV-2 modified electrode. The Rct is chosen as the 
parameter to quantify the immunosensor response. It is found from the 
EIS measurements that increasing the spike protein concentrations in
creases the charge transfer resistance. This indicates the increasing 
charge transfer resistance for the redox probe and confirms the increased 
steric hindrance and the antibody-antigen interactions. The diameter of 
the respective semicircle was observed to increase following the SARS- 
CoV-2 spike protein concentration parallel to charge transfer resis
tance. The charge transfers of the [Fe(CN]6]3-/4- were impeded by spike 
protein binding on the electrode surface. Here, a redox process with 
charge transfer kinetics as the rate-determining step brings a semi
circular feature in a Nyquist plot of the imaginary impedance factor 
(Zimag) versus the real impedance component (Zreal) in a given frequency 

range. The MOF-nanohybrids consequently provided a high surface area 
for the electrochemical reaction to proceed. Moreover, the electrical 
conductivity was reduced on the account of the restriction in the elec
trolyte diffusion towards the gold surface as a result of the antigen layer. 
An increase in the antibody-antigen binding causes a major kinetic 
barrier for electron transfer to take place. Additionally, it can potentially 
block the active sites on the working electrode. The EIS sensing data 
were obtained for three repetitive measurements. According to the ob
tained Nyquist plots (Fig. 3A and C), it is indicated that the EIS response 
of the MOF hybrid electrode exhibited a high Rct towards the SARS-CoV- 
2 spike protein recognition, revealing the synergistic effects of high 
surface area MOF and highly conductive porous CoFe2O4 nanomaterials 
promotes the electron transfer and accelerates the electrochemical ac
tivity. Additionally, there may be due to the electrostatic interactions 
between amino units of MOF materials and negatively charged car
boxylic units. It is mentioned that the clinically relevant quantification 
range is between 0.4 and 2500 U/mL and 0.8 U/mL is used as a cutoff 
for positivity [41]. This study achieved a wide linear range of detection 
between the concentration range of 10 ng/mL to 100 fg/mL with an 
assay time of < 5 min. The LOD was calculated as 6.68 fg/mL when 
tested in buffer media (Fig. 3B). When the proposed device is tested in 
10% serum media, the dose-dependent study achieved the LOD of 7.25 
fg/mL (Fig. 3D). 

Fig. 4. (A) Nyquist plots obtained after the treatment of various concentrations of the SARS-CoV-2 viral antigen ranging from 10 ng/mL to 10 fg/mL in the presence 
of [1:1] redox probe, at a pH 7.4 under buffer media. (B) A linear plot was obtained from Rct [MΩ] versus SARS-CoV-2 concentration for (A). (C) Nyquist plots were 
obtained after the treatment of various concentrations of SARS-CoV-2 antigen ranging from 10 ng/mL to 10 fg/mL in the presence of [1:1] redox probe, at pH 7.4 in 
10% serum-containing solution. (D) A linear plot was obtained from Rct [MΩ] versus SARS-CoV-2 concentration for (C). 
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3.6. Validation of the developed CoFeBDCNH2-CoFe2O4 MOF- 
nanohybrid sensor with commercial CH instrument 

The utility of the proposed biodevice was further validated for the 
recognition of the SARS-CoV-2 spike protein using commercial in
struments. Here, the dose-dependent studies were carried out to know 
the status of antibody-antigen interactions in buffer (Fig. 4A) and 10% 
serum (Fig. 4C) media similar to that of the device. When tested in buffer 
solutions, the LOD of 7.35 fg/mL was obtained (Fig. 4B) whereas, in 10% 
serum solutions, the LOD was found to be 7.24 fg/mL (Fig. 4D) with an 
assay time of 10 min. The LOD obtained for the buffer and serum con
ditions are comparable. The obtained results validated the sensor as an 
effective tool for the specific spotting of the SARS-CoV-2 viral antigen 
both in buffer and serum samples with high accuracy. 

This study compares the conductivity and electrochemical perfor
mance of the electrode with and without MOF nanohybrids to analyze 
the importance of the material. Further, the limit of detection and 
detection time was also calculated. The LOD was found to be 7.7 pg/mL 
(Fig. S19) and the assay time was found to be 13 min when recorded in 
PBS solution. A critical comparison of SARS-CoV-2 detection methods 
and their sensitivities with those previously reported sensors (Table S2). 
Detailed analysis of the reported sensor investigations decides that this 
material is the first ever one-step-one-pot hydrothermally derived MOF- 
nanohybrids used for the SARS-CoV-2 viral antigen recognition using a 
handheld-portable device. 

