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A B S T R A C T   

Rapid and reliable detection of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) antibody can 
provide immunological evidence in addition to nucleic acid test for the early diagnosis and on-site screening of 
coronavirus disease 2019 (COVID-19). All-solid-state biosensor capable of rapid, quantitative SARS-CoV-2 
antibody testing is still lacking. Herein, we propose an electronic labelling strategy of protein molecules and 
demonstrate SARS-CoV-2 protein biosensor employing colloidal quantum dots (CQDs)-modified electrode. The 
feature current peak corresponding to the specific binding reaction of SARS-CoV-2 antigen and antibody proteins 
was observed for the first time. The unique charging and discharging effect depending on the alternating voltage 
applied was ascribed to the quantum confinement, Coulomb blockade and quantum tunneling effects of quantum 
dots. CQDs-modified electrode could recognize the specific binding reaction between antigen and antibody and 
then transduce it into significant electrical current. In the case of serum specimens from COVID-19 patient 
samples, the all-solid-state protein biosensor provides quantitative analysis of SARS-CoV-2 antibody with cor
relation coefficient of 93.8% compared to enzyme-linked immunosorbent assay (ELISA) results. It discriminates 
patient and normal samples with accuracy of about 90%. The results could be read within 1 min by handheld 
testing system prototype. The sensitive and specific protein biosensor combines the advantages of rapidity, ac
curacy, and convenience, facilitating the implement of low-cost, high-throughput immunological diagnostic 
technique for clinical lab, point-of-care testing (POCT) as well as home-use test.   

1. Introduction 

The coronavirus disease 2019 (COVID-19) triggered by severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2) has become a 
worldwide health threat (Wu et al., 2020). Globally, as of 4:14 p.m. CET, 
29 December 2021, there have been 281,808,270 confirmed cases of 
COVID-19, including 5,411,759 deaths, according to World Health Or
ganization (WHO Coronavirus (World Health Organization WHO, 
2021). The strong infectiousness and mutability of SARS-CoV-2, com
bined with the presence of asymptomatic carriers have brought great 
difficulties to epidemic prevention and control (Hao et al., 2020; Zou 

et al., 2020). There is an urgent demand for rapid, accurate, and 
convenient testing of SARS-CoV-2 to promote early diagnosis and 
long-term surveillance of COVID-19 (Guan et al., 2020; Kevadiya et al., 
2021; Yin et al., 2020; Sethuraman et al., 2020). In addition to nucleic 
acid test, testing of SARS-CoV-2 antigen and antibody can provide 
immunological evidence for the clinical diagnosis and on-site screening 
of COVID-19. When the virus is replicated, the detectable antigens are 
expressed and thus can be used to confirm acute or early infection. The 
presence of targeting immunoglobulins that are produced in response to 
SARS-CoV-2 during the onset of disease has been demonstrated (Chua 
et al., 2020; Huang et al., 2019). The level of IgM antibody increase 
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during the first week after the infection, peaks after about 10 days and 
then usually falls back to near background level. IgG antibody could be 
detected after 1 week and is maintained at a relatively high level for a 
long period. Hence IgM would potentially be as a reference for early 
diagnosis. SARS-CoV-2 antibody test remains an effective tool for sur
veillance and can provide scientific evidence for the epidemiological 
investigation and vaccination evaluation (Wang et al., 2021; Bryan 
et al., 2020; Seo et al., 2020; Amanat et al., 2020). 

Among the immunological techniques for SARS-CoV-2 antibody 
testing (Table S1), the enzyme-linked immunosorbent assay (ELISA) and 
chemiluminescence (CL) method generally take several hours or more 
because of multiple sample processing steps carried out in laboratory 
(Bampoe et al., 2020; Lequin, 2005; Li et al., 2020; Grossberg et al., 
2021). For on-site use without requiring sophisticated sample prepara
tion, the colloidal gold immunoassay (CGIA) technique takes advantage 
of the high electron density of gold particles to achieve immunolabeling 
and tracer for the electrostatically adsorbed proteins. CGIA can give 
qualitative results within ten to 15 min (min) via the visual observation 
of the test Kit (Margolin et al., 2020; Jiang et al., 2011). 

Biosensors are featured by their molecule recognition and signal 
transduction capabilities which convert the biochemical information 
into optical or electrical signals (Elledge et al., 2021; Chen et al., 2020; 
Huang et al., 2021; Winkler et al., 1982). The biosensors based on 
spectroscopy techniques such as fluorescence, surface plasmon reso
nance (SPR), and surface enhanced Raman scattering (SERS) have been 
widely developed for the rapid and specific testing of SARS-CoV-2 
(Yadav et al., 2021; Cheong et al., 2020; Zhang et al., 2021). The 
above techniques generally require multiple preparation and processing 
steps, and the support of sophisticated instruments or apparatus, 
limiting the on-site use of humoral testing. The demand for ubiquitous 
and reliable detection of SARS-CoV-2, one of the largest RNA viruses 
spurring the design of materials that exhibit engineered sensing prop
erties and that can enable new fabrication methods for 
high-performance biosensors (Yin et al., 2020; Sadique et al., 2021a,b). 
All-solid-state SARS-CoV-2 electrochemical biosensors that uses solid 
electrodes (transducer) and solid sensing element (sensing film) typi
cally based on chemically modified electrodes (CME) have been suc
cessfully developed for SARS-CoV-2 protein detection in Table S2 (Seo 
et al., 2020; Ali et al., 2021; Beduk et al., 2021; Hashemi et al., 2021; 
Yakoh et al., 2021; Torres et al., 2021; Yousefi et al., 2021; Zhou et al., 
2021). Unlike glucose test, it is difficult to measure the long-range 
charge transfer and directional electron transport between proteins in 
which the corresponding reactive sites are surrounded by polypeptide of 
the biological macromolecules (Winkler et al., 1982). The electro
chemical biosensors based on biomolecule-modified electrodes or 
molecularly imprinted polymers have been exploited for the detection of 
SARS-CoV-2 (Singhal et al., 2022; Yousefi et al., 2021). For instance, 
Yousefi et al. (2021) proposed an electrochemical sensor based on an 
analyte-recognizing antibody attached to negatively-charged DNA 
linker, in which the ferrocene redox probe was attached to the DNA 
linker through the cross-linker of NHS Ester. Zhou et al. (2021) devel
oped an electrochemical resonance assay using the peptides with a ter
minal thiol group to tether on gold electrode surface. The 
electrochemical point-of-care (POC) immunosensors have potential to 
open broad prospect in biosensor applications for the detection of 
SARS-CoV-2 biomarkers (Ranjan et al., 2021). And they could be easily 
integrated with microfluidics, IoT system, and intelligent terminal, 
which could detect the multiple biomarkers simultaneously and can 
improve the portability (Sadique et al., 2021a,b). 

