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Abstract: The rampant spread and death rate of the recent coronavirus pandemic related to the
SARS-CoV-2 respiratory virus have underscored the critical need for affordable, portable virus
diagnostics, particularly in resource-limited settings. Moreover, efficient and timely monitoring of
vaccine efficacy is needed to prevent future widespread infections. Electrochemical immunosensing
poses an effective alternative to conventional molecular spectroscopic approaches, offering rapid,
cost-effective, sensitive, and portable electroanalysis of disease biomarkers and antibodies; however,
efforts to improve binding efficiency and sensitivity are still being investigated. Graphene quantum
dots (GQDs) in particular have shown promise in improving device sensitivity. This study reports
the development of a GQD-functionalized point-of-contamination device leveraging the selective
interactions between SARS-CoV-2-specific Spike (S) Protein receptor binding domain (RBD) antigens
and IgG anti-SARS-CoV-2-specific S-protein antibodies at screen-printed carbon electrode (SPCE)
surfaces. The immunocomplexes formed at the GQD surfaces result in the interruption of the
redox reactions that take place in the presence of a redox probe, decreasing the current response.
Increased active surface area, conductivity, and binding via EDC/NHS chemistry were achieved
due to the nanomaterial inclusion, with 5 nm, blue luminescent GQDs offering the best results.
GQD concentration, EDC/NHS ratio, and RBD S-protein incubation time and concentration were
optimized for the biosensor, and inter- and intra-screen-printed carbon electrode detection was
investigated by calibration studies on multiple and single electrodes. The single electrode used for
the entire calibration provided the best results. The label-free immunosensor was able to selectively
detect anti-SARS-CoV-2 IgG antibodies between 0.5 and 100 ng/mL in the presence of IgM and
other coronavirus antibodies with an excellent regression of 0.9599. A LOD of 2.028 ng/mL was
found, offering comparable findings to the literature-reported values. The detection sensitivity of
the sensor is further compared to non-specific IgM antibodies. The developed GQD immunosensor
was compared to other low-oxygen content carbon nanomaterials, namely (i) carbon quantum dot
(CQD), (ii) electrochemically reduced graphene oxide, and (iii) carbon black-functionalized devices.
The findings suggest that improved electron transfer kinetics and increased active surface area of the
CNs, along with surface oxygen content, aid in the detection of anti-SARS-CoV-2 IgG antibodies. The
novel immunosensor suggests a possible application toward monitoring of IgG antibody production
in SARS-CoV-2-vaccinated patients to study immune responses, vaccine efficacy, and lifetime to meet
the demands for POC analysis in resource-limited settings.

Keywords: SARS-CoV-2; carbon nanomaterials; electrochemical immunosensor; point-of-care device;
label-free detection

1. Introduction

The COVID-19 pandemic, part of the coronavirus family stemming from the highly
contagious severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has had pro-
found impacts on both human health and socioeconomic activity globally. It has accounted
for millions of deaths to date. The virus’s rapid mutation has given rise to numerous
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variants such as B.1.1.7 (Alpha), B.1.351 (Beta), B.1.617.2 (Delta), P.1 (Gamma), and B.1.1.529
(Omicron) [1]. Common symptoms of infection encompass fever, dry cough, and fatigue,
while less frequent but serious manifestations include aches, sore throat, diarrhea, conjunc-
tivitis, headaches, and loss of taste and smell [2]. Given its extensive transmission, health
complications, and elevated mortality rate, it is imperative to establish robust healthcare
systems and deploy advanced devices for effective monitoring of SARS-CoV-2 spread.

To better combat the virus, technological advancements in healthcare have played
a pivotal role. The foremost testing methods for COVID-19 are reverse transcription-
polymerase chain reaction (RT-PCR) and the Rapid Antigen Detection Test (RADT). These
techniques can adeptly detect SARS-CoV-2 RNA and specific S and N proteins, respec-
tively, with good sensitivity and reliability. Additionally, researchers are exploring other
approaches such as enzyme-linked immunosorbent assays (ELISAs) and lateral flow im-
munoassays (LFIAs) for COVID-19 detection [3]. However, given their often-extended
processing times, need for expensive equipment, labor-intensive sample preparation, and
demand for skilled personnel, there is a pressing need for alternatives to molecular spec-
troscopic testing, especially in resource-constrained settings. Electrochemical biosensors
provide a highly selective approach for the detection of SARS-CoV-2 biomarkers by incor-
porating specialized bioreceptors to monitor binding efficiency. Coupling electrochemistry
with biosensing allows for a cost-effective detection strategy with little instrument require-
ments and is commonly used over colorimetric, spectroscopic, and other techniques. This
has led to a surge of interest in electrochemical immunoassays as a viable alternative bioan-
alytical technique over their aptamer, enzyme, RNA, and other bioreceptor counterparts.
These assays rely on antigen–antibody interactions, where a current response is observed,
enabling low-cost and portable detection with excellent selectivity [4–6].

Label-free immunoassays, in comparison to their labeled detection counterparts, op-
erate by measuring redox changes resulting from indirect biomolecule binding. They
offer significant advantages due to their speed, cost-effectiveness, simplicity, and minimal
pre-reaction requirements [7]. Typically, redox probes are used as an indirect measure
of biomarker detection with ferri/ferrocyanide being the most employed. As a result,
they have found wide application in antigen monitoring with numerous works reporting
their use at different substrates [8–14]. Antibody testing has also gained popularity in
the early detection of coronavirus and assessing vaccine effectiveness. Various methods,
ranging from simple to complex systems, have been proposed for electrochemical im-
munosensing of anti-SARS-CoV-2 S and N protein antibodies, with different functionalities
reporting different results. Notably, promising approaches like electrochemical and optical
techniques have been employed in designing miniaturized immunosensors, which are
fast, accurate, and user-friendly point-of-care (POC) devices for antibody detection [15].
For instance, Braz et al. introduced a selective detection method for anti-S-protein using
a Au-binding peptide (Pept/Au) as the biorecognition element, achieving detection in
the ng·mL−1 range on screen printed carbon electrodes [16]. Timilsina et al. utilized a
nanocomposite of antifouling pentaamine-modified graphene nanoflakes (prGOx) cross-
linked with glutaraldehyde (GA) for the detection of anti-human-SARS-CoV-2 IgG-HRP.
This approach not only increased conductivity but also limited nonspecific binding [17].
In another study by Peng et al., a sandwich assay configuration employing a biotinylated
RBD protein as the capture probe was used to monitor ALP-conjugated detection of IgG
and IgM antibodies in human serum using chronoamperometry. This method allowed
for detection in a wide range, from ng·mL−1 to µg·mL−1, with long-term stability [18].
Masterson et al. presented a label-free nanoplasmonic biosensor-based multiplex quantita-
tive detection test for 10 different SARS-CoV-2 biomarkers within one biosensing platform.
Their novel nanoplasmonic biosensor demonstrated high specificity, effectively minimizing
false responses [19]. Najja et al. designed a 3D-printed microfluidic chip for lab-on-a-chip
saliva detection of SARS-CoV-2 RNA and antibodies. This approach enabled accurate
detection within 2 h of input [20]. Rashed et al. demonstrated the detection of anti-SARS-
CoV-2 monoclonal antibody CR3022 in the µg.mL−1 range using a 16-well plating with
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sensing electrodes functionalized with RBD protein [21]. Finally, Yakoh et al. introduced
a novel label-free electrochemical immunosensor on paper, the only one of its kind for
detecting SARS-CoV-2 antibodies. This method immobilized the SARS-CoV-2 Spike-protein
(S-protein) onto graphene oxide, with the detection principle relying on the immune com-
plex formed between the SARS-CoV-2 antibody and antigen, which interrupts the redox
conversion of Fe(CN)6

3−/4−, resulting in a decrease in current response. Graphene oxide
played a crucial role in improving bioreceptor binding through its oxygen-containing moi-
eties and demonstrates one of the few studies for antibody detection relying on carbon
nanostructures [22]. These advancements collectively represent a diverse and innovative
approach to SARS-CoV-2 antibody immunosensing.