3.7. Device performance towards pseudoviruses 

To explore the analytical performance of the device, a set of pseu
dovirus samples such as Omicron BA.2 and wild-type D614G were 
analyzed. Here, dose-dependent studies were carried out to identify the 
status of antibody-antigen interactions in the buffer. It is found from the 
EIS measurements that increasing the pseudovirus concentrations (0 
RIU, 2.7 RIU, 8 RIU, 25 RIU, 74 RIU, 222 RIU, 667 RIU, 2000 RIU, and 
6000 RIU) increases the charge transfer resistance (Figs. 5 and S20), 
confirms the increased steric hindrance and the antibody-antigen in
teractions. This sensor achieved the LOD of 5.16 RIU and 9.34 RIU to
wards omicron BA.2 and wild-type D614G, respectively. 

3.8. Selectivity, reproducibility, and stability of the designed sensor 

To determine the specificity of the Ab-SARS-CoV-2/CoFeBDCNH2- 
CoFe2O4/11-MUA/gold chip electrode for spike protein detection, the 
EIS experiments were conducted in which the MOF-nanohybrid 

modified electrode was used to assess its sensor performance. The 
selectivity of the nanocomposite electrode was examined by successive 
addition of interfering species including human enterovirus A71 
(EVA71), influenza A virus, lentivirus, human coronavirus (HCoV-229E) 
(10,000 PFU/mL), indicating no significant interference while sensing 
the SARS-CoV-2 spike protein at the tested concentration (1 ng/mL) as 
shown in Fig. 6A. 

From a commercial perspective, reproducibility and stability are the 
two most desired parameters to be considered. Therefore, the electrodes 
were produced from five different batches and one electrode from each 
of the batches, a total of five of the electrodes were tested for EIS in the 
presence of the SARS-CoV-2 spike protein concentration of 1 ng/mL. 
The Rct values obtained from each electrode reveal that this fabrication 
methodology yields identical electrodes that are most suitable for the 
SARS-CoV-2 spike protein detection (Fig. 6B). 

The experiments on MOF-nanohybrid sensor stability by EIS 
demonstrated that the Ab-SARS-CoV-2 surface modified gold chip 
electrode displayed identical Rct values as that of the initial one even 
after 21 days. The electrodes displayed similar values when stored at 4 
ºC (Fig. S21) or even stored at room temperature (Fig. S22). This in
dicates that the electrodes can be stored for three weeks with an 
ignorable reduction in sensing performance, illustrating the good sta
bility of the electrode. Additionally, the pH stability of the electrodes 
was tested under different pH conditions. The results displayed that the 
electrodes were highly stable irrespective of their pH condition as shown 
in Fig. S23. 

4. Conclusions 

In this study, we reported the development of a biosensor test strip 
for the SARS-CoV-2 viral antigen detection using a handheld portable 
POC device and further compared against a commonly used electro
chemical instrument (CHI6116E). The experiments were performed on a 
PalmSens-EmStat Go POC device and the LOD was found to be 6.68 fg/ 
mL and 6.20 fg/mL when tested in buffer and serum media, respectively 
with high accuracy and specificity. The synergistic effects of 
CoFeBDCNH2-MOFs and CoFe2O4-nanomaterials as MOF-nanohybrids 
may lead to a betterment in the electrochemical detection of various 
targets. This design concept possesses essential flexibility for being 
remodeled to detect not only the SARS-CoV-2 viral antigen but also any 
other disease-based biomarkers by modifying the sensor surface with the 
target specific antibodies. We anticipated that this strategy may provide 
researchers to establish a newfangled MOF-nanohybrid sensing system 
for the immediate detection of disease-based biomarkers. Future work 

Fig. 5. (A) Nyquist plots obtained after the treatment of various concentrations of Omicron BA.2 ranging from 0 RIU to 6000 RIU in the presence of [1:1] redox 
probe, at a pH 7.4 under buffer media. (B) A linear plot was obtained from Rct [MΩ] versus Omicron BA.2 concentration for (A). 
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concerns the deeper investigation of time-dependent and real sample 
analyses including human saliva or nasal swabs. The developments may 
focus on the translation of biosensing units from academic studies to 
clinical utilization for improved usability of POC detections. 
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