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Editorial on the Research Topic
Nanomaterial-based biosensors, diagnosis, and applications

Owing to their distinctive chemical compositions and diverse biological functionalities,
numerous nanomaterials derived from organic, inorganic, and hybrid compounds have
garnered significant attention from the scientific community and have played a pivotal role
in advancing biosensors, diagnostics, and related applications over recent decades. These
varieties of nanomaterials serve as valuable platforms for immobilization, optical
interrogation, and (photo)electrochemical labeling, thereby enhancing the sensitivity,
stability, and selectivity of biosensing devices, which undoubtedly reshapes conventional
approaches to health monitoring, food safety, and environmental research. Accordingly, in
anticipation of forthcoming advancements in this research area, we have curated this
Research Topic to present the latest developments and perspectives concerning
nanomaterial-based biosensors, diagnosis, and applications. Encompassing two reviews
and eight original research articles, this collection spans fundamental nanomaterial physics,
manufacturing techniques, and biosensing applications.

As nanomaterials play a significant role in enhancing the performance of
electrochemical biosensors due to their unique physical and chemical properties, such
as large surface area, high catalytic activity, and superior electron transfer kinetics. Shahid
et al. highlights the application of carbon-based nanomaterials, metallic nanoparticles,
quantum dots, and nanowires in biosensors. In this review article, they summarized a range
of fabrication strategies utilizing diverse nanocomposites which enhance the limit of
detection for different miRNAs and advance the miniaturization process of
electrochemical biosensors. This review article offers researchers a comprehensive
perspective on the advancements in electrochemical biosensors, particularly focusing on
the latest strategies for improving detection limits and biosensor miniaturization. As the
synergy between nanomaterials with biomolecules is also a key part to improve the
performance of biosensors, Reaño et al. review the synergistic systems of antibodies,
aptamers, and nanomaterials for amplified electrochemical signaling. The review
discusses how antibodies, aptamers, or target antigens can be immobilized on the
electrode, and the importance of proper immobilization techniques to support the
formation of bioreceptor-biomarker complex and induce signal generation.

In the original work, Toyos-Rodríguez et al. emphasize the significance of
electrochemical techniques in the development of highly sensitive biosensors by
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optimizing the thickness of nanoporous alumina membranes which
are integral to the electrochemical sensing platform for the detection
of catalase, a key biomarker in wound infection. The study
successfully applies this optimization to construct a label-free
immunosensor that effectively detects catalase with high
precision, showcasing the potential of electrochemical methods
for rapid and accurate diagnostics in clinical settings. The
research article by Cheng et al. focuses on the development of a
photoelectrochemical (PEC) biosensor based on SiW12@CdS
quantum dots and colloidal gold nanoparticles, providing a low
background signal and good sensitivity, for the detection of HPV
16 DNA, a significant biomarker for cervical cancer. The study
highlights the importance of the PEC technique in advancing cancer
diagnostics and the potential for early detection, which is critical for
improving treatment outcomes. In the original work by Kan et al. the
importance of the fluorescent technique is highlighted by its ability
to enable real-time monitoring and selective detection of SO3

2− at
low concentrations within complex biological environments,
allowing for the rapid, sensitive, and selective detection of sulfate
ions, which is crucial for understanding cellular processes,
diagnosing diseases, and guiding drug development. The research
highlights the importance of fluorescent probes in advancing
biomedical studies and emphasizes their potential practical
application in clinical settings. In the research article, Nishan
et al. present the development of a colorimetric biosensor for
detecting H2O2 using zinc oxide nanoparticles deposited on
Morus nigra sawdust. This colorimetric technique allows for the
visual detection of H2O2 through a change in color facilitated by the
presence of 3,3′,5,5′-tetramethylbenzidine. The advantages of the
colorimetric technique render it a valuable tool in biotechnology,
medical diagnostics, and environmental monitoring. The original
research by Cheng et al. concentrates on the design and fabrication
of a surface-enhanced Raman scattering (SERS) sensor based on
functionalized Au/Si cap-cone arrays and Au nanocubes modified
with 5-carboxyfluorescein as a probe tailored for the highly sensitive
detection of Vimentin, a protein linked to gastric cancer. The study
elucidates the utility of SERS as a valuable technique for the early
detection of cancer and for monitoring therapeutic responses.
Besides, the research article by Lv et al. focuses on the
development of a highly sensitive flexible capacitive pressure
sensor that utilizes a hierarchical pyramid micro-structured
polydimethylsiloxane dielectric layer. The research demonstrates
the potential of flexible sensors in advancing technology for
electronic skin, intelligent robotics, and personalized health
monitoring.

A multiplex detection biosensor, which is capable of detecting or
measuring biological analytes through multiple modes or strategies
simultaneously or sequentially, can enhance the versatility,
sensitivity, and reliability of the biosensor. The original works
from Xiao and Wang focused on the multiplex detection
techniques. Xiao et al. combines the graphene oxide-assisted
multiplex recombinase polymerase amplification assay, targeting
two conserved insertion sequences (IS6110 and IS1081) within
mycobacterium tuberculosis complex (MTBC), with a

CRISPR–Cas12a-based trans-cleavage assay for a comprehensive
diagnostic approach. The combined approach with a
CRISPR–Cas12a-based multiplex detection aims to provide a
straightforward, expeditious, highly sensitive, and precisely
targeted diagnostic tool for MTBC. Besides, Wang et al. explores
a cellulase protected fluorescent gold nanoclusters which serve as
dual-functional nanoclusters, demonstrating their potential as
fluorescent bioprobes for ascorbic acid detection and bacterial
labeling, thereby facilitating medical diagnosis and human health
maintenance.

In conclusion, from the reviews and research works included in
this Research Topic, it is revealed that a multitude of nanomaterial-
based methodologies utilizing electrochemistry, PEC, fluorescence,
SRES, and colorimetric analysis have been devised. These techniques
combined with functional nanomaterials form the basis for the
fabrication of different types of nanomaterial-based biosensors and
diagnosis applications. However, meeting the increasing demand for
application platforms characterized by high sensitivity, cost-
effectiveness, and ease of operation remains a significant
challenge, particularly in the rigorous fabrication standards
demanded by industry. To further promote the development of
biosensors, more bio-compatible nanomaterials and assembly
techniques are in great demand. We believe further research in
the nanomaterial-based biosensors and diagnosis will have a
significant impact on future personalized healthcare, food safety
and environmental analysis.
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Photoelectrochemical biosensor
based on SiW12@CdS quantum
dots for the highly sensitive
detection of HPV 16 DNA
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2Institute for Advanced Interdisciplinary Research (iAIR), School of Chemistry and Chemical Engineering,
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China, 4Suzhou KunTao Intelligent Manufacturing Technology Co., Ltd., Suzhou, China, 5NMPA Key
Laboratory for Quality Evaluation of Medical Materials and Biological Protective Devices, Jinan, China,
6Shandong Institute of Medical Device and Pharmaceutical Packaging Inspection, Jinan, China

A highly sensitive biosensor for detecting HPV 16 DNA was prepared based on
Keggin-type polyoxometalate (SiW12)-grafted CdS quantum dots (SiW12@CdS
QDs) and colloidal gold nanoparticles (Au NPs), which exhibited remarkable
selectivity and sensitivity upon target DNA detection because of its excellent
photoelectrochemical (PEC) response. Here, an enhanced photoelectronic
response ability was achieved with the strong association of SiW12@CdS QDs
by polyoxometalate modification, which was developed through a convenient
hydrothermal process. Furthermore, on Au NP-modified indium tin oxide slides, a
multiple-site tripodal DNA walker sensing platform coupled with T7 exonuclease
was successfully fabricatedwith SiW12@CdSQDs/NPDNA as a probe for detecting
HPV 16DNA. Due to the remarkable conductivity of AuNPs, the photosensitivity of
the as-prepared biosensor was improved in an I−3/I

− solution and avoided the use
of other regents toxic to living organisms. Finally, under optimized conditions, the
as-prepared biosensor protocol demonstrated wide linear ranges (15–130 nM),
with a limit of detection of 0.8 nM and high selectivity, stability, and reproducibility.
Moreover, the proposed PEC biosensor platform offers a reliable pathway for
detecting other biological molecules with nano-functional materials.

KEYWORDS

biosensor, polyoxometalates, quantum dots, HPV 16 DNA, photoelectrochemistry

1 Introduction

Cancer has always been the most malignant disease affecting human health, with high
morbidity and mortality rates. The development of targeted diagnosis and personalized
treatment has never stopped; thus, early diagnosis with precise cancer biomarker recognition
that will offer valuable opportunities for more effective treatment is of great significance to
specific therapy of cancer patients (Garland, 1953; Helmink et al., 2019). Nowadays, various
therapeutic modalities based on chemotherapy regimens have been exploited for mid–late
stage cancer patients despite a lack of research into earlier diagnosis and more effective
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treatments. Thus, the exploration of highly effective diagnoses with
remarkable sensitivity, high selectivity, and reliability remains
challenging and is urgently required (Xiao et al., 2022).

Among various cancers, cervical cancer is the second most
common cancer in women; moreover, cervix cancer caused by
infection with high-risk human papillomavirus (HPV) accounts
for more than 99% of cervical cancers. Although stage-specific
survival has been improved since the 1960s, along with the
development of multi-modality treatment, the 5-year survival rate
of women with advanced non-metastatic cervical carcinomas is still
low at ~40%. However, the cure rate could reach 70%–85%, which
would occur in cervical cancer patients with stage I and IIa lesions,
indicating the very significance of early diagnosis (Kay et al., 2005).
Two high-risk sexually transmittable human HPV types of 16 and
18 can cause cervical cancers. Importantly, this cancer shows no
symptoms until the advanced stages of the disease. Therefore,
finding a new diagnostic methodology that can detect the
presence of HPV or cervical cancer at the earliest stage is a real
challenge, which also stimulates the development of new biosensors
for cancer early diagnosis (Jampasa et al., 2018).

Photoelectrochemical (PEC) biosensors based on photocurrent
conversion functional materials are an ideal pathway to detect
biomolecules owing to their low background signal and excellent
sensitivity (Kay et al., 2005; Jampasa et al., 2018; Wang F. et al., 2022;
Wang L. et al., 2022; Huang et al., 2022; Nanocubes et al., 2023).
However, the unfavorable biocompatibility, belated photocurrent
response, and low stability of these functional materials have limited
the development of PEC biosensors. Compared with the
electrochemiluminescence immunoassay strategy, which depends
on the concentration of •OH induced by H2O2 conversion, PEC
biosensors require no auxiliary additives and exhibit lower toxicity
and higher sensitivity but rely heavily on outstanding photochromic
properties (Nie et al., 2020; Wang L. et al., 2022). Quantum dots
(QDs) are extensively used in the fields of energy catalysis (Liu et al.,
2014; Weiss, 2017; Kong et al., 2018; Shi et al., 2019; Zheng et al.,
2020; Zhang M. et al., 2022), imaging (Nguyen et al., 2017; Park
et al., 2017; Mallick et al., 2019; Min et al., 2019; Zheng et al., 2020;
Xu et al., 2021; Liu et al., 2017), and chemical sensors (Wang F. et al.,
2022; Zhang J. et al., 2022; Huang et al., 2022) due to their
remarkable photoelectric response properties. Cadmium sulfide
quantum dots (CdS QDs) have attracted broad and
interdisciplinary attention for a long time because of their
excellent properties in that their band gap (2.3 eV) corresponds
well with the spectrum of sunlight, qualifying their superior visible
light photosensitiveness and proposing remarkable compatibility
with other functional materials (Ahamad et al., 2016). More
importantly, the photoelectric properties of CdS QDs can be
significantly tuned by introducing heteroatoms or dopants into
their lattice or matrix. Modified CdS QDs are regarded as
promising photocurrent conversion materials and have been
widely used in solar cells and biological sensors (Jeong et al.,
2017; Smith et al., 2017; Lee et al., 2018; Morgan and Kelley,
2018; Sui et al., 2018; Zhang et al., 2019). Multiple synthetic
strategies, such as growth doping, nucleation doping, diffusion
doping, and single-source precursor strategy have been reported
for the synthesis of modified CdS QDs (Sui et al., 2018; Yu et al.,
2021). In parallel, polyoxometalates (POMs) have emerged as a new
class of materials due to their unique electronic, optical, magnetic,

and catalytic properties (Luo et al., 2013; Ueda, 2018; Kong et al.,
2020; Liu et al., 2020; Misra et al., 2020; Gu et al., 2021; Fabre et al.,
2022; Kruse et al., 2022). According to some recent reports, when
CdS QDs and POMs are successfully composited to have a
hierarchical nanostructure under certain conditions, a unique
phenomenon of interaction involving electron and energy
transfer will occur (Xing et al., 2013; Dong et al., 2021). Such as-
prepared POM@CdS QD composites demonstrate a novel strategy
toward advanced photoelectric functional materials.

POMs are a class of negatively chargedmolecular metal oxides with
well-defined structures, beautiful geometries, and nanoscale sizes (Luo
et al., 2013; Xing et al., 2013; Kong et al., 2020; Kondinski, 2021) and
have been successfully used in a wide domain of industrial catalysis of
functional materials (Ji et al., 2015; He et al., 2016; Tourneur et al., 2019;
Zang et al., 2019; Wang et al., 2020; Gul et al., 2022; Shi et al., 2022),
environmental science (Girardi et al., 2015; Chen et al., 2018; Guo et al.,
2018; Cao et al., 2019; Huang et al., 2019; Li C. et al., 2020; Yu H. et al.,
2020; Li N. et al., 2020; Yu F. Y. et al., 2020; Lang et al., 2020; Zang et al.,
2021; Fabre et al., 2022; Zang andWang, 2022), life science (Bijelic et al.,
2019; Li N. et al., 2020; Shi et al., 2020; Alizadeh and Yadollahi, 2022; Su
Y. et al., 2022; Fabre et al., 2022; Xiao et al., 2022), pharmacology (Sarver
et al., 2021; Su Y. et al., 2022; Liu et al., 2022), and other disciplines
(Boulmier et al., 2018; Mitchell et al., 2022). As additives in the
modification of CdS QDs, POMs with rich charges and excellent
electron transfer ability can rationally adjust their band gaps through
the synergistic effect to eliminate the intrinsic limits of their rapid
recombination of photogenerated carriers and severe photocorrosion,
improving the PEC performance of POM@CdS QD composites (Dong
et al., 2021). Meanwhile, POM@CdS QDs are rarely applied in PEC
biosensor fabrication for biomolecule detection such as protein, DNA,
or RNA.

In this study, a highly sensitive biosensor for detectingHPV16DNA
fabricated with Keggin-type POM (SiW12)-grafted CdS QDs (SiW12@
CdS QDs) and colloidal gold nanoparticles (Au NPs) is reported for the
first time. These SiW12@CdS QDs exhibited enhanced photocurrent
response and high stability after being combined with NP DNA; with
chitosan (CS)/AuNPs as the first layer on indium tin oxide (ITO) slides,
a series of biochemical DNAprimerswere incubated to fabricate amulti-
site tripodal DNAwalker sensing platform coupled with T7 exonuclease.
Due to the remarkable conductivity of Au NPs, the photosensitivity of
the as-prepared biosensor was further improved in an I−3 /I

− solution and
avoided the use of other regents toxic to living organisms. Finally, under
optimized conditions, the as-prepared biosensor protocol demonstrated
wide linear ranges (15–130 nM), with a limit of detection (LOD) of
0.8 nmol/L and high selectivity, stability, and reproducibility.
Furthermore, the proposed PEC biosensor platform offers a reliable
and promising pathway for detecting biological molecules.

2 Experiments

2.1 Materials and methods

All chemical reagents in this experiment were of analytical
grade. Na2S·9H2O, CdCl2·2.5H2O, I2, KI, and HAuCl4·4H2O were
purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). NaOH and trisodium citrate dihydrate (Na3C6H5O7·2H2O)
were obtained from Shanghai Aladdin biochemical technology Co., Ltd.
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(Shanghai, China). H4[Si(W3O10)4]·xH2O, CS was obtained from
Shanghai Maclin Biochemical Technology Co., Ltd. Synthetic
oligodeoxy-nucleotides corresponding to partial sequences of the
gene of HPV type 16 and TE buffer were received from Sangon
Biotech (Shanghai) Co., Ltd. T7 Exo and NE buffer were received
from New England Biotechnology (Beijing) Co., Ltd. HPV samples of
vaginal swab scraping with different infection subtypes (HPV 16, 18,
33 DNA) were supplied by Suzhou KunTao Intelligent Manufacturing
Technology Co., Ltd. All reagent solutions were prepared using
ultrapure water (resistivity as 18 MΩ·cm at 25°C). The nucleotide
sequences of the oligonucleotides are listed in Table 1.

2.2 Synthesis of SiW12@CdS QDs

First, CdS QDs were synthesized according to our previously
published literature (Wang F. et al., 2022). Afterward, a post-
modification procedure of CdS QDs with SiW12 proceeded. H4

[Si(W3O10)4]·xH2O (0.1435 g) were dissolved in a CdS QD solution
(15 mL), and the obtained mixed solution was vigorously stirred at
40°C for 12 h to obtain the final products, a homogeneous yellow
solution. The product solution was stored at 4°C for the next step.

2.3 Preparation of Au particle-based CS
hydrogel

Au NPs were synthesized according to the previously published
literature (Wang F. et al., 2022). First, 1-mg CS and a 20-mL gold
solution were added to 30-mL ultrapure water. After that, the
obtained solution was stirred at room temperature (25°C) for
24 h to achieve a CS hydrogel. The obtained Au NP-based CS
hydrogel was stored at 4°C (Suginta et al., 2013; Liu et al., 2018;
Feyziazar et al., 2020; Vesel, 2023).

2.4 Construction of PEC biosensor

5 mL of a 9-μM armDNA solution and 5 mL of a 9-μM cDNA
solution were mixed and heated at 95°C for 5 min. After cooling
down to room temperature, arm-cDNA was received. For the

fabrication of the PEC biosensor, 40 μL of the Au NP-based
CS hydrogel (Au NP/CS gel) was embellished on the ITO slide
surface, and then, 2 μL of the arm-cDNA solution and 3 μL of 3-
μM pDNA were sequentially modified on the electrode. When
they were successfully connected to the electrode, 3 μL of
the SiW12@CdS QD/NP DNA solution was successively
modified and incubated for 2 h, and unstable residues on the
electrode surface were washed with buffer. Finally, the prepared
electrode was incubated with a series of concentrations of
HPV 16 DNA for 2 h. Then, the electrode was dropped in 50-
U mL−1 T7 exonuclease and incubated for 2 h. The electrode
was rinsed with buffer and dried under nitrogen atmosphere
for PEC measurements in a 5-mM I−3 /I

− working solution. Here,
an HPV 16 DNA-detecting biosensor was successfully fabricated.

2.5 PEC measurement procedure

The detection performance and reliability of the as-prepared
PEC biosensor were investigated with the samples from vaginal
swab scraping. Different specimens of the as-prepared biosensor
were incubated with different patients’ samples of HPV 16 DNA
for 2 h. Then, the electrode was washed and dropped in 50-U
mL−1 T7 exonuclease. Finally, the electrode was rinsed with
buffer and dried under nitrogen atmosphere for PEC
measurements in 5-mmol L−1 of I−3 and 0.5-mol L−1 of an I−

working solution, and each sample was detected three times.
Similarly, to detect the samples of HPV 18 DNA and HPV
33 DNA to evaluate the selectivity and stability of the as-
prepared biosensor, the same PEC measurement procedure
was performed with different HPV DNA subtypes.

2.6 Material characterization

Transmission electron microscopy (TEM) images of the NPs were
obtained using anHT7800 transmission electronmicroscope at 200-kV
acceleration voltages. The Zeta potentials and particle size distribution
of the SiW12@CdS QDs were obtained by Malvern nano-ZS NP size
and Zeta potential analyses, and UV–vis absorption spectra were
recorded with a UV-26001 UV–vis spectrophotometer.
Electrochemical data were obtained with a three-electrode-system
CHI 660E electrochemical workstation. PEC signals were obtained
from a PL-X500D Simulated solar xenon lamp source and
electrochemical word station (CHI 660e). A single-sided glass
electrode (1 cm × 3 cm) was coated with ITO as the working
electrode. A platinum wire and a saturated calomel electrode were
used as the counter and reference electrodes, respectively; PEC
measurements were performed in a 5-mM I−3 /I

− working solution.

3 Results and discussion

The synthesis of key photochromic materials such as
SiW12@CdS NPs, the fabrication of the as-prepared PEC
biosensor, and the comprehensive detection process of HPV
DNA were performed according to the procedure shown in
Scheme 1.

TABLE 1 The nucleotide sequences of oligonucleotides.

Name Sequence (5′ to 3′)

ArmDNA TTTTTGCTGGAGGT
TTTTTTTTTTTTTTTTTTTTTTTT
TTTTTTTTTTTTTTTTTT-(CH2)3-SH

cDNA CATACACCTCCAGC

pDNA SH--(CH2)6-GCCGGACTAG

NP DNA COOH-TCCAGCGGGCTAGTC

HPV 16 DNA GCTGGAGGTGTATG

HPV 18 DNA GGATGCTGCACCGG

HPV 33 DNA CACATCCACCCGCA
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3.1 Characterization of SiW12@CdS QDs

The morphology and size distribution of the as-prepared
CdS QDs and SiW12@CdS NPs were characterized via TEM and
Malvern nano-ZS NP size analysis. As shown in Figures 1A, C
black curve, uniform CdS QDs were obtained using the
solvothermal method and observed as a yellow solution
(insert photograph on Figure 1A), and the average particle
size of the obtained CdS QDs was ~10 nm; note that the size

of the as-prepared SiW12@CdS NPs has increased to ~100 nm,
making the color brighter yellow, as shown in Figures 1B, C red
curve. The larger size resulted from the aggregation of the
SiW12-modified CdS QDs, as shown in Figure 1B (Liu et al.,
2018; Feyziazar et al., 2020; Zhang J. et al., 2022; Vesel, 2023).
Here, the SiW12@CdS NPs were successfully synthesized. The
photographs of the as-prepared CdS QDs and SiW12@CdS NPs
under UV light irradiation are shown in Supplementary
Figure S1.

SCHEME 1
Schematic illustration of (A) the synthesis of POM@CdS QD composites and (B) PEC sensor for detecting HPV 16 DNA.
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After the modification of SiW12 to CdS QDs, a new
absorption wave appeared at ~250 nm on the UV–vis
absorption spectrum of the SiW12@CdS NPs (Figure 1D, red
curve) compared with that of the CdS QDs (Figure 1D, black
curve), and both underwent absorption at ~400 nm. Thus,
improved light absorption was achieved according to this
phenomenon. Otherwise, from Figure 1E of the fluorescence
emission spectrograms of the CdS QDs and SiW12@CdS QDs,
an enhanced emission spectrum and a 90-nm blue shift were
observed from ~590 nm of the CdS QDs to ~500 nm of SiW12@
CdS QDs under the same excitation light at 340 nm, indicating a
strong interaction between SiW12 and CdS QDs with a broader
band gap (Guo et al., 2016; Ji et al., 2017; Zang et al., 2022; Nie
et al., 2020). To summarize the UV–vis absorption and
fluorescence emission spectroscopic studies, the improved
light response ability was successfully achieved by the strong
association between SiW12 and CdS QDs, indicating remarkable
photoelectric properties.

3.2 Characterization of Au NPs

As an important role of the first layer in the construction of
the as-prepared PEC biosensor, Au NPs were synthesized using
the solvothermal method, as shown in Figure 2A, with a size of
~24 nm in Figure 2C. Notably, during the preparation of the Au
NP/CS gel (Au NP/CS gel), the Zeta potential of the Au NPs
decreased by 20 mV from −45 to −25 mV (Figure 2B), indicating

a strong accumulating capacity, which would endow it with good
adhesive ability as the first layer on the ITO slide to fabricate the
PEC biosensor, while the visible light absorption ability of the Au
NPs was well maintained without any changes in the UV–vis
absorption spectrum at 524 nm (as shown in Figure 2D), high
conductivity and visible light absorption for the PEC biosensor.

3.3 PEC characterization of PEC biosensor

Electrochemical impedance spectroscopy (EIS) changes
associated with the modification of the ITO slide and the PEC
response of the as-prepared PEC biosensor were measured for each
modification layer. As shown in Figure 3A, the first layer of the Au
NP/CS gel on the ITO slide showed the largest Ret value (Figure 3A;
a: red curve) because the poor conductivity of the CS gel obstructed
electron transfer to the ITO electrode. Au NP addition not only
increases conductivity but also PEC response via the LSPR effect,
emphasizing its importance (Aiken and Finke, 1999; Lee et al., 2013;
Chou et al., 2017; Wen et al., 2017; Domingues et al., 2018; Shi et al.,
2019; Figueiredo et al., 2021). After the successive modification with
arm-c DNA and pDNA (Figure 3A, b: green curve), the obtained Ret

value decreased because of the association between Au NPs and the
primers, offering an electron transfer pathway with reasonable steric
hindrance to the ITO electrode. The smallest Ret value appeared after
the NP DNA–SiW12@CdS NP modification (Figure 3A, c: dark blue
curve), for the reason that the remarkable conductivity of the
SiW12@CdS NPs significantly improved electron transfer. The Ret

FIGURE 1
TEM images of (A)CdSQDs and (B) SiW12@CdSQDs. (C) Size distribution diagram of CdSQDs and SiW12@CdSQDs. (D)UV–vis absorption spectra of
CdS QDs and SiW12@CdS QDs. (E) Fluorescence emission spectra of CdS QDs and SiW12@CdS QDs, excitation wavelength: 340 nm.
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value was increased when the HPV 16 DNA was added, as shown in
Figure 3A, d: light blue curve, owing to the high steric hindrance of
HPV DNA. The photocurrent response (PEC) was consistent with
the EIS investigation, as shown in Figure 3. The ITO/Au NP/CS
sample exhibited the smallest photocurrent (Figure 3B, a: red curve),
and the photocurrent increased when the primers were continuously
anchored onto the modified ITO slide (Figure 3B, b: green curve).
The largest photocurrent was achieved by the NPDNA–SiW12@CdS
NPmodification (Figure 3B, c: dark blue curve) because of the strong
synergistic effect on the photoelectronic phenomenon that occurred
within the association of SiW12@CdS NPs. Here, the photocurrent
response of the as-prepared PEC biosensor with the outmost layer of
NP DNA–SiW12@CdS NPs established the maximum photocurrent
monitoring range.

From the spectrum analysis in Figures 1D, E and
photocurrent response analysis in Figure 3B, the intense PEC
response occurrence mechanism for the largest photocurrent
with SiW12@CdS QDs can be illustrated, as shown in

Figure 3C. The SiW12@CdS QDs were stimulated under Xe
light irradiation, in detail. The highest occupied molecular
orbital (HOMO) of both the SiW12 and CdS QDs were
stimulated to generate photo-electrons (e−) and photo-holes
(h+) simultaneously; I−3 /I

− electrolytes donating electrons via I−

to I0 occurred on the excited HOMO of SiW12 through the
generated photo-holes (h+). The photo-electrons naturally
transfer to the lowest unoccupied molecular orbital (LUMO)
of SiW12 and then to the LUMO of CdS QDs due to the close
contact between them, with a matched energy level (0.4 eV
difference between 5.87 and 5.47 eV). Successfully, the photo-
electrons finally moved to the ITO external circuit to generate
photocurrent, and the generated photo-holes (h+) from the
HOMO of CdS QDs are transferred to the HOMO of SiW12 to
complete the PEC procedure (Liang et al., 2015; Kokal et al., 2016;
Li et al., 2016; Shi et al., 2018; Su S. et al., 2022; Kar et al., 2023).
The enhanced PEC response of SiW12@CdS QDs to bare CdS
QDs is attributed to the increased photogenerated electron

FIGURE 2
(A) TEM images of Au NPs. (B) Zeta potential distribution curves of Au NPs and Au NP/CS gel. (C) Size distribution diagram of Au NPs. (D) UV–vis
absorption spectra of Au NPs and Au NP/CS gel.
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energy of 0.4 eV from the strong synergistic effect resulting from
the association of SiW12@CdS NPs realizing the outstretched
band gap from a HOMO of 3.26 eV to LUMO of 5.87 eV.

3.4 Detection of HPV 16 DNA

For the detection of HPV 16 DNA, a series of target DNA
samples of different concentrations were incubated in the
PEC biosensor, and PEC detection was performed
accordingly. EIS spectra after this target DNA incubation
were also investigated, as depicted in Figure 4 A, and the
observed Ret value increased gradually with increasing HPV
16 DNA concentrations (15–130 nm), which was predictable
because of the increasing steric hindrance. Conversely, the
measured PEC response of the biosensor gradually decreased
(Figure 4B), exhibiting a PEC quenching phenomenon caused
by the addition of T7 exonuclease in the DNA walker cycle
process (Scheme 1B) to release the corresponding associated
SiW12@CdS NPs from the PEC biosensor. Finally, the detection

of HPV 16 DNA achieved the expected performance of linear
quantitative determination, as shown in Figure 4C. The PEC
response had a linear relationship with the concentration of the
target DNA, ranging from 15 to 130 nM, with an LOD of
0.8 nM, according to Eq. 1:

CL � K · Sb
m

; (1)

CL: LOD;Sb: Blank standard deviation;m: The slope of the
calibration curve in the low concentration range that was
analyzed;K: Confidence coefficient; the value is 3.

All required photocurrent values are listed in Supplementary
Table S1.