In general, efficient enrichment and strong adhesion of proteins on 
the electrode favors the sensitive and specific protein detection. The 
construction of these electrochemical biosensors have relied on the 
organic cross-linkers, such as PBASE, EDC: NHS (1-ethyl-3-(3-dimethy
laminopropyl) carbodiimide, N-Hydroxy-Succinimide) or glutaralde
hyde. The modified electrodes need to be activated by the cross-linkers 
for a certain period (1–24 h) to allow for subsequent binding with 

biomolecules (Table S2). The organic cross-linkers as the medium- 
assisted labelling may set a barrier for the charge transfer across the 
solid-fluid interface. The use of cross-linkers also increases the 
complexity and the treatment time of the manufacturing process (Seo 
et al., 2020; Beduk et al., 2021; Hashemi et al., 2021; Yakoh et al., 2021; 
Torres et al., 2021). For traditional fluorescence labelling, the foreign 
crosslinkers have to be used as the medium for the anchoring of bio
molecules, and it generally take hours or even days because of multi-step 
crosslinking processes in liquid phase atmosphere. 

For practical application, the signal-to-noise ratio (SNR) must be 
high enough to achieve sensitive and specific detection with serum 
specimens. Owing to the large specific surface area and high carrier 
mobility, graphene has been used in all-solid-sate biosensors to enhance 
the enrichment and immobilization of SARS-CoV-2 proteins (Beduk 
et al., 2021; Hashemi et al., 2021; Yakoh et al., 2021). For instance, Ali 
et al. (2021) proposed the biosensing platform created by 3D nano
printing of three-dimensional electrodes coated with 
reduced-graphene-oxide (rGO) nanoflakes for SARS-CoV-2 antibody 
testing. The coupling chemistry of EDC: NHS facilitated the formation of 
C–N covalent bonding between rGO and antigens via an amidation re
action. The device was able to detect SARS-CoV-2 antibodies to spike S1 
antigen and RBD antigen in recombinant protein samples with 
limit-of-detection (LOD) of 2.8 × 10− 15 and 16.9 × 10− 15 M, respec
tively. Seo et al. (2020) reported a field-effect transistor (FET)-based 
biosensor in which a specific antibody against SARS-CoV-2 spike protein 
was conjugated to a graphene sheet through the cross-linker of 1-pyre
nebutyric acid N-hydroxysuccinimide ester (PBASE), as the sensing 
area. The sensor was able to detect SARS-CoV-2 virus in clinical samples 
rapidly without any preparation or preprocessing. 

Herein, we hypothesized that colloidal quantum dots (CQDs), which 
are semiconductor nanocrystals with a typical diameter of 2- to 20- 
nanometers, may offer the receptor-and-transducer functional proper
ties to define an electronic labelling of protein molecules. CQDs possess 
abundant active sites owing to their extremely large surface area with 
dangling bonds, making them intrinsically ideal receptors for foreign 
ligands of proteins without the treatment of activation, which may 
enable one-step connect between CQDs modification layer and bio
molecules without assisted medium (Kagan et al., 2016; Liu et al., 2014, 
2015; Choi et al., 2016). The surface ligands surrounding CQDs are 
exchangeable, which potentially enables their sufficient adsorption, 
direct binding, and stable presence on protein surface (Boles et al., 
2016). Attractively, CQDs possess unique quantum effect such as 
quantum confinement, Coulomb blockade effect and quantum 
tunneling, which may modulate the charge transfer and carrier transport 
across the CQD-protein interfaces under external electric fields (Arquer 
et al., 2021; Liu et al., 2021). Moreover, CQDs can be solution-processed 
at room temperature onto a wide variety of substrates, so that their 
materials properties are well preserved in real devices. QDs fluorescence 
biosensing is mainly based on the principle that the change of optical 
properties of QDs such as fluorescence intensity, fluorescence spectral 
position and shape, excited state lifetime or fluorescence polarization 
due to the interaction between the fluorescent material and the analyte. 
The antigen-antibody specific binding reaction could be converted into 
optical signal by the fluorescence quenching process of donor-acceptor 
electron transfer or energy transfer. 

In the work reported here, we have demonstrated an all-solid-state 
SARS-CoV-2 protein biosensor employing lead sulfide (PbS) CQDs- 
modified electrode. We utilize the surface ligand exchangeability of 
CQDs to construct the electronic labelling of SARS-CoV-2 proteins on Au 
work electrode, through which the specific binding of SARS-CoV-2 an
tigen and antibody is transduced into significant current signals. The all- 
solid-state SARS-CoV-2 protein biosensor discriminates patient and 
normal samples with an accuracy of about 90%. The results could be 
read within 1 min by a handheld testing system prototype. We studied 
the mechanism that enable these remarkable protein biosensors. We 
found that the direct binding of CQD to protein surface realized by 
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ligand exchange treatment, and the unique charging and discharging 
effect of semiconductor nanocrystals in quantum regime depending on 
the alternating voltage applied were the key parameters that accounts 
for the rapid, sensitive, and portable SARS-CoV-2 specific protein 
testing. 

2. Experimental 

All the experimental details including ethics statement, materials, 
the synthesis process of PbS CQDs, the calculations of the size diameter 
of PbS CQDs, characterizations, electrochemical characterization, the 
extraction of response signal, the fitting of limit-of-detection, the opti
mization of blocking time, and the reproducibility of CQDs-modified 
electrode, the preparation and testing of serum samples, the operating 
process of handheld testing system prototype are in Supporting 
Information. 