Carbon nanomaterials have gained significant attention in recent years, specifically
in energy, biomedical, and sensing applications, driven by the desire to reduce costs and
adopt more environmentally friendly practices in various industries. In electroanalytical
applications, they have proven to be particularly valuable to improving electrode con-
ductivity and active surface area [23,24]. This is attributed to their chemical inertness,
wide operational potential range, versatility in different types of analyses, and outstand-
ing electrochemical properties [25]. Carbon, as the focal element of investigation, offers
a distinct advantage in forming various chemical bonds and orientations with different
biological materials, owing to its diverse orbital hybridizations [26]. This has allowed
for it to be studied to increase binding affinity due to Van der Waals interactions or π–π
stacking. The array of carbon nanomaterial deployments includes carbon nanotubes, wires,
quantum dots, graphene sheets, and graphene oxides. Each type of carbon material is
adeptly applied in contexts that align with its specific structure. In biosensing development,
carbon nanomaterials leverage their quantum size effects, emerging as pivotal elements.
Expanding the electrode’s surface area not only enhances its active area but also facili-
tates greater immobilization of biological material—a crucial factor in detection. To date,
GO has emerged as the frontrunner due to the electrostatic interactions possible due to
oxygen inclusion. For antibody monitoring, less work has studied the electron transfer
kinetics possible for conductive CNs. Consequently, this study will delve into the potential
of highly conductive carbon nanomaterials including graphene quantum dots (GQDs),
carbon quantum dots (CQDs), and reduced graphene oxide (rGO) for the advancement of
electrochemical biosensing for SARS-CoV-2 antibodies.

This study introduces a label-free electrochemical immunosensor designed for rapid,
sensitive, and specific detection of SARS-CoV-2 IgG antibodies. The sensor’s novelty lies in
the incorporation of electrodeposited graphene quantum dots (GQDs), which enhance both
binding efficiency and electron transfer kinetics, resulting in highly sensitive detection of
Anti-SARS-CoV-2 antibodies. The use of EDC/NHS crosslinking chemistry activates the
GQD-COOH functional groups, facilitating the efficient immobilization of RBD S-protein
for precise detection of SARS-CoV-2 IgG antibodies while maintaining excellent current
responses. The voltammetric sensor operates by disrupting the electron transfer reaction
between the redox probe, Fe(CN6)3−/4−, and the active zone, a phenomenon brought about
by the formation of the immunocomplex. With the global rollout of COVID-19 vaccines, it
becomes imperative to develop devices capable of monitoring antibody production within
the body. This step ensures that the vaccines distributed to the public remain effective,
ultimately saving lives in the process.

2. Results and Discussion
2.1. Selected Characterization of Graphene Quantum Dots (GQDs)

FTIR analysis was conducted on synthesized and commercial GQDs to study the
structural changes in the carbon-based nanomaterials, as shown in Figure 1a. The presence
of carbon and oxygen containing functional groups present between 0 and 4000 cm−1 was
confirmed in both samples. The FTIR analysis depicted in Figure 1a was carried out on both
the synthesized and commercially obtained graphene quantum dots (GQDs) to examine
any structural alterations in these carbon-based nanomaterials. The spectra confirmed
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the presence of functional groups containing carbon and oxygen within the range of 0 to
4000 cm−1 for both samples. Notably, the IR spectra exhibited relatively weak vibrational
stretches, indicative of bond stretching vibrations associated with oxygen-containing func-
tional groups such as -OH, COOH, -C-O, and -C-O-C-, observed at 3400, 1600, 1100, and
600 cm−1, respectively. Additionally, vibrations related to C-H and -C=C- within the carbon
lattice were discernible at 2900 and 1300–1500 cm−1. These observations underscore the
integration of oxygen into the carbon structure during the oxidative exfoliation process,
aligning with prior research findings [27–32]. The presence of C-OH bonding at around
3400 cm−1 suggests the absorption of water within the lattice structures of all samples,
likely due to incomplete drying. Notably, the transmittance intensities of the commercial
GQDs indicated a higher degree of oxidation compared to GQDs synthesized from carbon
black. This disparity may be attributed to the incorporation of oxygen within the graphite
structures during the preparation process. While the elevated oxygen content in commer-
cial GQDs may potentially reduce overall conductivity, it could enhance binding to the
electrode surface through cross-linking when employed as an electrochemical biosensor.
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(c) X-ray diffraction patterns, and (d) cyclic voltammetry in 5 mM ferricyanide in 0.1 M KCl.
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The electronic structure of both commercially obtained and synthesized graphene
quantum dots (GQDs) was examined through UV absorption spectroscopy, as illustrated in
Figure 1b. The obtained spectra displayed characteristic GQD absorbance bands falling
within the range from 200 to 500 nm, aligning with the observations made by Ye et al. [33].
Specifically, the UV results exhibited distinct peaks at 210 and 230 nm, attributed to π–π*
transitions arising from aromatic carbon–carbon bonding resulting from C=C sp2 hybridiza-
tion. At longer wavelengths, n–π* transitions predominated, giving rise to typical peaks at
345 nm [34]. These peaks are attributed to the sp2 structural domain and n–π* transition of
multi-conjugate C=O [35]. Interestingly, both commercial and synthesized GQDs exhib-
ited similar optical absorption behavior, with disparities primarily in absorbance maxima.
These differences can be ascribed to reduced stacking and acidic properties. Additionally,
the inset provided demonstrates the blue luminescent nature of the GQDs under UV-light,
further highlighting their distinctive optical characteristics.

The structure of both the (a) synthesized graphene quantum dots (GQDs) and (b) com-
mercial GQDs was investigated using X-ray diffraction (XRD), and the diffraction patterns
are depicted in Figure 1c. This technique was employed to assess the crystallinity of the
prepared and commercially obtained carbon nanostructured materials, as well as their
intrinsic carbon ordering. The synthesized GQDs, derived from carbon black precursors,
displayed an overall reduction in diffraction along the 002 plane, coupled with a shift to
11◦ resulting from diffraction in the 001 plane. This shift served as confirmation of the
presence of oxygen-containing functional groups on the surface of the GQDs, corroborating
the findings from the FTIR analysis. Additionally, diffraction from the 100 plane (2θ = 33◦)
indicated crystalline carbon stacking. The sharp peaks observed in the XRD patterns affirm
the crystalline nature of the prepared GQDs, suggesting some degree of stacking prior to
exfoliation. Commercial GQDs exhibited similar diffraction patterns, albeit with slight
shifts in 2θ values. Notably, the commercial GQDs demonstrated enhanced crystallinity,
evidenced by sharper diffraction peaks and higher intensities. The presence of additional
diffraction peaks in the spectra may be attributed to the stabilizing agents employed during
their synthesis [36].