3.5 Specificity, repeatability, and stability of
as-prepared biosensor

Specificity is critical to verify the accuracy and sensitivity of PEC
biosensors, indicating their anti-jamming capability. Different HPV

FIGURE 3
(A) EIS spectra of eachmodification of the ITO slide; (B) Photocurrent response of eachmodification of the PEC biosensor; (C) Schematic of the PEC
mechanism of the as-prepared biosensor. (a) ITO/Au NP–CS; (b) ITO/Au NP–CS/arm-cDNA, pDNA; (c) ITO/Au NP–CS/arm-cDNA, pDNA/NP
DNA–SiW12@CdS QDs; (d) ITO/Au NP–CS/arm-cDNA, pDNA/NP DNA–SiW12@CdS QDs/15-nM HPV 16. The measurements were performed under
working conditions of 5 mmol L−1 of I−3 and 0.5 mol L−1 of I− solution.

FIGURE 4
(A) EIS spectra of (a) 15 nM, (b) 30 nM, (c) 60 nM, (d) 80 nM, (e) 100 nM, and (f) 130 nM. (B) Photocurrent responses of (a) 15 nM, (b) 30 nM, (c) 60 nM,
(d) 80 nM, (e) 100 nM, and (f) 130 nM. (C) PEC linear relationship of HPV 16 DNA detection.
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subtypes of HPV 18 DNA and HPV 33 DNA were selected as
potential disruptors for specific studies of the as-prepared PEC
biosensor. As shown in Figure 5 A, the presence of the target
HPV 16 DNA (Figure 5A, green column) or target DNA-
containing mixture (Figure 5A, yellow-green column) showed an
obvious decrease in the PEC response, whereas the highly
homologous interference of HPV 18 DNA and HPV 33 DNA
would not promote the biological DNA walker cycle process to
decrease the photocurrent, indicating the remarkable specificity of
the proposed PEC biosensor. For the stability test of the as-prepared
PEC biosensor, the fabricated ITO electrodes were preserved at 4°C
for 1–4 weeks, and three parallel experiments were conducted every
week. As shown in Figure 5B, the PEC response was 90.77% of the
initial value after 4 weeks of storage, indicating the significant
stability of the as-prepared PEC biosensor. Moreover, within one
PEC measurement process, 7 times consecutive light “on/off” cycles
were performed to evaluate its repeatability. As shown in
Supplementary Figure S2, the photocurrent response exhibited a
steady signal with an incredibly small variation, and the relative
standard deviation was 6.37%, indicating the distinguished
reproducibility of the as-prepared PEC biosensor.

4 Conclusion

In summary, a highly sensitive PEC biosensor for detecting HPV
16 DNA, fabricated using SiW12@CdS QDs and Au NP/CS gel, was
successfully prepared for the first time. The as-prepared SiW12@CdS
QDs showed an enhanced photoelectric response and high stability
after being combined with NP DNA; with the Au NP/CS gel as the first
layer on the ITO slides, a series of biochemical DNA primers were
incubated to fabricate a multi-site tripodal DNA walker sensing
platform coupled with T7 exonuclease. Due to the remarkable
conductivity and LSPR of Au NPs, the photosensitivity of the as-

prepared biosensor was further improved under I−3 /I
− electrolytes and

avoided the use of other regents toxic to living organisms, and a
photocurrent quenching mechanism within the detection process of
the as-prepared PEC biosensor was perfectly executed. Finally, under
optimized conditions, the as-prepared biosensor protocol demonstrated
wide linear ranges (15–130 nM), with an LOD of 0.8 nM and high
selectivity, stability, and reproducibility. Furthermore, the proposed
PEC biosensor platform offers a reliable and promising pathway for
detecting other biological molecules.
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Since the onset of the COVID-19 pandemic in 2020, global efforts towards
tuberculosis (TB) control have encountered unprecedented challenges. There
is an urgent demand for efficient and cost-effective diagnostic technologies for
TB. Recent advancements in CRISPR–Cas technologies have improved our
capacity to detect pathogens. The present study established a
CRISPR–Cas12a-based multiplex detection (designated as MCMD) that
simultaneously targets two conserved insertion sequences (IS6110 and IS1081)
to detect Mycobacterium tuberculosis complex (MTBC). The MCMD integrated a
graphene oxide-assisted multiplex recombinase polymerase amplification (RPA)
assay with a Cas12a-based trans-cleavage assay identified with fluorescent or
lateral flow biosensor (LFB). The process can be performed at a constant
temperature of around 37°C and completed within 1 h. The limit of detection
(LoD) was 4 copies μL−1, and no cross-reaction was observed with non-MTBC
bacteria strains. This MCMD showed 74.8% sensitivity and 100% specificity in
clinical samples from 107 patients with pulmonary TB and 40 non-TB patients
compared to Xpert MTB/RIF assay (63.6%, 100%). In this study, we have developed
a straightforward, rapid, highly sensitive, specific, and cost-effective assay for the
multiplex detection of MTBC. Our assay showed superior diagnostic performance
when compared to the widely used Xpert assay. The novel approach employed in
this study makes a substantial contribution to the detection of strains with low or
no copies of IS6110 and facilitates point-of-care (POC) testing for MTBC in
resource-limited countries.

KEYWORDS

Mycobacterium tuberculosis complex, CRISPR-Cas12a, multiplex detection, fluorescent
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1 Introduction

Before the outbreak of the coronavirus disease 2019 (COVID-
19) pandemic in December 2019, tuberculosis (TB) caused by the
Mycobacterium tuberculosis complex (MTBC) was the leading cause
of death from a single infectious agent worldwide, surpassing the
human immunodeficiency virus (HIV) infection (World-Health-
Organization, 2020). In 2019, an estimated 10 million people
developed TB worldwide, of which 29.0% went undiagnosed and
unreported due to the lack of rapid screening and accurate
diagnostic techniques (World-Health-Organization, 2020).
However, as a result of the COVID-19 pandemic, the proportion
of undiagnosed TB among the estimated incident TB worldwide
increased to 42.6% (2020) and 39.6% (2021) (World-Health-
Organization, 2021; World-Health-Organization, 2022). In China,
this proportion increased from 12.6% in 2019 to 25.8% in 2020 and
25.0% in 2021 (World-Health-Organization, 2020; World-Health-
Organization, 2021; World-Health-Organization, 2022).

The TB diagnostic tests currently available have certain
limitations (MacLean et al., 2020). For example, the bacilli
culture, known as the gold standard for laboratory diagnosis of
TB, is laborious and time-consuming with moderate accuracy.
Immunological tests such as the interferon-gamma release assay
(IGRA) cannot differentiate active TB from latent TB infection
(LTBI) (Walzl et al., 2018). The PCR-based Xpert MTB/RIF assay
(hereinafter referred to as “Xpert”), recommended by the WHO in
2011 (World-Health-Organization, 2011), shows moderate efficacy
in diagnosing paucibacillary TB, such as smear-negative pulmonary
TB, extra-pulmonary TB, and pediatric TB (Kay et al., 2020; Kohli
et al., 2021). Xpert MTB/RIF Ultra, the next-generation Xpert, has
been shown to have an improved sensitivity. However, the high costs
of using and maintaining Xpert MTB/RIF Ultra hinder their
widespread applications in TB diagnostics (Kay et al., 2020; Kohli
et al., 2021). Therefore, there is an urgent need to develop sensitive,
efficient, and cost-effective diagnostic technologies for TB to
effectively control and prevent the spread of the disease.

The clustered regularly interspaced short palindromic repeats
(CRISPR)-Cas (CRISPR associated) proteins system, derived from the
prokaryotic adaptive immune system, consists of a Cas endonuclease
(e.g., Cas9, Cas12a, Cas12b, Cas13a, Cas13b, and Cas14) and a
genetically engineered guide RNA (gRNA). It has been observed
that Cas and gRNA can form an effective ribonucleoprotein (RNP)
complex to degrade foreign nucleic acids complementary to the gRNA
sequence. CRISPR–Cas systems have been used extensively in genome
editing, gene regulation, and molecular diagnostics. Several Cas
endonucleases (i.e., Cas12a, Cas12b, Cas13a, and Cas14) can trans-
cleave non-target single-stranded nucleic acids (including ssDNA and
ssRNA) after cleaving target nucleic acids, which is termed as
collateral cleavage activities. Based on such property, several
CRISPR diagnostic platforms, such as CRISPR–Cas13a-based
SHERLOCK (Specific High-Sensitivity Enzymatic Reporter
UnLOCKing) (Gootenberg et al., 2017), CRISPR–Cas12a-based
DETECTR (DNA Endonuclease Targeted CRISPR Tans Reporter)
(Chen et al., 2018), HOLMES (One-Hour-Low-cost Multipurpose
highly Efficient System) (Li et al., 2018), CRISPR–Cas14-based
DETECTR (Harrington et al., 2018), and CRISPR–Cas12b-based
HOLMESv2 (Li et al., 2019), have been developed and used for
the detection of various pathogens. The CRISPR diagnostic

platforms can achieve attomolar sensitivity for detecting target
nucleic acids with single-base resolution.

The present study first combined an improved isothermal
amplification technique (Graphene oxide-assisted multiplex
recombinase polymerase amplification assay, GO-assisted
multiplex RPA assay) that simultaneously targets two conserved
insertion sequences (IS6110 and IS1081) with a CRISPR–Cas12a-
based trans-cleavage assay for a simple, rapid, sensitive, and specific
diagnosis of MTBC. The application of these techniques was
subsequently validated using clinical samples. This novel and
cost-effective detection technique, MTBC CRISPR–Cas12a
Multiplex Detection (MCMD), can detect MTBC isolates at
point-of-care (POC) in resource-constrained countries or strains
with low/no copy numbers of IS6110.

2 Materials and methods

2.1 Reagents and instruments

The QIAampDNAMini Kit and glass bead-based kit used for DNA
extraction were purchased from Qiagen (Hilden, Germany) and
CapitalBio Technology Co., Ltd. (Beijing, China). The TwistAmp
Basic Kit used for isothermal amplification was purchased from
TwistDx (Cambridge, United Kingdom). Graphene oxide (2 mg mL−1)
was purchased from Sigma Aldrich (MO, United States), and the
CRISPR–Cas enzyme LbCas12a was obtained from GenScript
Biotechnology Co., Ltd. (Nanjing, China). Primers, gRNAs, and
ssDNA reporter molecules were synthesized by Qingke Biotechnology
Co., Ltd. (Beijing, China). Lateral flow biosensors (LFB) were
manufactured by HuiDeXing Biotechnology Co., Ltd. (Tianjin, China).
DNA concentration was determined using the Nanodrop
2000 instrument (ThermoFisher Scientific, United Kingdom).
Isothermal amplification and quantitative fluorescence PCR were
performed using Eppendorf AG pro S Mastercycler (Eppendorf,
Germany) and the AriaMx Real-Time PCR system (Agilent
Technologies, CA, United States), respectively. The gel was imaged
with the Gel Doc XR + Imaging System (Bio-Rad, CA, United States).

2.2 Primers, gRNAs and ssDNAs design

Two sets of RPA primers targeting IS6110 and IS1081 were
designed with Primer Premier 5.0 (Table 1). A BLAST analysis of the
GenBank nucleotide database was performed to confirm the
specificity of the primers. The gRNAs (Table 1; Figure 1B) were
designed against the 20 nt sequence following the protospacer-
adjacent motif (PAM) sequences [5’-(T) TTN-3′ on the sense
strand or 5′-NAA(A)-3′ on the antisense strand] that served as
Cas12a recognition sites. We used two ssDNAs (a fluorescent
reporter and a biotin-labeled reporter) (Table 1).

2.3 Bacterial strains and genomic DNA
extraction

The MTBC reference strain H37Rv was utilized during the
establishment and clinical application of the MCMD technique.
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Mycobacterium abscessus was used as a negative control (NC). A
total of 27 bacterial strains were used to determine the analytical
specificity of MCMD (see Section 2.8). Genomic DNA was extracted
using the QIAamp DNA Mini Kit (bacteria strains) or glass bead-
based kit (sputum specimens) according to the manufacturer’s
instructions and stored at −80°C before use. DNA quantity and
purity were determined using ultraviolet spectrophotometry at
260 and 280 nm.

2.4 GO-assisted singlex and multiplex RPA
assay

The Singlex RPA assay for IS6110 (or IS1081) was performed
according to the manual (TwistAmp Basic Kit). A 50 μL reaction
mixture was prepared as follows: dry reaction pellet, 29.5 μL
rehydration buffer, 0.48 µM forward and reverse primers, 1 ng
μL−1 target template 2 μL (5 μL for sputum specimen), and
14 mM magnesium acetate. It has been reported that RPA is
an error-prone reaction and usually yields non-specific
amplicons and primer dimers (Munawar, 2022). Different
concentrations of GO (0, 2, 4, 8, 16, 24, 32 μg mL−1) were
added into the RPA mixtures at 38°C for 30 min to overcome
the technical disadvantages of RPA. The reaction mixtures were
incubated at 35.4°C–39.9°C (with 0.5°C–1.0°C intervals) for
20–40 min (with 10 min intervals) to determine the optimal
reaction temperatures and amplification times for the RPA
assay. Finally, the optimized operating conditions were used in
a subsequent GO-assisted multiplex RPA assay, from which two
sets of RPA primer (IS6110 and IS1081) were added in one
reaction system at a total concentration of 0.48 µM (1:1).
Mycobacterium abscessus and double-distilled water (DDW)
were used as NC and blank control (BC), respectively. Agarose
gel electrophoresis (2.5%) was used to confirm the amplification
of the RPA assay.

2.5 CRISPR–Cas12a-based trans-cleavage
assay

The CRISPR–Cas12a-based trans-cleavage assay was adopted
from previous studies (Chen et al., 2018; Li et al., 2018; Broughton
et al., 2020) with some adjustments. Briefly, 41.7 nM of IS6110-
gRNA and IS1081-gRNA (1:1) were preincubated with 33.3 nM
LbCas12a in 1× NEBuffer 2.1 (NEB, MA, United States) at 37°C for
10 min to induce Cas12a-gRNA complexes that can be used
immediately or stored at 4°C for up to 24 h. Subsequently, the
trans-cleavage assay was conducted in a volume of 50 μL mixture,
containing 25 μL 2 × NEBuffer 2.1, 13.5 μL Cas12a-gRNA
complexes, 250 nM fluorescent reporter molecule, and 2 μL of the
RPA products. This trans-cleavage assay was performed at 37°C, and
the fluorescence signal was monitored for 20 min. The fluorescence
signal increasing more than two-fold compared to BC at 10 min of
the trans-cleavage assay was considered positive. A biotin-labeled
reporter molecule was used instead of the fluorescent reporter for
the LFB readout. After 8 min incubation at 37°C, the LFB assay was
performed (see Section 2.6).

2.6 LFB assay

The LFB used for visual readout consists of several main
components: sample pad, conjugate pad, nitrocellulose (NC)
membrane (reaction region), and absorbent pad mounted on a
backing card (Figure 2A). The streptavidin-gold nanoparticles
(SA-GNPs) are adhered onto the conjugate pad and used as the
indicator reagent, rabbit anti-fluorescein amide (anti-FAM)
antibody and biotin-bovine serum albumin (biotin-BSA) are fixed
onto the NC membrane and used as control line (CL) and test line
(TL) capture reagents, respectively. Twelve microliters of trans-
cleavage products and two drops of running buffer (100 mM
phosphate-buffered solution, pH 7.4 with 1% Tween 20) were

TABLE 1 Sequences of primers, gRNAs and ssDNAs used in this study.

Primers/gRNAs/ssDNAs Sequences (5′-3′) Length

Primers

IS6110-RPA-Fa ATCAGTGAGGTCGCCCGTCTACTTGGTGTT 30 ntb

IS6110-RPA-Rc CTTCAGCTCAGCGGATTCTTCGGTCGTG 28 nt

IS1081-RPA-F CGCCAGGGCAGCTATTTCCCGGACTGGCTG 30 nt

IS1081-RPA-R CTTGGAAAGCTTTGTCACACCAAGTGTTTCGAC 33 nt

GRNAs

IS6110-gRNA UAAUUUCUACUAAGUGUAGAUGCUGCGCGGAGACGGUGCGUd 41 nt

IS1081-gRNA UAAUUUCUACUAAGUGUAGAUGACCAGGCGCUCCAUCCGGC 41 nt

SsDNAs

Fluorescent reporter 5′-FAM-TATTATTATTATTT-BHQ1-3′ 14 nt

Biotin-labeled reporter 5′-Biotin-TATTATTATTATTT-FAM-3′ 14 nt

aF, forward.
bnt, nucleotide.
cR, reverse.
dUnderlined sequence refers to the region complementary to the IS6110 or IS1081 target sequence.
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FIGURE 1
The schematic illustration of MCMD workflow. (A) The schematic diagram of RPA. At 37°C–42°C, recombinase (green)-primer (blue/red arrow)
complexes scan the double-stranded DNA for homologous sequences (blue/red line segments), promoting the initiation of a strand exchange event at
the cognate sites. The displaced template strand binds to SSB (magenta) to prevent the ejection of the primer by branch migration. The recombinase
disassembles from the primer, which leaves the 3′-end of the oligonucleotide accessible to a DNA polymerase (orange), and this is followed by
primer extension. Repetition of this procedure results in exponential amplification of DNA. The PAM sequence is presented in the red box. (B) The primer
and gRNA design of MCMD. Nucleotide sequences of the amplification products from IS6110 and IS1081 are shown. Nucleotide sequences in blue and
red are the binding positions of forward (F) and reverse (R) primers, respectively. The selected PAM sequences [(T)TTN on the sense strand or NAA (A) on
the antisense strand] and the corresponding gRNA binding sequences are presented in red and green boxes. Right and left arrows signify the sense and
complementary sequence, respectively, that are used. (C) Schematic illustration of MCMDworkflow. MCMD employs four closely connected steps: rapid
DNA extraction (15 min, STEP 1), GO-assisted multiplex RPA reaction (30 min, STEP 2), CRISPR–Cas12a-based trans-cleavage assay (8–10 min, STEP 3)
and result readout (immediately in fluorescence and 3 min in LFB, STEP 4), which can be completed within 1 h.
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added to the sample pad. The detection results were visualized
within 3 min as red bands on the NC membrane.

2.7 Analytical sensitivity of MTBC
CRISPR–Cas12a-based Singlex detection
(MCSD) and MCMD

The limit of detection (LoD) was determined using 10-fold serial
dilutions of genomic DNA from reference strain H37Rv, ranging
from 40,000 to 0.4 copies μL−1 to assess the analytical sensitivity of
CRISPR–Cas12a-based singlex and multiplex detection for MTBC
identification. DNA copy numbers per microliter were calculated

using the following formula: (6.02 × 1023) × (ng μL−1 ×10−9)/(DNA
length × 660). A volume of 2 µL from each DNA dilution was added
to the RPA reaction mixture. Each dilution series was performed in
triplicate. The lowest positive dilution (twice the fluorescence value
of BC) in all replicates was considered the LoD.

2.8 Analytical specificity of MCMD

Reactions were conducted with genomic templates extracted
from different bacterial strains, including 1 MTBC reference strain
H37Rv, 1 Mycobacterium bovis Bacilli Calmette-Guerin (BCG),
8 clinical MTBC strains isolated from TB patients, 10 non-

FIGURE 2
The schematic illustration of LFB assay used for visualization and feasibility validation of MCSD and MCMD. (A) Details of the LFB. The positions of
indicator reagent (SA-GNP) and capture reagents (anti-FAM and biotin-BSA) of LFB are shown on the upper part of the diagram, and four main
components (sample pad, conjugate pad, NC membrane and absorbent pad) and two lines (CL and TL) are labeled on the lower part of the diagram. (B)
The schematic illustration of the LFB assay used for visualization. Twelve microliters of trans-cleavage products and two drops of running buffer
were deposited onto the sample pad, and the results were visualized (develop red color) on CL and TL. (C) Interpretation of the LFB results. I, negative
results (only CL appears); II, positive results (both CL and TL appear). (D) Agarose gel electrophoresis results of GO-assisted singlex and multiplex RPA
assay. M, DNA marker; 1, blank control; 2, negative control; 3, GO-assisted IS6110 RPA assay; 4; GO-assisted IS1081 RPA assay; 5, GO-assisted multiplex
RPA assay. (E) Real-time fluorescence images of MCSD and MCMD. 1, blank control; 2, negative control; 3, MCSD-IS6110; 4, MCSD-IS1081; 5, MCMD.
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tuberculous mycobacteria (NTM) strains, and 7 non-mycobacteria
strains to determine the analytical specificity of MCMD
(Supplementary Table S1). Each strain was tested at least twice.

2.9 Application of MCMD in clinical
specimens

This study was approved by the Ethical Committee of Beijing
Children’s Hospital, Capital Medical University (2020-k-163). A
total of 107 patients with suspected active pulmonary TB from
Beijing Chest Hospital were enrolled in this study from May to June
2022. The need for informed consent was waived because the
sputum specimens used in this study were leftover samples from
clinical microbiology tests. According to the Chinese National
Standard on Diagnosis for Pulmonary Tuberculosis (WS288-
2017, National Health and Family Planning Commission of the
People’s Republic of China, 2017), the patients were categorized
according to the composite reference standard (CRS), which
combines the clinical and laboratory diagnostic criteria: (a)
definite TB/laboratory-confirmed TB, patients with bacteriological
confirmation of MTB (culture, smear, nucleic acid detection, or
histopathological evidence positive); (b) probable TB/clinical
diagnosed TB, patients with radiologic findings suggestive of TB
plus at least one of the following: TB clinical symptoms or signs,
positive tuberculin skin test (TST) or IGRA, bronchoscopy or
histopathology consistent with TB; and (c) non-TB, patients
diagnosed as other diseases and improved in the absence of anti-
TB treatment.

Sputum samples (2–3 mL) collected from patients were utilized
for TB culture, Xpert, andMCMD assays. A tuberculosis culture was
performed using Bactec MGIT 960 system (Becton Dickinson, MD,
United States). Xpert (Cepheid, CA, United States) was performed
following the manufacturer’s protocol. For MCMD, sputum samples
were decontaminated and liquefied by adding an equal volume of 4%
NaOH, and sputum DNA was extracted using the glass bead-based
kit. Subsequently, 5 µL DNA solution was added to the RPA reaction
mixture. All samples were detected in duplicate in multiple
independent batches, and each batch included a positive control
(PC) (H37Rv DNA as the template) and BC. The results from
MCMD were compared to TB culture and Xpert to evaluate the
diagnostic performance of this new technique.

3 Results

3.1 Schematic mechanism of MCMD

The MCMD integrated GO-assisted multiplex RPA assay that
simultaneously targets IS6110 and IS1081 with a CRISPR–Cas12a-
based trans-cleavage assay at fixed temperatures for MTBC nucleic
acid detection. First, the extracted MTBC DNA templates are pre-
amplified with three proteases [recombinase, single strand DNA
binding protein (SSB), and DNA polymerase] at 37–42°C within
30 min (Figure 1A). Next, in the trans-cleavage stage, the PAM site
in the RPA amplicon can guide the CRISPR–Cas12a-IS6110(or
IS1081)-gRNA complex to its location (Figures 1B, C), activating
the CRISPR–Cas12a effector. The activated Cas12a has trans-

cleavage activity against ssDNA reporter. Finally, the digestion of
reporter molecules can be detected via fluorescence or LFB, which
confirms the presence of the target genome MTBC. The entire
MCMD assay, including rapid DNA extraction (15 min, STEP 1),
GO-assisted multiplex RPA reaction (30 min, STEP 2),
CRISPR–Cas12a-based trans-cleavage assay (8–10 min, STEP 3),
and result readout (immediately in fluorescence and 3 min in LFB,
STEP 4), can be completed within 60 min.

For fluorescence readout, the fluorescent reporter, labeled at the
5′-end with a FAM fluorophore (6-carboxyfluorescein) and at the
3′-end with a black hole quencher (BHQ1), is cleaved by the
activated Cas12a and released from its quencher, increasing
fluorescent signaling (Figure 1C STEP 3, STEP 4). Thus,
CRISPR–Cas12a-based trans-cleavage and fluorescence readout
can be performed simultaneously.

3.2 Schematic illustration of LFB assay for
visualization

For the LFB readout, when the cleaved products are added to the
sample pad followed by the running buffer, the running buffer
travels along the biosensor through capillary action, rehydrating the
indicator reagent (SA-GNPs) in the conjugate pad (Figure 2B). In
the negative sample, the uncleaved biotin-labeled reporter molecule
(5′-Biotin-TATTATTATTATTT-FAM-3′) binds SA-GNP (via
biotin at the 5′ end of the reporter), and it is captured by anti-
FAM immobilized on the CL (via FAM at the 3′ end of the reporter),
then CL is displayed in red for visualization. In the positive sample,
the biotin-labeled reporter cleaved by activated Cas12a binds SA-
GNP. It is then captured by biotin-BSA immobilized on the TL, and
then TL is visualized. Therefore, the principle of visualization in the
LFB assay is that the biotin–SA-GNPs complexes seized by capture
reagents (anti-FAM on CL or biotin-BSA on TL) develop red bands
(Figure 2C).

3.3 Establishment and optimization of RPA
assay

According to our previous study, different concentrations of GO
ranging from 4 μg mL−1–32 μg mL−1 were added to the GO-assisted
singlex RPA assays to improve the specificity of RPA (Wang Y et al.,
2020). As shown in Supplementary Figure S1A and S1B, GO
concentrations ranging from 8 μg mL−1–16 μg mL−1 exhibited
good specificity performance with no obvious decrease in RPA
product yield. Concentrations less than 4 μg mL−1 showed no
improvement in amplification specificity, while concentrations
above 24 μg mL−1 partially inhibited the amplification reactions.
Therefore, we recommend 8 μg mL−1 as the optimal concentration
for GO-assisted RPA assays.

According to Supplementary Figures S1C, S1D, the optimal
reaction temperatures for IS6110-RPA and IS1081-RPA primers
were 37.4°C–39.4°C and 37.9°C–38.9°C, respectively. Thus, an ideal
temperature range of 37.9°C–38.9°C was recommended for the
subsequent GO-assisted multiplex RPA assays, using both IS6110
and IS1081 RPA primers in one reaction. As can be seen form
Supplementary Figure S1E, RPA products increased with the
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FIGURE 3
Analytical sensitivity of MCSD and MCMD as determined by serially diluted genomic DNA of H37Rv. (A,C,E) Agarose gel electrophoresis of GO-
assisted IS6110 RPA assay, IS1081 RPA assay andmultiplex RPA assay. (B,D,F) Real-time fluorescence images of MCSD-IS6110, MCSD-IS1081 andMCMD.
(G) LFB applied for reporting the results of MCMD. M, DNA marker; 1, blank control; 2 to 7, serial dilutions (40,000 copies μL−1, 4,000 copies μL−1,
400 copies μL−1, 40 copies μL−1, 4 copies μL−1, 0.4 copy μL−1) of H37Rv genomic DNA.
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duration of amplification. Considering both a shorter test time and a
higher amplification yield, the optimal amplification time was
recommended to be 30 min. Figure 2D shows that specific
amplification products were slightly reduced in the GO-assisted
multiplex RPA assay compared to the two GO-assisted singlex RPA
assays. This occurrence is presumed to be due to interference among
the primers, particularly when multiple pairs of RPA primers are
present. Whether this could lead to an analytical loss of sensitivity
requires further experiments (see Section 3.5).

3.4 Trans-cleavage assay of MCSD and
MCMD

MCMD was performed in parallel with two singlex detections
(MCSD-IS6110 and MCSD-IS1081). The high fluorescent signals in
Figure 2E indicated that these assays could identify MTBC by
targeting IS6110 (or IS1081) or both. Fluorescence signals from
MTBC CRISPR–Cas12a detections on various RPA products were
detectable in 1 min, increased rapidly within 8 min, and decreased
slowly after 12 min (Figure 2E). Finally, an optimized reaction time
of 8–12 min was recommended for the trans-cleavage stage.

3.5 Analytical sensitivity of MCSD andMCMD

Serial dilutions of H37Rv genomic DNA (40,000 to 0.4 copies
μL−1) were used for analytical sensitivity determination of MCSD
and MCMD. Electrophoresis and fluorescence results showed that
two singlex detections (MCSD) and the multiplex detection
(MCMD) were all sensitive with the LoDs of 4 copies μL−1

(Figures 3A–F). Figure 3G showed that the MCMD LFB assay
also had a similar LoD value. Furthermore, the electrophoretic
band brightness shown in Figures 3A, C, E indicates a
dependency on the target amount in the RPA assay. However,
such typical trend was not observed in the fluorescence intensity
shown in Figures 3D, F. Two reasons may explain this result. First,
this may be attributed to the differences in the targets of RPA assay
and fluorescence detection. The RPA assay targeted serial dilutions
of H37Rv DNA, whereas the fluorescence detection targeted the
RPA products, which were not serial dilutions of DNA. Second, the
cycle threshold (Ct) value (rather than the fluorescence intensity) is
an inverse measure of the template load. The trans-cleavage
reactions initiate almost instantly after the mixing of the reaction
components at room temperature, resulting in the inability to read
Ct values of RPA products in the resulting figures. While the curve
height in Figures 3B, D, F represents the fluorescence intensity, it
does not directly correspond to the concentrations of the templates.
Altogether, MCMD that can juggle multiplex and unimpaired
sensitivity was recommended for the subsequent experiments,
including analytical specificity testing and clinical application.

3.6 Analytical specificity of MCMD

Genomic DNA extracted from 27 bacterial strains shown in
Supplementary Table S1 was used to validate the analytical
specificity of MCMD. As shown in Supplementary Figure S2,

MTBC strains, including H37Rv strain (as a PC), BCG strain,
and clinical strains from TB patients, gave positive results. In
contrast, NTM strains, non-mycobacteria strains, and DDW (as a
BC) showed negative results, demonstrating the absence of cross-
reactions. Only MTBC genomic DNA could be detected using
MCMD, indicating the extremely high specificity (100%) of this
method.