3. Results and discussion 

3.1. Fabrication and characterization of CQDs-modified electrode 

The all-solid-state SARS-CoV-2 protein biosensor was based on the 
CQDs-modified electrode schematically shown in Fig. 1a. The dimension 
of the whole electrochemical planar three-electrode is 35 × 12.5 × 0.5 
mm3 (L × W × D), in which the diameter size of Au work electrode (WE) 
is 6.5 mm (Fig. S1). Pt and Ag/AgCl are respectively used as the counter 
electrode (CE) and reference electrode (RE). PbS CQDs synthesized 
using organo-hot injection method were spin-coated onto the WE sur
face, forming a thin film of CQD solids as the chemically modification 
layer via Au–S bond (Tang et al., 2010). For the testing of SARS-CoV-2 
antibody, the sensitivity and specificity of antigen protein are the 
premise. By comparing the affinity of various commercial SARS-CoV-2 
antigen products via ELISA method (Fig. S2), we selected SARS-CoV-2 
S-RBD protein from China AtaGenix Laboratories Co., Ltd., which 
exhibited optimal affinity for antibody binding. SARS-CoV-2 S-RBD 

protein is located on the spike protein. Its main function is to recognize 
receptors on the surface of host cell and mediate fusion with host cells. 
For the construction of electronic labelling of proteins, the sufficient 
adsorption and stable presence of CQDs with antigen protein is essential. 
PbS CQDs, antigen, BSA were successively coated onto the surface of WE 
to fabricate CQDs-modified electrode (details in Supporting 
Information). 

We conducted cyclic voltammetry (CV) measurement to examine the 
basic electrochemical characteristics of the modified electrodes. For 
comparison, unmodified electrode (Au), pristine CQDs-modified elec
trode (Au/CQDs), antigen-coated CQDs-modified electrode before (Au/ 
CQDs/Antigen) and after BSA-blocking treatment (Au/CQDs/Antigen/ 
BSA) were prepared and measured in the presence of 1 × PBS (phos
phate buffer) containing 5 mM [Fe(CN)6]3− /4− and 0.5 M KCl as REDOX 
mediator. PBS is one of the most widely used buffer in biochemistry, in 
which phosphate ions could adjust salt balance and construct suitable 
environment for antigen-antibody reaction. As shown in Fig. 1b, all 
these electrodes (Au, Au/CQDs, Au/CQDs/Antigen, Au/CQDs/Antigen/ 
BSA) exhibited obvious REDOX peaks, indicating the electrochemical 
planar three-electrode could convert the charge transfer at the solid- 
liquid interface into current output. We also observed that the modifi
cation layer had influence on the current intensity of these electrodes, 
suggestive of the difference in the charge transfer capability of the 
modification layer. Compared to the peak current (215.3 μA) of the 
unmodified Au electrode, the Au/CQDs sample has higher peak current 
(244.5 μA), suggestive of the satisfactory charge transfer capability of 
the CQDs modification layer. The peak current decreased to 221.8 μA 
and 170.4 μA in the case of Au/CQDs/Antigen and Au/CQDs/Antigen/ 
BSA sample, respectively. The electrochemical response of [Fe 
(CN)6]3− /4− is still very well, suggestive of the practicable function of 
biomolecules recognition and signal transduction of the CQDs-modified 
electrode. The result suggested that the network structure of protein 
molecules could not completely block the transport and reaction of 
Fe2+/3+ ions in the electrolyte (Cui et al., 2020). Although the successive 
coating with Antigen and BSA affected the conduction capability, the 

Fig. 1. Fabrication and electrochemical character
ization of the colloidal quantum dots-modified elec
trode as the all-solid-state SARS-CoV-2 protein 
biosensor. (a) Schematic diagram of CQDs-modified 
electrode as SARS-CoV-2 protein biosensor. The 
planar electrochemical three-electrode system con
sists of BT (Bismaleimide Triazine) resin substrate, Au 
work electrode, Pt counter electrode, and Ag/AgCl 
reference electrode. Lead sulfide colloidal quantum 
dots (PbS CQDs) were utilized as modified materials. 
(b) CV and (c) DPV characterizations of bare gold 
electrode (Au), Au/CQDs, Au/CQDs/Antigen, and 
Au/CQDs/Antigen/BSA in the presence of 1 × PBS 
containing 5 mM [Fe(CN)6]3− /4− and 0.5 M KCl as 
REDOX mediator. (For interpretation of the refer
ences to colour in this figure legend, the reader is 
referred to the Web version of this article.)   
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electrode is still capable of transducing the charge transfer across the 
solid-liquid across into appreciable current. With the successive coating 
of SARS-CoV-2 S-RBD protein and BSA protein, the conduction capa
bilities of the electrode became worse. The results suggested the stable 
adhesion of CQDs to proteins since the conduction capability of bio
macromolecules is weaker compared to the inorganic thin film based on 
CQD solids. 

For electrochemical measurement, the voltage conditions applied 
have important influence on the output current signal, which could be 
adjusted by designing measure parameters including scan rate, pulse 
width and pulse period. Differential pulse voltammetry (DPV) mode is 
usually used for the testing of targets with lower concentration, and 
provide improved selectivity for observing different REDOX processes 
compared with CV. We continued to compare the above samples under 
DPV mode (Fig. 1c) and found that the trend in peak current was in good 
agreement with CV measurement result. The CQD modification layer 
helps to increase the charge transfer capability of the Au electrode, the 
peak current increased from 189.6 μA to 453.5 μA; the peak current 
decreased down to 361.3 μA and 239.3 μA in the case of Au/CQDs/ 
Antigen and Au/CQDs/Antigen/BSA, respectively. The results indicated 
that CQDs favor the charge transfer across the liquid-solid interface. 
After the modification with antigen and BSA, the transduction capability 
of the Au/CQDs/Antigen/BSA electrode is better than that of Au/Anti
gen/BSA. According to previously reported works, the equilibrium po
tential in a range of 400–500 mV vs. Ag/AgCl corresponded to the 
standard potential of the Fe2+/3+ couple. Here the appearance of new 
redox potential peak at ~500 mV could be ascribed to the oxidation 
reactions of Fe2+/3+ ([Fe(CN)6]3− /4− REDOX mediator) (Lowson, 1982; 
Córdoba et al., 2008). We can thereby expect an improvement in the 
sensitivity, specificity and signal-to-noise ratio when used as the anti
body biosensor. 