Cyclic voltammetry was employed for the electrochemical characterization of the
carbon nanomaterials subsequent to their electrodeposition on screen-printed carbon
electrodes (SPCEs). To establish a reference, a cyclic voltammogram of the bare SPCE
was initially conducted. The electroactive medium utilized was potassium ferricyanide
(K3[Fe(CN)6]). Figure 1d below presents the cyclic voltammograms of the bare SPCE,
GQDs-functionalized SPCE, and carbon quantum dot SPCE in a 5 mM K3[Fe(CN)6] so-
lution using 0.1 M KCl as the electrolyte. Notably, the nanomaterials exhibited higher
redox peak currents for Fe(CN)6

3−/4−, indicating an enhancement in the electron transfer
kinetics of the SPCE. Both the commercial and synthesized GQDs demonstrated similar
performance, showcasing an approximate 50% increase in peak current. While the carbon
quantum dots (CQDs) also exhibited an improvement compared to the bare SPCE, their
effect was not as pronounced as that of the GQD materials. These findings underscore
the significant role played by graphene quantum dots in augmenting the rate of electron
transfer and the active surface area of SPCE surfaces. This enhancement holds the potential
to offer heightened sensitivity in immunosensing applications.
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To further evaluate the electrochemical performance, experiments were conducted on
both (a) the unmodified screen-printed carbon electrode (SPCE) and (b) the SPCE modified
with graphene quantum dots (GQDs) using scan rates ranging from 20 to 200 mV·s−1.
The resulting voltammograms, recorded within the voltage range from −1 to 1 V in
a 5 mM ferricyanide solution, along with the corresponding current versus scan rate
plots, are presented in Figure 2. An observable increase in redox peak currents was
noted with the escalation of scan rate for both the GQD-modified and unmodified SPCEs
(Figure 2a,b). These results indicate improved electron transfer kinetics at both electrode
surfaces. Furthermore, the data obtained from the cyclic voltammograms were linearized
and plotted against the square root of the scan rate, as illustrated in Figure 2c. By applying
the Randles–Sevcik equation, the surface areas of the bare and GQD-modified SPCEs were
determined to be 5.319 and 14.38 cm2, respectively. This finding demonstrates a threefold
enhancement in the active surface area of the electrode, attributed to the incorporation
of GQDs. This expanded surface area facilitates more effective electron transfer kinetics,
showcasing a significant improvement in electrode performance.
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Figure 2. Multi-scan rate study on (a) bare SPCE and (b) GQD-modified SPCE in 5 mM ferricyanide.
(c) Displays the linear relationship between the peak current (µA) vs. square root of the scan
rate (mV/s1/2).

2.2. High-Resolution Transmission Electron Microscopy Characterization of Carbon Nanomaterials

Figure 3 below provides high-resolution transmission electron microscope (HRTEM)
images of both the synthesized and commercial graphene quantum dots (GQDs), ac-
companied by their respective size distribution plots. The observed GQDs exhibit flat,
two-dimensional circular shapes, with diameters falling within the range of 3–15 nm. No-
tably, the crystalline nature of the GQDs is evidenced by discernible striations and lattice
fringes. Moreover, the particles appear to be uniformly and densely dispersed in all sam-
ples. However, it is worth noting that the presence of excess hydrocarbons in the sample
posed a challenge for imaging at higher magnifications. The findings affirm that the synthe-
sized GQDs closely resemble the commercial GQDs in terms of size, shape, and crystalline
structure. Size distribution analysis was conducted through visual imaging, demonstrating
a relatively uniform size distribution in both cases. Specifically, the synthesized GQDs
exhibited a size range between 2.5 and 5.5 nm, while the commercial GQDs ranged from
1 to 6 nm. The average particle sizes were determined to be approximately 3.5 nm and
3 nm for the synthesized and commercial GQDs, respectively. These results align with the
spectroscopic analyses mentioned earlier.
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2.3. Characterization of Electrochemical Carbon Nanomaterial SARS-CoV-2 Immunosensor

The electrochemical properties of the developed GQD-based immunosensor follow-
ing each fabrication step were characterized through cyclic voltammetric analysis. The
electrodeposition of GQDs serves as a straightforward modification of the SPCE, creating
an enhanced interfacial bond between the carbon nanostructure and the electrode surface,
resulting in a uniform and dense coating [37]. This step is crucial in expanding the active
surface area of the SPCE, allowing for maximal immobilization of the S-protein RBD and,
thus, improving binding efficiency and sensitivity. Additionally, GQDs are known to
enhance electron transfer kinetics as evidenced by an increase in redox peak current, a
crucial advantage in sensitive electrochemical immunosensors. It is important to note that
an optimized GQD concentration should be employed to avoid potential repulsive forces
between the GQDs and [Fe(CN)6]3−/4−, which could hinder electron transfer effects [38].
Following GQD modification, carboxylic groups (-COOH) on the GQDs are ready for
activation via EDC/NHS chemistry. This step is pivotal, as it facilitated the immobilization
of RBD S-protein onto the GQDs through the amine groups of the aforementioned antigen.

Figure 4 below illustrates the electrochemical characterization of the label-free SARS-
CoV-2 immunosensor at various fabrication stages. The characteristic voltammogram for
the one-electron transfer of [Fe(CN)6]3−/4− redox couple with Epa = 0.14 V and Epc = 0.06 V
is shown for the bare SPCE at a scan rate of 100 mV·s−1 between −0.2 and 0.6 V. After
modification with GQDs via electrodeposition, an increase in peak currents for both oxida-
tion and reduction peaks was observed, along with a slight narrowing in peak separation.
This is attributed to the higher active surface area and improved electron transfer kinetics
associated with conductive GQD modification. Upon immobilization of the RBD S-protein
onto the GQD-SPCE, a significant decrease in peak height for both oxidation and reduction
reactions was observed. This is a result of the non-conductive biological antigen binding,



Molecules 2023, 28, 8022 8 of 19

reducing the rate of electron transfer through the antigen-functionalized electrode. A 50%
decrease in peak current confirms effective binding and coverage of the GQD-SPCE surface
via EDC/NHS crosslinking. Following the addition of BSA, minimal change was observed
in the voltammogram, indicating consistent electron transfer reactions. Bovine serum
albumin (BSA) served as a blocking agent to reduce non-specific binding at the electrode
surface. Incubation of 10 ng·mL−1 SARS-CoV-2 IgG antibody resulted in the formation
of an immunocomplex with the immobilized RBD S-protein, inhibiting electron transfer
reactions. This led to a decrease in peak height at both oxidation and reduction peaks,
centered at Epa = 0.22 V and Epc = 0.12 V, respectively. In conclusion, the decrease in peak
heights in both oxidation and reduction reactions due to IgG antibody binding indicates a
decline in electron transfer kinetics at the electrode surface, attributed to the formation of
the immunocomplex of SARS-CoV-2 S-protein and IgG antibody. These results affirm the
successful development of the novel immunosensor and suggest its potential application
for the detection of SARS-CoV-2-specific antibodies in test samples.
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2.4. Assay Optimization

The sensitivity of the developed sensor was controlled by the efficient binding of
bioreceptor at the SPCE surface. The GQD concentration, EDC/NHS ratio, concentration,
and incubation time as well as RBD S-protein antigen and 4% BSA used to block non-specific
sites on the immunosensing platform were optimized.

The concentration of the EDC/NHS crosslinker is vital to the achieving maximum
binding efficiency of the bioreceptor. EDC/NHS chemistry plays a pivotal role in this
process. EDC was utilized to activate the -COOH functional groups present on the GQDs,
facilitating immobilization via the amine groups of the RBD S-protein antigen onto the
electrode’s surface through NHS crosslinking [39]. Figure 5 illustrates the optimization
of the EDC/NHS concentration for immobilizing the RBD S-protein antigen on the SPCE
surface. A 1:1 EDC/NHS ratio was studied at concentrations of 5, 10, 20, 30, and 50 mM. It
was observed that as the concentration increased within the studied range, the oxidation
peak current of 5 mM ferricyanide at a GQD-modified SPCE also increased. The EDC/NHS
crosslinking altered the surface charge of the electrode, allowing for greater accumulation
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of the ferri/ferrocyanide anions at the electrode surface. A concentration of 10 mM of
EDC/NHS showed sufficient activation of the GQD carboxylic acid groups and was chosen
for further investigation. Figure 5b demonstrates an increasing trend in current peak
height with escalating concentrations of EDC/NHS in a 2:1 ratio. Higher concentrations
showed improved activation of the GQD surface for crosslinking; contrastingly, altering
the EDC to NHS ratio had minimal influence on surface activation. A 10:5 mM EDC/NHS
concentration was selected for further studies to ensure complete activation of the electrode
surface. These findings indicate that lower EDC/NHS concentrations are sufficient in
inducing the necessary surface changes for immunosensor fabrication. Furthermore, an
excess of EDC can potentially reduce the sensitivity of the immunosensor, as EDC has a
tendency to form by-products with the antibody/antigen [40].
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The passive adsorption of spike protein receptor-binding domains (RBDs) onto the
GQD-modified electrode surface offers a straightforward method for electrode functional-
ization. During this process, various non-covalent interactions are at play, governed by the
EDC/NHS crosslinker. Incubation time plays a crucial role in determining the distribution
of RBD proteins across the GQD-SPCE surface.