3.7 Application of MCMD in clinical samples

A total of 107 pulmonary TB patients and 40 non-TB patients
were included in this study. The proportion of males in the TB group
was 64.5% (69/107), and the mean age was 50.84 years. The TB
group comprised 79 laboratory-confirmed and 28 clinically
diagnosed TB patients. In the non-TB group, 57.5% (23/40) were
males, and the average age was 68.30. The diagnostic specificity of
MCMD was evaluated in these non-TB patients, which consisted of
30 patients with bacterial pneumonia, seven with non-infectious
inflammatory diseases, and three with malignancies. All samples
were sputum specimens.

As shown in Table 2, 107 TB patients were classified into two
groups, the culture-positive group (67/107) and the culture-negative
group (40/107). For the culture-positive samples, the diagnostic
sensitivity of Xpert and MCMD was 85.1% (57/67) and 95.5% (64/
67), respectively. For the culture-negative samples, the diagnostic
sensitivity of Xpert and MCMD was 27.5% (11/40) and 40.0% (16/
40), respectively. Among all TB patients in this study, the pooled
diagnostic sensitivity of culture, Xpert, and MCMD was 62.6% (67/
107), 63.6% (68/107), and 74.8% (80/107), respectively. These results
indicate that MCMD exhibits higher sensitivity compared to culture
and Xpert, making it a more promising diagnostic tool for TB. In
addition, the diagnostic specificity was 100% (40/40) for Xpert and
MCMD when testing samples from non-TB patients.

4 Discussion

The CRISPR–Cas12a-based multiplex detection targeting two
conserved sequences (IS6110 and IS1081) was performed at constant
temperatures (~37°C) and could be completed within 1 h. The LoD
of this technique reached single-digit copies μL−1 (4 copies μL−1), and
no cross-reaction with non-MTBC bacteria strains was observed.
The MCMD showed a diagnostic sensitivity of 74.8% and specificity
of 100% in clinical samples compared to Xpert (63.6%, 100%).

The present study had several strengths. First, we employed an
improved RPA assay with GO in the preamplification phase and
exhibited good specificity performance with reduced non-specific
products. RPA usually generates multiple amplified bands for one
target sequence, making it difficult to establish an efficient multiplex
RPA assay with multiple primer pairs. Our study and other research
groups reported that GO, a single-atom-thick sheet of 2D carbon
nanomaterial, could reduce primer-dimers and non-specific
fragment formation in multiple-round or multiplex amplification
(Wang et al., 2017; Wang Y et al., 2020). Given the strong non-
covalent binding of water-soluble GO and nucleobases, enzymes,
and aromatic compounds, the GO mechanism involved in the RPA
assay can be as follows (Pena-Bahamonde et al., 2018; Wang Y et al.,
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2020): first, the negatively charged GO can rapidly attract the RPA
reaction components bearing positive charges (e.g., recombinase,
SSB, DNA polymerase, and Mg2+) on the GO monolayer surface;
second, the negatively charged RPA reaction components (e.g.,
nucleic acid templates, primers, and dNTPs) are attracted to the
positively charged molecules on GO surface; then GO facilitates
annealing of RPA primers to the target templates and extension.
Consequently, the suppression of mismatched primer-template
complex formation and the reduction of primer-dimers
ultimately enhance the amplification specificity of RPA.

Notably, the unique strength of MCMD is its property of
multiplex detection. The selection of a suitable target gene is of
great significance for the high sensitivity and specificity of a
diagnostic assay. So far, many conserved sequences, such as
IS6110, IS1081, MPB64, sdaA, and gyrB, have been utilized as
diagnostic targets for TB, of which IS6110 is the most widely
used (Yu et al., 2018; Acharya et al., 2020; Huang et al., 2021;
Wang X et al., 2021). IS6110 is a multi-copy insertion sequence
among MTBC stains (e.g., 16 copies in H37Rv) that can increase
sensitivity. However, low/no copies of IS6110 are found in strains
isolated from Southeast Asia, Europe, and America (Arora et al.,
2020; Comin et al., 2021). Therefore, the techniques using a single
target IS6110 may be unsuitable in these areas. Our MCMD that
combined another target IS1081 (lower copy numbers, e.g.,
5–6 copies in H37Rv) with IS6110 can both avoid false negatives
in strains with low/no copies of IS6110 and as well as retain high
sensitivity from IS6110. This is also why Xpert Ultra incorporated
the two different multi-copy amplification targets (IS6110 and
IS1081) for improved detection of MTBC (Kay et al., 2022; Tang
et al., 2023).

In comparison to PCR-based techniques, isothermal amplification
methods eliminate the need for sophisticated equipment such as
thermal cyclers and can significantly reduce amplification time
(~30 min). Moreover, Cas endonucleases with collateral trans-
cleavage activity can amplify cleavage signals and exhibit ultra-high
sensitivity when combined with a pre-amplification step. Additionally,
multiplex techniques have the distinct advantage of enabling the
detection of multiple targets within a single assay. This capability is
crucial for achieving precise and reliable diagnosis, reducing costs, and
minimizing sample volume requirements. However, to date, some
studies have employed isothermal amplification and Cas12a-based
trans-cleavage in nucleic acid detection of MTBC (Ai et al., 2019; Xu
et al., 2020; Sam et al., 2021;Wang Y et al., 2021), but no study enabled
multiplex detection in one assay except for this present study
(Supplementary Table S2). In details, studies from Ai et al. (2019),
Sam et al. (2021) and Wang Y et al. (2021) used IS6110 as the only
target, and the study from Xu et al. (2020) used IS1081 as the only

target. Compared to our study, Ai et al. (2019), Sam et al. (2021) and
Xu et al. (2020) did not avoid the use of large detection equipment (e.g.,
real-time PCR instrument), and LAMP used by Sam et al. (2021) and
Wang Y et al. (2021) requires higher temperature (60°C–68°C), longer
reaction time (40–80 min), andmore complex primers (six primers for
one target gene). The only IS1081-targeted study by Xu et al. (2020)
exhibited a lower sensitivity with at least 20-fold higher LoD than other
IS6110-targeted studies (Ai et al., 2019; Sam et al., 2021; Wang Y et al.,
2021; this study). Our MCMD, which juggled multiplex and high
sensitivity (4 copies μL−1 LoD), had advantages of simplicity (only
heating block and two pairs of primers), rapidity (1 h) and specificity
(reduced non-specific amplicons by simply adding GO). It can even
use body temperature for amplification and trans-cleavage and use
naked eyes for readout. In comparison to the widely-used Xpert, our
MCMD technique demonstrated higher diagnostic sensitivity with an
increase of >10 percentage points, while maintaining similar diagnostic
specificity. Moreover, the MCMD technique offers significant cost
advantages, with costs of $10 compared to $80 for Xpert in China.
Additionally, the MCMD technique requires smaller sample volumes
of 200 μL, in contrast to the 1–6 mL volume required by Xpert. These
findings underscore the great potential of this novel technique for POT
testing of TB in resource-limited countries.

In recent years, biosensors based on the CRISPR–Cas system
[e.g., SHERLOCK (Gootenberg et al., 2017), DETECTR (Chen et al.,
2018), HOLMES (Li et al., 2018), Cas14-DETECTR (Harrington
et al., 2018), HOLMESv2 (Li et al., 2019)] have shown excellent
performance in POC testing. A comparison of different CRISPR-
based biosensors is shown in Supplementary Table S3. Considering
the complex guide RNA design and signaling mechanism,
CRISPR–Cas9 is no longer the preferred option for CRISPR
diagnostics (Pardee et al., 2016; Guk et al., 2017; Zhang et al.,
2017; Huang et al., 2018; Qiu et al., 2018; Zhou et al., 2018; Hajian
et al., 2019; Wang et al., 2019; Wang X et al., 2020; Zhang et al.,
2022). Compared to Cas9, Cas12 and Cas13 have been widely used
for CRISPR diagnostics due to their unique collateral cleavage
activity, which greatly simplifies signal generation (Gootenberg
et al., 2017; Chen et al., 2018; Gootenberg et al., 2018;
Harrington et al., 2018; Li et al., 2018; Dai et al., 2019; Li et al.,
2019; Joung et al., 2020; Liu et al., 2021). Cas12a and Cas12b directly
target double-stranded DNA (dsDNA) and are useful for DNA
sequence detection and genotyping. Cas12f (originally denoted
Cas14) shows stronger specificity and enables SNP detection with
high fidelity. The multiplexing potential of Cas13 allows for the
detection of multiple analytes. Some Cas effectors not restricted by
PAM [e.g., uncultured archaeon (Un1) Cas12f1 (initially named
Cas14a1) (Harrington et al., 2018), Cas13a, Cas13b] result in more
application space in target sequences without PAM. Researchers can

TABLE 2 Comparison of diagnostic performance of different methods for MTBC detection in TB patients.

Diagnostic sensitivity, na (%), (pulmonary TB patients) Diagnostic specificity, n (%), (non-TB patients)
(N = 40)

Culture positive
(N = 67)

Culture negative
(N = 40)

Total (N = 107)

Xpert 57 (85.1) 11 (27.5) 68 (63.6) 40 (100)

MCMD 64 (95.5) 16 (40.0) 80 (74.8) 40 (100)

an, number of samples with positive results using a specific method.
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reasonably select biosensor types according to their experimental
requirements.

Although this study had several strengths, it also had some
limitations. First, the sputum samples were all collected from a
tertiary hospital specializing in tuberculosis. A multi-center
prospective study should be conducted to provide high-level
evidence on the diagnostic performance of MCMD. Second, only
sputum samples, the most commonly used and most accessible
specimen for adult TB patients, were evaluated in this study. Other
paucibacillary samples (such as pleural effusion and cerebrospinal fluid)
and specific populations (such as children and HIV-positive patients)
should also be considered for future implementation. Third, it is
recommended to design RPA primers with the incorporated PAM
sequence in future studies. For CRISPR-Cas12 assays, it is essential that
the target sequence contains a PAM site at the appropriate location to
enable the activation of the Cas12-gRNA complex. Meanwhile, the
MTBC genome is a high-GC genome, and the target genemay not have
enough suitable PAM sites. Thus, improving primer design removes the
limitation imposed by the PAMsequence and facilitates the screening of
efficient gRNAs. Finally, in the current investigation, single-signal
output biosensors (including LFB and fluorescent biosensor) were
employed to indicate the presence of MTBC in the sample.
However, in future studies, the utilization of distinct fluorescence or
double-labeled LFB may enable differentiation between IS6110 and
IS1081, thereby providing additional strain-specific information.
Despite major advances in the applications of CRISPR-based
biosensors, many challenges remain in this promising area. Newer
Cas enzymes, more robust readout systems, andmore flexible strategies
of signal conversion and amplification will represent the possible
directions of improvement in future.

In this study, we have achieved the simultaneous detection of
multiple targets from MTBC using a CRISPR-Cas-based detection
method. This MCMD first combined an improved GO-assisted
multiplex RPA targeting IS6110 and IS1081 with the
CRISPR–Cas12a-based trans-cleavage assay identified by a
fluorescent biosensor or LFB. Due to its multiplex property and
freedom from large equipment, this MCMD is ideal for detecting
strains with low/no copies of IS6110 and MTBC POC testing in
resource-limited countries.
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Protein-protected metal nanomaterials are becoming the most promising
fluorescent nanomaterials for biosensing, bioimaging, and therapeutic
applications due to their obvious fluorescent molecular properties, favorable
biocompatibility and excellent physicochemical properties. Herein, we
pioneeringly prepared a cellulase protected fluorescent gold nanoclusters (Cel-
Au NCs) exhibiting red fluorescence under the excitation wavelength of 560 nm
via a facile and green one-step method. Based on the fluorescence turn-off
mechanism, the Cel-Au NCs were used as a biosensor for specificity
determination of ascorbic acid (AA) at the emission of 680 nm, which exhibited
satisfactory linearity over the range of 10–400 µM and the detection limit of
2.5 µM. Further, the actual sample application of the Au NCs was successfully
established by evaluating AA in serum with good recoveries of 98.76%–104.83%.
Additionally, the bacteria, including gram-positive bacteria (Bacillus subtilis and
Staphylococcus aureus) and gram-negative bacteria (Escherichia coli), were
obviously stained by Cel-Au NCs with strong red emission. Thereby, as dual-
functional nanoclusters, the prepared Cel-Au NCs have been proven to be an
excellent fluorescent bioprobe for the detection of AA and bacterial labeling in
medical diagnosis and human health maintenance.

KEYWORDS

Au nanoclusters, biomineralization, fluorescence, biosensor, bacterial labeling

Introduction

Ascorbic acid (AA, vitamin C), as one of the most vital micronutrients and antioxidants
in the human body, plays an imperative role in numerous biochemical reactions involving
oxidative stress reduction, disease prevention, immune response and other physiological
activities (Abulizi et al., 2014; Liu et al., 2017). Furthermore, AA is also a medicine for the
treatment of many diseases, including scurvy, immunodeficiency, allergic reactions and liver
disease, which contributes to the absorption of iron and calcium, healthy cell development,
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and normal tissue growth (Zhuang and Chen, 2020). Thus, AA
detection is very important in medical diagnosis and human health
maintenance. At present, various analytical methods have been
developed and utilized in the quantitative determination of AA,
such as electrochemistry (Ma et al., 2021), high liquid
chromatography (Burini, 2007), liquid chromatography-mass
spectrometry/mass spectrometry (Diep et al., 2020). Although
these technologies have been successfully implemented in AA
detection, most of them still have disadvantages such as
complicated instrument requirements, long detection time, and
low sensitivity. Nowadays, the fluorescence method has gradually
become an ideal alternative method for detecting AA because of its
simplicity, high sensitivity and excellent reproducibility (Gan et al.,
2020). Therefore, it is urgent to develop an innovative material with
exceptional fluorescent properties in biosensing.

Metal nanoclusters (NCs) consisting of several to dozens of
atoms are typically ~3 nm which is equivalent to the Fermi
wavelength of the electrons (Jin et al., 2016), resulting in a series
of tunable metal core composition with discrete electronic states,
obvious fluorescence molecular-like characteristics and excellent
physicochemical properties (Zhang and Wang, 2014). Due to
their inherent properties, metal NCs including Au, Ag, Cu, Pd
and Pt NCs are being widely explored in biological imaging,
biological sensing and advanced therapeutics fields (Guo et al.,
2021; Tan et al., 2021). Notably, Au NCs become the most
promising fluorescent nanomaterial owing to their excellent
characteristics, such as strong photoluminescence, extraordinary
photostability, explicit composition and combination properties
(Guo et al., 2021). In light of this, various methods including
microwave-assisted synthesis (Yue et al., 2012), sonochemistry
(Xu and Suslick, 2010), photoreduction (Zhou et al., 2017),
ligand-induced etching (Duan and Nie, 2007), and template-
assisted synthesis (Qiao et al., 2021; Chen et al., 2022) have been
developed to form the Au NCs.

Up to now, many templates, including DNA, proteins, viruses,
microorganisms and plants, have been used for the preparation of Au
NCs (Huang et al., 2015; Chen et al., 2018; Wang et al., 2019). Among
them, due to their specific amino acid sequence composition, unique
spatial conformation and chemical functional groups, proteins as an
effective biological template show tremendous potential for the
synthesis of Au NCs with tunable size, fluorescent properties and
favourable biocompatibility (Yu et al., 2014; Guo et al., 2021). For
example, Bhamore et al. prepared amylase Au NCs with red fluorescent
emission and an average size of 1.75 nm for the detection of
deltamethrin and glutathione (Bhamore et al., 2019). In another
case, human serum albumin (HSA) directed red-emitting gold
nanoclusters (HSA-AuNCs) were used as a bioprobe for
Staphylococcus aureus (Chan and Chen, 2012). Moreover, in our
recent study, using flavourzyme as a template, first prepared Fla-Au
NCs with blue fluorescence were successfully utilized for the
determination of carbaryl (Chen et al., 2022). Papain-encapsulated
platinum nanoclusters with green fluorescence can be used not only
for sensing lysozyme in biofluids but also for gram-positive bacterial
identification (Chang et al., 2021). Therefore, it is urgent to develop
innovative protein-coated metal nanoclusters and explore their
applications in bioprobes, bioimaging and therapy.

Cellulase (Cel), as a pivotal industrial enzyme, catalyzes the
decomposition of renewable lignocellulosic biomass into

oligosaccharides or monosaccharides, which have been explored
in numerous industries, such as textile, pulp and paper, detergent,
food, and biofuel production (Ejaz et al., 2021; Areeshi, 2022).
However, there are very limited reports on the synthesis and
application of cellulase mediated nanostructure. Up to now, only
Cel-protected copper nanoclusters (Cu NCs) with exceptional
photostability, luminescence quantum yield, and colloidal stability
has been investigated (Singh et al., 2016). Additionally, attributed to
the oxidation resistance, conductivity, non-toxicity and stability of
Au, the performance of Au NCs in biosensing and biomedicine is
highly anticipated.

Hereby, we innovatively fabricated one type of red-emitting Au
NCs using cellulase as the template via a one-step biomineralization
method. A series of characterization techniques were used to explore
the optical properties, morphology, composition, and valence state
of Cel-Au NCs, including UV-vis absorption spectrometry,
fluorescence spectroscopy, transmission electron microscopy
(TEM), Fourier transform infrared spectroscopy (FT-IR) and
X-ray crystallography (XPS). As shown in Scheme 1, this turn-off
and label-free biosensor provided an alternative choice for AA
detection in the biofluid. Meanwhile, owing to ultra-small size,
brightly red fluorescence and good biocompatibility, dual-
functional Cel-Au NCs could also be served as a bio-imaging
probe for bacterial imaging.

Materials and methods

Materials

HAuCl4
.4H2O was purchased from Sinopharm Chemical

Reagent Co., Ltd. (Shanghai, China). Cellulase, pepsin, trypsin
and AA were obtained from Yuanye Biotechnology Co., Ltd.
(Shanghai, China). Histidine, threonine, lysine, glycine,
glutathione (GSH), maltose, sucrose, glucose and metal ions were
acquired from Sangon Biotechnology Co., Ltd. (Shanghai, China).
All reagents were of analytical purity and used directly. Milli-Q
purified water prepared by the PR03200 ultra-pure water meter
(Zhongshan Keningte Cleaning Supplies Co., Ltd.) was utilized in all
experiments.

Instruments

All glass containers in the laboratory were thoroughly washed
with aqua regia, rinsed with ultrapure water and dried before use.
UV-1800 spectrophotometer (Shimadzu, Japan), PF-5301PC
fluorescence spectrophotometer (Shimadzu, Japan) and Spark-
Multimode microplate reader (Tecan, Switzerland) were applied
to measure the UV-vis absorption spectra, the fluorescence spectra,
and the bacterial density, respectively. Transmission electron
microscopy (TEM) images were collected on a JEOL
2010 LaB6 TEM (TECNAI G2, the Netherlands) at an
acceleration voltage of 200 kV. Fourier transform infrared (FT-
IR) spectra and X-ray photoelectron spectra (XPS) were
separately detected by BW17-FTIR-650 spectrometer (Beijing,
China) and X-ray photoelectron spectroscopy (Shimadzu, Japan).
The fluorescence lifetime and quantum yield (QY) of the samples
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were recorded on an FLS920 fluorescence spectrometer (Edinburgh,
UK). Zeta potential values were performed using the Malvern
Zetasizer sizer NanoZS ZEM-3600 instrument (Malvern, UK).
Furthermore, bacteria imaging was collected using the
fluorescence microscope (Zeiss, Germany).

Synthesis of Cel-Au NCs

Typically, 0.16 mL of the HAuCl4 solution (25 mM) and
9.84 mL of the cellulase solution (1 mM) were mixed thoroughly
with a vortexer for 5 min. After adjusting pH to 12 with the addition
of 1 M NaOH solution, the above mixture was reacted at 37°C for
12 h in the dark. Then the supernatant of the above mixture was
collected by centrifugation at 8,000 rpm for 10 min, dialyzed to
remove unreacted metal ions by a dialysis membrane (1,
000 MWCO) for 24 h, and placed at 4°C for future use.

The detection of AA

For AA detection, the Cel-Au NCs (40 mg/mL, 50 μL), different
concentrations of AA solutions (100 μL) and deionized water
(850 μL) were mixed and incubated at 25°C for 5 min in a water
bath. The fluorescence signal of the above mixture was then
measured using an F-4500 fluorescence spectrophotometer by
exciting at 560 nm. To evaluate the selectivity and specificity of
Cel-Au NCs for AA, the fluorescence variations of Cel-Au NCs were
investigated toward 16 kinds of compounds (histidine, threonine,
lysine, glycine, GSH, maltose, sucrose, glucose, AA, KCl, NaCl, LiCl,
ZnCl2, CaCl2, MgCl2, MnCl2). The as-prepared Cel-Au NCs were
mixed with different compound solutions and measured under the
same experimental condition as above. All experiments were
performed three times in a parallel format.

Analysis of AA in real samples

To evaluate the applicability of the method, human serum samples
provided from the Hospital of Traditional Chinese Medicine (Wuhu,
China) were directly diluted 40 times withMilli-Q purified water before
the experiment. Then, 50 μL of 40 mg/mL as-prepared Cel-Au NCs,

850 μL of diluted serum sample and 100 μL of different concentrations
of AA solution were mixed and analyzed in accordance with the
procedure mentioned above.

Bacterial culture and viability assay

Bacillus subtilis (B. subtilis, gram-positive bacteria),
Staphylococcus aureus (S. aureus, gram-positive bacteria) and
Escherichia coli (E. coli, gram-negative bacteria) were separately
cultured on Luria-Bertani (LB) agar plates at 37°C overnight.
Subsequently, a single colony of the bacteria was separately
picked and incubated in LB liquid culture medium with
continuous shaking at 180 rpm at 37°C for another 16–24 h.

To estimate the biocompatibility of Cel-AuNCs, bacterial viabilities
were measured by determining bacterial cell density at OD600 on
Spark-Multimode microplate reader. When OD600 reached 0.6, the
bacteria (B. subtilis, S. aureus, and E. coli) were seeded into a 96-well
microplate at 1% inoculum. Then various concentrations of Cel-Au
NCs (0, 10, 25, 50, 100 and 200 μg/mL) were separately added to the
bacteria and cultured at 37°C and 180 rpm. The growth of organisms
was observed by measuring OD600 until 24 h and all of the experiments
were executed three times in parallel. The percentage of bacterial density
without adding Au NCs was taken as 100%.

Fluorescent imaging of bacteria

After centrifuging at 8,000 rpm for 5 min, the above cultured
bacterial cells were collected, washed with PBS, and incubated in the
mixture of the prepared Cel-Au NCs (0.1 mL) and PBS (0.4 mL) in a
shaker at 37°C for 15 min. The bacterial cultures were examined on a
Zeiss upright fluorescence microscope under 605 nm.

Results and discussion

Synthesis and characterization of Cel-
Au NCs

The red-emitting Cel-Au NCs were firstly prepared via a facile
and green one-step biomineralization method based on the

SCHEME 1
Schematic illustration of Cel-Au NCs for sensing ascorbic acid and bacterial labeling.
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reduction of cellulase provided by sulfur-containing cysteines and
methionines, which made the Au-S band formed between cellulase
and Au atom (Balu et al., 2019; Wang et al., 2019). To obtain the
optimal conditions of the synthesized Cel-Au NCs, the molar ratio
(cellulase/HAuCl4) and reaction pH were conducted in
Supplementary Figure S1. The molar ratio of 2.5:1 and the
reaction pH of 12 served as optimal conditions were selected for
further study.

Initially, UV-vis absorption spectra and fluorescence
spectroscopy were employed to identify related optical
properties of Cel-Au NCs. The UV-vis spectrum showed that
Cel-Au NCs had a shoulder peak in the region range of
300–400 nm with a continuous rise and a distinct peak at
350 nm attributed to oxidation between cellulase and Au
atoms, whereas the spectrum of cellulose showed no peak in
these ranges, signifying the Cel-Au NCs were fabricated
(Figure 1A). As shown in Figure 1B; Supplementary Figure S2,
the red-emitting cellulase protected Au NCs displayed an
emission peak maximum at 680 nm upon 560 nm excitation
with a marked Stokes shift of 120 nm. Additionally, the QY of
Cel-Au NCs in aqueous solution was determined to be 10.19%
using Rhodamine 6 G as a reference (Supplementary Figure S3).

The morphology of the prepared Cel-Au NCs was characterized
by TEM, revealing that the Cel-Au NCs had a good dispersion and
the average size was 1.68 nm by counting 146 samples (Figures 1C,
D), which was consistent with the diameter of metal NCs prepared
in previous studies (Wei et al., 2010; Bhamore et al., 2019).

Subsequently, FT-IR was used to characterize the chemical
composition of Cel-Au NCs. As shown in Figure 1E, the peaks of
pure cellulase and Cel-Au NCs for O-H stretching, C-H stretching,
C=O stretching, C-H bending, N-H stretching and C=C bending
were separately observed at 3,400 cm-1, 2,940 cm-1, 1,655 cm-1,
1,415 cm-1, 1,250 cm-1 and 1,025 cm-1, whereas a distinct peak in
the spectrum of Cel-Au NCs was observed at 1,580 cm−1 ascribing to
the formation of a bond between Au and cellulose.

XPS was used to measure the oxidation states of gold in Au NCs
and it showed the peaks of Au, S, C, N and O in the XPS spectra
(Supplementary Figure S4). Two peaks centered at 88.0 and 84.3 eV
were separately ascribed to 4f5/2 and 4f7/2 for Au (Figure 1F). The
peak of 4f5/2 of the prepared Cel-Au NCs was further deconvoluted
into two different components, one at 88.05 eV corresponding to Au
(0), and the second one at 88.60 eV attributed to Au (I). Also, the two
peaks of 4f7/2 assigning to 84.32 and 84.99 eV showed the
simultaneous presence of Au (0) and Au (I) in Cel-Au NCs. The
spectra of Au 4f7/2 showed a binding energy of > 84.0 eV, indicating
both Au (0) and Au (I) existed in Cel-Au NCs and the presence of
Au-S complexes formed by the formation of charge transfer bands
(Bothra et al., 2017).

Fluorescence quantification assay of AA

When the addition of AA was increased from 10 μM to
800 μM, a corresponding reduction in the fluorescent signal of

FIGURE 1
(A) UV-vis absorption spectra of Cel-Au NCs (red line) and cellulase (black line), Inset: photographs of cellulase (left) and Cel-Au NCs (right) with UV
light (365 nm). (B) Fluorescence excitation spectra of Cel-Au NCs at emission wavelength 680 nm (red line) and emission spectra of Cel-Au NCs upon
excitation at 560 nm (black line). (C) Transmission electron microscopy images showed the average size of Cel-Au NCs with 10 nm bar. (D) Size
distribution histogram of Cel-Au NCs calculated from the TEM images by counting 146 samples. (E) FT-IR spectra of cellulase-Au NCs (red) and
cellulase (black). (F) XPS spectra for the Au 4f of Cel-Au NCs. The original spectrum is black, the fitted spectrum is red, the Au(0) 4f7/2 spectrum is blue, and
the Au(I) 4f7/2 spectrum is pink.
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Cel-Au NCs was examined (Figure 2A). Figure 2B depicted the
relationship between the fluorescent intensity of the Cel-Au NCs
and the different concentrations of AA, and showed a good linear
correlation over a range of 10–800 µM with a LOD of 2.5 µM
(R2 = 0.99134), indicating that the detection system possessed
superior sensitivity. Simultaneously, the fluorescent intensity of
Cel-Au NCs was correspondingly reduced with the increasing
concentration of AA by UV light (Figure 2C). Furthermore, the
specificity of the Cel-Au NCs for AA was conducted by testing the
response of the biosensor prepared against other compounds.
Interestingly, the fluorescent intensity of Cel-Au NCs was
extremely decreased just after adding AA, whereas there were
barely any changes in the presence of the other compounds

(Figures 2D, E; Supplementary Figure S5). Compared with the
published methods in AA detection (Table 1 and Supplementary
Table S1), the proposed method displayed a wider detection
range and an appreciable detection limit, which is simplicity,
rapidity, efficiency and economics. Thus, as an alternative
biosensor, it is potential for AA detection in the biological
environment using Cel-Au NCs.

To elucidate the quenching mechanism of AA on the Cel-Au
NCs, fluorescence resonance energy transfer (FRET), inner filter
effect (IFE), dynamic and static quenching as well as
photoinduced electron transfer had been investigated. As
depicted in Supplementary Figure S6, AA displayed a strong
absorption peak at 245 nm, which did not overlap with the Cel-

FIGURE 2
(A) Fluorescence spectra of Cel-Au NCs with varied concentrations of AA (top to bottom: 10–800 μM). (B) The linear relationship between I0/I and
different concentrations from 10 to 800 μM of AA (I0/I, where I0 and I are the fluorescence intensity of Cel-Au NCs in the absence and presence of AA,
respectively). (C) Image of Cel-Au NCswith different concentrations (10–800 μM) of AA under UV light. (D) Relative fluorescence intensity (I/I0) of Cel-Au
NCs when excited at 560 nm with various analytes (I/I0, where I and I0 are the fluorescence intensity of Cel-Au NCs in the presence and absence of
various analytes, respectively). (E) Photographic image of Cel-Au NCs solution upon the addition of various analytes under UV light illumination at
365 nm. (F) Time-resolved fluorescence spectra of Cel-Au NCs in the presence or absence of 600 μM AA (λex = 560 nm, λem = 680 nm).

TABLE 1 Comparison of the determination of AA using Cel-Au NCs and other reported fluorometric methods.