We further investigated the microstructure and morphology of the 
CQDs-modified electrode. PbS CQDs exhibited a sharp exciton absorp
tion peak at the wavelength of 1032 nm in UV–vis–NIR (ultra
violet–visible–near infrared) absorption spectrum (Fig. 2a); the 
diameter was estimated to be 3.4 ± 0.3 nm according to the Moreels 
method (details in Supporting Information), which is well below the 
exciton Bohr radius of PbS ~18 nm. Corresponding size histogram 

plotted in the inset indicated a narrow size distribution (Moreels et al., 
2009). High resolution transmission electron microscopy (HRTEM) 
analysis further revealed that PbS CQDs were near spherical nano
crystals with diameter of 3–4 nm (Fig. 2b). The selected area electron 
diffraction (SAED) image exhibited three clear diffraction rings corre
sponded to the (111), (200) and (220) facets of PbS, suggestive of the 
good crystallinity. The small size of CQDs is beneficial to the receptor 
function of the biosensor in improving the surface-to-volume ratio for 
enhanced enrichment of protein molecules. 

We provide more details of the morphology of CQDs-modification 
layer using scanning electron microscope (SEM) and atomic force mi
croscope (AFM) characterizations. The CQDs solid film had a flat surface 
with regular gaps and holes (Figs. S3a and b). After coating with pro
teins, the quantity of gaps and holes on the film surface was significantly 
reduced (Fig. 2c, Fig. S3c). Energy dispersive spectrometer (EDS) spectra 
indicated that the lead and sulfur elements of CQDs were uniformly 
distributed (Figs. S3d and e). The cross-sectional image suggested the 
uniform thickness of the CQDs-modification layer (Fig. 2d). The ele
ments distribution (Figs. S3f–h) analysis at the cross section also indi
cated that the Au-CQDs and CQDs-protein interfaces were continuous 
and compact. The AFM images further confirmed that the BSA treatment 
reduced the roughness of CQDs film, in which the surface roughness 
decreased from ~145 nm to ~100 nm in the region of 2 μm2 (Fig. S3i 
and Figs. S4a and b); in a larger view, the film roughness decreased from 
~2.4 μm to ~1.0 μm (Figs. S4c–f). Owing to the excellent solution- 
processability of CQDs, the CQDs-modification layer was successfully 
deposited on Au electrode via the spin-coating method. Their flat sur
face, uniform thickness and homogenous composition distribution are 
desirable for improving the consistency of the biosensor in mass pro
duction and practical use. 

In our all-solid-sate biosensor, the CQD-protein interface is the key 
parameter that determines the success in realizing the electronic label
ling of SARS-CoV-2 antigen for future antibody molecule recognition 
and signal transduction. In the oleic acid (OA)-capped PbS CQDs, the 
long-chain (18 carbons) OA ligands serve as metal coordinating groups 
(Pb–O) as well as solvophilic groups which enable the stabilization of 
quantum dots in the form of colloids (Liu et al., 2015; Boles et al., 2016; 
Arquer et al., 2021). Traditionally, these long-chain ligands are replaced 

Fig. 2. Characterization of CQDs-modification layer and CQD-protein interface. (a) UV–Vis–NIR absorption spectrum of PbS CQDs (The inset shows the average 
diameter size of 3.4 nm). (b) HRTEM images of PbS CQDs (The inset depicts selected area electron diffraction, showing the lattice planes of (111), (200), and (220)). 
(c) SEM images of antigen-bonding CQDs film with 2h blocking, revealing uniform morphology. (d) The cross-sectional SEM images of antigen-bonding CQDs film on 
the WE. (e) The FTIR spectra of BSA, Au/CQDs, Au/CQDs/Antigen, Au/CQDs/Antigen/BSA. (f) Carboxylate group between PbS CQD and antigen. 
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by shorter ligands via ligand exchange process to achieve 
application-specific electronic and optoelectronic properties for the 
large-area, solution-based assembly of semiconductor devices (Liu et al., 
2021). 

Here we demonstrated that CQD surfaces directly functionalized 
with biological macromolecule like the SARS-CoV-2 S-RBD protein 
could be achieved via facile one-step ligand exchange. The Fourier 
transform infrared spectroscopy (FTIR) spectra of different samples were 
show in Fig. 2e. Compared to the pristine PbS CQDs, the C–H stretching 
vibration at 2812–2987 cm− 1 of OA ligands were slightly attenuated in 
CQDs/Antigen sample, and the carboxylate group (COO-R) appeared at 
1546 cm− 1 instead of the carbonyl group (C––O) at 1531 cm− 1 of OA 
ligands. The results suggested that OA ligands were stripped off and 
replaced by protein ligands which may have stronger affinity to CQD 
surface (Liu et al., 2015). After successive coating with BSA, while the 
characteristic peak of amide ii in the CQDs/Antigen/BSA sample 
intensified because of the superposition of amide ii peak and the 
carboxyl group peak, the characteristic peak at 1647 cm− 1 corre
sponding to the amide i of BSA was clearly observed, confirming the 
presence of BSA on the all-solid-state sensor (Bandekar, 1992; Wang 
et al., 2011). 

Therefore, we successfully labelled CQDs to the target proteins and 
sealed them with BSA. As shown in Fig. 2f, the SARS-CoV-2 S-RBD 
protein kicks out the original OA ligands and binds to Pb2+ through O in 
the carboxylate group of the protein molecule itself. CQDs synthesized in 
a solution contain surface ligands attached to their surface atoms. Unlike 
the development of CQDs fluorescence labelling or medium-assisted 
labelling for biomolecules where the foreign crosslinkers have to be 
used and generally take hours or even days because of multiple cross
linking or activation processes in liquid phase atmosphere, a solid-state 
CQD-protein interface which is direct connected via Pb–O coordinate 
bond was constructed simply through one-step ligand exchange treat
ment on the CQD solids film (Medintz et al., 2005). This labelling 
method offers more advantages in high-efficiency and low-cost scale 
production of biosensors. 