In Figure 5c, a time-dependent study was conducted using a 5 µg/mL RBD S-protein
sample immobilized on a 0.5 mg/mL GQD-SPCE surface. The incubation times were
varied between 0.5, 1, 3, and 24 h, and the resulting [Fe(CN)6]3−/4− oxidation peak current
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was observed. An increase in peak current was observed up to an incubation time of 1 h.
Beyond this point, saturation of RBD proteins at the electrode surface was evident, with
little-to-no change in peak current. The results indicate that the maximum current response
was achieved at an incubation time of 3 h. Incubating RBDs for up to 24 h resulted in
the complete blocking of the electrode surface with non-conductive protein, significantly
impeding electron transfer at the electrode surface. Therefore, an incubation time of 1 h was
selected for RBD S-protein immobilization in the immunosensor. This incubation period
demonstrated significant RBD-functionalization even at relatively short times.

Following this experiment, a concentration study of the RBD S-protein was conducted,
as shown in Figure 5d. Concentrations of 2, 4, 6, 8, 10, and 30 µg/mL were used. At higher
concentrations of the antigen immobilized on the GQD-SPCE surface, there was a tendency
to reduce the electron transfer of [Fe(CN)6]3−/4−, leading to a decrease in oxidation peak
current. Saturation of the GQD-SPCE surface with S-protein RBD antigens occurred at
concentrations greater than 8 µg/mL. Beyond this point, no significant change in peak
current was observed, indicating complete coverage of the electrode surface with RBD
bioreceptor. Consequently, the optimized concentration for the immobilization of RBD
S-protein is 8 µg/mL, and this was utilized in the fabrication of the immunosensor.

2.5. Carbon Nanomaterial-Modified SARS-CoV-2 Immunosensor Label-Free Detection of
SARS-CoV-2 Antibodies

The GQD-functionalized immunosensor was applied to the detection of SARS-CoV-2
IgG antibodies in test samples. The detection was conducted using potassium ferricyanide
(5 mM) as a redox probe, where the change in current was monitored as the concentration
of the SARS-CoV-2 antibodies increased between 0 and 100 ng/mL. Figure 6a shows the
voltammograms recorded between −0.2 and 0.6 V. As the concentration of the antibody is
increased, a decrease in oxidation peak current was observed. This was due to the disrupt-
ing of the potassium ferricyanide oxidation reaction that occurs when the immunocomplex
forms between the SARS-CoV-2 RBD S-protein antigen and the SARS-CoV-2 IgG antibody
at the GQD surface.

Figure 6b displays the corresponding average calibration curves for three replications
indicating the relationship between the change in current and the SARS-CoV-2 IgG antibody
concentration. A logarithmic relationship between ferricyanide oxidation current and
concentration was observed across the 0.5–100 ng/mL range. The calibration curve was
further linearized by plotting the logarithmic concentration (Figure 6c). The immunosensor
developed displayed sensitive detection of SARS-CoV-2 IgG antibodies with a sensitivity
of 2.126 µA/pg·mL−1. The change in current was due to the amount of binding that occurs
between the RBD S-protein and IgG antibody. The IgG immunocomplex formed reduced
the amount of redox probe which could access the electrode surface. It is seen that the
change in current was proportional to the logarithmic concentration of the SARS-CoV-2
antibody, resulting in a linear plot. The change in current increased with the logarithmic
concentration. For this COVID-19 immunosensor, the dynamic linear range was found to
be between 0.5 and 100 ng/mL. This resulted in an R2 value of 0.9599, indicating good
regression for the biosensor. Using the equation (3SDblank/slope), the LOD was determined
to be 2.028 ng/mL. A schematic of the developed GQD-modified immunosensor is shown
in Figure 6d.

Table 1 summarizes the recorded recovery (%) of the GCQ-SPCE for the detection of
5 ng/mL SARS-CoV-2 IgG antibodies. The sensor showed excellent accuracy in detecting
SARS-CoV-2 IgG antibodies with a recovery % of 99.2 ± 7.8% for the three replications.
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Table 1. Recovery percentages for the detection of SARS-CoV-2 IgG antibodies at the GQD-SPCE.

Replication Spiked (ng/mL) Detected (ng/mL) RSD%

1 5 5.22 104.4

2 5 5.16 103.2

3 5 4.51 90.2

2.6. Reproducibility Study for the Detection of SARS-CoV-2-Specific IgG Antibody via
GQD-Modified SARS-CoV-2 Immunosensor

Figure 7 illustrates the reproducibility of the SARS-CoV-2 IgG antibody detection pro-
cess for a concentration of 1000 ng/mL, comparing two different conditions: (a) incubation
on different GQD-SPCEs; (b) incubation on the same GQD-SPCE for three replications
(n = 3). The standard deviation of the SARS-CoV-2 immunosensor was determined to
be 1.368 for incubation on different SPCEs, and 0.1007 for incubation on the same SPCE.
The process of immobilizing the antibody on the same electrode was achieved by first
cleaning the SPCE with bovine serum albumin (BSA), followed by re-immobilizing the
analyte. This method significantly improved the reproducibility of the immunosensor. The
relative standard deviation percentages (RSD%) were found to be 11.45 and 0.97 % for the
different and same GQD-SPCEs, respectively. Based on these findings, it is concluded that
incubating the antibody on the same electrode leads to significantly better reproducibility.
Therefore, this method can be adopted for the fabrication of the SARS-CoV-2 immunosensor
in future experiments.
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2.7. SARS-CoV-2 Antibody Detection Immunosensor Using Other Carbon Nanomaterials

The developed GQD-immunosensor was compared to other highly conductive and
low-oxygen-content carbon nanomaterials (electrochemically reduced graphene oxide and
carbon quantum dots). The sensitivity of the carbon nanostructured immunosensors was
compared to the GQD-SPCE immunosensor for the detection of SARS-CoV-2-specific IgG
antibodies under the optimized designed conditions. The recorded calibration plots are
shown in Figure 8 for 2.5–5 pg/mL SARS-CoV-2-specific IgG antibodies.
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The unmodified immunosensor demonstrated low sensitivity toward the IgG antibody
detection. The low sensitivity is attributed to the absence of suitable functionalities at the
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electrode surface required for suitable S-protein RBD binding as described in previous
sections. As a result, irreproducibility of the developed sensor and low linear correlation
were found. The rGO platform demonstrated very little binding of the immunocomplex due
to the absence of oxygen-containing moieties and was found to be unsuitable for detection
even though high conductivity was expected. CQDs showed low detection sensitivity along
with the synthesized GQDs in this study. The lower sensitivity and current responses may
have arose from the spherical nature of the carbon nanomaterials compared to the 2D sheets
seen in the other nanomaterials under investigation. Improved linearity, however, was
observed. The immunosensor developed from GQDs, however, showed the highest current
responses of all platforms studied. The high oxidation peak currents demonstrate that the
GQDs are highly conductive and offer the highest active surface area and binding efficiency.