Materials Linear range (μM) Detection limit (μM) References

Carbon dots 100-800 50 Gan et al. (2020)

Carbon dots 50–300 1.73 Shi et al. (2021)

Nanoparticles 0-750 4.9 Sun et al. (2019)

Carbon dots 20-500 5.13 Fan et al. (2022)

Carbon Quantum Dots 600-1600 18 Li et al. (2021)

Cel-Au NCs 10-800 2.5 This work
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Au NCs emission spectrum (600–800 nm), demonstrating that
the mechanism of quenching mechanism caused by AA was not
FRET and IFE (Fan et al., 2022). Notably, the fluorescent
lifetimes were 10.27 μs and 9.60 μs for Cel-Au NCs before
and after the addition of AA, separately (Figure 2F). The
noticeable change in the fluorescence lifetime of Cel-Au NCs
upon the addition of AA indicated that the quenching
mechanism might be dynamic quenching rather than static
quenching. Similarly, the fluorescence quenching of LDH-
GQD caused by Fe3+ was determined to be dynamic
quenching due to the reduction of fluorescence lifetime from
6.45 ns to 1.21 ns (Shi et al., 2021). Furthermore, the zeta
potential of Cel-Au NCs increased from −15.2 mV
to −13.3 mV after adding AA (Supplementary Figure S7).
The negative zeta potential of the Cel-Au NCs is attributed
to the presence of carboxylic groups with negative charges on

the surface of cellulase, while the apparent increase in the zeta
potential of Cel-Au NCs after the addition of AA confirms that
the positively charged AA was attached to the surface of the
negatively charged Cel-Au NCs. Additionally, the reducing
power of AA caused the alteration in the oxidation state of
Au (I), localized on the surface of the Au (0) core, further
leading to the fluorescence quenching of Cel-Au NCs. (Li et al.,
2015; Li et al., 2017). Hence, the quenching mechanism of Cel-
Au NCs might be attributed to photoinduced electron transfer
and dynamic quenching mechanism.

Application of AA detection in real samples

For assessing the practicality of the method in actual
samples, the detection of AA in serum samples was carried

TABLE 2 The concentration of AA in 40-fold diluted serum detected using the Cel-Au NCs.

Samples Spiked (μM) Measured (μM) Recovery (%) RSD (%)

Serum 1 10 9.95 ± 0.42 99.53 4.15

25 25.07 ± 0.76 100.29 3.05

50 49.91 ± 1.28 99.82 2.57

Serum 2 10 10.44 ± 0.37 104.39 3.70

25 25.26 ± 0.39 101.02 1.57

50 49.38 ± 1.55 98.76 3.10

Serum 3 10 10.48 ± 0.23 104.83 2.25

25 24.74 ± 1.26 98.97 5.04

50 50.23 ± 0.53 100.47 1.05

FIGURE 3
The fluorescence microscopic images of bacteria respectively correspond to bright fields and dark fields of Bacillus subtilis (A,D), Staphylococcus
aureus (B,E), and Escherichia coli (C,F) using Cel-Au NCs as a probe.
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out. As depicted in Table 2, the recovery rates of AA in actual
samples were in the range of 98.76%–104.83%, and the relative
standard deviations (RSD) ranged from 1.05% to 5.04%.
Furthermore, to demonstrate the practicability and accuracy
of this biosensor, diverse concentrations of AA in serum
samples were analyzed by the commercial HPLC method
(Supplementary Table S2). The recoveries of AA were
between 94.24% and 102.24% with RSD of 0.13%–3.07%.
These results illustrated that this developed biosensor was
applicable for the detection of AA in biological samples in
comparison with the HPLC method.

Biocompatibility assessment of Cel-Au NCs

The biocompatibility of Cel-Au NCs was evaluated by
measuring the bacterial density at OD600. The assay was
conducted on three kinds of bacteria including B. subtilis
(gram-positive bacteria), S. aureus (gram-positive bacteria)
and E. coli (gram-negative bacteria). As evidenced by
Supplementary Figure S8, Cel-Au NCs exhibited a negligibly
inhibitory effect on bacterial cell proliferation within the range
of 0–100 μg/ml and had a slight inhibitory on bacterial cell
proliferation at 200 μg/ml, indicating low cytotoxicity of the
Cel-Au NCs to bacteria.

Bioimaging for types of bacteria

To verify the bacterial labeling ability of Cel-Au NCs,
bacterial cells incubated with Cel-Au NCs were observed
under a fluorescence microscope. B. subtilis (gram-positive
bacteria, Figures 3A, D), S. aureus (gram-positive bacteria,
Figures 3B, E), and E. coli (gram-negative bacteria, Figures
3C, F) stained by Cel-Au NCs were respectively shown in the
bright field and the dark field with strong red emission when
excitation at 605 nm. In light of this, we hypothesized that Cel-
Au NCs with ultra-small size might be absorbed by bacteria and
interact with multiple proteins in the bacteria. In our previous
study, S. aureus, B. subtilis as well as Microbacterium incubated
with papain-Pt NCs could emit distinct green fluorescence
(Chang et al., 2021). Besides, in the latest research, Li’s
group used red-fluorescent cBSA-AuAgNCs with an average
diameter of 1.80 nm to label E. coli (Li et al., 2022). Therefore,
Cel-Au NCs with satisfactory fluorescence characteristics could
be explored as a bioprobe that effectively labels the
microorganism cells.

Conclusion

In summary, with cellulase serving as the template, a one-
step biomineralization strategy was successfully proposed to
synthesize fluorescent Au NCs for the first time. The average
size of as-synthesized Au NCs was found to be 1.68 nm and it
displayed an emission peak maximum at 680 nm when
excited at 560 nm. Notably, the fluorescent Cel-Au NCs as a
“turn-off” biosensor could be used to assay AA with an

extraordinary linear correlation over a range of 10–800 µM
and a LOD of 2.5 µM. Furthermore, the practical application
of the biosensor was successfully developed by evaluating AA in
serum samples with appreciable recoveries of 98.76%–104.83%.
In addition, Cel-Au NCs displayed a negligibly inhibitory
effect on bacterial cell proliferation over 0–100 μg/ml,
indicating low cytotoxicity of the pre-made Au NCs to
bacteria. Furthermore, due to ultra-small size, obvious red
fluorescence, and water solubility, Cel-Au NCs were also
used as a bioprobe for various bacterial labeling, including B.
subtilis, S. aureus and E. coli. This analytical and bioimaging
procedure is notable as it can perform directly in a complicated
environment and does not require any organic reagents as
pretreatment. Therefore, this study provides new protein-
directed and dual-functional Au NCs open alternative
avenues for AA detection and bacterial imaging in
biomedical fields.
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A highly sensitive flexible
capacitive pressure sensor with
hierarchical pyramid
micro-structured PDMS-based
dielectric layer for health
monitoring
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Qingdao University, Qingdao, China, 3School of Rehabilitation Sciences and Engineering, University of
Health and Rehabilitation Sciences, Qingdao, China, 4Department of Computer Science and Engineering,
Sejong University, Seoul, Republic of Korea, 5Hisense Visual Technology Co., Ltd., Qingdao, China

Herein, a flexible pressure sensor with high sensitivity was created using a
dielectric layer featuring a hierarchical pyramid microstructure, both in
simulation and fabrication. The capacitive pressure sensor comprises a
hierarchically arranged dielectric layer made of polydimethylsiloxane (PDMS)
with pyramid microstructures, positioned between copper electrodes at the
top and bottom. The achievement of superior sensing performance is highly
contingent upon the thickness of the dielectric layer, as indicated by both
empirical findings and finite-element analysis. Specifically, the capacitive
pressure sensor, featuring a dielectric layer thickness of 0.5 mm, exhibits a
remarkable sensitivity of 0.77 kPa-1 within the pressure range below 1 kPa. It
also demonstrates an impressive response time of 55 ms and recovery time of
42 ms, along with a low detection limit of 8 Pa. Furthermore, this sensor
showcases exceptional stability and reproducibility with up to 1,000 cycles.
Considering its exceptional achievements, the pressure sensor has been
effectively utilized for monitoring physiological signals, sign language gestures,
and vertical mechanical force exerted on objects. Additionally, a 5 × 5 sensor array
was fabricated to accurately and precisely map the shape and position of objects.
The pressure sensor with advanced performance shows broad potential in
electronic skin applications.
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PDMS, capacitive pressure sensor, hierarchical pyramid microstructure, high sensing
performance, physiological signals monitoring
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Introduction

The flexible pressure sensor serves as a core component for
electronic skin (Guo et al., 2022; Zheng et al., 2022; Zhu et al., 2022),
enabling the emulation of human skin’s sensing mechanism and
exhibiting promising potential in wearable device applications (Lin
et al., 2020; Lee et al., 2021; Lyu et al., 2021), smart prosthetics (Tian
et al., 2019; Khoshmanesh et al., 2021), health monitoring (Rocha
et al., 2021; Wang et al., 2022; Han et al., 2022), and body motion
detection (Xiong et al., 2020; Zhu et al., 2021), etc. The classification
of pressure sensors can be based on five distinct sensing
mechanisms: piezoresistivity (Ding et al., 2020; Wang et al.,
2022b; Ji et al., 2022), capacitance (Li et al., 2020; Qin et al.,
2021; Wang et al., 2022c; Duan et al., 2022), piezoelectricity
(Wang et al., 2021; Luo et al., 2021; Yi et al., 2022), field-effect
transistors (Shi et al., 2020; Cheng et al., 2023), and triboelectricity
(Wang et al., 2021; Liu et al., 2021; Xu et al., 2022). Among them, the
capacitive pressure sensor has garnered substantial research for the
superiority of outstanding structural stability, rapid response time,
minimal power consumption, and a compact circuit design. Similar
to the conventional parallel-plate capacitor, capacitive pressure
sensors typically employ a “sandwich” structure, comprising a
dielectric layer sandwiched between two electrodes positioned at
the top and bottom. Its capacitance (C) is determined by the
dielectric layer’s permittivity (ε), the effective area between two
electrodes (A), and the separation distance of plate electrodes (d).
Generally, the vertical force on the capacitive pressure sensor can
induce variations in the dielectric layer thickness, leading to
corresponding changes in the capacitance measurement.
Therefore, it’s vital to select a suitable material and optimize the
structure configuration for the dielectric layer. Furthermore, the
preparation of capacitive pressure sensors with controllable
morphology on a large scale poses a significant challenge in
achieving high performance.

The commonly utilized materials for fabricating the flexible
dielectric layer include elastomers like polydimethylsiloxane (PDMS)
(Wan et al., 2018; Hwang et al., 2021), polystyrene (Tian et al., 2020; Su
et al., 2021), polyurethane (PU) (Seyedin et al., 2020; Zhu et al., 2020),
etc. Among them, PDMS has emerged as the dominant choice for the
dielectric layer owing to its reduced Young’s modulus, enhanced
thermal stability and improved chemical stability. Moreover, the
implementation of the micro-structured designs on the dielectric
layer, such as micro-pyramid (Yang et al., 2019; Li et al., 2020;
Zhang et al., 2021; Tao et al., 2022), micro-porous (Li et al., 2020;
He et al., 2020), micro-sphere (Jung et al., 2020; Xiong et al., 2020),
micro-pillar (Luo et al., 2019; Cao et al., 2020), micro-wrinkles (Zeng
et al., 2019; Tang et al., 2021), etc., has demonstrated its efficacy in
enhancing sensor performance. Generally, the realization of the
microstructure is based on the template replication approach, which
consists of soft-lithography and hard-lithography. Soft-lithography
technique exploits bionic micro-patterns to make microstructures via
directly copying the morphology of natural substances. Wan et al.
developed an exceptional sensitivity (1.2 kPa-1) flexible tactile sensor by
utilizing lotus leaf as template to obtain bionic microtowers array
structure m-PDMS substrate (Wan et al., 2018). Jian and colleagues
developed pressure sensors that exhibit exceptional performance,
featuring an impressive sensitivity of 19.8 kPa-1 and an incredibly
low detection threshold of 0.6 Pa. These sensors were constructed

using a highly conductive active film combined with a bionic
hierarchical microstructured PDMS substrate, which was replicated
from the leaves of E. aureum plant species (Jian et al., 2017). However, it
is difficult for large-scale fabrication. In addition, it suffers from an
inherent flawwhere themicrostructure’s shape, dimension, and spacing
remain unalterable. Therefore, it is not feasible to fabricate structured
micro-patterns with a predetermined form and dimension. The hard-
lithography is an effective approach that can tackle the above problems.
The hard-lithography depends on photolithography technique and wet
etching to fabricate a patterned template that can be transferred to a
flexible polymer material. Luo et al. have successfully designed a
capacitive sensor utilizing a tilted pillar array dielectric layer,
showcasing exceptional sensitivity of 0.42 kPa-1 below 1 kPa. The
dielectric layer was molded from the tilted micro-structured
template made by photolithography (Luo et al., 2019). In the same
way, Tao and colleagues produced a novel dielectric layer using ionic
gels with pyramidal-shaped microstructured to obtain an
unprecedented sensitivity of 41 kPa-1 (Tao et al., 2022). Thanks to
the implementation of a porous pyramid dielectric layer, Yang’s group
prepared an ultrahigh sensitive (44.5 kPa-1) capacitive pressure sensor,
which was designed to be unaffected by strain and temperature (Yang
et al., 2019). The manufacturing process has merits of high precision,
controllable aspect ratio, and mass production. Therefore, the hard-
lithography technique enables the production of a microstructure that
not only facilitates the efficient manufacturing of pressure sensors with
superior performance on a large scale but also fulfills the requirement
for convenient alteration of the microstructure’s morphology.

In this research, an efficient hard-lithography technique was
employed to fabricate an exceptional sensitivity capacitive pressure
sensor. The sensor utilized copper foils for both the bottom and top
electrodes, along with a PDMS dielectric layer that incorporates a
hierarchical pyramid microstructure. The prepared flexible capacitive
pressure sensor exhibits a remarkable sensitivity of 0.77 kPa-1 below
1 kPa. It also demonstrates an impressive response time of 55 ms and
recovery time of 42 ms, along with a low detection limit of 8 Pa.
Furthermore, this sensor showcases exceptional stability and
reproducibility with up to 1,000 cycles. Moreover, the comparison
was conducted to evaluate the impact of dielectric layer’smicrostructure
and thickness on capacitive pressure sensors’ sensitivity.Meanwhile, the
sensing performance was further evaluated through finite element
analysis (FEA) to investigate the impact of dielectric layer’s
microstructure and thickness. The increased deformation of the
sensor with microstructure and thinner dielectric layer under
identical pressure is responsible for this phenomenon. The
development of a 5 × 5 sensor array was undertaken to facilitate the
identification of spatial pressure allocation exerted by various objects.
Ultimately, the artificially created pressure sensor exhibits a vast array of
potential applications, encompassing monitoring human biological
signals, detecting body motion and vertical mechanical pressure.

Experimental section

Preparation process of a patterned silicon
template

The patterned template was fabricated through the utilization of
photolithography on <100> silicon wafers that were covered with a
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300 nm thermally grown oxide layer. The processes involved in
photolithography can be described follows (Ruth et al., 2020).
Firstly, the silicon wafer underwent a cleaning process using
acetone/IPA/DI water, followed by drying with N2 blowing.
Secondly, the silicon wafer’s surface was spin-coated with the
photoresist (KXN5735-L0 negative photoresist) at 500 rpm for 6 s
and a subsequent coating at 3,000 rpm for 20 s. The photoresist film
was subjected to a preliminary baking process at 100°C for 90 s and
exposed by the UV aligner. The wafer backed again at 120°C for 90 s.
Thirdly, the photoresist film was developed by TMAH (2.38%) for
30 s and post-baked at 120°C for 3 min before wet etching. Next, the
silicon oxide layer was etched by buffer oxide etchant (BOE) for
5 min. Eventually, the special hierarchical pyramid microstructure
of the silicon template was fabricated by anisotropic etching using
5 M KOH solution for 5 h.

Fabrication process of a pressure sensor
with hierarchical pyramid microstructure

Firstly, the PDMS and the curing agent were meticulously mixed
in a 10:1 weight ratio. Secondly, after a 30-min treatment in the
vacuum chamber, the mixture’s bubbles were entirely eliminated.
The mixture was introduced into the silicon template and subjected
to spin-coating at a speed of 1,000 rpm, then cured at a temperature
of 85°C for a duration of 1.5 h. It is important to mention that the
spin-coating rate during the same period has an impact on the
thickness of the dielectric layer. The dielectric layer was
subsequently removed from the silicon template featuring a
hierarchical pyramid microstructure. Ultimately, a flexible
pressure sensor was developed by integrating a dielectric layer
featuring hierarchical pyramid microstructures with copper foils
as the upper and lower electrodes.

Fabrication of a 5 × 5 sensor array

Five strips of copper foil with dimensions of 5 mm × 80 mm
were applied to the polyimide (PI) tape in parallel at 5 mm intervals
as the bottom electrode array. The identical procedure was
employed to fabricate the top electrode array. The dielectric layer
was fabricated using template replication technique, featuring a
hierarchical pyramid microstructure. Once prepared, it was
equally divided into 25 portions, each measuring 5 mm × 5 mm.
The dielectric layer was securely adhered to the bottom electrode
strips, while the top electrode strips were arranged orthogonally to
form a 5 × 5 capacitive pressure sensor arrays (Ren et al., 2022).

Measurement of sensing performance

The artificially created sensor was setup on the pressure gage
(ZQ-990, Zhiqu) test platform, while its upper and lower electrodes
were linked to the precision LCR meter (E4980, Keysight). The
capacitive response was measured by applying varying force,
utilizing a precision LCR meter with 100 kHz, 1 V bias. A USB
connection was established between the LCR meter, ZQ-990, and a
laptop for the purpose of post-processing and analyzing data. The

surface morphologies of the patterned silicon template and the
prepared PDMS film were scanned using field-emission scanning
electronmicroscopy (FESEM, Hitachi S-4800, Japan) to obtain high-
resolution images.

Results and discussion

Fabrication and characterization

The flowchart of the photolithography process for the patterned
silicon template are shown in Figure 1A. The fabrication process of
the capacitive pressure sensor with the hierarchical pyramid
microstructure dielectric layer is depicted in Figure 1B. The
experiment setup for the sensing performance measurement is
illustrated in Figure 1C. The Experimental Section provides a
detailed account of the fabrication techniques employed and the
methodology used for measuring the sensing performance. The SEM
images of the patterned silicon template and the micro-structured
PDMS film are depicted in Figure 2. The top view of the patterned
silicon template reveals variations in microstructure size
(Figure 2A), resulting in a visually striking hierarchical pyramid
appearance. The distribution of these pyramids on the template
exhibits a higher central peak and lower side peaks. The base of the
pyramid is either a square or a rectangle in shape. The base of the
pyramid exhibits a size variation ranging from approximately
40 μm–500 μm, while its height spans between 28 μm and
350 μm. After the templating process, the PDMS films display
hierarchical pyramid microstructures as shown in Figure 2B.

Pressure sensing performance of the flexible
capacitive pressure sensor

The capacitive pressure sensor operates on the principle that its
capacitive sensitive element converts the pressure signal into an
electrical signal output that is directly proportional to the applied
pressure. Similar to the conventional parallel-plate capacitor, the
capacitive pressure sensor employs a “sandwich” structure,
comprising a dielectric layer sandwiched between two electrodes
positioned at the top and bottom (Li et al., 2018). Its capacitance C is
determined by the equation:

C � ε0εrA

d
(1)

where ε0 and εr denote the dielectric constants of the vacuum and the
dielectric layer. When a perpendicular pressure is exerted on the
sensor, there will be a change in d, resulting in a modification of C.
Conversely, A undergoes alteration when subjected to shear force
(Zhao et al., 2015).

By optimizing the microstructures of the dielectric layer (Cao
et al., 2020; Tao et al., 2022), incorporating silver nanowires into the
dielectric layer (Fu et al., 2022), or distributing nanoparticles on the
surface of the dielectric layer, significant enhancements can be
achieved in terms of sensitivity for capacitive pressure sensors
(Kim et al., 2018). The sensitivity in the first case is attributed to
a reduction in d, while in the latter case it is due to an increase in εr.
Incorporating microstructures into the dielectric layer significantly
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FIGURE 1
(A) Flowchart of the photolithography process for the patterned silicon template. (B) Schematic representation of the fabrication process for the
flexible capacitive pressure sensor. (C) Experiment setup for the sensing performance measurement.

FIGURE 2
(A) SEM image of the patterned silicon template. (B) SEM image of the pyramid-structured PDMS film.
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reduces its viscoelastic properties and greatly shortens both response
and relaxation time. Based on the above discussion, a hierarchical
pyramid microstructure dielectric layer has been designed. In
comparison to other structures, this particular configuration
enables greater deformation or higher change rate, resulting in
rapid variations in capacitance and enhanced sensitivity.

The initial estimation of capacitive pressure sensor’s
fundamental sensing performance is conducted by applying
vertical pressure. The evaluation of sensing performance heavily
relies sensitivity (S), which is commonly characterized as (Niu et al.,
2020):

S � δ ΔC/C0( )
δP

(2)

where C0 denotes the capacitance at the beginning and ΔC
represents difference in capacitance (C-C0), while P signifies the
amount of vertical pressure exerted on the sensor. Based on the
principle, the slope of the tangent of the pressure-capacitance curve
reflects the level of sensitivity. As illustrated in Figure 3A, the
variations in relative capacitance of the hierarchical pyramid
microstructure sensor with the dielectric layer thickness of
0.5 mm was studied across a wide pressure range. To explore the
impact of the dielectric layer’s microstructure and thickness of on
sensitivity, additional sensors with two different types of dielectric
layers were produced for comparison: a planar dielectric layer
measuring 0.5 mm in thickness and a hierarchical pyramid
microstructure dielectric layer measuring 0.8 mm in thickness. As

shown in Figure 3A, the hierarchical pyramid microstructure pressure
sensor with a dielectric layer thickness of 0.5 mm outperforms the
other two instances. When the pressure is below 1 kPa, the
hierarchical pyramid microstructure sensor with a dielectric layer
thickness of 0.5 mm exhibits a sensitivity of 0.77 kPa-1, which
significantly surpasses the sensitivity (0.37 kPa-1) of the sensor
having a dielectric layer thickness of 0.8 mm. Conversely, the
sensor featuring the planar dielectric layer demonstrates a
comparatively lower sensitivity of 0.17 kPa-1. When the pressure
exceeds 1 kPa, there is a reduction in sensitivity for the
aforementioned three sensors to 0.0258 kPa-1, 0.0238 kPa-1, and
0.0218 kPa-1, respectively. The exceptional sensitivity can be
primarily attributed to the distinctive micro-pyramid architecture,
as evidenced by the information provided earlier. Moreover, the
correlation between the sensitivity and dielectric layer thickness
becomes more evident as the dielectric layer thickness decreases
from 0.8 mm to 0.5 mm, highlighting the impact of varying
dielectric layer thickness on pressure sensor’s sensitivity.

In addition to assessing sensitivity, an analysis on the response
and recovery time measured by TSP-2000-CV was also performed.
The sensor’s capacitance quickly stabilizes within a mere 55 ms (top-
left inset) when subjecting an object to a load of approximately
0.4 kPa, showcasing its exceptional response time, as illustrated in
Figure 3B. After the elimination of the applied force, there is a rapid
decline in the sensor’s capacitance from its stable state to its initial
value within a brief response period of 42 ms (top-right inset). It can
be comparable to the human skin, typically ranging from 30 to

FIGURE 3
Sensing performance of the capacitive pressure sensor. (A) Sensitivity curves of capacitive pressure sensors based on the hierarchical pyramid
microstructure dielectric layer with thicknesses of 0.5 mm (red) and 0.8 mm (blue), as well as the non-patterned dielectric layer with a thickness of
0.5 mm (black), respectively. (B) Real-time response under vertical pressure of ~400 Pa (the insets show response and recovery time). (C) Capacitance
response under a small pressure of ~8 Pa. (D) Repeated real-time capacitance responses under 0.5, 1.0, 1.5, and 2.0 kPa. (E) 1,000 cycles for testing
the stability of sensor under 0.8 kPa (the insets show the magnified view under different periods).
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50 ms. Such remarkable accomplishments can be ascribed to the
PDMS’s low viscoelasticity and the hierarchical pyramid
microstructure. The capacitive pressure sensor is highly sensitive
to detecting minute variations. With the assistance of the lightweight
object (~8 Pa), the apparent alteration in capacitance during the
loading/unloading process can be visible in Figure 3C. Its
repeatability and discrimination capability under five repetitive
exerting/releasing cycles with different vertical pressure is further
assessed. The results in Figure 3D demonstrate real-time
monitoring. By applied 0.5, 1.0, 1.5, and 2.0 kPa, respectively, the
relative capacitance variation exhibits notable fluctuations while
maintaining consistent levels under identical pressure condition.
This suggests super repeatability and the ability to discern varying
degrees of pressure. Moreover, given the paramount importance of
long-term stability in practical applications, 1,000 loading/
unloading cycles at 0.8 kPa were conducted to ensure its
robustness. As shown in Figure 3E, the uniform waveforms
devoid of discernible fatigue indicate that the sensor possesses
prominent stability and reproducibility.

The sensing mechanism’s validation was extended through
FEA to examine the impact of dielectric layer’s microstructure
and thickness. The pressure sensors incorporated the dielectric
layer configurations mentioned above were employed for
comparative analysis. Figures 4A–C show the different stress
distributions of the three sensors under 0, 0.6, and 1.2 kPa,
respectively. As demonstrated in Figure 4A, under external
vertical force, the whole contact surface of the planar sensor is
deformed and the stress is distributed rather uniform. According
to the parallel-plate capacitor definition, in this case, capacitance

change is primarily influenced by the separation distance due to
infrequent variations in the contact area. Therefore, the
sensitivity is extremely low as a result of the minimal
variation in the distance between adjacent planes. However,
for the hierarchical pyramid microstructure pressure sensor
(Figure 4B, C), the concentration of force on the
microstructure is enhanced under identical pressure, resulting
in increased deformation of the dielectric layer. That will increase
the contact area and decrease the gap simultaneously, ultimately
resulting in the improvement of the sensitivity. Moreover, when
subjected to identical pressure, the thin sensor demonstrates a
more extensive distribution of contact stress compared to the
thick sensor. Consequently, this leads to an increase deformation.
In general, the hierarchical pyramid microstructure pressure
sensor with a thin dielectric layer causes the highest
sensitivity, aligning well with the experimental findings.

Wearable applications of flexible capacitive
pressure sensor

A pressure-sensitive device was attached to various points on
the human body, including the wrist, elbow, and finger. Its purpose
was to monitor physiological signals and track bodily movements
including pulse rate, bending of the elbow, flexing of fingers, and
twisting of the wrist, respectively. The pulse signals are crucial
physiological indicators of an individual’s health status. To identify
wrist pulse, the pressure sensor has adhered to the participant’s
wrist and the resulting signals were showcased in Figure 5A. The

FIGURE 4
FEA simulation results of the pressure sensors. (A) Non-patterned sensor’s contact stress distribution with a dielectric layer thickness measuring
0.5 mmunder 0, 0.6, and 1.2 kPa, respectively. (B)Hierarchical pyramidmicrostructure sensor’s contact stress distributionwith a dielectric layer thickness
of 0.8 mm under 0, 0.6, and 1.2 kPa, respectively. (C) Hierarchical pyramid microstructure sensor’s contact stress distribution with the dielectric layer
thickness of 0.5 mm under 0, 0.6, and 1.2 kPa, respectively.
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displayed data and replicable pulse patterns, with a frequency of
approximately 1 Hz that closely resembles that of a human wrist
pulse. Hence, the sensor encouraging prospects in the surveillance
of feeble biomedical signals. Besides, capacitance responses of the
elbow bending are shown in Figure 5B. When the elbow undergoes
flexion from a state of relaxation to an angle of 60°, there is a rapid
and significant increase in the relative change in capacitance by up
to 250%, which then stabilizes. Conversely, when the elbow is
extended, there is a prompt decrease in the relative capacitance
change from 250% to 0%. Then volunteer repeats the above steps
and the uniform waveforms are obtained. It is indicated that the
sensor demonstrates a swift response/recovery time and excellent
stability in the presence of external force. Finally, the sensor’s
sensing performance is further assessed by placing it on the index
finger and wrist while examining its response to various bending
conditions. The initial position of the finger is set at a flexion angle
of 10°, followed by subsequent adjustments to angles of 45° and 90°.
It is evident from Figure 5C that the corresponding relative
capacitance changes are ~20%, ~45%, and ~70%, respectively.
The test results manifest a close correlation between the flexion
angle and the proportional alteration in capacitance. Similarly, the
capacitance is gradually enhanced through a controlled flexion
degree of the wrist, enabling precise recognition of distinct bending
movements, as can be witnessed in Figure 5D. Hence, the proposed
sensor has broad application prospects in sign language gesture
recognition. All of this information can be gathered in order to
create a database for sign language, which will greatly facilitate the
online teaching of sign language, autonomous learning, and other
applications. In conclusion, the proposed sensor exhibits precise
responsiveness to various repetitive dynamic flexion and extension
motions and show repeatable reactions and relaxation behaviors in
each cycle. The flexible pressure sensor holds potential for

functioning as a wearable sensor affixed to the skin, enabling
the monitoring of human movements.