3.2. Electrochemical measurement of SARS-CoV-2 antibody 

Now, we study the sensing performance of the CQDs-modified elec
trode as the SARS-CoV-2 antibody biosensor. The devices from different 
batches were tested in 1 × PBS (details in Supporting Information) to 
explore the batch-to-batch variation, slight variation in the current with 
a small relative standard deviation (5.66%) indicated the desirable 
reproducibility. These results suggested that high-quality CQD solids 
film could be acquired through spin-coating technique, which is very 
attractive for achieving mass production and wide application. We 
began by preparing standard SARS-CoV-2 IgG antibody solutions in 1 ×
PBS with concentrations ranging from 50 to 2500 ng mL− 1. In the DPV 
measurement mode, the voltage applied consists of short pulses super
ponated to a linearly increasing direct current (DC) ramp (the super
position of a linearly increasing DC ramp with a rectangular pulse), 
through which an enhanced discrimination of Faradaic currents (elec
tron transfer to and from an electrode) can be obtained (Scott, 2016). 
Here, the pulse height (PH) and pulse width (PW) were set as 50 mV and 
50 ms, respectively (Fig. 3a). The current-voltage curves measured at 
different IgG antibody concentrations (0–2500 ng mL− 1) were shown in 
Fig. 3b. As expected, the curve measured in PBS without IgG antibody 
consists of only one current peak at ~145 mV (background peak), which 
could be ascribed to the redox potential of the Ag/AgCl reference elec
trode in PBS solution, which have been observed in existing literatures 
(Suzuki et al., 1999; Shanmugam et al., 2014; Fang et al., 2005). 
Attractively, in addition to background peak, new current peak 
appeared at ~ -145 mV as the antibody was added. With the increased 
antibody concentration, the charged substances in the PBS buffer at
mosphere increased, enhancing the electrochemical activity of the 
CQDs-modified electrode (Chikkaveeraiah et al., 2012; Madrakian et al., 
2016). At DPV mode, the current corresponding to each potential 
increased, and the current corresponding to the redox potential of the 
Ag/AgCl reference electrode increased more, causing the increase of 
peak current at ~145 mV. Compared with the peak current to the redox 
potential of the reference electrode used as the signal in some literatures, 
we speculated that this peak current might be susceptible to the cross 
interference or nonspecific reactions (Hashemi et al., 2021; Yakoh et al., 
2021). Attractively, we observed for the first time the feature current 

Fig. 3. The sensing performance of the CQDs-modified electrode for SARS-CoV-2 antibody testing. (a) The voltage applied in DPV measurement. (b) The current- 
voltage curves with the increased IgG antibody (recombinant antibody) concentrations (0–2500 ng mL− 1). (c) The working principle of SARS-CoV-2 protein biosensor 
employing colloidal quantum dots-modified electrode. (d) The equivalent circuit model of chemically modified electrode. (e) Recombinant antibody concentration- 
dependent response curve using linear fit. (f) The selectivity against OVA, normal IgG and NFM. The concentration was 2500 ng mL− 1 in 1 × PBS. 
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peak at ~ -145 mV corresponding to the specific binding of SARS-CoV-2 
antigen and antibody, through which high sensitivity and specificity 
detection of antibody could be achieved. According to Supporting Note 
1, we thereby concluded that the current peak at ~ -145 mV (response 
peak) was induced by the specific binding reaction of SARS-CoV-2 an
tigen with antibody, as shown in Fig. 3c (Bard and Fualkneret, 1980). 
When the antibody and antigen bind specifically at the electrode surface 
(solid-fluid interface), the induced charge transfer through the 
CQD-protein interface may be transduced into the current signal at DPV 
mode. 

According to the equivalent circuit model of electrochemical three- 
electrode (Fig. 3d), the current intensity is influenced by RΩ, Cd, and 
Rct, which represent the internal resistance of the system including 
electrolyte solution and electrode, the capacitance of the electrical 
double layer located at electrode-electrolyte interface, and the resis
tance for the charge transfer across the fluid-solid interface to overcome. 
The Fermi level of Au (EFm = 5.1 eV) is slightly lower than that of PbS 
CQDs (EFs = 4.61 eV), enabling the appropriate energy band matching 
and the ohmic contact between Au electrode and CQDs (Kim et al., 
2013). It helps to reduce the internal resistance RΩ. Zf, Faradaic 
impedance, represents the additional impedance caused by electro
chemical polarization and concentration polarization when the current 
passes through the electrolyte and the fluid-solid (electrolyte-work 
electrode) interface. Zw represents Warburg impedance, which is an 
impedance due to the process of diffusion. The influence of Zw repre
senting the impedance caused by the transfer process of inherent re
actants in electrolyte solution is negligible in DPV mode of this study. 
Under the influence of the pulse in the voltage applied at DPV mode, the 
charging and discharging effect of Cd contribute to the Faraday current, 
the current arising from the charge transfer of REDOX reaction at 
fluid-solid interface. The CQDs-modification layer may influence the 
Faraday current as well as the sensor response by changing the value of 
Rct and Cd of the electrode. This explains the observation that the output 
current of the sensor increased with increasing SARS-CoV-2 IgG anti
body concentration in this study. The key factors that determine the 
specificity of our biosensor includes the specific reaction of paired an
tigen and antibody at the micro level, and the feature response peak at 
the macro level. The detailed signal transduction mechanism of the 
CQDs-modified electrode and the role of CQDs will be discussed later. 

We proceeded to extract the sensor response according to the current 
at response peak. Here, we defined the sensor response as the value of 
IPT/INT, where IPT and INT represented the current at response peak 
measured in recombinant antibody solution and PBS, respectively (de
tails in Supporting Information). As shown in Fig. 3e, the sensor 
response depended approximately linearly on concentration of recom
binant antibody in the range 50–1250 ng mL− 1. Through the least- 
squares method of fitting, we obtained the response slop in the linear 
regime to be 0.001 (mL ng− 1) with a fitting quality of 0.968. The limit- 
of-detection (LOD) of the biosensor for SARS-CoV-2 IgG antibody testing 
was estimated to be 7.73 ng mL− 1 (details in Supporting Information). 

The selectivity of the biosensor is critical to its accuracy, as the 
sample composition is often very complex. We examined the response of 
the sensor toward non-specific proteins in this study. As shown in Fig. 3f, 
the response toward ovalbumin (OVA), human normal immunoglobulin 
G (normal IgG), nonfat-dried milk (NFM) were rather low compared to 
SARS-CoV-2 IgG protein. The results suggested the success of CQDs as 
the electronic labelling of SARS-CoV-2 S-RBD protein in contributing the 
immobilization efficacy and following sensitive and specific signal. In 
our all-solid-state biosensor, the presence of response peak which is 
characteristic of the specific bonding of antigen and antibody protein 
offer better discrimination against nonspecific disturbance and may 
improve the detection specificity with serum samples. 