Table 2 summarizes and compares the statistical values resulting from the performance
of the respective SARS-CoV-2 immunosensors fabricated with various carbon nanoma-
terials. Comparing the slopes of the investigated immunosensors, it is seen that the
immunosensors of the carbon nanomaterial-functionalized platforms offer comparable
or improved results compared to reported studies. The bulk of work shown relied on
patient sampling instead of sensor development. The bare SPCE immunosensor performed
the worst due to instability and fluctuations in binding efficiency resulting in changing
SPCE oxygen content. The low regression suggests that CN-functionalization is required
for improved performance. The GQD-based immunosensor performed the best with the
highest sensitivity of 2.12 µA/pg·mL−1. The immunosensor fabricated with GQDs further
offers good stability and linear regression in the concentration range studied. The electro-
chemically reduced graphene oxide further suggested good results due to stable rGO films
at the SPCE surface and edge-like oxygen moieties remaining following reduction, offering
good binding of the S-protein RBD protein bioreceptors. Moreover, LODs ranged from
2.03 to 41.1 ng/mL for all CN-functionalized sensors with GQDs, offering the best results.
While many works report the detection of SARS-CoV-2 antigens, to date, only this work
reports the anti-SARS-CoV-2 antibody detection centers around immunosensing due to
the selective antibody-antigen interactions. No other biosensors have been reported for
antibody detection.

Table 2. Comparison of SARS-CoV-2 immunosensors using various carbon nanomaterials for the
fabrication of the SPCE.

Platform Target Antibody Slope R2 LOD (ng/mL) Reference

Pept/AuNP-SPCE Anti-S 1.059 0.984 75 [16]

prGOx-Au-coated
multiplex sensor chip Anti-SARS-CoV-2 N/A N/A N/A [17]

Streptavidin/biotin SPCE ALP-anti human IgG
and IgM N/A N/A 1.64 [18]

Au-TNP wells anti human IgG and IgM N/A N/A 89 aM [19]

Multiplexed sensor chip anti human IgG N/A N/A 2.3 copies/µL [20]

Interdigitated Au Anti-SARS-CoV-2
monoclonal N/A 0.9 1000 [21]

GO-paper-based
carbone electrode S-protein IgG and IgM 6.1137 0.995 0.14 [22]

SPCE S-protein IgG 0.1046 0.9129 41.140 This work

GQD-SPCE S-protein IgG 2.1216 0.9885 2.028 This work

CQD-SPCE S-protein IgG 0.9677 0.9429 4.447 This work

rGO-SPCE S-protein IgG 0.5807 0.9740 7.410 This work
Alkaline Phosphate label (ALP), Pentaamine-modified graphene nanoflakes (prGOx), Peptide-Gold Nanoparti-
cle (Pept/AuNP), Gold triangular nanoprisms (Au-TNP), Screen Printed Carbon Electrode (SPCE), Graphene
Quantum Dot (GQD), Carbon Quantum Dot (CQD), Reduced Graphene Oxide (rGO). N/A—Not applicable.
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2.8. GQD-Modified SARS-CoV-2 Immunosensor Label-Free Detection of SARS-CoV-2 Antibodies
in Real Sample

The developed label-free GQD-modified SPCE SARS-CoV-2 immunosensor was tested
in a synthetic real sample using human serum mixed in a 1:10 ratio with PBS to enhance
conductivity. This allowed for the electrochemical detection of SARS-CoV-2 IgG antibodies.
Figure 9 displays the DPV detection of SARS-CoV-2 IgG antibodies in human serum. The
experiment demonstrates the effectiveness of the immunosensor with the GQD modification
and a 5 mM ferricyanide redox probe. The successful detection of specific IgG antibodies
in human serum was indicated by a decrease in current with increasing concentration.
This suggests a successful binding between the IgG antibody and the immobilized RBD
S-protein, forming an immunocomplex. The formation of this immunocomplex reduces
the exposure of the electrode surface to the human serum, affecting the electron transfer
kinetics. This breakthrough in successful detection in human serum opens a new platform
for SARS-CoV-2 immunosensors, which not only detect the virus but also offer potential
for monitoring the efficacy of SARS-CoV-2 vaccinations.
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3. Materials and Instrumentation
3.1. Materials and Chemicals

Carbon black (Sigma-Aldrich, St. Louis, MI, USA), 98% sulphuric acid (Sigma-Aldrich),
nitric acid (Sigma Aldrich), ultrapure water, NaOH (Sigma-Aldrich), L-histidine (Sigma-
Aldrich), Citric Acid (Sigma-Aldrich), potassium ferricyanide, phosphate buffer solution,
biological phosphate buffer solution (Sigma-Aldrich), 1-ethyl-3-(-3-dimethylaminopropyl)
carbodiimide hydrochloride (Sigma-Aldrich), N-Hydroxysuccinimide (Sigma-Aldrich),
SARS-CoV-2 spike protein (Sino-Biological, Beijing, China), bovine serum albumin (Sigma-
Aldrich), SARS-CoV-2 immunoglobin g (Sino-Biological), immunoglobin m (Sino-Biological)
blue luminescent graphene quantum dots (Sigma-Aldrich), blue luminescent graphene
quantum dots (Advanced Chemicals Supplier, Pasadena, CA, USA), human serum (Sino-
Biological, Beijing, China).
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3.2. Instrumentation

Bransoic, Branson 2800-MH Sonicator (Sigma-Aldrich, Darmstadt, Germany), hot
plate (Heidolph MR Hi-Standard, Lasec, Cape Town, South Africa), rotor evaporator-
Büchi Rotavapor R-114 (Sigma-Aldrich, Darmstadt, Germany), microwave (Anton Paar
Microwave Reaction System SOLV Multiwave PRO, Anton Paar Australia Pty. Ltd., North
Ryde, New South Wales), UV-VIS (Varian Cary 300, Agilent, Santa Clara, CA, USA), PL
(Horiba Scientific Nanolog, Gauteng, South Africa), FTIR (PerkinElmer Spectrum Two,
PerkinElmer Co., Ltd., Midrand, South Africa), Malvern Zeta Sizer (Malvern Instruments
Ltd., Great Malvern, UK), Malvern zeta potential folded capillary cell (Malvern Instruments
Ltd.), Potentiostat (Metrohm AutoLab PGSTAT 101, Utrecht, The Netherlands).

3.3. Synthesis of Graphene Quantum Dots

This work reports a modified inexpensive facile one-step wet-chemistry technique
for the synthesis of GQD employed by Ye et al. [33]. The difference in the synthesis is
found in the use of carbon black as the source of carbon rather than coal. Following the
simple procedure, the resulting synthesized GQDs were cooled to room temperature where
they were poured into ice and the pH was adjusted to 7. The solution of GQDs was then
washed with deionized water and placed into 3000, 6000, and 12,000 Da dialysis bags for a
week. The collected solution was then placed in a vacuum oven to dry overnight at 80 ◦C,
resulting in dry GQDs.

3.4. Synthesis of Carbon Quantum Dots

This work reports a solvo-thermal synthesis technique for the synthesis of CQD by
Quin et al. [41]. Following a simple procedure where citric acid was the carbon source,
CQDs were synthesized using a microwave at 800 watts. The solution turned brown and
was left to cool to room temperature. Following this, the solution was centrifuged at
12,000 rpm for 30 min, where the pellet was discarded and supernatant was kept. Upon the
collection of the supernatant, dialysis was performed on the supernatant for a week in two
different dialysis bag sizes: 3000 and 6000 Da.