Applications in vertical mechanical pressure

The pressure sensor also shows superior sensing performance
in detecting vertical physical signals. The sensor was firstly
mounted on the button of the remote control and constant
continuous pressure is applied. The sensor’s response to
pressure is illustrated in Figure 6A, showing its rapid and stable
characteristics. Subsequently, upon force removal, Figure 6B
demonstrates a prompt reduction in relative capacitance
change. Furthermore, the sensor was attached to phone screen
and Figure 6C displays the synchronous and stable capacitance
curves as a result of applying three sets of distinct forces repeatedly
on the sensor. Due to its excellent mechanical stability and
remarkable sensitivity, this technology offers a promising
solution for addressing touch screen malfunctions. Finally, the
sensor was attached to the sidewall of the paper cup, which was
filled with different volumes of water. The relative capacitance
change is relatively small when grabbing the paper cup containing
a small amount of water, as illustrated in Figure 6D. As the
quantity of water increases, relative capacitance change will
enlarge significantly. Besides, the relative capacitance alteration
remains consistent during two iterations of grasping or releasing
the paper cup. It is the special micro-pyramid structure of the
pressure sensor that makes it has high sensitivity and good
stability. These findings demonstrate that the suggested sensor
can alleviate the human condition of tactile sensory disorder and
also be applied to robot tactile perception (Chen et al., 2023; Liu
et al., 2023; Zhen et al., 2023).

FIGURE 5
Various applications in recognition of physiological signals and human body motions. Real-time capacitance responses of different body positions
includingmonitoring (A)wrist pulse under steady breath, (B) elbowwith a bending angle of 60°, (C) finger, and (D)wrist with bending angles of 10°, 45°, and
90°, respectively.
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Pressure mapping of sensor array

A significant drawback of a solitary pressure sensor is its
inherent limitation in furnishing comprehensive data. To enhance

the applicability in practical scenarios, a 5 × 5 multipixel of the
pressure sensor array was integrated to form a sensor array
measuring 5 × 5 cm2, in which each pressure sensor measures
5 × 5 mm2. When the sensor array’s surface was covered by

FIGURE 6
Applications in vertical mechanical pressure. (A) Capacitance response upon pressing the button on the remote control. (B) Capacitance response
upon releasing the button on the remote control. (C) Variations in relative capacitance of sensor on phone screen pressed with different forces. (D)
Variations in relative capacitance positioned on the lateral surface of the paper cup while handling paper cups of varying weights.

FIGURE 7
Spatial pressure allocation images of the 5 × 5 sensor array when loading wooden planks that are formed like the characters (A) “T”, (B) “H”, and
(C) “L”.
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wooden boards bearing the shapes of “T", “H", and “L", their spatial
distributions of the sensing response are shown in Figure 7. A
noticeable contrast can be observed in the sensing response of the
area that has been pressed and the one that has not. Meanwhile, the
bright spot in the spatial pressure distribution image resembles the
shape of a wooden board quite well, offering an efficient alternative
in the wearable electronic device and flexible robot.

Conclusion

In brief, an exceptionally sensitive and highly morphology-
controllable flexible capacitive pressure sensor based on the
hierarchical pyramid microstructure dielectric layer was
successfully developed using an efficient strategy for pattern
transfer of the silicon template. The hierarchically micro-pyramid
structure’s distinctive design facilitates outstanding sensing
performances through efficient stress concentration. The
prepared flexible capacitive pressure sensor exhibits a remarkable
sensitivity of 0.77 kPa-1 below 1 kPa. It also demonstrates an
impressive response time of 55 ms and recovery time of 42 ms,
along with a low detection limit of 8 Pa. Furthermore, this sensor
showcases exceptional stability and reproducibility with up to
1,000 cycles. According to the findings from both experimental
results and FEA simulations, it can be concluded that the sensing
performance is significantly influenced by the thickness of the
dielectric layer. The fabricated pressure sensor possesses the
ability to continuously monitor pulse signals on the wrist and
tracking human body movements in real-time. What is even
more significant, an advanced 5 × 5 sensor array has been
undertaken to demonstrate its capability in discerning different
objects’ spatial pressure distribution. It is surely believed that the
hierarchical pyramid microstructure by the silicon template-assisted
manufacturing strategy can spark fresh ideas for advancing flexible
pressure sensor technology and will pave the way for various
applications including intelligent robotics, biomedical monitoring,
smart prosthetics as well as disease prevention and diagnostics.
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Electrochemical biosensing has evolved as a diverse and potent method for
detecting and analyzing biological entities ranging from tiny molecules to large
macromolecules. Electrochemical biosensors are a desirable option in a variety of
industries, including healthcare, environmental monitoring, and food safety, due
to significant advancements in sensitivity, selectivity, and portability brought about
by the integration of electrochemical techniques with nanomaterials, bio-
recognition components, and microfluidics. In this review, we discussed the
realm of electrochemical sensors, investigating and contrasting the diverse
strategies that have been harnessed to push the boundaries of the limit of
detection and achieve miniaturization. Furthermore, we assessed distinct
electrochemical sensing methods employed in detection such as
potentiometers, amperometers, conductometers, colorimeters, transistors, and
electrical impedance spectroscopy to gauge their performance in various
contexts. This article offers a panoramic view of strategies aimed at
augmenting the limit of detection (LOD) of electrochemical sensors. The role
of nanomaterials in shaping the capabilities of these sensors is examined in detail,
accompanied by insights into the chemical modifications that enhance their
functionality. Furthermore, our work not only offers a comprehensive strategic
framework but also delineates the advanced methodologies employed in the
development of electrochemical biosensors. This equips researchers with the
knowledge required to develop more accurate and efficient detection
technologies.

KEYWORDS

electrochemical sensor, nanoparticles, miRNA, limit of detection, biosensor

Introduction

Biosensing, or the detection and analysis of biological entities, is important in many
domains of science and technology such as medicine, environmental monitoring, and food
safety. The capacity to identify and measure biological molecules and organisms precisely
and quickly is critical for disease diagnosis, environmental evaluation, and maintaining the
safety and quality of food items (Singh et al., 2021). In recent years, electrochemical
biosensing has emerged as a powerful tool in this field, offering a number of advantages
over conventional detection (Singh et al., 2021). These biosensors convert a target analyte
recognition event into an electrical signal using electrochemical principles, allowing for
sensitive and targeted detection. To deliver accurate and trustworthy findings, they
incorporate transducers, bio-recognition components, and electrochemical processes.
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Electrochemical biosensors now offer significantly better sensitivity,
selectivity, mobility, and cost-effectiveness owing to advancements
in nanotechnology, biochemistry, and microfabrication (Luong
et al., 2020).

One of the main benefits of electrochemical biosensors is their
ability to do real-time measurements with high sensitivity,
specificity, and resolution (Sumitha and Xavier, 2023).
Amperometric biosensors, for example, measure the electrical
current produced as a result of an analyte’s redox interaction
with an electrode surface and provide precise and quantitative
information about the concentration of the target molecule
(Sumitha and Xavier, 2023). Potentiometric biosensors detect the
potential difference between two electrodes in a solution, whereas
impedance-based biosensors analyze changes in the system’s
electrical impedance (Banakar et al., 2022). In addition, the
incorporation of nanoparticles has significantly improved the
performance of electrochemical biosensors. Many nanomaterials
such as carbon-based, metallic, quantum dots, and nanowires have
special properties such as a larger surface area, higher catalytic
activity, and superior electron transfer kinetics that contribute
significantly to amplified signals and increased sensor
performance (Pérez-Fernández and de la Escosura-Muniz, 2022).

Electrochemical biosensors can be used to detect various
biological molecules such as enzymes, antibodies, nucleic acids,
aptamers, and molecularly imprinted polymers. An electrode is
employed as a solid support for immobilization of these
biomolecules depending on the specificity of chemical groups
attached to the surface of electrodes which is necessary for the
effective detection of the complementary target molecule (Naresh
and Lee, 2021). Their coupling with electrochemical transducers
facilitates the translation of biological interactions into detectable
electrical impulses. Biological interactions can be transformed into
measurable electrical impulses by integration with the
electrochemical transducers (Lu et al., 2014; Banakar et al., 2022).

Electrochemical biosensors are appropriate for point-of-care
testing and field applications because these technologies allow for
reduced sample and reagent amounts, shorter analysis times, and
increased automation (Goda et al., 2023). Microfluidics and lab-on-
a-chip technologies have transformed the area of electrochemical
biosensing by enabling sample preparation and analysis to be
miniaturized, portable, and integrated. These biosensors have
been demonstrated to be crucial in clinical diagnostics and on-
the-spot testing for identifying infectious microorganisms, detecting
disease biomarkers, and monitoring therapeutic prescription levels
(Valera et al., 2023). Environmental monitoring uses
electrochemical biosensors to find contaminants, heavy metals,
and pathogens in water, soil, and air (He et al., 2023). Despite all
these developments, further research is inevitable inminiaturization,
the creation of reliable and precise sample preparation procedures,
and the incorporation of data processing algorithms (Mehrvar and
Abdi, 2004; Kucherenko et al., 2020; Mariani et al., 2022).

In this comprehensive review article, we explored diverse
fabrication strategies involving various nanocomposites to
provide a deeper insight into the electrochemical detection
phenomena of ultrasensitive biosensors. Throughout the review,
we meticulously emphasize and draw comparisons among different
strategies that were aimed at two key objectives: augmenting the
limit of detection (LOD) and advancing the miniaturization process

of electrochemical sensors. We shed light on the intricacies of each
approach, offering insights into their effectiveness and potential
applications. Our focus extends to a detailed examination of the
various nanomaterials currently harnessed within electrochemical
sensors, where we illuminate their respective merits and demerits.
We specifically pinpointed most recently reported the top ten
strategies to develop ultrasensitive biosensors. This evaluation is
further refined by comparing the performance of distinct sensors or
sensing methods including potentiometers, amperometers,
conductometers, colorimeters, transistors, and electrical
impedance spectroscopy, which are employed for the purpose of
detection. The introduction of nanomaterials can improve
electrochemical sensors in several aspects, such as sensitivity,
selectivity, response times, detection limits, and detection range.
Along with working in a variety of electrochemical ways, these
sensors are also portable and energy efficient. In-situ monitoring is
made possible by nanomaterials, which are also used extensively in
the environmental and medical monitoring fields. In a nutshell, this
article offers a succinct overview of high-performance biosensor
development, focusing on nanomaterial utilization, electrochemical
sensing, and fabrication strategies.

Diversity of nanomaterials in
electrochemical sensors

The utilization of nanomaterials capitalizes on their large surface
area-to-volume ratio, providing additional binding sites for bio-
recognition and element immobilization, consequently augmenting
the potential for target analyte binding, and simultaneously
contributing significantly to the miniaturization process.
Nanomaterials play a pivotal role in boosting signal transduction
and enhancing detection limits, acting as effective amplifiers within
the electrochemical sensors (Bezinge et al., 2020). Microscale
environment within sensor technology addresses many challenges
such as non-uniform pH distribution, electrical distortion, and
uneven application of electrical perturbation (Algamili et al.,
2021). These problems are managed primarily through the
control of spatiotemporal fluctuations and the choice of
nanomaterials (Ferrag and Kerman, 2020). Micro/nanopatterning
for biosensor design, microfluidic biosensors, and
microelectromechanical Systems (MEMs)-based biosensors
exemplify microfabricated sensing devices (Algamili et al., 2021).

The development and fabrication of electrochemical sensors
largely revolve around incorporating various types of nanoparticles
onto electrode surfaces (Figure 1; Table 1). These nanoparticles
encompass metallic elements such as gold (Au), silver (Ag),
cadmium (Cd), ruthenium (Ru), terbium (Tb), molybdenum
(Mo), platinum (Pt), copper (Cu), palladium (Pd), cobalt (Co),
indium (In), osmium (Os), and lead (Pb), as well as non-metallic
elements like carbon (C), silicon (Si), and phosphorus (P).
Additionally, substrates derived from organic sources, such as
metal-organic frameworks (MOFs) (Tian et al., 2019; Liu et al.,
2022), and polyaniline (PAn) (Fan et al., 2007) have also been
employed in research (Figure 1; Table 1). The choice of
nanomaterial depends on the specific requirements of the
biosensing application. The article explores the integration of
various nanomaterials into electrochemical sensors, outlining the
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merits and drawbacks associated with their usage in sensor
enhancement along with the integral role they play in the
miniaturization of biosensors.

Non-metallic and metalloid nanomaterials

With the distinctive properties they possess, carbon-based
nanomaterials like carbon nanotubes (CNTs) and graphene have
attracted a lot of interest in the field of electrochemical biosensing.
CNTs along with graphene can be utilized as transducers or to
modify electrodes (Deng et al., 2018). Their combination improves
the kinetics of electron transfer and improves the immobilization of
bio-recognition components due to their high surface area and good
conductivity, which offers a reliable analyte detection platform
(Naresh and Lee, 2021). Also, by functionalizing carbon-based
nanomaterials with specific groups such as Fe2O3, Mg(OH)2,
graphene oxides, and polymers for selective binding, improving
the sensitivity and selectivity of biosensors significantly (Tran et al.,
2013; Chen et al., 2018; Deng et al., 2018; Wang et al., 2021a).

Using an electroactive polymer and interconnected network of
CNTs, an—unlabelled and reagent-free sensor design was
introduced in 2013 (Table 1) (Liu et al., 2021). The polyfluorene
contained in the polymer backbone exhibits high fluorescence
quantum yield, photo-stability, as well as non-toxic and easy
structural modification, which gives the nanostructured polymer
film a highly distinct electroactivity in the cathodic potential domain
in a neutral aqueous medium which response strongly to miRNA
responses due to higher polymer electroactivity (Liu et al., 2021).

Similarly, in research thionin loading capacity was studied on
shorter multi-walled carbon nanotubes (S-MWCNTs) and
modified multi-walled carbon nanotubes (A-MWCNTs) (Deng
et al., 2018). Because of the enormous effective surface area of
MWCNTs, quick electron shuttle of MWCNTs, and high-loaded
thionin on S-MWCNTs (Huang et al., 2020) developed a uniform,
large-area, layered graphene composite of graphene oxide/graphene
(GO/G).

Furthermore, a fluorescent-based sensing framework was
established using the integration of carbon-based nanomaterials,
and the process was initiated through target recycling activated by
duplex-specific nuclease (DSN). Because of the weak contact
between the short DNA segments and GO, GO induces a high
fluorescence emission (Guo et al., 2014). Another study (Chen et al.,
2018), introduced a novel sensing substrate involving the assembly
of carbon spheres coated with molybdenum disulfide nanosheets
(CS-MoS2 NSs). The combination of CS-MoS2 into a sensor
configuration contributed to a high specific surface area,
improved stability, and enhanced dispersibility of the sensor. The
researchers focused on a target recycling amplification technique
known as Catalytic hairpin assembly (CHA) to deal with the DNA
structure transition which hinders the access of quenching probes
due to steric hindrance (Jiang et al., 2020; Zhang et al., 2020).

Further advancements are also carried out based on non-
metallic nanomaterials have gained popularity due to their low
cost, ease of manufacture, biocompatibility, and considerable
electrochemical and optical capabilities. Graphene and its
derivatives, CNTs, and carbon dots have been explored in the
literature for the development of various electrochemical and

FIGURE 1
Diversity of nanomaterials, electrode selection, ligand variability, and electrochemical sensing techniques in the framework of biosensor
development for detecting various miRNAs.
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TABLE 1 The electrochemical detection methods with their linear range and limit of detection for various miRNAs.

Nanomaterials used Electro-chemical
method

Detection
limit (fM)

Linear
range (fM)

Target
analyte

Reference

Silicon Nanowire AMP 1 NA miR-21 Liu et al. (2012)

AuNP AMP 0.044, 0.0136 NA RSV DNA,
let-7a

Li et al. (2023)

Ruthenium oxide NP-catalyzed polyaniline AMP 2 NA Let-7c Kim and Kang (2023)

AuNP CV 0.12 2.5–2.5 × 107 miR-21 Liu et al. (2022)

Pyrrolidinyl peptide nucleic acid/Ag NF- GCE CV 0.20 NA miR-21 Ranjan Srivastava et al.
(2022)

Cobalt Ferrite Magnetic NP CV 0.3 1–2 × 106 miR-21 Wang et al. (2015b)

Platinum@Cerium oxide NS CV/EIS 1.41 10–1 × 106 miR-21 Mohammadnejad et al.
(2023)

AuNP DPV 0.12 10–2 × 103 miR-182 Yoon et al. (2022)

AuNP DPV 0.058 1–2 × 103 miR-182 Kim et al. (2018)

Magnetic NP (DNA1/Fe3O4 NPs/Thi and
DNA2/Fe3O4 NPs/Fc)

DPV 0.28, 0.36 NA miR-141, -21 Szunerits et al. (2022)

Catalytic hairpin assembly + B12 DPV 4.5 10–1 × 107 miR-141 Khazaei et al. (2023)

Catalytic hairpin assembly DPV 3.608 10–1 × 106 miR-21 Das et al. (2022)

AuNP@Mxenes DPV 0.204, 0.138 0.5–5 × 107 miR-21, -141 Li et al. (2021)

AuNP/polypyrrole-reduced graphene oxide DPV 1.57 10–5 × 106 miR-16 Gao et al. (2020)

Iron oxide/Cerium oxide/Au DPV 0.33 1–1 × 106 miR-21 Tian et al. (2023)

PdNP DPV 0.0086 0.05–1 × 102 miR-21 Tran et al. (2013)

Iron-embedded nitrogen-rich carbon NT DPV 0.853 1–1 × 106 miR-486 Bao et al. (2019)

Carbon Spheres-Molybdenum disulphide DPV 0.016 0.1–1 × 105 miR-21 Wang et al. (2021b)

T7 exonuclease/Copper NP DPV 0.045 1–1 × 103 miR-141 Deng et al. (2018)

AgNPs@N,O-C BLHS DPV 0.01 NA ctDNA Cui et al. (2019)

DNA hairpin probes (cDNA, H1, and H2) EIS 4.63 10–5 × 104 miR-21 Chen et al. (2022)

Graphene oxide@AuPd NP ECL 0.0319 0.1–1 × 106 miR-141 Safari et al. (2023)

AuPd alloy seeds NP/Graphitic carbon
nitride NS

ECL 0.331 1–1 × 107 miR-141 Naikoo et al. (2021)

Au@luminol NPs ECL 0.004 0.01–1 × 103 miR-21 Xu et al. (2020)

SnO2 QDs ECL 0.002 0.01–1 × 105 miR-21 Meng et al. (2020)

ABEI@AuPd NPs ECL 0.0319 0.1–1 × 108 miR-141 Safari et al. (2023)

Poly (9,9-di-n-octylfluorenyl-2,7-diyl)
polymer NPs

ECL 0.017 0.05–1 × 105 miR-155 Castro et al. (2023)

DPA@Pe MCs ECL 0.00414 0.01–1 × 103 miR-21 Kim et al. (2020)

BP-CdTe QDs ECL 0.029 NA miR-126 Várallyay et al. (2008)

PtNPs-modified GCE ECL 0.027 0.1–1 × 105 HIV DNA Fan et al. (2007)

Silicon nanowires FET 1 N/A Let-7b Molla and Youk (2023)

Graphene oxide FL 0.17 1 × 105 miR-16,-21;-26a Lao et al. (2006)

AgNC FL 0.002 NA miR-141 Gao and Yu (2007b)

Zirconium porphyrin MOF FL 0.011 NA miR-21 Chen et al. (2018)

Methylammonium lead halide QDs PEC 0.005 0.01–2 × 107 miR-155 Qin et al. (2023)

(Continued on following page)
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optical cancer-detecting biosensors (Wang et al., 2021b; Castro et al.,
2023; Safari et al., 2023).

Non-metallic nanoparticle-based biosensors are proven to be
instrumental in establishing a microscale environment. The
endeavor to downsize non-metallic nanoparticle-based biosensors
achieved a significant advancement (Sobhanie et al., 2022; Castro
et al., 2023; Khazaei et al., 2023). The methodology entailed
combining paper-based microfluidics with an electrochemical
sensor, resulting in a feasible and efficient framework for creating
small, cost-effective analytical devices (Das et al., 2022). Leveraging
the unique properties of paper as a substrate, microchannels were
formed to facilitate fluid transportation andmanipulation within the
context of paper-based microfluidics. The combination of these
microfluidic capabilities with electrochemical sensing technologies
leads to innovative approaches for the development of diminutive,
efficient, and disposable sensing devices. These innovations have
immense potential to revolutionize the landscape of diagnostic tools,
offering an affordable and portable analytical solution across various
biosensing applications.

In contrast to metallic sensors, sensors based on non-metallic
and metalloid elements exhibit reduced sensitivity, selectivity, and
range due to their lower abundance of free electrons essential for
detection. Furthermore, their increased vulnerability to
environmental oxidation and degradation renders them less
robust and enduring than their metallic biosensor counterparts
(Kim et al., 2020; Naikoo et al., 2021).

Metal nanoparticles

Metal nanoparticles like gold and silver nanoparticles are the
most frequently used in the construction and design of
electrochemical biosensors (Ndolomingo et al., 2020). These
nanoparticles have special optical, electrical, and catalytic abilities
that are used to improve the performance of biosensors (Mehmood
et al., 2015; Ndolomingo et al., 2020). Due to their localized surface
plasmon resonance (LSPR) properties, they can serve as signal
amplifiers (Wang et al., 2015a). The analyte interacts with the
bio-recognition component on the nanoparticle surface, changing

the LSPR and resulting in detectable signals (Kangkamano et al.,
2018). Metal nanoparticles not only function as redox catalysts but
also provide increased surface area for immobilizing bio-recognition
components, enhancing the sensitivity of biosensors (Gao and Yu,
2007a; Wang et al., 2015a; Hao et al., 2017).

The use of AuNP in conjunction with magnetic microbeads
(MMBs) in the fabrication of DNA nanomachines amplified strand
displacement reaction (SDR) signal, resulting in increased sensitivity
and selectivity in electrochemical miRNA detection. The combination
of AuNP-SA MMBs with 3D DNA nanomachines (DNM) utilizing a
toehold-mediated SDR (TSDR) maintained a stable signal for AuNP-
streptavidin MMBs, thus mitigating the influence of environmental
factors (Lu et al., 2020). In contrast, a similar approach was used by
replacing streptavidin with Fe2O3 (Gao et al., 2022), resulting in
significantly improved detection sensitivity by using electrochemical
detection as compared to the conventional method such as northern
blotting (Várallyay et al., 2008) and reverse-transcription polymerase
chain reaction (Lao et al., 2006). In another approach, 3D DNAzyme
walker and the gold nanoparticles/graphene aerogels carbon fiber
paper-based (AuNPs/GAs/CFP) combined with streptavidin-
modified magnetic beads (MBs) were used to detect miR-155 (Zhao
et al., 2023).

The field of biosensor miniaturization with metallic
nanoparticles has witnessed several intriguing advancements. For
early diagnosis of SAH-induced cerebral vasospasm and
hydrocephalus, a team of researchers designed a label-free
cellulose (SERS) biosensor chip with pH-functionalized, AuNP-
enhanced LSPR effects (Kim et al., 2018; Ranjan Srivastava et al.,
2022; Chandra et al., 2023; Ray et al., 2023). The label free cellulose
SERS biosensor chip was integrated by transferring positively
charged AuNPs onto a negatively charged cellulose substrate via
a synthesis procedure. The zeta potential, nanostructural
characteristics, nanocrystallinity, and computational calculation-
based electric field distributions of cellulose-derived AuNPs were
optimized and characterized to maximize LSPR phenomena. The
miniaturization process facilitated high resolution, high sensitivity,
and multiplexing of bioanalytics characterized to maximize the
detection (Kim et al., 2018; Yoon et al., 2022). Another study
(Ulucan-Karnak et al., 2023), designed a sensor based on metal-

TABLE 1 (Continued) The electrochemical detection methods with their linear range and limit of detection for various miRNAs.

Nanomaterials used Electro-chemical
method

Detection
limit (fM)

Linear
range (fM)

Target
analyte

Reference

AuNP SWV 0.03113 0.1–1 × 106 miR-182–5p Tian et al. (2019)

DNA circle capture probe @ tetrahedron DNA
nanostructure

SWV 0.0189
0.0396

0.1–1 × 107 miR-21,-155 Liu et al. (2018)

Pt@Copper MOFs SWV 0.1 1–1 × 106 miR-21,-141 Wang et al. (2021a)

Iron Oxide@AuNS SWV 1.5, 1.8 5–2 × 106 miR-21,-155 Sabahat et al. (2023)

DNA tetrahedron nanostructures SWV 0.01217 0.05–1 × 104 miR-133a Munusami et al. (2022)

Copper-based MOF @PtNP SWV 0.3 0.5–1 × 105 miR-155 Walcarius et al. (2013)

AuNPs-P-DM probe SWV 0.0331 0.1–1 × 106 miR-21 Wang et al. (2020b)

Au, gold; NP, nanoparticles; Pd, palladium; NS, nanospheres; NT, nanotubes; DM, DNAzyme; P, protected strand; MOF, metal organic framework; NC, nanoclusters; Ag, silver; QDs, quantum

dots; Pt, platinum; SnO2, tin oxide; GCE, glassy carbon electrode; BP, black phosphorus; DPA, 9,10-diphenylanthracene; Pe, perylene; MCs, microcrystals; ABEI, N-(4-Aminobutyl)-N-

(elthylisoluminol); BLHS, broom-like hierarchical nanomaterials; NT, nanotubes; NF, nanoflower; Fc, ferrocene; AMP, amperometry; DPV, differential pulse voltammetry; SWV, square wave

voltammetry; CV, cyclic voltammetry; EIS, electrochemical impedance spectroscopy; ECL, electrochemiluminescence; FL, fluorescence; FET, field-effect transistor; PEC, photoelectrochemical.
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oxide nanomaterials (MONs) which played a substantial role in the
development of flexible/wearable sensors due to their tunable band
gap, low-cost, wide specific area, ease of fabrication, and
multiplexing properties.

While metallic nanoparticles possess numerous adjustable
characteristics, their potential cytotoxicity to living tissues and
cells poses limitations on their biosensor applications. Drastic
variations in pH or temperature can render metallic
nanoparticles unstable, compromising sensitivity and selectivity
and potentially leading to false positive or negative results.
Maintaining consistent production of metallic nanoparticles is
challenging, leading to performance discrepancies among
biosensors. Furthermore, metallic biosensors exhibit a narrower
detection range in comparison to optical biosensors (Cho et al.,
2020; Naresh and Lee, 2021).

Nanowires and quantum dots

Nanowires (NW), quantum dots (QDs), metal nanoparticles,
and carbon-based nanomaterials all have special features that may
be customized to certain biosensing uses. Given their distinctive
optical and electrical properties, NW and QDs are appealing
materials for electrochemical biosensors (Ozkan-Ariksoysal and
Uslu, 2021) (Table 1). QDs are semiconductor nanocrystals with
remarkable detection-grade photoluminescence signals and size-
dependent fluorescence characteristics. They are functionalized
with bio-recognition elements and can be utilized as labels for
target analyte detection to enable multiplexed analysis (Algar
et al., 2010; Yuan et al., 2017). They facilitate improvements in
healthcare, environmental monitoring, and other sectors by
improving the performance of electrochemical biosensors.

The uses and advantages of QDs in electrochemical sensing have
been extensively documented recently (He et al., 2023; Pourmadadi
et al., 2023). The incorporation of CH3NH3PbI3 QDs was
documented to lead to a notable improvement in the sensitivity
and light-absorption capabilities of ZnO-NSs (Pang et al., 2016).
These CH3NH3PbI3 QDs, characterized by their optimal band gap
energy and efficient sunlight absorption, offer a novel approach for
enhancing the sensitivity of ZnO-NSs and have been seamlessly
integrated into a photoelectrochemical (PEC) aptasensor for
miRNA detection (Pang et al., 2016). However, the utilization of
QDs comes with some drawbacks as well, particularly their toxicity.
Future research is warranted toward employing less toxic QDs, such
as graphene-based QDs with unique optical properties, which hold
promise for diverse applications including bioimaging and
biosensing (Mohamed et al., 2021).

Nanowires, on the other hand, have a high aspect ratio that
enables direct electron transmission from the analyte to the
electrode surface (Zhou et al., 2023). Their one-dimensional
structure makes it easier to immobilize bio-recognition
components and increases the efficiency of charge transfer,
increasing the sensitivity of the biosensors (Gao et al., 2013). A
study (He et al., 2017) explored the potential of silicon nanowire
(SiNW) biosensors which are a promising tool for miRNA detection
due to their rapid reaction times and heightened sensitivity. They
present a well-established method involving poly-silicon nanowire
biosensors for detecting miRNA (let-7b), achieving LOD of 1 fM

(femtomolar) (He et al., 2017) (Table 1). In another study, PAn-
modified SiNW was used to detect miRNAs by means of a nano-
gapped microelectrode-based biosensor. The conductivity of the
deposited PAn NW is directly proportional to the amount of
hybridized miRNA. Under optimal conditions, this approach
enables good detection of target miRNA with a LOD of 5.0 fM
(Fan et al., 2007). Recent developments have been made on NW
sensors by incorporating several nanoparticles with specific binding
ability (Tran et al., 2023; Zhou et al., 2023).

Although these investigations yield remarkable detection limits,
showcasing the potential of QDs and NW-based sensors, there
remains a significant need for further investigation to tackle their
constraints. These limitations encompass potential toxicity concerns
and challenges associated with precise control over size, shape, and
composition during the synthesis process (Zhou et al., 2023).

Strategies for enhancing LOD of
electrochemical sensors

The ongoing progress in ultrasensitive biosensor development
encompasses a wide array of approaches, introducing innovative
techniques like DNA, tetrahedron, DNA walkers, ratiometric
electrochemiluminescence (ECL) methods, and the integration of
various nanoparticles and their modifications. With advancements
in sensitivity and specificity in recent years, the boundaries of
biosensing capabilities have been pushed by making it possible to
detect biomolecules at extremely low concentrations with
unprecedented precision. In this article, we have curated a
selection of research findings that have demonstrated a linear
range spanning from 0.01 to 1 × 108 fM, accompanied by
corresponding LOD ranging from 0.002 to 5 fM (Table 1).
Additionally, we have specifically highlighted recent attempts
aimed at developing ultrasensitive biosensors, achieving LOD
below 0.009 fM (Figure 2).