3.3. The signal transduction mechanism of CQDs-modified electrode 

We now explore the sensing mechanism of the protein biosensor 

employing CQDs-modified electrode. First, to clarify the receptor-and- 
transducer function of CQDs as the electronic labelling of proteins, we 
compared the sensing performance of Au, Au/Antigen, Au/BSA, Au/ 
Antigen/BSA electrode samples with and without CQDs modification 
(Fig. 4a). In the case of Au, Au/Antigen, Au/BSA and Au/Antigen/BSA 
electrode samples no matter whether there were CQDs or not, the 
variation of the current-voltage curves compared to those measured in 
PBS were indistinguishable when the SARS-CoV-2 IgG antibody was 
added. The CQDs modification layer plays a key role in the biomolecule 
recognition and signal transduction. The use of CQDs enable the stable 
immobilization and enrichment of specific antigen on CQD solids film 
via chemical bonds through ligand exchange, which is prerequisite for 
the following transducer function and achieving sensitive and specific 
sensor response. Au/CQDs/Antigen electrode showed a weak response 
current. In addition to prevent the non-specific protein reaction, the 
blocking treatment of BSA also encapsulated the CQDs-modified elec
trode, further improving the immobilizing stability of CQDs with anti
gen protein, which helped to improve the robustness of the electrode 
interfaces. Only the Au/CQDs/Antigen/BSA electrode was sensitive to 
the SARS-CoV-2 IgG antibody; when the antibody was added, the cur
rent intensity increased with the arise of the response peak. The results 
indicated that the CQDs-modification layer in this study is indispensable 
for the protein biosensor. Our work experimentally demonstrated the 
excellent receptor-and-transducer functional properties of CQDs to 
define an electronic labelling of protein molecules. As inherently re
ceptors for foreign ligands, CQDs enable the stable immobilization and 
enrichment of specific antigen on CQD solids film via chemical bonds 
through ligand exchange, which is prerequisite for achieving sensitive 
and specific sensor response toward target antibody. 

The transduction mechanism of CQDs-modified electrode was dis
cussed according to a equivalent circuit model. At DPV mode, smaller Rct 
and higher Cd values are favorable to improve the sensor signal (Sup
porting Note 2 and Note 3). We utilized electrochemical impedance 
spectroscopy (EIS) to extract the electrical parameters of the samples 
during electrode preparation (Fig. S5). As shown in Fig. 4b, the Au/ 
CQDs sample had lowest Rct value (black dot), suggesting that CQDs 
favor the charge transfer across the fluid-solid interface, which reduced 
the resistance to overcome. We observed a decrease trend in the internal 
resistance with successively coating Au with CQDs, Antigen and BSA 
(Fig. S6). These results suggested that the modification of Au electrode 
with CQD solids are helpful for the enrichment of [Fe(CN)6]3− /4− . The 
internal resistance slightly decreased after proteins were further added, 
which indicated that the proteins around the surface of CQDs do not 
affect the transport of [Fe(CN)6]3− /4− , possibly due to the network of 
protein macromolecules. The result also suggested the key role of CQD 
solids that determines the internal resistance of the electrode. As ex
pected, the value of Rct increased with the successive coating of antigen 
and BSA due to the worse conduction capabilities of proteins. It is 
interesting to find that for the final Au/CQDs/Antigen/BSA electrode, it 
had highest Rct and a relatively lower CPE (constant phase angle 
element, proportional to Cd, red dot) values among those electrodes but 
exhibited obvious sensor response. This seems abnormal when we 
expect lowest Rct and highest Cd values for the most sensitive electrode. 
Instead, the unmodified Au electrode which had almost the same Rct but 
with higher Cd values had no sensor response at all. The results sug
gested a unique charging and discharging effect of the CQDs, which 
enables the successful transduction of the specific binding reaction of 
antigen and antibody into current output signal. 

Second, to elucidate the mechanism underlying the unique role of 
CQDs in the signal transduction, we prepared two bulk PbS materials 
(without quantum effects)-modified electrode samples for comparison. 
The ‘Annealed-PbS’ sample stands for the sample obtained by annealing 
the control electrode (here renamed as PbS-CQDs) at 120 celsius degree 
for 2 h; the ‘Bulk PbS’ sample was based on the commercial lead sulfide 
material with other preparation conditions being kept the same. As 
shown in Fig. 4c, when IgG antibody was added into PBS, unlike the PbS- 
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CQDs sample where the output current increased accompanied with the 
arise of response peak at ~ -145 mV, neither of the annealed-PbS and 
bulk PbS-modified electrode samples exhibited obvious current change. 
The very low and broad current peaks at the potential of ~ -145 mV for 
the ‘Bulk PbS’ sample, observed for both PBS and IgG solutions, was 
almost negligible (Fig. S7). 

Fig. 4d summarized the electrical parameters extracted from EIS 
(Fig. S8) measurement of these three samples conducted in PBS and with 
IgG antibody added, respectively. Compared to Annealed-PbS and Bulk- 
PbS samples, the obvious increase of Rct for the control sample modified 
with CQDs, while not favorable for charge transfer, indicated the 
effective antigen-antibody binding. The results suggested the ability of 
CQDs to immobilize and enrich the antigen protein for subsequent 
antibody recognition. Again, the unique charging and discharging effect 
of the CQDs was demonstrated since the value of CPE for the control 
sample was relatively low among these samples, yet capable of output a 
sharp response peak with high signal-to-noise ratio for IgG antibody 
testing. In addition, the change of CPE value was neglectable for the 
control sample when measured in PBS with and without IgG, suggesting 
that the capacitance value itself is not sensitive to IgG antibody. The 
unique charging and discharging effect could be well maintained under 
the antibody testing environment. 