3.5. Fabrication of GQD-Functionalized Screen-Printed-Carbon Electrode Immunosensor

A 100 µL solution of graphene quantum dots (GQDs) with a concentration of 0.5 mg/mL,
dispersed in 0.1 M phosphate-buffered solution (PBS) at pH 7.4, was electrodeposited onto
the surface of a screen-printed carbon electrode (SPCE) using a fixed potential reduction
of −0.3 V for a duration of 5 min. Subsequently, the GQD-coated SPCE was annealed in
an oven at 60 ◦C for 15 min to enhance adhesion and remove any residual moisture. After
cooling to room temperature, a mixture of 20 µL of EDC/NHS (in a 2:1 ratio, equating to
10:5 mM) was carefully applied to the modified SPCE surface. This was left at room tem-
perature for one hour to activate the -COOH groups on the GQD-coated SPCE. Following
activation, the excess EDC/NHS was rinsed off the electrode, after which 20 µL of SARS-
CoV-2-specific RBD S-protein antigens (at a concentration of 8 µg/mL) was immobilized
onto the activated GQD-coated SPCE surface. This mixture was then incubated at 4 ◦C for
a period of one hour. To block any remaining binding sites on the S-protein, 20 µL of 4%
BSA was carefully applied to the modified electrode surface and allowed to incubate for
30 min at 4 ◦C. The entire procedure is illustrated in Figure 10 below.
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CoV-2 SPCE immunosensor.

3.6. Electrochemical Detection of SARS-CoV-2 IgG and IgM Antibodies Using Carbon
Nanomaterial-Modified SPCE’s

The IgG/IgM antibodies were dropped onto the activated GQD-SPCE. The complete
sensor was then incubated for 15 min at 4 ◦C. Upon the completion of binding between
the IgG/IgM antibodies to form an immunocomplex, the immunosensor was rinsed gently
with biological PBS to remove all unbound antibodies. The immunosensor was then
subjected to differential-pulse voltammetry (DPV) for the detection of IgG /IgM SARS-CoV-
2 antibodies, using 5 mM solution of [Fe(CN)6]3−/4− in 0.1 M KCl as the redox probe on the
reaction zone. The DPV technique monitors the change in current produced due to antibody
binding compared to the antibody-free control experiment (bare). The immunocomplex
formed hinders the flow of electrons, which in turn hinders the reactions of the redox probe,
showing lower currents on the DPV voltammogram.

4. Conclusions

This study presents an electrochemical immunosensor employing GQD-modified
SPCEs for the highly sensitive label-free detection of SARS-CoV-2 IgG antibodies. The sens-
ing mechanism hinges on the perturbation of redox reactions and electron transfer kinetics
of the Fe(CN)6

3−/4− redox probe, driven by the formation of an immunecomplex between
the specific RBD S-protein antigen and IgG antibody. GQDs played a pivotal role in aug-
menting detection sensitivity and enlarging the active surface area of the working electrode,
leading to enhanced binding efficiency of the immunocomplex. Notably, individual SPCEs
exhibited markedly improved reproducibility compared to disposable single concentration
detection. The achieved low limit of detection (LOD) of 2028 ng/mL underscores the high
sensitivity of the sensor, on par with similar immunosensors developed. Furthermore, the
developed BSA/RBD/GQD-SPCE platform demonstrated proof of concept detection for
human IgM antibodies, exhibiting minimal interference in the presence of other antibodies.
The GQD immunosensor demonstrated superior detection capabilities compared to other
low-oxygen content carbon nanostructured platforms studied. The findings suggest that
although electrode conductivity may be improved by relying on carbon–carbon conjugated
carbon nanostructures, binding affinity plays the crucial role in the performance of the
electrochemical immunosensor. For this purpose, greater oxygen may be required for
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improved sensing efficiency at the expense of improved electron transport. This point of
care (POC) device, leveraging GQDs, furnishes a versatile platform adaptable to detect
various infectious diseases, constituting a substantial advancement in global healthcare.
Moreover, the novel immunosensor will be deployed to monitor IgG antibody production
in SARS-CoV-2 vaccinated individuals, furnishing crucial insights into vaccine effectiveness
and durability in an African context. Crucially, the developed sensor demonstrates its
efficacy in detecting real samples, vital for practical implementation in resource-constrained
settings. In essence, this work not only advances SARS-CoV-2 detection capabilities but also
showcases the broader potential of this technology in healthcare diagnostics and further
elucidates the role of carbon nanostructures in electrochemical immunosensing.

Author Contributions: J.d.P. was responsible for the conceptualization, data acquisition, formal
analysis, investigation, validation, and drafting of the manuscript. He also participated in the review,
corrections and editing. B.K. assisted in data acquisition, formal analysis, and validation. K.P.
conceived the study and assisted in the formal analysis, review and editing of the article, as well as
the necessary funding acquisition. N.J. and E.I. assisted in the final review, editing and clarification
of main ideas in the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: This study was supported by the South African Medical Research Council (SAMRC)
through its Self-Initiated Research (SIR) initiative and the National Research Foundation (NRF) of
South Africa (121855). This work was carried out under the National Nanoscience Postgraduate
Teaching and Training Platform at the University of the Western Cape.

Institutional Review Board Statement: The work was conducted in accordance with the University
of the Western Cape’s Ethical clearance guidelines. Further information is not applicable for studies
not involving humans or animals.

Informed Consent Statement: Not applicable.

Data Availability Statement: All research data can be found within this publication.

Conflicts of Interest: The authors declare no conflict of interest and that they have NO affiliations
with or involvement in any organization or entity with any financial interest in the subject matter or
materials discussed in this manuscript.

References
1. Zhou, B.; Thao, T.T.N.; Hoffmann, D.; Taddeo, A.; Ebert, N.; Labroussaa, F.; Pohlmann, A.; King, J.; Steiner, S.; Kelly, J.N.; et al.

SARS-CoV-2 spike D614G change enhances replication and transmission. Nature 2021, 592, 122–127. [CrossRef] [PubMed]
2. Alimohamadi, Y.; Sepandi, M.; Taghdir, M.; Hosamirudsari, H. Determine the most common clinical symptoms in COVID-19

patients: A systematic review and meta-analysis. J. Prev. Med. Hyg. 2020, 61, E304–E312. [CrossRef] [PubMed]
3. Giri, B.; Pandey, S.; Shrestha, R.; Pokharel, K.; Ligler, F.S.; Neupane, B.B. Review of analytical performance of COVID-19 detection

methods. Anal. Bioanal. Chem. 2020, 413, 35–48. [CrossRef] [PubMed]
4. Kim, J.; Park, M. Recent progress in electrochemical immunosensors. Biosensors 2021, 11, 360. [CrossRef] [PubMed]
5. Police Patil, A.V.; Chuang, Y.S.; Li, C.; Wu, C.C. Recent Advances in Electrochemical Immunosensors with Nanomaterial

Assistance for Signal Amplification. Biosensors 2023, 13, 125. [CrossRef] [PubMed]
6. Du Plooy, J.; Jahed, N.; Iwuoha, E.; Pokpas, K. Advances in paper-based electrochemical immunosensors: Review of fabrication

strategies and biomedical applications. R. Soc. Open Sci. 2023, 10, 230940. [CrossRef]
7. Wang, S.; Shu, J.; Lyu, A.; Huang, X.; Zeng, W.; Jin, T.; Cui, H. Label-Free Immunoassay for Sensitive and Rapid Detection of the

SARS-CoV-2 Antigen Based on Functionalized Magnetic Nanobeads with Chemiluminescence and Immunoactivity. Anal. Chem.
2021, 93, 14238–14246. [CrossRef]

8. Malla, P.; Liu, C.; Wu, W.; Kabinsing, P. Talanta Synthesis and Characterization of Au-Decorated Graphene Oxide Nanocomposite
for Magneto-Electrochemical Detection of SARS-CoV-2 Nucleocapsid Gene. Talanta 2023, 262, 124701. [CrossRef]