Notable advancements include the work of Yang et al. (2021a),
who introduced a groundbreaking ultrasensitive biosensor based on
Ag NPs/SnO2 QDs/MnO2 nanoflowers (NFs). Their innovation
involved integrating three co-reaction accelerators to expedite
charge transfer, ultimately revealing catalytic active sites. The
resultant “on-off-super on” ECL biosensor was coupled with a
3D DNA walker, enabling the remarkably sensitive detection of
miR-21 (0.002 fM) (Yang et al., 2021a) (Figure 2D). Another
groundbreaking approach was proposed by Wang et al. (2020a)
involving the creation of a tripedal DNA walker through DNA self-
assembly. This walker, which employed a catalytic hairpin assembly
(CHA) method, moved along a track strand-functionalized
electrode and facilitated ultrasensitive ECL biosensing of miRNA
(Wang et al., 2020a). The DNA walker’s unique design
demonstrated high efficiency in driving the detection process
(Figure 2G).

Liao et al. (2020) introduced an ingenious approach utilizing 9,10-
diphenyl anthracene doped perylenemicrocrystals (DPA@PeMCs) to
mitigate aggregation-caused quenching (ACQ). This method
harnessed spatial configuration alterations to enhance ECL
response, resulting in an effective avoidance of ACQ-induced
limitations (Liao et al., 2020) (Figure 2J). Qin et al. (2023)
engineered an enzyme-free electrochemical sensor employing Ag@
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N,O-C hierarchical nanomaterials and an entropy-driven DNA
walker. This construct enhanced active sites for DNA walking
substrates, facilitating electron transmission, and enabling the
ultrasensitive quantification of PIK3CA E545K ctDNA (Qin et al.,
2023) (Figure 2B). Gao et al. (2022) designed an electrochemical
sensor by merging 3D DNA NM with a TSDR, exhibiting robustness
against environmental fluctuations leveraging their properties for
sensitive miR-182 detection (Gao et al., 2022) (Figure 2C). In
another approach (Zhu et al., 2019), DNA tetrahedron
nanostructure was used based on dual amplified ratiometric
biosensor with hybridization chain reaction (HCR) for the
ultrasensitive detection of microRNA-133a (Zhu et al., 2019).

Liu et al. (2021) devised an innovative method involving the
opposing effects of H2O2 on two distinct ECL emissions. This
potential-regulated ECL ratiometric method leveraged glucose
oxidase (GOx) in conjunction with HCR and strand displacement
amplification (SDA) for ultrasensitive miR-155 detection (Liu et al.,
2021) (Figure 2I). Zhao et al. (2021) innovatively employed black
phosphorus (BP) NSs to modulate the emission of quantum CdTe
QDs, leading to simultaneous cathodic and anodic ECL signals. Their
approach, utilizing BP-CdTe QDs, H2O2 and tripropylamine as the
cathodic and anodic co-reactants, respectively enabled an
ultrasensitive miR-126 detection (Zhao et al., 2021) (Figure 2F).
Wang et al. (2021a) developed ABEI@AuPd NPs loaded with

FIGURE 2
Simplified schemes of the fabrication of ultrasensitive biosensors. (A) Schematic illustration of the preparation of the CDNM via target-triggered
TSDRs and the walking process of the CDNM in the presence of target miRNA (Li et al., 2023). (B) Schematic of Ag@N,O-C BLHS synthesis, and
electrochemical sensing mechanism for ctDNA detection sensitized with Ag@N, O-C BLHS driven by DNA walker (Qin et al., 2023). (C) Construction of a
ratiometric electrochemical sensor based on the 3D-DNA nanomachine with multiple hybridization and cleavage cycles for miRNA detection (Gao
et al., 2022). (D) Fabrication scheme for the Ag NPs/SnO2 QDs/MnO2 NFs based-ECL biosensor for miR-21 detection (Yang et al., 2021a). (E) Creation of
ABEI@AuPd NPs sensor with DNA nanomachines walking freely on ECL electrodes for the detection of miR-141 (Wang et al., 2021a). (F) BP-CdTe QDs
biosensor construction and GOx conjugation to S1 for miR-126 detection (Zhao et al., 2021). (G) Schematic based on the CHA-tripedal DNA walker
strategy along with the walking process of the tripedal DNA walker on the electrode of ECL for the detection of miRNA-21 (Wang et al., 2020a). (H) AF-
PtNPs@Ru (dcbpy)2/3+ assembly with 3D DNM using target recycling amplification technology and the multiple ECL-RET biosensor for the detection of
miR-141 (Wang et al., 2020b). (I) Schematic illustration of the preparation of ST, its assembly steps, and signal conversion mechanism of the ratiometric
biosensor for detecting miR-155 (Liu et al., 2021). (J) DPA@Pe biosensor fabrication strategy based on affinity switch using CHA and RCA amplification
strategy for miR-21 detection (Liao et al., 2020). Abbreviations: AA, ascorbic acid; A1 and A2, helper SSDNA; A3, secondary target DNA; ABEI, N-(4-
Aminobutyl)-N-(elthylisoluminol); (A:C-MB:B), three stranded substrate complex; AF, Alexa fluor; [Ag(Bin)]n, silver based benzimidazole polymer; AuNP,
gold nanoparticles; bioHP1, biotinylated hairpin probe 1; bioHP2, biotinylated hairpin probe 2; BP, black phosphorus; BSA/Fc/S2, bovine serum albumin
labeled with ferrocene and DNA strand S2; CDNM, controlled 3D DNA nanomachine; CHA, Catalytic hairpin assembly; CP, capture probe; CS, chitosan;
CTAB, hexyltrimethyl ammonium bromide; CtDNA, circulating tumor DNA; CTQDs, CdTe quantum dots; dep/Au, electrodeposited with gold particles;
3DNM, 3D DNA nanomachine; DM, DNAzyme; dNTPs, deoxyribose nucleotide triphosphate; DPA, 9,10-diphenylanthracene; DPV, differential pulse
voltammetry; 3D-rGO, three dimensional reduced graphene oxide; DW, DNA walker; ECL, electrochemiluminescence; Fc, Ferrocene; (Fc-DNA-Fc),
double labeled ferrocene quencher probes; F, fuel; GCE, glassy carbon electrode; GH2, graphene oxide with hairpin 2; GH3, graphene oxide with hairpin
3; G-quad, G-quadruplex structure; H, hairpin chain; Hemin-G-quStr, Hemin/G-quadruplex structures; HDPC, chlorohexadecyl pyridine; HPdNs, hollow
palladium nanospheres; HT, hexanethiol; LR, linear range; MBS, maleimidobenzoic acid N-hydroxy-succinimide ester; MCs, microcrystals; MCH,
modified carbon hairpin chain; miR, microRNA; Mg+2, magnesium ion cofactor; MMB, magnetic micro beads; MT, mimic targets; NC1, Nanocomposite 1;
NC2, Nanocomposite 2; NC3, nanocomposite3; NFs, nanoflowers; NPs. Nanoparticles; NS, nanosheet; P, protected strand; Pe, perylene; PFO, poly (9,9-
di-n-octylflurenyl-2,7-diyl); Phi29, DNA polymerase; PP, protect probe; PSC, polystyrene microspheres; PtNCs, polyethyleneamine platinum
nanoclusters; PVP, polyvinyl pyrrolidone;QDS, quantum dots; RP, reference probe; Ru (dcbpy)2/3+, tris (4, 4′-dicarboxyylic acid - 2,2′-bipyridyl) ruthenium
II; S1, single strand; SA, streptavidin; SH, thiol modified hairpin; SP, signal probe; ss DNA, single strand DNA; ST, selected target; SWV, square wave
voltammetry.
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ABEI and synthesized 3D-rGO@Au NPs to establish strong electron
transmission channels. This setup significantly amplified the ECL
signal, allowing the detection of miR-141 at a low concentration of
0.0319 fM (Wang et al., 2021a) (Figure 2E). Another investigation
(Wang et al., 2020b) demonstrated that the integration of 3D DNM
with PtNCs@Ru (dcbpy)2/3+ improved the efficiency and sensitivity of
the ECL biosensor (Figure 2H). This enhancement can be attributed to
the presence of multiple energy donor/acceptor pairs, the utilization of
Pb+2 dependent DNAzyme-assisted target recycling amplification
technology, and the incorporation of multiple ECL resonance
energy transfer (RET) mechanisms. These features collectively
resulted in a more efficient electron-transfer process, reduced
energy loss, and ultimately, heightened RET efficiency (Wang et al.,
2020b; Tian et al., 2023) (Figure 2H).

Li et al. (2023) explored the effect of core diameter and
DNAzyme cantilever length on 3D DNA nanomachine (CDNM)
efficiency. By optimizing these parameters, they enhanced the
walking rate and activity space of the CDNM, leading to the
ultrasensitive detection of miR-21 at 0.0331 fM compared to
traditional DNMs (Figure 2A). Another study (Liu et al., 2012)
reported an exceptional sensitivity of 0.002 fM by integration of
target-assisted isothermal exponential amplification, combined with
the utilization of fluorescent DNA-scaffolded AgNCs. The
successful implementation of this method was exemplified by its
application in detecting miRNA within real samples that include
human pancreatic cancer (AsPc-1), prostate carcinoma (22Rv1),
hepatocellular carcinoma (BEL-7404), cervical cancer cell lines
(HeLa), and breast cancer (MDA-MB231) cell line for early
diagnosis, thereby showcasing its feasibility, simplicity, and cost-
effectiveness. By achieving such remarkable sensitivity levels, this
method opened up new avenues for the quantitative, accurate, and
reliable assessment of miRNA expression. Recent research (Molla
and Youk, 2023) employed the use of carbon-based nanomaterials
for the detection of both small molecules and biomolecules
(Table 1). The authors compared the performance of different
analytes by increasing sensitivity or selectivity via modifications
to the electrode and catalytic system. Using different electrodes,
sensing applications for CdS (cadmium sulfide) are addressed and
categorized depending on their composition. For electroanalytic
applications, many electrochemical techniques have been taken into
consideration, including electrochemical impedance spectroscopy
(EIS), cyclic voltammetry (CV), differential pulse voltammetry
(DPV), and ECL.

In other attempts to enhance the performance of biosensors for
miRNA detection, two distinct research teams achieved an
astonishing level of sensitivity, successfully detecting miRNA at
concentrations lower than 0.009 fM (Pang et al., 2016; Zhang
et al., 2019a). Both studies adopted distinct strategies,
underscoring the diversity in their approaches to reach the
exceptional LOD (Pang et al., 2016; Zhang et al., 2019a). Pang
et al. (2016) developed an electrochemical sensor by employing a
PEC aptasensor configuration. The approach hinged on the
utilization of ZnO-NSs combined with CH3NH3PbI3 QDs. The
establishment of a heterojunction between CH3NH3PbI3 QDs
and ZnO-NSs facilitated a notable increase in the PEC signal.
This aptasensor architecture facilitated the precise and accurate
identification of miR-155 at a level of 0.005 fM (Pang et al.,
2016). While Zhang and co-researchers (Zhang et al., 2019b)

introduced an ultrasensitive, label-free electrochemical biosensor
leveraging palladium nanoparticles (PdNPs) alongside rolling circle
amplification (RCA). The biosensor was constructed by affixing
electrode-immobilized dual-functionalized hairpin probes, which
successfully detected miRNA at a detection threshold of 0.0086 fM.
This newly developed biosensor also showcased remarkable
selectivity, repeatability, and stability (Zhang et al., 2019b). The
hairpin probe sensors hold tremendous potential for advancing the
realm of ultralow-level miRNA diagnostics, boasting extraordinary
levels of selectivity, repeatability, and stability (Meng et al., 2020).

Comparatively, Xu et al. (2020) reported the construction of a
biosensor that relied on a novel DNA circular capture probe
equipped with multiple target recognition domains achieving an
LOD of <0.05 fM. They employed a mimetic proximity ligation
assay which facilitated the capture of beacons labeled with ferrocene
(Fc)-A1 and methylene blue (MB)-A2 to detect miRNAs (Xu et al.,
2020). By comparing this approach with the conventional strategies
of electrochemical biosensing using label-free (Cui et al., 2019) or
label-based configurations with different electrochemical techniques
such as amperometry, DPV, SWV, EIS, and potentiometry, they not
only increased the reaction concentration but also avoided
interference from capture probes (Munusami et al., 2022).

In another unique approach, Lu et al. (2020) developed an
electrochemical sensor by combining 3D DNM with a TSDR.
The signal of Fc-labeled dsDNA was reversely proportional to
target miR-182 while the signal of AuNP-SA MMBs remained
stable. The method offered a strong ability to eliminate
interference from environmental changes, thus the enlarged
AuNP-SA MMB depicted a detection limit of 0.058 fM (Lu et al.,
2020). In contrast, when a similar approach was used by replacing
SA with Fe2O3 the LOD decreased to 0.12 fM (Gao et al., 2022)
(Figure 2C). Therefore, this significant advancement resulted in
greatly improved detection sensitivity by declining hindrance from
intricate biosystems (Lao et al., 2006; Várallyay et al., 2008).

Reported enhancements to sensor performance have been
achieved through modifications involving various ligands,
encompassing thionine (Deng et al., 2018), Pd (Gao and Yu,
2007b; Wang et al., 2021a), SA (Hao et al., 2017), silver sulfide
(Ag2S) (Miao et al., 2016), iron oxides (Fe2O3/Fe3O4) (Yu et al.,
2017; Zhou et al., 2017), cerium oxide (CeO2) (Deng et al., 2018; Liu
et al., 2018; Chen et al., 2022), titanium dioxide (TiO2), GO (Erdem
et al., 2017; Bao et al., 2019), MOFs (Liang et al., 2019; Sun et al.,
2020), PAn (Peng et al., 2010; Wang et al., 2015b) and MXenes
(Mohammadniaei et al., 2020). The enhancement of both LOD and
miniaturization can be amplified by synergistically amalgamating
diverse nanoparticle compositions and modification strategies that
encompass ligands. The employment of appropriate ligands not only
underscores the adaptability of nanoparticles in sensor design but
also showcases the potential for attaining elevated sensor
performance across a multitude of applications (Szunerits et al.,
2022).

Electrochemical sensing methods

Electrochemical techniques have garnered significant attention
in the field of biosensing due to their numerous advantages
including high sensitivity, cost-effectiveness, rapid analysis, low
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detection limits, user-friendly operation, and portability. Figure 1
illustrates a range of widely employed electrochemical sensing
methods in biosensors. This comprehensive suite of
electrochemical techniques empowers biosensing with a diverse
array of tools to cater to various analytical requirements. It’s
important to highlight that the wide range of LOD values seen in
the studies listed in Table 1 underscores the critical role of careful
selection of sensing methods and nanocomposites, as both can
significantly impact the final sensor performance.

Voltammetry stands out as one of the most frequently employed
detection methods, driven by its fundamental exploration of redox
reactions, electron transfer at electrode surfaces, reaction kinetics,
and reaction mechanisms. Diverse subtypes of voltammetry,
including CV, DPV, and square wave voltammetry (SWV), offer
distinct approaches to analysis. CV involves a potential variation
over a constant time, while DPV employs potential pulses at specific
time intervals (Elgrishi et al., 2018; Sabahat et al., 2023). Table 1
shows a range of detection limits associated with voltammetry
sensing techniques, spanning from 67 to 0.0089 fM. The diversity
in detection limits underscores the significance of considering the
compatibility of techniques with the choice of nanomaterial and
fabrication strategy.

Noteworthy achievements in detection sensitivity have been
reported by Zhang et al. (2019b) and Xu et al. (2020) (Zhang
et al., 2019b) who utilized DPV in conjunction with metallic
nanoparticle-based biosensors. In a different study, Kangkamano
et al. (2018) demonstrated miRNA-based biosensors employing CV
and EIS, utilizing a modified electrode incorporating pyrrolidinyl
peptide nucleic acid (acpcPNA), polypyrrole (PPy), and silver
nanofoam (AgNF). The fabrication of AgNF was characterized
through EIS while CV measured the resulting current
(Kangkamano et al., 2018). This electrode modification aimed to
heighten sensitivity and selectivity for the mRNA probe, achieving
increased surface area and safeguarding against unwanted materials.
CV, beyond its sensing applications, serves to characterize
electrochemical processes transpiring on electrode surfaces.
Notably, this electrochemical approach achieved an ultrasensitive
biosensor with LOD of 0.20 fM (Kangkamano et al., 2018).

Within the realm of biosensing, PEC has captured the attention
of researchers due to its unique capabilities. PEC sensing involves
exciting photoactive material using light to generate charge species,
such as electrons and holes. The transfer of these charge carriers
plays a pivotal role in redox reactions and charge recombination
dynamics. The photoactive material not only offers active sites to
enhance reaction kinetics but also minimizes charge recombination
events (Gao et al., 2020). Zhou et al. (2023), utilizing a Cu2O(PTB7-
Th/PDA+) designed a PEC biosensor for miRNA detection. In this
setup, (Poly ([2,6′-4,8-di (5-ethylhexylthienyl)benzo [1,2- b; 3,3- b]
dithiophene] {3-fluoro-2 [ (2-ethylhexyl)carbonyl]thieno [3,4-b]
thiophenediyl}) (PTB7-Th) boosts Cu2O signals, facilitating
charge separation in the bulk material, while N,N-bis(2-(trimethyl
ammonium iodide)propylene)perylene-3,4,9,10 tetra
-carboxydiimide (PDA+) acts as a mediator for charge transfer.
To amplify signals, a 3D DNA walker connected to a dumbbell HCR
was employed. The photoanode electrode, when exposed to light,
exhibited substantially increased peak current compared to the
pristine material, attributable to enhanced electron and hole
movement and separation (Zhou et al., 2023). Another research

group (Cui et al., 2023) employed a similar PEC sensing method for
methylated RNA protein detection, utilizing a molybdenum
diselenide/bismuth oxide (MoSe2/BiO) heterojunction as the
photocathode. This heterojunction was synthesized via an in-situ
method to augment MoSe2 activity. Signal amplification was
achieved using poly aspartic acid-loaded alkaline phosphatase,
resulting in an improved LOD (Cui et al., 2023). In a different
study by Liu et al. (2020), a TI3C2/CdS nanocomposite was deposited
on a Fluorine-doped Tin Oxide (FTO electrode), with chitosan as a
binder for miRNA. Signal enhancement for PEC detection was
accomplished using TMPyP, acting as an amplification agent,
thereby enhancing sensitivity (Liu et al., 2020). These innovative
approaches in PEC biosensing showcase the potential for highly
sensitive and selective detection through synergistic interactions
between photoactive materials, charge transfer mediators, and signal
amplification strategies.

The electrochemical impedance spectroscopy (EIS) serves as a
widely utilized technique for investigating the rate of electron
transfer and diffusion in electrochemical reactions (Table 1).
Through impedance analysis, the interaction between the
electrode and the surface can be effectively probed by modulating
the current (Walcarius et al., 2013; Naresh and Lee, 2021). A recent
advancement involves an electrochemical biosensor employing
reduced graphene oxide (RGO) and AuNPs to detect miR-128,
showcasing sensitivity with a LOD of 0.08761 fM and 0.00956 fM
using label-free and labeling approaches, respectively
(Mohammadnejad et al., 2023). Kim and Kang (2023) developed
an electrochemical biosensor using a graphitic nano-onion/
molybdenum disulfide (MoS2) NSs composite for the detection of
human papillomavirus (HPV)-16 and HPV-18 which will help in
early diagnosis of cervical cancer (Kim and Kang, 2023). The acyl
bonds on the surfaces of functionalized nano-onions and the amine
groups on functionalized MoS2-NSs were chemically combined to
create the electrode surface for testing DNA chemisorption,
inducing an alteration in the electrochemical signal. When used
as a sensing technique, this novel biosensor achieves LOD of
0.00696 fM using DPV and produces a current signal along with
background noise. EIS, on the other hand, helps assess the developed
electrode (Kim and Kang, 2023). These developments underscore
the vital role of EIS in refining biosensing capabilities, allowing for
sensitive and specific detection with diverse applications, from
AuNP-based sensors to targeted DNA-triggered diagnostic tools.

A field-effect transistor (FET) is a specific type of transistor that
harnesses electric fields to facilitate the conduction of electrons between
its three essential electrodes: the source, drain, and gate electrode. Its
functionality pivots around the control of material conductivity,
achieved by manipulating the electric field of the gate electrode
relative to the other electrodes. Depending on the semiconductor’s
dopant and structure, the potential applied to the gate electrode can lead
to either electron absorption or elimination within the channel
(Grieshaber et al., 2008; Thriveni and Ghosh, 2022). Consequently,
this process enables the adjustment of the depletion region, thereby
shaping and reshaping the channels. This orchestration governs the
conductance between the source and drain electrodes. This FET
framework proves apt for amplifying weak signals and
accommodating high impedance in biosensors (Grieshaber et al., 2008).

By substituting the gate electrode with a bio-sensitive surface in
contact with a supporting solution, the FET can seamlessly
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transform into a biosensor. This configuration enables the FET
biosensor to detect subtle changes caused by interactions between
the bio-sensitive surface and target analytes, allowing for sensitive
and selective measurements (Wang et al., 2020a; Liu et al., 2020). Li
et al. (2021) research focused on a FET built on a foundation of
CNTs, aimed at detecting exosomal miRNA associated with breast
cancer. This biosensor is composed of CNTs functioning as a
floating gate, a thin yttrium oxide (Y2O3) layer acting as an
insulator, and AuNPs serving as linkers for probe capture. The
detection of the target probe is accomplished by monitoring changes
in current, resulting in heightened sensitivity and an impressively
low LOD (0.00087 fM) (Li et al., 2021).

ECL stands as a chemiluminescent process, distinguished by the
emergence of a luminophore at the surface of an electrode through
the application of an electric voltage. This electrical manipulation
triggers the transfer of high-energy electrons, ultimately generating
an excited state that gives rise to luminescent signals. In ECL
systems, nanomaterials act as catalysts to amplify the activation
of molecules. This catalytic activity leads to the formation of
oxidizing and reducing agents, which subsequently engage with
the luminophores, culminating in the creation of electronically
excited molecules. Co-catalysts plays an important role in this
process and profoundly influence the activation of molecules and
the resulting ECL phenomena (Jiao et al., 2023). Wang et al. (2021a)
developed an innovative biosensor using DNA walkers and AuPd
nanomaterials to achieve highly sensitive (low 0.0319 fM) detection
of miR-141, employing the ECL technique. The design of the
biosensor employs graphene as a conducting layer, while the
inclusion of AuPd nanoparticles serves as an accelerator,
enhancing the ECL signals.

As shown in Table 1, an array of studies has used amperometry
as their preferred detection method for a variety of miRNAs. The
exceptional sensitivity of this technique is based on the precise
measurement of current during the electroactive material’s redox
reaction. As seen in the study by Cai et al. (2013) an exceptionally
low LOD (<0.05 fM) was achieved through the utilization of a gold
electrode. This specific technique is particularly geared towards
detecting metal ions, with its efficacy stemming from the
selective reduction of only metal ions (Cai et al., 2013). However,
the diverse range of LOD values recorded through amperometry can
be ascribed to various factors, including the distinct nanocomposites
chosen, the methodologies implemented, and the selection of
appropriate sensing techniques (Table 1).

In another study, Yang et al. (2021b), engineered an
ultrasensitive biosensor tailored for the detection of HPV
miRNA. Within this biosensor, authors deployed a triple signal
amplification strategy that ingeniously combined AuNPs with
reverse transcription loop-mediated isothermal amplification
(RT-LAMP) and a high-affinity biotin-avidin system. This multi-
pronged approach yielded an extraordinary LOD, reaching an
impressive 0.08 fM. Notably, this sensing paradigm incorporated
the use of EIS for electrode fabrication assessment, while the
performance stability, specificity, and miRNA detection were
evaluated through amperometry. This adoption of the
amperometric method bears notable advantages, primarily in the
capability to discern HPV miRNA copies across a range spanning
from 101–108 fM. The synergy of EIS and amperometry contributes
to the overall efficacy of the biosensor, ensuring robust performance

and the ability to detect analytes. The intricate combination of these
techniques underscores the biosensor’s exceptional sensitivity and
its potential to revolutionize the field of biosensors (Yang et al.,
2021b).

Zhang et al. (2019a) engineered a biosensor centered on a multi-
step process. This novel biosensing approach utilized duplex-specific
nuclease (DSN)-assisted target recycling, followed by the integration
of AuNPs and enzymatic signal amplification, all aimed at the
precise detection of miR-21. Notably, the amperometric method
emerges as a key player in signal amplification, operating on the
principle of monitoring current changes over time. To ascertain the
feasibility of this biosensor, CV was judiciously employed. CV
enables the identification of miRNA presence through the
observation of peak elevation (Zhang et al., 2019a).

Li et al. (2023) utilized a CDNM-based electrochemical
biosensor to detect miR-21 achieving an LOD of 0.0331 fM. In
contrast to previous methods using various electrochemical
detection techniques, a significant improvement in LOD was
observed. For instance, fluorescence yielded an LOD of 0.01 fM,
ECL ranged from 2.44 to 4.92 fM, PEC exhibited 0.29 fM, and
electrochemical methods ranged from 0.27 to 2.20 fM. The
CDNM-based biosensor showcased a broader response range and
lower sensing limit for miRNA detection due to the synergistic
amplification from the combination of CDNM and TSDRs (Li et al.,
2023).

Furthermore, the biosensor’s fabrication underwent rigorous
investigation through EIS ensuring the optimal construction of the
sensor, with LOD of 0.0433 fM. This achievement highlights the
biosensor’s unparalleled sensitivity, rooted in the orchestrated
amalgamation of DSN-assisted target recycling, AuNPs, and
enzymatic signal amplification. The strategic integration of
amperometric signal amplification, combined with the use of CV
and EIS, demonstrates the advanced nature of this biosensing
platform, ultimately leading to exceptionally accurate and reliable
detection of miR-21 (Zhang et al., 2019b).

In summary, the choice of sensing technique depends on the
unique characteristics of the material under investigation and
construction strategies. Several factors drive the suitability of
modified electrodes in this context. One prominent rationale stem
from the fact that certain materials fail to manifest a discernible
response within the potential range of conventional solid electrodes.
To overcome this limitation, a higher potential is often necessitated,
leading to the generation of a more pronounced background current.
This scenario can consequently lead to a reduced LOD, impacting the
sensor’s sensitivity. Furthermore, the employment of modified
electrodes is warranted due to the potential for surface
deactivation. The adsorption of biological molecules onto the
electrode surface can significantly impact its stability, potentially
compromising the accuracy and reliability of measurements. This
is a crucial consideration, as the stability of the electrode is paramount
for maintaining consistent and reproducible results.

Most biosensors employed in biomedical applications require
a sizeable sample to detect an object, which may lead to false-
positive or false-negative results. Only a few biosensors have been
successful in the marketplace globally. More research is required
in this area, and we anticipate that businesses will soon transform
the scholarly work now being done into commercially viable
prototypes.
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The development of ultra-sensitive biosensors is still faced
with several formidable challenges, each influencing the ultimate
detection capabilities. One of the primary concerns is the need to
achieve high specificity in biosensors. Complex samples often
contain interfering compounds, which can lead to erroneous
results, including false positives or false negatives. Gown
(2016) conducted a study that highlighted false-negative
results caused by various factors such as inadequate
sensitivity, poor sample preparation, insufficient calibration, or
interference from other substances. Additionally, the cost
associated with the production and development of biosensors
has limited their widespread use in various applications. The
expenses can be significant, encompassing manufacturing,
calibration, and integration costs related to immobilizing,
purifying, and storing components. On the other hand, legal
and ethical challenges also exist, including issues related to safety,
quality, validation, standardization, and approval, which can
vary from country to country and market to market (Sharma
et al., 2015; Fogel and Limson, 2016).

Reproducibility is a critical aspect of biosensor development,
influenced by multiple variables, including the quality of
materials used, intricacies in the production process, and
prevailing environmental conditions. The condition of
electrode surfaces and unintended substance adsorption can
significantly impact the challenges faced in biosensor
development, making replication and electrode regeneration
difficult tasks (Carpenter et al., 2018; Naresh and Lee, 2021).
Naresh and Lee (2021) proposed several approaches for the
replication of biosensors, including inkjet printing, screen
printing, and microcontact printing. Further research is
warranted to enhance the efficiency and effectiveness of these
techniques.

Analyte detection in biosensors presents additional challenges,
such as potential loss, diffusion, non-specific binding, and analyte
degradation during their delivery to the electrode surface, as
observed in various studies (Varshney and Mallikarjunan, 2009;
Elgrishi et al., 2018; Vu and Chen, 2019; Naresh and Lee, 2021;
Manimekala et al., 2022; Thriveni and Ghosh, 2022). Recent efforts
have focused on addressing these obstacles and devising innovative
strategies to enhance biosensor performance and reliability. In the
context of FET biosensors, maintaining robust electrical
performance and stability in liquid environments remains a
significant concern (Vu and Chen, 2019; Cho et al., 2020;
Manimekala et al., 2022). Vu and Chen (2019) enhanced the
anti-interference capabilities of FET biosensors by addressing the
issue of non-specific binding between unmodified linkers and targets
through the mitigation of blocking surface sensors.

Recent advances in the realm of ultra-sensitive biosensors have
been witnessed across various categories, including optical
biosensors, colorimetric biosensors, nano-electronic biosensors,
MOFs-based biosensors, and aptamer-based sensors. Despite
these commendable developments, a notable observation is the
disproportionate attention given to the calculation of LOD and
linear range, while essential validation parameters, crucial for the
establishment of an ultrasensitive electrochemical sensor, namely,
precision, accuracy, repeatability, selectivity/specificity, linearity,
and limit of quantification, have received relatively less emphasis
and scrutiny.