Taking together the above experimental observations, we are able to 
propose a more detailed model for the transduction mechanism of CQDs. 
The diameter (3.4 ± 0.3 nm) of PbS CQDs was estimated above, which is 
below the exciton Bohr radius (~18 nm) of PbS. Decreasing the size of 
particles to less than their Bohr radius results in confinement of electron 
and hole wavefunctions and a significant increase in bandgap. As 
depicted in Fig. 4e, individual PbS CQD, subjected to quantum 
confinement, was equivalent to a dipole function as an insulative 
capacitor. At DPV mode, the charge transfer from solution to electrode 
charge CQD dipoles along the CQD-protein interface; due to Coulomb 
Blockade effect, the CQD dipole will discharge under appropriate 
voltage. On the other hand, the quantum mechanical coupling between 
two adjacent CQDs can be expounded in terms of coupling energy β 
(Tang et al., 2010; Tang and Sargent, 2010). Here, the lowest CQD states 
(1Sh for holes and 1Se for electrons) were depicted. The charge transfer 
of PbS CQD solids film may occur through possible hopping (like elec
tronic sharing of bulk materials) because of the leakage of wave function 
(Fig. S9a) or quantum tunneling. Therefore, the CQDs possess a unique 
charging and discharging effect depending on the alternating voltage 
applied, through which the charge transfer across CQD-protein interface 
may be converted into Faraday current. It should not be ignored that this 
response peak has a higher specificity compared with the peak at ~145 

Fig. 4. The electrical model and signal transduction of CQDs-modified electrode. (a) The DPV curves of various electrodes measured in PBS and target antibody in 1 
× PBS: Au, Au/Antigen, Au/BSA, Au/Antigen/BSA, Au/CQDs, Au/CQDs/Antigen, Au/CQDs/BSA, Au/CQDs/Antigen/BSA. (b) Rct (charge transfer resistance, black 
dot) and CPE (constant phase angle element, proportional to Cd, red dot) of Au, Au/CQDs, Au/CQDs/Antigen, and Au/CQDs/Antigen/BSA in the presence of 1 × PBS 
containing 5 mM [Fe(CN)6]3− /4− and 0.5 M KCl as REDOX mediator. (c) The DPV characterizations of PbS CQDs-modified electrode, annealed PbS-modified 
electrode, and bulk PbS-modified electrode measured in PBS and target antibody in 1 × PBS. (d) Rct and RΩ of PbS CQDs-modified electrode, annealed PbS- 
modified electrode, and bulk PbS-modified electrode measured in 1 × PBS and target antibody in 1 × PBS. (e) The mechanism of signal transduction, displaying 
the formation of dipole at the CQD-antigen interface and the process of hopping or tunneling. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 
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mV. When IgG antibody and antigen bind specifically at the electrode 
surface, the increased charge amount from IgG antibody combined with 
the charge redistribution at the antigen-antibody interface will induce 
charge increase at the CQD-protein interface, enhancing the charge in
tensity of CQD dipoles (Fig. S9b) which thereby leads to the response 
peak with higher output current as observed in CQDs-modified elec
trode, which is not observed in bulk PbS electrode samples. 

According to Marcus theory, most biological reactions belong to 
outer sphere electron transfer (Marcus, 1997). For antigen and antibody 
binding reaction, the volume of the two biomolecules is usually larger 
and the REDOX active center is buried deep within the protein, which 
could not establish the ligand bridge (Winkler et al., 1995). Long-range 
electron transfer between antigen and antibody is generally difficult and 
often requires external assistance like “springboard”. The size of PbS 
CQD is much smaller than its Debye length, so their ability to transmit 
electric field maybe strong enough to ‘sensing’ distant charge redistri
bution or electric quantity change, which may contribute to the trans
duction function from the antigen-antibody specific binding reaction to 
electrical signal. Our model may explain why the electrodes without 
CQDs-modification had poor response due to insufficient 
receptor-and-transducer functions. The Cd of the Au electrode, which 
was fixed in the inherent system, causes the non-faradaic current that is 
ineffective signal for protein testing at DPV mode. 

From a macroscopic angle, the unique charging and discharging ef
fect of CQDs as the electronic labelling, ascribed to their quantum 
confinement and Coulomb blockade effect, is analog to a ‘Faraday cur
rent dam’, which combines an antenna function collecting signal from 
biological reactions as well as a switch function to allow for enhanced 
Faraday current, which is characteristic of a REDOX on the CQDs- 
modified electrode surface, e.g. the specific binding reaction of SARS- 
CoV-2 antigen and antibody proteins in this study. The charging and 
discharging effect of CQDs, combined with efficient signal conditioning 
circuit design, could contribute to the specificity and high signal to noise 
ratio of output signal. 

3.4. Serological studies and functional extension 

We further investigated the performance of the sensor using serum 
samples from COVID-19 patients and normal people. The preparation 
and testing of serum samples were detailed in Supporting Information. 

The SARS-CoV-2 IgG antibody levels have been measured by ELISA 
method (Table S3) for comparison. As shown in Fig. 5a, we clearly 
observed the response peak for a typical patient sample, with much 
higher current compared to the normal sample where no response peak 
could be identified. Fig. 5b showed the significances test with 26 posi
tive serum samples randomly selected from 11 patients and 12 normal 
serum samples (negative) (Figs. S10 and S11). The input current signal 
of the sensor is relatively low because the serum specimens contain lots 
of impurities. The response with the value of 1.102 was regarded as the 
threshold between positive and negative samples. The sensor can detect 
the SARS-CoV-2 antibody of the serum sample from those who have 
been clinically diagnosed as COVID-19 patient. When the highest 
response value in the case of the negative serum was used as the dividing 
line, 23 of the 26 positive samples could be identified using the all-solid- 
state biosensor, indicating an accuracy of about 90% in discrimination of 
positive/negative samples with a statistical significance (P value: less 
than 0.0001) using unpaired t-test. We randomly selected 5 patient 
serum samples and compared the quantitative level of IgG antibody 
obtained with our sensor and ELISA method, respectively. As shown in 
Fig. 5c, the sensor provided a quantitative analysis of SARS-CoV-2 
antibody with a correlation coefficient of 93.8% compared to ELISA 
value through Pearson correlation. Through the repeatability DPV 
testing on the above 5 patient serum samples, our device possessed 
reliable reproducibility (Fig. S12). Taken together, the CQDs-modified 
electrode has the potentials to be used for the SARS-CoV-2 antibody 
biosensor. 