9. Farsaeivahid, N.; Grenier, C.; Nazarian, S.; Wang, M.L. A Rapid Label-Free Disposable Electrochemical Salivary Point-of-Care
Sensor for SARS-CoV-2 Detection and Quantification. Sensors 2022, 23, 433. [CrossRef]

10. Kumar, T.H.V.; Srinivasan, S.; Krishnan, V.; Vaidyanathan, R.; Anand, K.; Natarajan, S.; Veerapandian, M. Peptide-Based Direct
Electrochemical Detection of Receptor Binding Domains of SARS-CoV-2 Spike Protein in Pristine Samples. Sens. Actuators B.
Chem. 2023, 377, 133052. [CrossRef]

https://doi.org/10.1038/s41586-021-03361-1
https://www.ncbi.nlm.nih.gov/pubmed/33636719
https://doi.org/10.15167/2421-4248/jpmh2020.61.3.1530
https://www.ncbi.nlm.nih.gov/pubmed/33150219
https://doi.org/10.1007/s00216-020-02889-x
https://www.ncbi.nlm.nih.gov/pubmed/32944809
https://doi.org/10.3390/bios11100360
https://www.ncbi.nlm.nih.gov/pubmed/34677316
https://doi.org/10.3390/bios13010125
https://www.ncbi.nlm.nih.gov/pubmed/36671960
https://doi.org/10.1098/rsos.230940
https://doi.org/10.1021/acs.analchem.1c03208
https://doi.org/10.1016/j.talanta.2023.124701
https://doi.org/10.3390/s23010433
https://doi.org/10.1016/j.snb.2022.133052


Molecules 2023, 28, 8022 18 of 19

11. Nascimento, E.D.; Fonseca, W.T.; Faça, V.M.; De Morais, B.P.; Silvestrini, V.C.; Pott-junior, H.; Teixeira, F.R.; Faria, R.C. COVID-19
Diagnosis by SARS-CoV-2 Spike Protein Detection in Saliva Using an Ultrasensitive Magneto-Assay Based on Disposable
Electrochemical Sensor. Sens. Actuators B Chem. 2022, 353, 131128. [CrossRef] [PubMed]

12. Amouzadeh, M.; Fern, J.P.; Mojena, D.; Acedo, P. An Ultrasensitive Molecularly Imprinted Polymer-Based Electrochemical Sensor
for the Determination of SARS-CoV-2-RBD by Using Macroporous Gold Screen-Printed Electrode. Biosens. Bioelectron. 2022, 196,
113729. [CrossRef] [PubMed]

13. Deng, Y.; Peng, Y.; Wang, L.; Wang, M.; Zhou, T.; Xiang, L.; Li, J.; Yang, J.; Li, G. Analytica Chimica Acta Target-Triggered Cascade
Signal Amplification for Sensitive Electrochemical Detection of SARS-CoV-2 with Clinical Application. Anal. Chim. Acta 2022,
1208, 339846. [CrossRef] [PubMed]

14. Ayankojo, A.G.; Boroznjak, R.; Reut, J.; Opik, A. Molecularly Imprinted Polymer Based Electrochemical Sensor for Quantitative
Detection of SARS-CoV-2 Spike Protein. Sens. Actuators B Chem. 2022, 353, 131160. [CrossRef]

15. Wu, P.; Liu, L.; Morgan, S.P.; Correia, R.; Korposh, S. (INVITED) Label-Free Detection of Antibodies Using Functionalised Long
Period Grating Optical Fibre Sensors. Results Opt. 2021, 5, 100172. [CrossRef]

16. Braz, B.A.; Hospinal-santiani, M.; Martins, G.; Gogola, J.L.; Thomaz-soccol, V.; Soccol, C.R. Gold-Binding Peptide as a Selective
Layer for Electrochemical Detection of SARS-CoV-2 Antibodies. Talanta 2023, 257, 124348. [CrossRef]

17. Timilsina, S.S.; Durr, N.; Jolly, P.; Ingber, D.E. Rapid Quantitation of SARS-CoV-2 Antibodies in Clinical Samples with an
Electrochemical Sensor. Biosens. Bioelectron. 2023, 223, 115037. [CrossRef]

18. Peng, R.; Pan, Y.; Li, Z.; Qin, Z.; Rini, J.M.; Liu, X. SPEEDS: A Portable Serological Testing Platform for Rapid Electrochemical
Detection of SARS-CoV-2 Antibodies. Biosens. Bioelectron. 2022, 197, 113762. [CrossRef]

19. Masterson, A.N.; Muhoberac, B.B.; Gopinadhan, A.; Wilde, D.J.; Deiss, F.T.; John, C.C.; Sardar, R. Multiplexed and High-
Throughput Label-Free Detection of RNA/Spike Protein/IgG/IgM Biomarkers of SARS-CoV-2 Infection Utilizing Nanoplasmonic
Biosensors. Anal. Chem. 2021, 93, 8754–8763. [CrossRef]

20. Najjar, D.; Rainbow, J.; Timilsina, S.S.; Jolly, P.; De Puig, H.; Yafia, M.; Durr, N.; Sallum, H.; Alter, G.; Li, J.Z.; et al. A Lab-on-a-Chip
for the Concurrent Electrochemical Detection of SARS-CoV-2 RNA and Anti-SARS-CoV-2 Antibodies in Saliva and Plasma. Nat.
Biomed. Eng. 2022, 6, 968–978. [CrossRef]

21. Rashed, M.Z.; Kopechek, J.A.; Priddy, M.C.; Hamorsky, K.T.; Palmer, K.E.; Mittal, N.; Valdez, J.; Flynn, J.; Williams, S.J. Rapid
Detection of SARS-CoV-2 Antibodies Using Electrochemical Impedance-Based Detector. Biosens. Bioelectron. 2021, 171, 112709.
[CrossRef] [PubMed]

22. Yakoh, A.; Pimpitak, U.; Rengpipat, S.; Hirankarn, N.; Chailapakul, O.; Chaiyo, S. Paper-Based Electrochemical Biosensor for
Diagnosing COVID-19: Detection of SARS-CoV-2 Antibodies and Antigen. Biosens. Bioelectron. 2021, 176, 112912. [CrossRef]

23. Pokpas, K.; Jahed, N.; Bezuidenhout, P.; Smith, S.; Land, K.; Iwuoha, E. Nickel contamination analysis at cost-effective silver
printed paper-based electrodes based on carbon black dimethylglyoxime ink as electrode modifier. J. Electrochem. Sci. Eng. 2022,
12, 153–164. [CrossRef]

24. Ghaffari, N.; Pokpas, K.; Iwuoha, E.; Jahed, N. Sensitive Electrochemical Determination of Bisphenol a Using a Disposable,
Electrodeposited Antimony-Graphene Nanocomposite Pencil Graphite Electrode (PGE) and Differential Pulse Voltammetry
(DPV). Anal. Lett. 2023, 1–18. [CrossRef]

25. Power, A.C.; Gorey, B.; Chandra, S.; Chapman, J. Carbon Nanomaterials and Their Application to Electrochemical Sensors: A
Review. Nanotechnol. Rev. 2018, 7, 19–41. [CrossRef]

26. Speranza, G. Carbon Nanomaterials: Synthesis, Functionalization and Sensing Applications. Nanomaterials 2021, 11, 967.
[CrossRef] [PubMed]

27. Tachi, S.; Morita, H.; Takahashi, M.; Okabayashi, Y.; Hosokai, T.; Sugai, T.; Kuwahara, S. Quantum Yield Enhancement in
Graphene Quantum Dots via Esterification with Benzyl Alcohol. Sci. Rep. 2019, 9, 14115. [CrossRef]

28. Hasan, M.T.; Gonzalez-Rodriguez, R.; Ryan, C.; Faerber, N.; Coffer, J.L.; Naumov, A.V. Photo-and Electroluminescence from
Nitrogen-Doped and Nitrogen–Sulfur Codoped Graphene Quantum Dots. Adv. Funct. Mater. 2018, 28, 1804337. [CrossRef]