Conclusion

In conclusion, the landscape of biosensor development has seen a
transformative shift towards achieving ultrasensitive detection
capabilities. Innovative methodologies such as novel DNA walker
strategies, controllable 3D DNM, advanced and ultrasensitive
biosensing methods such as ratiometric ECL techniques, and
nanoparticle modification with ligands integration have revolutionized
the field, enabling the detection of biomolecules at unprecedentedly low
concentrations with remarkable precision. These innovations have
ushered in a new era in biosensing, empowering the precise detection
of biomolecules at previously unimaginable low concentrations while
ensuring exceptional precision and accuracy. The review has highlighted
a selection of groundbreaking research findings, illustrating linear
detection ranges spanning from 0.01 to 1 × 108 fM and
corresponding LOD ranging from 0.002 to 5 fM. Some studies have
even surpassed these benchmarks, achieving LOD levels below 0.009 fM.
The adaptability of nanoparticles in sensor design and the potential for
elevated performance across various applications have been prominently
demonstrated. Continued research in this domain is expected to yield
further enhancements, opening up new horizons for applications in
diagnostics, disease monitoring, and biomedical research. Collectively,
these innovations mark significant progress in biosensing technologies,
carrying profound implications for the field of diagnostic research.
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Introduction: In this study, a surface-enhanced Raman scattering (SERS) sensor
based on a functionalized Au/Si cap-cone array (Au/Si CCA)was constructed using
the identity-release strategy to detect Vimentin changes during epithelial-
mesenchymal transition (EMT) in gastric cancer (GC).

Methods: The periodic structure of Au/Si CCA, which can form “hot spots” with
high density and regular arrangement, is a substrate with excellent performance.
Au/Si CCA was functionalized with aptamers as the capture substrate, and Au
nanocubes (AuNCs) were modified with 5-carboxyfluorescein (5-FAM) labelled
complementary strand as SERS probe. The capture substrate and SERS probewere
assembled by hybridization, and the SERS signal intensity of 5-FAM was greatly
enhanced. The binding of Vimentin to the aptamer resulted in a broken
connection between the SERS sensor Au/Si CCA array and AuNCs, which
resulted in a decrease in the signal intensity of 5-FAM. The identity-release
strategy requires only a simple step of reaction to achieve rapid detection of
target proteins, which has clinical practicability.

Results:Using this protocol, the concentration of Vimentin in GES-1 cells could be
successfully detected, and the detection limit was as low as 4.92 pg/mL. Biological
experiments of Vincristine, Oncovin (VCR)-treated GES-1 cells effectively
mimicked the EMT process, and Vimentin changes during EMT could be
accurately detected by this method.

Discussion: This study provides a selective, ultra-sensitive and accurate assay for
Vimentin detection, which may provide a means for the future detection of EMT
process in GC.

KEYWORDS

Au/Si CCA, epithelial-mesenchymal transition, gastric cancer, surface-enhanced Raman
scattering, Vimentin
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1 Introduction

Gastric cancer (GC) is one of the most common and high-risk
malignant tumors in the digestive system (Li et al., 2020). It originates
frommucosal epithelial cells on the inner surface of the gastric wall and
can occur in various parts of the stomach (Liang et al., 2023; Liu et al.,
2023). The onset of GC is relatively hidden and the early symptoms are
not typical, leading to many patients usually being diagnosed in the late
stage (Monster et al., 2022). GChas the characteristics of easymetastasis
and recurrence (Wei et al., 2017). GC patients are often accompanied by
lymph node metastasis, peritoneal metastasis and liver metastasis, so
their prognosis is extremely poor (Mita et al., 2023). Infiltration and
metastasis of tumors are one of the most common causes of death.
Metastasis is a complex multi-step process and epithelial-mesenchymal
transition (EMT) is a key step in GC metastasis (Mahmoudian et al.,
2023). The transformation of adherent epithelial cells into
mesenchymal cells during EMT enables the cells to acquire powerful
pro-tumor properties, including motility, aggressiveness, dryness, the
ability to form metastasis and drug resistance (Zhang Z. et al., 2023b).
The abnormal activation of EMT plays an important role in the
invasion, metastasis and recurrence of GC (Pretzsch et al., 2022; An
and Liu, 2023; Eddin et al., 2023). At present, GC has become a major
burden on society, early detection of the key factor in the EMT process
and subsequent treatment will improve patient prognosis.

Vimentin is a cytoskeletal intermediate filament protein, which is
mainly expressed in mesenchymal origin tissues and the cytoplasm of
mesenchymal tumor cells, and plays an important role in epithelial cell
development, incision healing and tumor invasion and metastasis
(Paulin et al., 2022). Expression of waveform proteins in epithelial
cells is critical for continuous EMT through interactions with actin and
other intermediate filaments.Waveformprotein expression in epithelial
cells has been reported to be associatedwith themalignant phenotype of
cancer cells. Also patients withwaveformprotein-positive gastric cancer
have significantly worse prognosis than patients with waveform
protein-negative gastric cancer, and waveform protein expression
may be a useful biomarker for determining the biological
aggressiveness of gastric cancer (Brzozowa et al., 2015). In addition
waveform protein expression in epithelial cells is crucial for EMT,
which is associated with the acquisition of invasive properties of cancer
cells (Yin et al., 2018). Several studies related to GC have shown that
Vimentin can induce EMT and promote the invasion and metastasis of
GC cells (Keyghobadi et al., 2022; Wang et al., 2023). It can be used as
an important marker in EMT process (Yin et al., 2018). In the past,
Vimentin was detected by immunological, electrochemical and
fluorescent methods (Fhied et al., 2014; Wei et al., 2020; Peng et al.,
2023). These methods have drawbacks such as susceptibility to
interference, time-consuming, high cost, and complex to operate.
Therefore, it is crucial to find a rapid and simple detection method
with high sensitivity and specificity.

To address the above issues, an aptamer composed of nucleic acids
was introduced as amolecular recognition probe. Aptamers are artificial
short single-stranded oligonucleotides of DNA or RNA selected by
Systematic Evolution of Ligands by Exponential Enrichment (SELEX)
(Tuerk and Gold, 1990). Aptamer has excellent chemical stability and is
not easily limited by the environmental conditions of the biosensing
method (Liu et al., 2022; Nourizad et al., 2023). Aptamers are linked to
complementary DNA or RNA strands by hybridization, a signaling
strategy guided by preprogrammedWatson-Crick base-pairing, to form

double-stranded structures called duplexed aptamer (DA), which
regulate aptamer function (Nutiu and Li, 2003). In DA, the aptamer
acts as a ligand-binding agent, whereas the complementary strand,
which initially hybridizes to a defined portion of the aptamer, acts as a
competing binding agent and generates signals during ligand-dependent
dehybridization (Munzar et al., 2018; 2019). Conformational selection
assumes that the complementary chain is first dehybridized from the
DA to produce a free aptamer, which is able to fold into a three-
dimensional structure and bind with high affinity and specificity to a
particular target molecule (Song et al., 2008). The development of
sensors based on the advantages of aptamers such as simplicity,
speed, low cost, high sensitivity and high specificity has attracted
much attention (Arishi et al., 2023; Gao et al., 2023; Park et al., 2023).

Surface-enhanced Raman scattering (SERS) can identify molecular
“fingerprint” information, parameters such as characteristic peak
position and intensity of the spectral signal can reflect the
composition and structure of functional groups and chemical bonds
in themolecule, thus achieving the specific detection of themolecule (Gu
et al., 2023). Preciousmetalmaterials (Au,Ag, Cu) are the strongestmetal
materials in SERS effect, and theirmorphology, size and aggregation state
have great influence on SERS effect (Yang et al., 2018; Sai et al., 2023).

Au/Si CCA, when used as a SERS substrate, ensures the uniform
distribution of hot spots and adsorbed target molecules on the chip,
enabling excellent signal reproducibility and accurate quantitative
SERS detection. The edges and corners of AuNCs generate
significantly enhanced localized electromagnetic fields on individual
nanoparticles or between coupled nanoparticles, which can lead to

FIGURE 1
Preparation of capture substrate and SERS probe and schematic
diagram of SERS sensor for Vimentin detection.

TABLE 1 The sequence of Vimentin aptamer and complementary strand.

Name Sequence (5′–3′)

Aptamer SH-TAGACCCAGCTGGTCCGGAAAATAAGATG

TCACGGATCCTC

Complementary strand SH-GAGGATCCGTGACATCTT-5-FAM
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significant SERS enhancement (Park et al., 2018). Therefore, SERS
technology has the advantages of high sensitivity, good specificity,
simple and fast operation (López-Lorente, 2021). Pan et al. (2022)
developed a sensitive and direct SERS aptamer sensor to detect
exosomes. The as-fabricated SERS aptasensor was capable of
detecting exosomes in a wide range from 55 to 5.5 × 105 particles
μL−1 with a detection limit of 17 particles μL−1. Zhang et al. designed a
ratiometric SERS biosensor for highly sensitive detection of exosomes
that accurately identifies breast cancer cell-derived exosomes in clinical
serum samples with ultra-low detection limits as low as 1.5 × 102

particles/mL (Zhang Q. et al., 2023a). Zhao developed a novel SERS-
based aptasensor to detect prostate-specific antigen biomarkers with an
The limit of detection (LOD) is 6 pg/mL (Zhao et al., 2022). Thus, by
combining SERS with aptamers, the sensitivity and accuracy of the
assay were significantly improved.

Herein, a novel SERS sensor based on identity-release strategy, Au/Si
cap-cone array (Au/Si CCA) and Au nanocubes (AuNCs) were
constructed. In this study, aptamer functionalized Au/Si CCA was
used as the capture substrate, and AuNCs was combined with 5-
carboxyfluorescein (5-FAM) labelled complementary strand as the
SERS probe. When the target Vimentin was present on the capture
substrate, the aptamer specifically recognizes the target protein and stably

bound to it. At this time, the SERS probe was moved away from the
substrate due to the competition of the target, resulting in the reduction
of hot spots and the weakening of the Raman signal. Use this SERS
sensor to detect and collect Raman signal from 5-FAM. Analyzing its
data can qualitatively and quantitatively reflect the concentration of the
target object. The schematic diagram is shown in Figure 1. The SERS
sensor has the following advantages. First, Au/Si CCA can form a high
density and uniform “hot spot”due to its periodic arrangement structure,
so that it has excellent SERS performance. Second, the identity-release
strategy was selected to significantly improve the specificity. Third, in
addition to excellent sensitivity and specificity, the sensor also has the
advantages of simple operation, short time consumption and strong anti-
interference. These advantages showed the excellent performance of the
SERS sensor in the detection of EMT in GC.

2 Experimental section

2.1 Materials

Hexadecyl trimethyl ammonium bromide (CTAB), chloroauric
acid tetrahydrate (HAuCl4), sodium borohydride (NaBH4), ascorbic

FIGURE 2
SEM images of Au/Si CCA with different magnifications: (A) Lowmagnification, and (B)Highmagnification. (C) SERSmapping of Au/Si CCAmodified
with 4-MBA (1 × 10−8 M). (D) SERS spectra of 10 randomly selected points on the surface of the 4-MBA-labelled Au/Si CCA and (E) the corresponding
histogramof the intensity at 1,078 cm−1 and 1,598 cm−1. (F) SERS spectra of Au/Si CCAweremodifiedwith 4-MBA (1 × 10−8 M) and pure 4-MBA (1 × 10−1 M).
(G) SERS spectra of 4-MBA-labelled Au/Si CCA prepared in different batches and the corresponding histogram. (H) SERS spectra of 4-MBA-labelled
Au/Si CCA were stored at room temperature for 1 day, 5 days, 10 days, 15 days, and (I) the corresponding line graphs of the intensity at 1,078 cm−1.
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acid (AA), Mercaptobenzoic acid (4-MBA), Absolute ethanol, 6-
Mercapto-1-hexanol (6-MCH), Vincristine, Oncovin (VCR), and
polystyrene sphere (PS) suspension were all purchased from
Sinopharm Chemical Reagent Suzhou Co. Sulfur hexa-fluoride (SF6)
etching gas from Wuhan NewRead Specialty Gases Co. Glycerin,
Phosphate buffer, and the whole protein extraction kit were
purchased from China Solaibo Co. Australian Fetal Bovine Serum
was purchased from Thermo Fisher Scientific (China) Co. Antibodies
to Vimentin, E-Cadherin, N-Cadherin, C-Reactive Protein, Ki67, and
ACTIN were purchased from Beijing Boosun Biotechnology Co. BSA,
paraformaldehyde, PBS, trypsin, FPS, and DMEM were purchased
from Gibco; Antibody dilution, BCA protein concentration kit,
penicillin-streptomycin solution were purchased from China
Biyuntian Biotechnology Co. Ultrapure water is obtained through
Milli-Q purifiers (resistivity>18MΩ cm); GES-1 cells were obtained
from the School of Clinical Medicine of Yangzhou University; Table 1
shows the DNA sequences utilised in this work, which were bought
from Shanghai Sangong Biological Engineering Co.

2.2 Instrumentation

S-4800 Ⅱ Field emission scanning electron microscope (SEM,
Hitachi, Japan); Tecnai G2 F30 Field emission transmission electron
microscope (TEM, FEI, United States); Cary UV-5000 Ultraviolet
absorption spectrometer (Agilent, United States); InVia Reflex
microscopic Raman spectrometer (Renishaw, United Kingdom);
DXR3xi Raman imaging microscope (Thermo Fisher,
United States).

2.3 Fabrication of functionalized Au/Si CCA

Au/Si CCA is fabricated by PS colloidal sphere template-assisted
reactive ion etching (RIE) process and combined with magnetron
sputtering deposition technique. Firstly, a layer of tightly stacked PS
colloidal spheres was laid flat on a silicon wafer with an area of 5 ×
5 cm by the Langmuir-Blodgett (L-B) film method, which was
placed in an oven at 70°C for 20 min, so that the colloidal sphere
template could be in close contact with the silicon wafer. Subsequent
etching of PS colloidal sphere template-covered wafers in RIE
machine using SF6 plasma (Power 120 W, gas flow rate 50 sccm).
After 150 s of etching, highly ordered arrays of silicon cones were
formed, with PS colloidal spheres at the top that shrank residually
after etching. Notably, a cap-like Au layer was deposited on the PS
colloidal spheres at the top of the silicon cone arrays using a
magnetron sputtering apparatus at a sputtering rate of 1 nm/s
and finally rinsed with ethanol and annealed for 2 h to remove
the residual PS colloidal spheres.

2.4 Synthesis of AuNCs

First, mixing CTAB (7.5 mL, 0.2 mol/L), HAuCl4 (0.5 mL,
0.01 mol/L), and 7.5 mL of ultrapure water in a clean beaker. The
solution was stirred vigorously (900 rpm) at 30°C before adding ice
NaBH4 (1.2 mL, 0.01 mol/L), which was changed from colorless to
brown after stirring was continued for 5 min. The solution was then
allowed to stand at 30°C for 2 h. Thus, the Au seed solution was made.
The prepared Au seed solution was diluted 100-fold and set aside.

FIGURE 3
SEM images of AuNCs with different magnifications: (A) Low magnification, and (B) High magnification. (C) HRTEM image of AuNCs. (D) Size
distribution of AuNCs. (E) UV-Vis-NIR spectra of AuNCs and AuNCs@ complementary strand. (F) SERS spectra of pure 4-MBA (1 × 10−2 M) and 4-MBA-
labelled Au- AuNCs (1 × 10−7 M).
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CTAB (7.2 mL, 0.1 mol/L), HAuCl4 (0.18 mL, 0.01 mol/L), AA
(2.7 mL, 0.1 mol/L), and 35 mL of ultrapure water were added
sequentially in a beaker and stirred well. After 0.6 mL of the Au
seed solution was added, the solution of Au octahedral seeds was
obtained by vigorously stirring for 10 min and then left for 12 h.
Subsequently, HAuCl4 (0.75 mL, 0.025 mol/L) was added to the
beaker, mixed well, and left for 2 h to obtain AuNCs. After
centrifugation twice to remove the supernatant, it was dispersed
in CTAB and stored.

2.5 Assembly of Vimentin SERS sensors

The Vimentin aptamer and complementary strand were
assembled on Au/Si cap-cone arrays and AuNCs, respectively,
referring to the freeze-thaw cycle assembly method of Lou et al.
(Lou et al., 2011). In concrete terms, after the Vimentin aptamer and
the complementary strand of the aptamer were added to ultrapure
water to prepare the solutions (1 mmol/L), 100 mL of the aptamer
solution with Au/Si cap-cone arrays were soaked in centrifuge tubes,
and 150 mL of the aptamer complementary strand solution was
mixed with AuNCs into centrifuge tubes. Then, they were placed in
the refrigerator (−20°C) to freeze for 2 h simultaneously before being
taken out to thaw. Next, 150 mL of 6-MCH was added to each
centrifuge tube and reacted for 2 h. Afterward, the Vimentin
aptamer product and the aptamer complementary strand product
were water-bathed for 5 min at 95°C, and finally, the two were mixed
and reacted for 4 h.

2.6 SERS testing

GES-1 cells were cultured in DMEM medium containing 10%
FBS and dual antibodies (penicillin 100 U/mL, streptomycin 100 μg/
mL) in an incubator at 37°C and 5% CO2. Cellular proteins were
extracted according to the instructions of the whole protein
extraction kit and stored in a −80°C refrigerator. Vimentin

protein was dissolved in aqueous glycerol solution and
configured into a solution of 100 mg/mL, which was added to the
protein extract, and the Vimentin protein spiked concentration was
obtained by gradient dilution as 100 pg/mL–100 mg/mL. The
droplet to be measured was added to the prepared SERS sensor
for reaction for 10 min, then dried, and then SERS detected. The
Raman spectrometer was used to select a 785 nm excitation laser
with a laser power of 5 mW, and the acquisition time of each
spectrum was 10 s.

3 Results and discussions

3.1 Characterization of Au/Si CCA

From the SEM images and localized magnified images of Au/Si
CCA (Figures 2A, B), it could be seen that the Au/Si CCA from a
perspective was arranged in an ordered periodicity with a period of
200 nm, corresponding to the diameter of the PS colloidal spheres.
The single Au/Si cap-cone could visibly observe the Au cap
structure, whose superior specific surface area could provide
abundant binding sites for the immobilization of biomolecules,
facilitating the follow-up functionalization. To assess the signal
homogeneity of the Au/Si CCA, 4-mercaptobenzoic acid (4-
MBA) was added dropwise as a Raman signal molecule on the
surface of the arrays, which was then allowed to dry naturally before
being subjected to SERS mapping, with the scanning range set to
50 × 40 mm. The color change was utilized to illustrate the SERS
signal strength at 1,078 cm−1 (blue is the lowest, and red is the
highest). Figure 2C reveals that the color distribution of the SERS-
mapped image of the array is regular, indicating its excellent
uniformity. Furthermore, 10 sites on the Au/Si CCA surface were
randomly chosen for spectral detection to obtain the average spectra
of the characteristic peak intensities at 1,078 cm−1 and 1,598 cm−1

(Figures 2D, E), and the obtained SERS spectra were similar in
shape, with relative standard deviations (RSD) of the signal
intensities at 1,078 cm−1 and 1,598 cm−1 being only 6.69% and
8.11%, demonstrating the benefits of the array’s high uniformity.
The enhancement factor (EF) of Au/Si CCA was calculated to be
9.2 × 108 based on the SERS spectra recorded in Figure 2F,
employing the formula: EF = (ISERS/CSERS)/(IR/CR), where ISERS
and IR were the intensities obtained from 4-MBA-modified Au/Si
CCA and silicon wafers, respectively, at 1 × 10−8 M and 1 × 10−1 M
concentrations. Next, to assess the reproducibility of the array, three
batches of Au/Si CCAwere prepared at different times and subjected
to SERS measurements. The average spectrogram and histogram of
the intensity of the characteristic peaks at 1,078 cm−1 are shown in
Figure 2G, with only minor differences in the shapes and intensities
of the spectra, indicating that the Au/Si CCA has decent
reproducibility. The stability of the arrays is crucial for
subsequent applications, so the same batch of Au/Si CCA was
stored at room temperature for 1 day, 5 days, 10 days, and
15 days to evaluate the stability of the arrays (Figure 2H). As
shown in Figure 2I, the SERS signal intensity collected with Au/
Si CCA stored for different days was not significantly reduced, which
only decreased by 7.9% after 15 days of storage compared to the first
day, indicating that the Au/Si CCA prepared in this study is very
stable.

FIGURE 4
SERS spectra with and without the addition of Vimentin
detection.
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3.2 Characterization of AuNCs

The low magnification SEM image (Figure 3A) showed that the
AuNCs synthesized by the seed-mediated growthmethodwere uniform
in shape and size, well dispersed, and characterized by a typical cubic
structure. The sharp vertices and edges could be clearly observed under
high magnification (Figure 3B), which served as a carrier for a large
number of “hot spots,” ensuring excellent SERS enhancement. The
HRTEM image of the sample (Figure 3C) obtained following
centrifugation to remove a significant quantity of the protective
CTAB and drop it onto a copper mesh, which demonstrated a
lattice spacing of 0.216 nm for AuNCs, coinciding with the growth
interface of gold crystals. As a precious metal nanomaterial, gold
nanoparticles possessed excellent stability and superior optical
properties. Figure 3D showed a histogram of the particle size of

AuNCs (50 AuNCs were randomly selected by Nano Measurement
software, and their particle sizes were counted individually), calculating
that the average particle size of AuNCs and its deviation was 51.73 ±
3.775 nm, with good size uniformity. Meanwhile, UV-Vis-NIR spectra
showed a visible absorption band at 543 nm. Due to the 5-FAM labelled
complementary strandmodification, the maximumwavelength peak of
AuNCs has a slight redshift at 3 nm, along with a decrease in the SERS
signal intensity (Figure 3E). This may be attributed to the reduction of
interstitial hotspots between neighboring AuNCs due to the interaction
between the 5-FAM labelled complementary strand and AuNCs. This
result surfaces that the 5-FAM labelled complementary strand has been
successfully modified to the surface of AuNCs. The computed EF of
AuNCs modified with 4-MBA (1 × 10−7 M) was 7.3 × 106,
demonstrating outstanding SERS performance and aiding in the
Vimentin SERS detection (Figure 3F).

FIGURE 5
(A) SERS spectrograms of protein extracts of different Vimentin concentrations (100 pg/mL–100 mg/mL; (B) Corresponding calibration curve for
SERS intensity at 1,174 cm−1; (C) SERS spectrograms for specificity analysis of different proteins (E-Cadherin, N-Cadherin, C-Reactive Protein, Ki67, and
Vimentin); (D) Corresponding histogram of SERS intensity at 1,174 cm−1.

TABLE 2 Comparison for determination of different proteins using different methods.

Analyte Method Time (min) LOD Ref

Cancer antigen 125 (CA-125) SERS-based lateral flow immunoassay 20 7.182 pg/mL Xia et al. (2020)

Transferrin Molecularly imprinted plasmonic nanosensor 15 10−8 mol/L Lv et al. (2016)

Soluble epithermal growth factor receptor (sEGFR) SERS 240 69.86 pg/mL Li et al. (2018)

Vimentin Bead-based immunoassay 30 0.1852 μg/mL Fhied et al. (2014)

Vimentin SERS 10 4.92 pg/mL This work
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3.3 Experimental feasibility analysis

In the absence of Vimentin, the Vimentin aptamers on the
surface of Au/Si CCA arrays binds to the 5-FAM labelled
complementary strand on the surface of AuNCs. The Au/Si CCA
arrays and AuNCs together provide a SERS “hotspot” that enables
the sensor to produce a large SERS enhancement effect. Moreover,

the SERS reporter 5-FAM is located within and very close to the
“hotspot,” thus generating a 5-FAM SERS spectrum with very high
signal intensity. Upon addition of Vimentin, the connection
between the Au/Si CCA arrays and AuNCs is broken due to the
fact that the Vimentin aptamer on the surface of the Au/Si CCA
arrays reacts preferentially with Vimentin and partially de-
hybridizes with their complementary strand. As a result, the “hot
spot” part of the sensor disappears and the signal intensity of 5-FAM
is reduced. The experimental results in Figure 4 are in perfect
agreement with the principle. The SERS signal intensity after the
addition of Vimentin is significantly lower than that without
Vimentin, which indicates the feasibility of this method.

3.4 Sensitivity and specificity of the SERS
assay

The sensitivity of the SERS sensor to low concentrations of
analytes is an important factor in evaluating its performance.
Protein extracts of different Vimentin concentrations (100 pg/
mL–100 mg/mL) were taken for SERS detection. As can be
obtained from Figure 5A, the SERS signal intensity at 1,174 cm−1

showed a clear dependence on Vimentin concentration, and
remained slightly different from the blank group at Vimentin
concentrations as low as 100 pg/mL. Figure 5B shows the scatter
plot of its SERS signal intensity versus Vimentin concentration with
a linear regression equation of y = −3,645.52x–13,761.92 and R2 =
0.993. The LOD of the SERS sensor for Vimentin is as low as 4.92 pg/
mL. As shown in Table 2, this method has better detection
performance compared to other methods, and was competitive in
terms of detection time and LOD. Due to the presence of other
proteins in protein extracts from GES-1 cells, in order to assess the
specificity of the SERS sensor for Vimentin detection, we introduced
different proteins in our experiments (E-Cadherin, N-Cadherin,
C-Reactive Protein and Ki67). The results are shown in Figure 5C,
where other interfering proteins were unable to affect the SERS
spectra of 5-FAM, while Vimentin made the intensity of the spectra
significantly weakened, suggesting that the SERS sensor reacts only
with Vimentin. Figure 5D shows the corresponding SERS intensity

FIGURE 6
The expression of (A) N-calmodulin and (B) Vimentin in GES-1
cells after 1 h, 12 h, and 24 h of differentiation was examined by
immunofluorescence labelling. (C) After 1 h, 12 h, and 24 h of GES-1
cell differentiation, immunoblotting revealed the expression of
E-cadherin, N-cadherin, Vimentin, and ACTIN, which was used as an
internal control.

FIGURE 7
(A) SERS spectra of Vimentin in GES-1 cells after treatment with VCR for different times (1 h, 12 h, and 24 h). (B)Histogram corresponding to the SERS
signal intensity at the 1,174 cm−1 characteristic peak.
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at the characteristic peak of 1,174 cm−1. The SERS intensity of
Vimentin is much lower than that of other interfering proteins,
and it is extremely resistant to interference.

3.5 EMT process confirmed by biological
assay

It is widely known that epithelial cells undergo a phenotypic
change during EMT by losing their cell polarity and epithelial markers
like E-calmodulin and acquiring mesenchymal markers like
N-calmodulin and Vimentin to create mesenchymal cells (Theys
et al., 2011). Among them, the upregulation of vimentin
expression was the theoretical basis for this experiment to realize
the early discovery of the EMT process. In order to observe the
phenotypic and functional changes of human gastric mucosal
epithelial cells during EMT more intuitively, GES-1 cells were co-
cultured with VCR (1 μg/mL) for 1 h, 12 h, and 24 h (Xue et al., 2012).
Subsequently, cellular proteins were extracted and biological
experiments were performed. As we expected, the mesenchymal
markers N-calmodulin and Vimentin expression levels were
progressively upregulated after the antitumor drug VCR induction,
reaching the highest level after 24 h (Figures 6A, B). As a further
confirmation, the expression levels of E-calmodulin, N-calmodulin,
and Vimentin during EMT were validated by Western blotting, and
the experimental results were consistent with the
immunofluorescence results (Figure 6C). Hence, the results of
biological experiments could effectively underpin the SERS spectral
analysis of the actual samples in the subsequent EMT process.

3.6 Real sample analysis

GES-1 cells were co-cultured with VCR (1 μg/mL) for 1 h, 12 h,
and 24 h, and protein was extracted. SERS sensors were used to
detect changes in Vimentin during EMT. Figures 7A, B show the
SERS spectra of GES-1 cells at different induction times. According
to the images, we can see that at the characteristic peak at 1,174 cm−1,
the SERS intensity gradually decreases with the increase of induction
time. The reason is that the Vimentin aptamer on the surface of Au/
Si CCA arrays preferentially binds to the Vimentin reaction and
partially dehybridizes with its complementary strand, resulting in
the connection breakage between Au/Si CCA arrays and AuNCs. As
a result, the “hot spot” part of the sensor disappears and the signal
intensity of 5-FAM is reduced. Therefore, it can be analyzed that the
content of GES-1 cells in VCR co-culture is increased by the content
of cellular Vimentin. This demonstrates the reliability of the method.

4 Conclusion

In this study, a SERS sensor based on functionalized Au/Si CCA
was prepared using the identity-release strategy for the ultra-sensitive
detection of Vimentin during GC EMT. The periodic structure of the
capture substrate (Au/Si CCA) in this study exhibited good SERS signal

enhancement performance and homogeneity. The SERS sensor has a
very low detection limit (4.92 pg/mL). The simultaneous identity-
release strategy enables the proposed method to have excellent anti-
interference ability. GES-1 cells were treated with VCR to simulate the
EMT process of GC. The SERS detection results could fully reflect the
change of Vimentin in the EMT process. Therefore, this SERS sensor
provides a selective, reproducible, and ultra-sensitive method for
Vimentin detection, which has great potential for future clinical
applications for early GC screening.
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The detection of SO3
2− in complex environments and its visualization at the

cellular level are critical for understanding its role in biological processes. In
this study, we developed an Eu-doped long-wavelength fluorescent carbon
quantum dot (CD2) and investigated the detection mechanism, interference
effects and cellular imaging applications of the fluorescent probe CD2. The
results show that the addition of SO3

2− induces an electronic rearrangement
that restores CD2 to its original structure, leading to a rapid increase in
fluorescence intensity. Selectivity experiments showed that CD2 has excellent
selectivity to SO3

2−, with minimal interference from common anions. In addition,
CD2 shows good biocompatibility for cellular imaging applications, as evidenced
by the high cell viability observed in HeLa cells. Using confocal microscopy, we
detected a significant enhancement of red fluorescence in HeLa cells after
addition of exogenous SO3

2−, demonstrating the potential of CD2 as a probe
formonitoring cellular SO3

2− levels. These findings highlight the promise of CD2 as
a selective SO3

2− detection probe in complex environments and its utility in cellular
imaging studies. Further studies are necessary to fully exploit the potential of
CD2 in various biological and biomedical applications.