According to the basic principle of immunoassay, we proposed 
further that the CQDs-modified electrode could be also utilized for 
SARS-CoV-2 antigen detection. Direct testing the viral antigens in clin
ical specimen using nasopharyngeal and oropharyngeal swabs without 
multiple sample preparation is of great significance for rapid and ac
curate SARS-CoV-2 screening. Here, the antibody was dip-coated onto 
the CQD solids film and then incubated to prepare antibody-bonding 
films. With BSA treatment, antigen protein biosensor employing Au/ 
CQDs/Antibody/BSA electrode was prepared for the recombinant anti
gen testing. As expected, response peaks at ~ -145 mV were observed 
only in samples with standard SARS-CoV-2 recombinant antigen solu
tions added (Fig. 5d); the output current of the sensor increased with 
increasing recombinant antigen concentration ranging from 50 to 2500 
ng mL− 1. The linearity and LOD of concentrations-response curve were 

Fig. 5. The verification of serum specimens, SARS-CoV-2 RBD protein, and the handheld testing system prototype. (a) Comparison of DPV curves between patient 
and normal serum specimens. (b) The significances test of normal serum (negative) and patient serum (positive). (c) The IgG testing comparison of protein biosensor 
and ELISA. (d) The current-voltage curves with the increased SARS-CoV-2 S-RBD antigen (recombinant antigen) concentrations (0–2500 ng mL− 1). (e) Recombinant 
antigen concentration-dependent response curve using linear fit. (f) The testing process of the handheld testing system prototype. 
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calculated to be 0.969 and 4.99 ng mL− 1, respectively (Fig. 5e). The 
results suggested the universality of the CQDs-modified electrode as a 
versatile platform for the development of sensitive and specific protein 
biosensor. Interestingly, in contrast with the DPV I–V curves in the case 
of antibody testing, here we found that the current magnitude of 
response peak was lower to that of the background peak, which is 
possibly due to the difference in spatial conformation and distribution of 
active sites between antigen and antibody proteins. The differences of 
spatial conformation between antigen and antibody lead to different 
labeling efficiency of CQDs/protein in the existing preparation method. 
The results suggested that the design, adjustment, and construction of a 
more effective interface based on the differences between antigen and 
antibody molecules could be utilized to improve sensitivity (Cathou and 
Haber, 1967; Ricci et al., 2012). The influence of the protein structure on 
the electronic labelling efficiency with CQDs is beyond the range of this 
study. 

Based on the rapidity and reliable accuracy of antibody testing in 
above lab study, we explored the feasibility of field-testing application 
through the design of a handheld testing system prototype (Fig. 5f and 
Fig. S13). The data could be transmitted to the upper computer through 
Wi-Fi module, and the LED display module was set to display the test 
results in real-time (Fig. S14). We integrated the circuit system into the 
handheld testing system prototype and reserved the interface for CQDs- 
modified electrode (Fig. S15). The dimensions of the whole system are 
12 × 7 × 4 cm3 (L × W × D), closer to the size of household glucometer. 
The operating process was detailed in Supporting Information. For 
comparison, the testing procedure of positive serum specimen using the 
handheld testing system prototype and commercial CGIA Kit was illus
trated in the Supporting Video 1. Traditional immunological techniques 
such as ELISA and CGIA need pairs of matching antibodies, which in
creases the complexity of preparation and takes more time. Our proto
type exhibits testing time (about 30 s) which is about 10 times faster 
than CGIA Kit (about 5 min). 

Supplementary video related to this article can be found at htt 
ps://doi.org/10.1016/j.bios.2022.113974 

Rapid, accurate, and portable testing of SARS-CoV-2 antibody can 
provide immunological evidence for the whole viral stages including 
infection (symptomatic and asymptomatic cases), prognosis and after 
vaccination, which may find wide applications in disease diagnosis, 
epidemiological investigation, and physiological management. The 
electronic labelling of proteins with CQDs enables sensitive and specific 
protein biosensors, which combines the advantages of rapidity, accu
racy, and convenience. Successful construction of more efficient Au/ 
CQDs as well as CQDs/protein interfaces may further improve the ac
tivity, stability and reproducibility of the CQDs-modified electrode, 
which are directly affected by the design of the modification materials, 
the rationality of the modification method and the quality of the 
modification layer. For instance, the receptor-and-transducer functional 
properties could be controlled by adjusting film microstructure and 
depth. Attractively, the physical and chemical properties of CQDs are 
highly programmable by tailoring its size, shape, and composition, 
which could be adapted to various biomolecules such as proteins, 
polypeptides, and DNA. Meanwhile, we may expect a direct aqueous 
assembly of inorganic/biological complex would enhance the charge 
transfer across the solid-liquid interface of electrochemical sensor. In 
addition, the optimization of driving voltage, the adaptive design of 
signal acquisition and amplifier circuit module can also improve the 
detection performance. Our work may pave a way to colloidal quantum 
dot immunoassay (CQDIA) method, which have promising potentials in 
the development of low-cost, high-throughput diagnostic instrument in 
clinical lab as well as user-friendly system for POCT and home-use test. 

The special advantages of the all-solid-state biosensor employing 
CQDs-modified electrode are summarized in the following three points: 

1) The facile electronic labelling method through one-step ligand ex
change treatment without organic cross-linkers we proposed is 

helpful to enhance the receptor function and the consistency of 
immobilizing process, which presents universality for other 
biomolecules.  

2) Owing to the remarkable surface effect, size effect and unique 
quantum effect of CQDs, which can improve the enrichment of bio
molecules and the signal transduction of SARS-CoV-2 antigen-anti
body binding reactions. We observed for the first time the feature 
current peak corresponding to the antigen-antibody specific binding 
of, through which we obtained high sensitivity and specificity in the 
case of serum specimens.  

3) The high-quality CQD solids film could be acquired through spin- 
coating technique, which is very attractive for achieving mass pro
duction and wide application, suggestive of the development po
tentials in silicon-based biosensors and integrated biochips. 

4. Conclusions 

We have proposed the electronic labelling strategy of protein with 
quantum dots, through which the CQD-protein interface is designed for 
achieving specific protein recognition and efficient electronic trans
duction. The PbS CQDs-modified electrodes have been demonstrated as 
sensitive and specific SARS-CoV-2 protein biosensors by converting the 
antigen-antibody specific binding reaction into significant current 
output signals. The electronic transduction mechanism is attributed to 
the quantum confinement and Coulomb blockade effect of quantum 
dots, which induce the unique charging and discharging effect 
depending on the alternating voltage applied. In the case of serum 
specimens from COVID-19 patient samples, the all-solid-state SARS- 
CoV-2 protein biosensor provides a quantitative analysis of SARS-CoV-2 
antibody with a correlation coefficient of 93.8% compared to ELISA 
value. It discriminates patient and normal samples with an accuracy of 
about 90%. The results could be read within 1 min by a handheld testing 
system prototype. 
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