29. Yuan, X.; Liu, Z.; Guo, Z.; Ji, Y.; Jin, M.; Wang, X. Cellular Distribution and Cytotoxicity of Graphene Quantum Dots with Different
Functional Groups. Nanoscale Res. Lett. 2014, 9, 108. [CrossRef]

30. Fan, T.; Zeng, W.; Tang, W.; Yuan, C.; Tong, S.; Cai, K.; Liu, Y.; Huang, W.; Min, Y.; Epstein, A.J. Controllable Size-Selective Method
to Prepare Graphene Quantum Dots from Graphene Oxide. Nanoscale Res. Lett. 2015, 10, 55. [CrossRef]

31. Choudhary, R.P.; Shukla, S.; Vaibhav, K.; Pawar, P.B.; Saxena, S. Optical Properties of Few Layered Graphene Quantum Dots.
Mater. Res. Express 2015, 2, 095024. [CrossRef]

32. Ramachandran, S.; Sathishkumar, M.; Kothurkar, N.K.; Senthilkumar, R. Synthesis and Characterization of Graphene Quantum
Dots/Cobalt Ferrite Nanocomposite. In IOP Conference Series: Materials Science and Engineering; IOP Publishing: Bristol, UK, 2018.
[CrossRef]

33. Ye, R.; Xiang, C.; Lin, J.; Peng, Z.; Huang, K.; Yan, Z.; Cook, N.P.; Samuel, E.L.G.; Hwang, C.C.; Ruan, G.; et al. Coal as an
Abundant Source of Graphene Quantum Dots. Nat. Commun. 2013, 4, 2943. [CrossRef] [PubMed]

34. Chhabra, V.A.; Kaur, R.; Kumar, N.; Deep, A.; Rajesh, C.; Kim, K.H. Synthesis and Spectroscopic Studies of Functionalized
Graphene Quantum Dots with Diverse Fluorescence Characteristics. RSC Adv. 2018, 8, 11446–11454. [CrossRef] [PubMed]

35. Nezhad-Mokhtari, P.; Arsalani, N.; Ghorbani, M.; Hamishehkar, H. Development of Biocompatible Fluorescent Gelatin Nanocar-
riers for Cell Imaging and Anticancer Drug Targeting. J. Mater. Sci. 2018, 53, 10679–10691. [CrossRef]

https://doi.org/10.1016/j.snb.2021.131128
https://www.ncbi.nlm.nih.gov/pubmed/34866796
https://doi.org/10.1016/j.bios.2021.113729
https://www.ncbi.nlm.nih.gov/pubmed/34736101
https://doi.org/10.1016/j.aca.2022.339846
https://www.ncbi.nlm.nih.gov/pubmed/35525596
https://doi.org/10.1016/j.snb.2021.131160
https://doi.org/10.1016/j.rio.2021.100172
https://doi.org/10.1016/j.talanta.2023.124348
https://doi.org/10.1016/j.bios.2022.115037
https://doi.org/10.1016/j.bios.2021.113762
https://doi.org/10.1021/acs.analchem.0c05300
https://doi.org/10.1038/s41551-022-00919-w
https://doi.org/10.1016/j.bios.2020.112709
https://www.ncbi.nlm.nih.gov/pubmed/33075724
https://doi.org/10.1016/j.bios.2020.112912
https://doi.org/10.5599/jese.1173
https://doi.org/10.1080/00032719.2023.2237146
https://doi.org/10.1515/ntrev-2017-0160
https://doi.org/10.3390/nano11040967
https://www.ncbi.nlm.nih.gov/pubmed/33918769
https://doi.org/10.1038/s41598-019-50666-3
https://doi.org/10.1002/adfm.201804337
https://doi.org/10.1186/1556-276X-9-108
https://doi.org/10.1186/s11671-015-0783-9
https://doi.org/10.1088/2053-1591/2/9/095024
https://doi.org/10.1088/1757-899X/310/1/012139
https://doi.org/10.1038/ncomms3943
https://www.ncbi.nlm.nih.gov/pubmed/24309588
https://doi.org/10.1039/C8RA01148F
https://www.ncbi.nlm.nih.gov/pubmed/35542804
https://doi.org/10.1007/s10853-018-2371-8


Molecules 2023, 28, 8022 19 of 19

36. Kumar, S.; Ojha, A.K.; Ahmed, B.; Kumar, A.; Das, J.; Materny, A. Tunable (Violet to Green) Emission by High-Yield Graphene
Quantum Dots and Exploiting Its Unique Properties towards Sun-Light-Driven Photocatalysis and Supercapacitor Electrode
Materials. Mater. Today Commun. 2017, 11, 76–86. [CrossRef]

37. Chung, P.P.; Wang, J.; Durandet, Y. Deposition Processes and Properties of Coatings on Steel Fasteners—A Review. Friction 2019,
7, 389–416. [CrossRef]

38. Hou, J.; Bei, F.; Wang, M.; Ai, S. Electrochemical Determination of Malachite Green at Graphene Quantum Dots-Gold Nanoparticles
Multilayers-Modified Glassy Carbon Electrode. J. Appl. Electrochem. 2013, 43, 689–696. [CrossRef]

39. Raghav, R.; Srivastava, S. Immobilization Strategy for Enhancing Sensitivity of Immunosensors: L-Asparagine–AuNPs as a
Promising Alternative of EDC–NHS Activated Citrate–AuNPs for Antibody Immobilization. Biosens. Bioelectron. 2016, 78,
396–403. [CrossRef]

40. Wigman, L.; Remarchuk, T.; Gomez, S.; Kumar, A.; Dong, M.W.; Medley, C.D. Byproducts of commonly used coupling reagents:
Origin, toxicological evaluation and methods for determination. Am. Pharm. Rev. 2014, 17, 1–16.

41. Qin, D.; Jiang, X.; Mo, G.; Feng, J.; Yu, C.; Deng, B. A Novel Carbon Quantum Dots Signal Amplification Strategy Coupled with
Sandwich Electrochemiluminescence Immunosensor for the Detection of Ca15-3 in Human Serum. ACS Sens. 2019, 4, 504–512.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.mtcomm.2017.02.009
https://doi.org/10.1007/s40544-019-0304-4
https://doi.org/10.1007/s10800-013-0554-1
https://doi.org/10.1016/j.bios.2015.11.066
https://doi.org/10.1021/acssensors.8b01607

	Introduction 
	Results and Discussion 
	Selected Characterization of Graphene Quantum Dots (GQDs) 
	High-Resolution Transmission Electron Microscopy Characterization of Carbon Nanomaterials 
	Characterization of Electrochemical Carbon Nanomaterial SARS-CoV-2 Immunosensor 
	Assay Optimization 
	Carbon Nanomaterial-Modified SARS-CoV-2 Immunosensor Label-Free Detection of SARS-CoV-2 Antibodies 
	Reproducibility Study for the Detection of SARS-CoV-2-Specific IgG Antibody via GQD-Modified SARS-CoV-2 Immunosensor 
	SARS-CoV-2 Antibody Detection Immunosensor Using Other Carbon Nanomaterials 
	GQD-Modified SARS-CoV-2 Immunosensor Label-Free Detection of SARS-CoV-2 Antibodies in Real Sample 

	Materials and Instrumentation 
	Materials and Chemicals 
	Instrumentation 
	Synthesis of Graphene Quantum Dots 
	Synthesis of Carbon Quantum Dots 
	Fabrication of GQD-Functionalized Screen-Printed-Carbon Electrode Immunosensor 
	Electrochemical Detection of SARS-CoV-2 IgG and IgM Antibodies Using Carbon Nanomaterial-Modified SPCE’s 

	Conclusions 
	References