KEYWORDS

fluorescent probe, selectivity, cellular imaging, sulfite detection, biocompatibility

1 Introduction

The detection of intracellular sulfite ions (SO3
2−) is of great significance in the field of

biomedical engineering (Tian et al., 2013; Wang et al., 2019; Li Q. et al., 2023). These ions
play a critical role in various cellular processes and provide valuable insights into cell
function and health. Accurate measurement of sulfite ions is crucial for disease diagnosis,
drug development, and understanding the impact of environmental factors on cellular
function (Maiti, 2022; Săcărescu et al., 2023).

Within cells, sulfite ions are generated through the oxidation of sulfur-containing amino
acids, including cysteine and methionine. These ions are involved in critical intracellular
processes such as protein folding, enzyme regulation, and antioxidant defense mechanisms
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(Buerman et al., 2021). By modulating cellular signaling pathways,
sulfite ions influence gene expression and cellular responses to a
wide range of stimuli.

Maintaining an appropriate balance of intracellular sulfite ions is
essential for optimal cell health and functionality (Kimura et al., 2019).
Imbalances in sulfite ion levels have been associated with the occurrence
and progression of several diseases, including cardiovascular disorders,
neurodegenerative diseases, and cancer (Zhang et al., 2004). Elevated
sulfite concentrations can lead to oxidative stress and cell damage, as
excess sulfite can react with reactive oxygen species (ROS) to form toxic
compounds (Mitsuhashi et al., 2005). Conversely, abnormally low
sulfite ion levels can disrupt cellular processes dependent on sulfite
signaling, resulting in impaired antioxidant defenses and compromised
cell function (Vincent et al., 2004).

Accurate measurement of intracellular sulfite ion concentrations
is instrumental in biomedical research and applications. Sulfite ion
detection enables the assessment of sulfite-related diseases, aids in
diagnosis, and guides the development of targeted treatment
approaches. Additionally, it provides a means to evaluate the
impact of potential therapeutic compounds on sulfite-mediated
signaling pathways, thereby contributing to advancements in
drug development (Danışman et al., 2022; Guo et al., 2023).

Various techniques have been developed for the quantitative
detection of intracellular sulfite ion levels (Zhang et al., 2016; Wang
P. et al., 2021). Prominent examples include fluorescence-based
detection methods (Fu et al., 2022), mass spectrometry analysis
(Robbins et al., 2015), and electrochemical biosensors (Badihi-
Mossberg et al., 2007). Fluorescent probes allow for real-time
visualization and monitoring of sulfite ions within live cells,
while mass spectrometry offers high sensitivity and accurate
measurements. Electrochemical biosensors provide a simple and
rapid detection method suitable for point-of-care applications.

In this study, we propose a novel approach for sulfite ion
detection by synthesizing long-wavelength emission fluorescence
carbon quantum dots (CD1). These CD1 dots, derived from
pyridoxine (vitamin B6) as the carbon source and doped with
Eu3+, possess exceptional properties such as low toxicity, high
biocompatibility, and intense fluorescence (Li et al., 2021;
Wareing et al., 2021; Ðorđević et al., 2022). To achieve sulfite ion
detection, the CD1 dots are subjected to surface modification with
pyruvic acid, which quenches their fluorescence through the
photoinduced electron transfer (PET) effect (Sun et al., 2019;
Allen et al., 2022), rendering them non-fluorescent (hereafter
referred to as CD2). Upon reaction with sulfite ions, the removal
of pyruvic acid from the surface of CD2 leads to a considerable
fluorescence enhancement (Deng et al., 2019; Li W.-B. et al., 2023),
enabling highly sensitive detection of sulfite ions (Scheme 1).

Accuratemeasurement of sulfite ions is vitally important for disease
diagnosis, drug development, and understanding the influence of
environmental factors on cellular function. The proposed synthesis
of long-wavelength emission fluorescence carbon quantum dots,
coupled with surface modification, presents a promising approach
for achieving sensitive and reliable detection of sulfite ions.

2 Materials and methods

2.1 Materials and instrumentation

Pyridoxine, EuCl3, Na2SO3 and other compounds were unpurified
using commercially available standard chemicals. Deionized water used
in the experiments was prepared in the laboratory.

Transmission electron microscopy (TEM) and high-resolution
TEM (HRTEM) images of the CDs were recorded using a JEOL-

SCHEME 1
The demonstration diagram of the preparation of carbon dots and the process of SO3

2− detection.
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2100F. Fourier transform infrared spectra (FTIR) were obtained
using a Nicolet IS-10 FTIR spectrophotometer (Thermo Fisher
Scientific). Fourier transform infrared spectra (FTIR) were
obtained using a Nicolet IS-10 FTIR spectrophotometer (Thermo
Fisher). X-ray photoelectron spectroscopy (XPS) was performed
using an X-ray photoelectron spectrometer (AXIS ULTRA DLD).
UV-vis absorption spectra were tested on an Agilent Cary 300 Scan.
The zeta potential and hydrodynamic size of the samples were
determined using a Zetasizer Nano ZS-90 analyzer (Malvern
Instruments). Absolute QY and lifetimes were determined using
a FLS1000 instrument (Edinburgh Instruments). Fluorescence
spectra were obtained using an F97 Pro fluorescence
spectrophotometer. Cells were imaged using a Leica TCS-SP8
confocal microscope.

2.2 Preparation of the CD1 and CD2

0.5 g of pyridoxine and 0.1 g of EuCl3 were dissolved in 40 mL of
deionized water and sonicated for 10 min, then the solution was
transferred to a 100 mL Teflon-lined stainless-steel autoclave.
CD1 solution was obtained after cooling. To the CD1 solution
0.3 g of pyruvic acid was added, stirred well and returned to the
reactor for secondary heating for 4 h (130°C). After cooling to room
temperature, the reaction product was eluted with a mixture of
dichloromethane and methanol (10:1) to give a bright red liquid
CD2, which was dried by rotary evaporator. The dried solid was
stored at 4°C in a dark place for future characterization and use.

2.3 Detection of SO3
2-

The fluorescence spectra of the samples were recorded after
adding different concentrations of SO3

2− (1–25 μM) to the
CD2 solution at 20 μg/mL.

2.4 Cytotoxicity assays and cell targeting

The cytotoxicity of CD2 was tested using WST-1. HeLa cells were
cultured in 96-well plates at 104 cells per well. The culture medium
consisted of 10% FBS, 100 U/mL penicillin-streptomycin solution and
90% RPMI 1640 medium. After 24 h of incubation, the medium was
removed, fresh complete medium containing different concentrations
of CD2 (dissolved in DMSO, 5 mg/mL) was added, and the cells were
incubated for another 24 h. Finally, the medium was removed, and the
cells were rinsed three times with PBS, and the viability of the cells was
assessed by the WST-1 assay. Absorption was recorded for all plates
using a microplate reader with a wavelength of 450 nm.

To assess the ability of CD2 to detect intracellular SO3
2−, HeLa

cells were seeded into 35-mm glass-bottomed Petri dishes and
cultured at 37°C in a humidified environment with 5% CO2.
After 24 h of incubation, the initial medium was removed, and
then 20 μg/mL of CD2 was added with 2 mL of fresh medium for
another 6 h. An additional 25 μM of SO3

2− was added to the control
experiments. Then, after rinsing the cells three times with PBS, the
fluorescence images of the samples were observed using a laser
fluorescence confocal microscope.

3 Results and discussion

3.1 Preparation and characterization of
the CDs

CD1 was synthesized through a hydrothermal reaction using VB6 as
the carbon source and Eu3+ as the dopant. CD1 possesses hydroxyl
groups on its surface, which can be easily reacted with pyruvic acid
through a two-step hydrothermal process. By utilizing the photoinduced
electron transfer (PET) effect, the fluorescence of CD1 can be quenched.
TEManalysis (Figure 1A) revealed that CD1 exhibited a regular spherical
structure with a uniform size and single dispersion in water. The
individual particle diameter was determined to be approximately
8 nm, which was further confirmed by DLS measurements (Figure 1B).

The infrared spectrum of CD1 (Figure 1C) exhibited several
characteristic peaks. The peak at around 750 cm−1 originated from the
stretching vibration of Eu-O bonds, indicating the successful doping of
Eu3+ into the CD1 structure. The peak at 1,240 cm−1 represented the
stretching vibration of C=O and N-C=O bonds, while the peak at
1,396 cm−1 was attributed to the stretching vibration of C-N bonds
and the bending vibration of N-O bonds. The peak at 1716 cm−1

indicated the presence of the C=C-CO bending vibration, suggesting
the existence of conjugated olefin or aromatic ketone structures in CD1.
The peak at 2,992 cm−1 represented the stretching vibration of C-Hbonds
and alkynyl groups. The peak at 3,423 cm−1 corresponded to the
stretching vibration of O-H and N-H bonds, indicating the presence
of hydroxyl and amino groups in CD1. X-ray photoelectron spectroscopy
(XPS) analysis (Figure 1D) confirmed that CD1 primarily consisted of
carbon (C), nitrogen (N), and oxygen (O), with a small amount of Eu
(atomic percentage of 0.22%). Furthermore, energy-dispersive X-ray
spectroscopy (EDS) elemental analysis (Figure 1E) provided additional
confirmation that CD1 was composed of C, N, O, and Eu elements.

Overall, the results demonstrate the successful synthesis of CD1with
a well-defined structure and composition. The incorporation of Eu3+ as a
dopant and the surfacemodificationwith pyruvic acid provide CD1with
favorable properties for sulfite ion detection.

3.2 Optical properties of carbon dots

The optical properties of the carbon dots are depicted in Figure 2.
CD1 shows absorption throughout the visible light range, with a shoulder
peak around 470 nm. Its emission peak is located at 650 nm, with an
optimal excitation peak at 580 nm. In contrast, CD2 exhibits nearly no
fluorescence, with emission intensity even less than 1/50th of CD1’s.
Thus, CD1 displays bright red fluorescence under excitation, while
CD2 exhibits minimal fluorescence (shown in the top left corner of
the image). This indicates that the reaction of pyruvic acid with
CD1 through the secondary hydrothermal process leads to the
quenching of its fluorescence.

The significant contrast in fluorescence between CD1 and
CD2 provides the basis for the detection of sulfite ions. The presence
of sulfite ions can cause the removal of pyruvic acid from the surface of
CD2, restoring its fluorescence. This fluorescence enhancement can be
utilized for sensitive and selective detection of sulfite ions. The changes in
the optical properties of the carbon dots upon interaction with sulfite
ions will allow for the quantification of sulfite ion concentrations in
various biological and environmental samples.
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3.3 Detection of SO3
2- in solution

The fluorescence-quenched CD2 has been utilized for highly
sensitive detection of SO3

2−. A certain concentration of
CD2 aqueous solution (20 μg/mL) was prepared, and different
concentrations of SO3

2− (ranging from 1–25 µM) were added. As
the concentration of SO3

2−- increased, the fluorescence intensity of
the solution rapidly intensified. Even with the addition of 5 µM
SO3

2−, the fluorescence intensity increased by more than six times.
When 25 µM SO3

2− was added, the intensity increase slowed down,
eventually reaching over 30 times the initial intensity (Figure 3A).

The fluorescence of the CD2 solution enhanced almost
instantaneously upon the addition of SO3

2−, reaching stability within
2 min (Figure 3B). This indicates the high sensitivity of CD2 to SO3

2−

and its potential as a rapid detection probe. Figure 3C displays the
relationship between SO3

2− concentration and the fluorescence intensity
of the CD2 solution. It shows good linearity within the range of
1–20 µM (R2 = 0.998), following equation F/F0—1 = 0.429 + 1.968x,
where F represents the fluorescence intensity of the CD2 solution after
the addition of SO3

2−, and F0 represents the initial fluorescence intensity
of the CD2 solution.

To determine the limit of detection (LOD), the equation LOD =
3σ/S was used, in which σ is the standard deviation of the
fluorescence intensity of the CD2 solution without the addition
of SO3

2−, and S is the slope of the fitting line. Based on this
calculation, the LOD was estimated to be approximately 0.15 µM,
which is lower than both electrochemical and colorimetric methods,
and at the same level as other fluorescent probes (Table 1). And the
limit of quantification (LOQ) was calculated as 0.5 µM.

Meanwhile, the effect of pH on the detection process was
considered. The probe CD2 itself is almost non-fluorescent at
different pH values, and the detection of sulfites remains stable
in the pH range of 7.0–10.0 (Figure 3D). The pH values of human
sulfite metabolism sites are mainly between 7.0 and 8.5 (e.g., brain
7.1, heart 7.0–7.4, bile 7.8, liver 7.2, blood 7.3–7.45, pancreatic
secretion 8.0–8.3, and bone 7.4) (Hashim et al., 2011; Yue et al.,
2017), and therefore, CD2 is almost sufficient for the detection.

These results suggest that the quenching and recovery of
fluorescence in CD2 can be effectively applied for the sensitive
and selective detection of sulfite ions in solution. The high
sensitivity, rapid response, and low limit of detection make
CD2 a promising candidate for sulfite ion detection in various
applications.

FIGURE 1
(A) TEM picture of CD1; (B) DLS particle size distribution; (C) IR spectra; (D) XPS analysis; (E) EDS elemental analysis.

FIGURE 2
Absorption (black line), excitation (blue line) and emission (red
line) spectra of CD1; emission (green line) of CD2.
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3.4 Mechanisms for the detection of SO3
2-

To gain insight into the detectionmechanismof SO3
2−, we conducted

tests on the particle size (Figures 4A, B) and surface potential (Figure 4C)
of the solution before and after the reaction. Upon the addition of SO3

2−,
the particle size of CD2 decreased from approximately 18 nm to around
10 nm, which is close to the average particle size of CD1. Additionally, the

surface potential increased from +0.69 mV to +3.58 mV. These
observations provide valuable information for proposing a possible
detection mechanism for SO3

2− (Figure 4D).
In the two-step hydrothermal method, pyruvic acid is chemically

modified onto the surface of CD1 through an ester linkage, resulting in
the formation of CD2. The fluorescence of CD2 is quenched due to the
photoinduced electron transfer (PET) effect. Upon the addition of SO3

2−

FIGURE 3
(A) Fluorescent spectra of the CD2 solution with the addition of different concentrations of SO3

2− at an excitation wavelength of 580 nm. (B) Time-
dependent fluorescence intensity spectra of CD2 (20 μg/mL) at 650 nm in the presence of SO3

2− (25 µM). (C) The linear relationship between (F0/F—1)
and the concentration of SO3

2− over the range of 1–25 µM. (D) The fluorescence intensity of CD2 (20 μg/mL) at 650 nm in the absence and presence of
SO3

2− (25 µM) in various pH conditions (3.0–10.0). Incubation temperature: 37°C.

TABLE 1 Comparison with existing SO3
2− detection methods.

Materials Method Linear range LOD (µM) References

Nanostructured copper-salen film electrochemical sensor 4–69 µM 1.2 Dadamos and Teixeira (2009)

Ag2O nanoparticles colorimetric detection 100–500 µM 10 Lu et al. (2015)

rhodamine-derivated probe fluorescent 0–80 µM 0.6 Wang et al. (2021a)

ratiometric fluorescent probe fluorescent 0–100 µM 0.57 Venkatachalam et al. (2020)

Carbon dots fluorescent 0–25 µM 0.15 This work
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to the CD2 solution, the oxygen atom in SO3
2− interacts with the

aldehyde group of pyruvic acid. This interaction leads to electron
rearrangement and the formation of a transition state involving the
oxygen atom on the carbonyl carbon of the ester moiety. Finally, the
transition state decomposes, breaking the ester bond and generating a
sulfonate-substituted furanone derivative. As a result, CD2 is restored to
the structure of CD1, and the fluorescence intensity rapidly increases.

Further investigations are necessary to fully understand the
detailed mechanism of SO3

2− detection using CD2. Nevertheless,
these preliminary findings provide important insights and a
plausible explanation for the observed fluorescence enhancement
upon the addition of SO3

2− in the CD2 solution.

3.5 Interference experiments

To assess the interference of other ions in the detection process
of SO3

2−, we conducted experiments to test the effects of commonly
encountered anions, such as Cl−, I−, NO3−, HCO3−, SO4

2−, AcO−,
CN−, and H2PO4

−, on the fluorescence of the CD2 solution. Figure 5
illustrates the results obtained.

Upon adding 25 μM of Na+, K+, NH4
+, Cl−, I−, NO3−, HCO3−,

SO4
2−, and H2PO4

− individually, the fluorescence intensity of the
CD2 solution remained almost unchanged. Most of common cations
and anions do not interfere with the detection, consistent with other
research (Wang K. et al., 2021). Only CN− and AcO− caused a slight
increase in fluorescence intensity, approximately three times higher.
However, when comparing this increase to the 30-fold amplification
observed with SO3

2−, it is negligible.
These findings indicate that CD2 exhibits exceptional selectivity

for SO3
2−. The lack of interference from commonly encountered

anions suggests that the detection of SO3
2− in complex environments

holds promising potential for various applications.

3.6 Toxicity assays and cellular imaging
applications of CD2

To assess the feasibility of using CD2 for cell imaging, a cell viability
assay was conducted using the WST-1 reagent. The results

FIGURE 4
(A) Particle size of CD2 before addition of SO3

2−; (B) Particle size of CD2 after addition of SO3
2−; (C) Zeta potential of CD2 before and after addition of

SO3
2−; (D) Predicted detection mechanism.

FIGURE 5
Change in fluorescence intensity of CD2 solution after addition
of interfering substances.
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demonstrated that the cell viability of HeLa cells remained above 90%
when different concentrations of CD2 (ranging from 0 to 100 μg/mL)
were added. This indicates that CD2 exhibits good biocompatibility for
cell imaging purposes.

Subsequently, the potential application of CD2 in cell imaging
was further explored using a Leica SP8 confocal microscope. The
fluorescence changes of CD2 were studied at the cellular level by
introducing exogenous SO3

2− into HeLa cells. Figure 6 illustrates the
results obtained. As shown, a significant enhancement of red
fluorescence was observed in HeLa cells following the addition of
20 μM of SO3

2−. This observation suggests that CD2 can effectively
detect the level of SO3

2− in HeLa cells and has the potential to serve
as a probe for cellular imaging applications.

These findings demonstrate the potential of CD2 for cellular
imaging and highlight its ability to detect and monitor the levels of
SO3

2− in living cells.

4 Conclusion

In conclusion, our study investigated the detection mechanism,
interference effects, and potential applications of CD2 in the detection
of SO3

2−. The results indicated that CD2 exhibits a promising detection
mechanism, where the addition of SO3

2− leads to electron
rearrangement and the restoration of CD2 to its original structure,
resulting in a rapid increase in fluorescence intensity. Furthermore,
CD2 demonstrated excellent selectivity for SO3

2−, as evidenced by
minimal interference from commonly encountered anions.

To assess the biocompatibility of CD2 for cellular imaging
applications, a cell viability assay exhibited high cell viability
when different concentrations of CD2 were added to HeLa cells.
This indicates that CD2 has good biocompatibility for cell imaging.
Moreover, cellular imaging experiments using CD2 revealed its
ability to detect and monitor the levels of SO3

2− in living cells, as
manifested by a significant enhancement of red fluorescence upon
the addition of exogenous SO3

2− to HeLa cells.

Overall, these findings suggest that CD2 holds promise as a probe
for the detection of SO3

2− in complex environments and its application
in cellular imaging. Further studies are warranted to explore the full
potential and specific mechanisms of CD2 in various applications.
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Hydrogen peroxide (H2O2) is one of the main byproducts of most enzymatic
reactions, and its detection is very important in disease conditions. Due to its
essential role in healthcare, the food industry, and environmental research,
accurate H2O2 determination is a prerequisite. In the present work, Morus
nigra sawdust deposited zinc oxide (ZnO) nanoparticles (NPs) were
synthesized by the use of Trigonella foenum extract via a hydrothermal
process. The synthesized platform was characterized by various techniques,
including UV-Vis, FTIR, XRD, SEM, EDX, etc. FTIR confirmed the presence of a
Zn‒Ocharacteristic peak, and XRD showed the hexagonal phase of ZnONPs with
a 35 nm particle size. The EDX analysis confirmed the presence of Zn and O. SEM
images showed that the as-prepared nanoparticles are distributed uniformly on
the surface of sawdust. The proposed platform (acetic acid-capped ZnO NPs
deposited sawdust) functions as a mimic enzyme for the detection of H2O2 in the
presence of 3,3′,5,5′-tetramethylbenzidine (TMB) colorimetrically. To get the
best results, many key parameters, such as the amount of sawdust-deposited
nanoparticles, TMB concentration, pH, and incubation time were optimized. With
a linear range of 0.001–0.360 μM and an R2 value of 0.999, the proposed
biosensor’s 0.81 nM limit of quantification (LOQ) and 0.24 nM limit of
detection (LOD) were predicted, respectively. The best response for the
proposed biosensor was observed at pH 7, room temperature, and 5 min of
incubation time. The acetic acid-capped sawdust deposited ZnO NPs biosensor
was also used to detect H2O2 in blood serum samples of diabetic patients and
suggest a suitable candidate for in vitro diagnostics and commercial purposes.
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1 Introduction

Hydrogen peroxide (H2O2) monitoring in diverse matrices has
crucial roles in cell metabolism and has diverse applications in
industrial processes (Zhang et al., 2018). H2O2 is used in medical
diagnostics, clinical research and industrial sectors including
textiles, paper, pharmaceuticals, food processing, cleaning,
disinfection, etc (Patel et al., 2020). Additionally, in the
biosystem, it regulates metabolic activity, cell apoptosis, immune
cell activation, and different physiological processes (Miller et al.,
2010). It serves as an oxidative agent, a stress marker, and a cell
defensive agent. Similarly, it is an important biomarker for a variety
of diseases and disorders, including cardiovascular, Alzheimer’s,
Parkinson’s, diabetes, and neurodegenerative disorders (Rao and
Balachandran, 2002). Furthermore, H2O2 is a byproduct of lactate,
alcohol, glucose, glutamate, and cholesterol oxidases. In the past,

different detection methods for H2O2 quantifications were applied.
These include chemiluminescence (Irani-nezhad et al., 2019),
chromatography (Nakashima et al., 1994), electrochemistry (Lee
et al., 2016), fluorescence (Senthamizhan et al., 2016),
electrochemical methods, etc (Chen et al., 2014). However, most
of these approaches are toxic to living cells, thus making them
ineffective for in situH2O2 detection in biological materials. Besides,
some of these techniques are time-consuming, expensive, and
complex, restricting their application in laboratories with limited
resources (Nishan et al., 2021a). Conversely, in comparison to other
complex approaches, colorimetric methods for detecting H2O2 have
been getting key attention nowadays due to their easy handling and
low cost. The progress of colorimetric reactions can be monitored
with the naked eye (Khaliq et al., 2023).

Cellulose is the main constituent of sawdust. It is one of the most
abundant, natural, renewable, biocompatible, and environmentally

FIGURE 1
(A)UV-Vis absorption spectrum of the sawdust-deposited@ZnONPs showing its characteristic surface Plasmon resonance peak at 320 nm. (B) FTIR
spectrum of the synthesized sawdust-deposited@ZnO NPs showing the presence of a ZnO band. (C) XRD pattern of the synthesized sawdust-
deposited@ZnO NPs, indicating the orthorhombic phase of ZnO. (D) EDX spectral analysis of the synthesized sawdust-deposited@ZnO showing the
presence of C, Zn, and O.
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friendly macromolecules (Park et al., 2019). Cellulosic materials
have adaptable surface characteristics, low cost, better mechanical
properties, a higher aspect ratio, a lower density, a higher surface
area, and a lower density. Cellulose-based sawdust has been utilized
as a sacrificial porous template because it is non-edible, cheap,
renewable, and readily available biomass (Khaliq et al., 2023).

Various nanomaterials, including positively charged gold
nanoparticles (Jv et al., 2010), CuS nanoparticles (Dutta et al.,
2013), graphene oxide (Song et al., 2010), ceria nanoparticles
(Ornatska et al., 2011), cupric oxide nanoparticles (Chen et al.,
2011), and CoFe2O4 NPs (Shi et al., 2011), have been found to

exhibit peroxidase-like activity and are employed to detect H2O2

visually. Additionally, acetic acid-capped ZnO NPs are recyclable,
highly stable, and efficient, have good sensing and catalytic
capabilities, and have a tremendous potential to replace expensive
noble metal NPs in biosensing. Because ZnO NPs have a large band
gap (3.3 eV), they can be employed for UV luminescence at room
temperature (Khranovskyy et al., 2012). Furthermore, ZnO NPs
have a high isoelectric point (pI) of 9.5, allowing effective
immobilization of enzymes with a low pI, i.e., ≤5 (Wei et al.,
2010). ZnO NPs are also biocompatible, have the largest family
of nanostructures, are crystalline, and have a high surface-to-volume
ratio (Abou Chaaya et al., 2014).

In the present study, the hydrothermal method was used for the
synthesis of Morus nigra-deposited ZnO NPs with the use of
Trigonella foenum extract as a reductant. To further improve
their sensing abilities, the synthesized NPs were capped with
acetic acid. The oxidation of chromogenic substrate, i.e., TMB, by
H2O2 in the presence of acetic acid-capped sawdust deposited@ZnO
is being reported for the first time. The proposed platform is a new,
simple, quick, highly sensitive, and selective approach for H2O2

detection. The amount of capped NPs, pH, TMB concentration, and
incubation time were among the various reaction parameters that
were adjusted to achieve the best performance out of the suggested

FIGURE 2
SEM images (A‒D) were taken at different magnifications. The results depict that the nanoparticles are distributed uniformly over the surface of
sawdust to enhance its catalytic activity.

TABLE 1 EDX elemental analysis of the synthesized sawdust-
deposited@ZnO

Element Weight % Atomic %

C 49.90 58.45

O 46.95 40.71

Ca 0.17 0.06

Zn 3.64 0.78

Total 100.00 100.00

Frontiers in Bioengineering and Biotechnology frontiersin.org03

Nishan et al. 10.3389/fbioe.2024.1338920

80

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1338920


sensor. The sensitivity and selectivity were also investigated under
the aforementioned optimum conditions. Finally, H2O2 levels were
also measured in blood serum samples to testify to the
fabricated platform.

2 Experimental procedure

2.1 Materials and reagents

In the entire experimental procedure, all chemicals used were of
analytical grade, and no further purification was performed. Double-
distilled water was used in the preparation of solutions. NaOH
(97%), HCl (37%), acetic acid (97%), ascorbic acid (97%), urea
(99.5%), and 3,3′,5,5′-tetramethylbenzidine (TMB) were procured
fromDaejung, South Korea. KGaA and H2O2 (35%) were purchased
fromMerck. The collection of blood serum was performed at a local
lab close to the divisional teaching hospital in Kohat, KP, from three
diabetic individuals. The serum was twice diluted with a PBS
solution to decrease the complexity of the matrix, according to
the earlier reports (Singh et al., 2022).

2.2 Instrumentation

Fourier transform infrared spectroscopy (FTIR, Nicolet 6,700,
US) was used to find the characteristic peaks of the synthesized
platform in the range of 4,000–500 cm-1. The morphology of the
synthesized NPs was confirmed using a scanning electron
microscope (SEM) with INCAx-act Oxford Instruments

(TESCAN VEGA (LMU)). X-ray diffraction was used to identify
the phases of the produced ZnO NPs (JCPDS, file No. 04-0783). The
absorption spectra were taken with a Shimadzu UV-Vis
spectrophotometer (1,800, Japan).

2.3 Synthesis of Sawdust-deposited@
ZnO NPs

The green leaves of T. foenum were collected, washed with
distilled water, and dried in sunlight for 4 days. The leaves were
ground into a fine powder with the help of a blender. Extract was
prepared in distilled water by suspending 5 g of leaf powder in
200 mL of distilled water on a hot plate with a magnetic stirrer
(1,000 rpm) for 1 h at 65°C. The mixture was filtered, and the extract
was poured into a beaker. One Gram of zinc acetate was dissolved in
50 mL of distilled water and placed on a hot plate. Subsequently,
50 mL of extract solution was added dropwise to the zinc acetate
solution, and 1 g of sawdust from M. nigra was gradually added
while stirring at 65°C for 4 h. The synthesized sawdust-deposited@
ZnONPs solution was centrifuged for 15 min at 4,500 rpm to obtain
solid material.

2.4 Capping of sawdust-deposited@ZnO
NPs with acetic acid

The Sawdust-deposited@ZnO NPs were capped with an acetic
acid solution such that 0.12 g of the mimic enzyme was mixed with
2 mL of acetic acid for 30 min through a mortar and pestle
thoroughly. It resulted in the formation of a brown mixture that
was placed in an Eppendorf tube for further use (Asad et al., 2022;
Nishan et al., 2022).

2.5 Colorimetric sensing of H2O2

Capped sawdust-deposited@ZnO NPs (25 μL) were suspended
in 500 μL phosphate buffer (pH 7), followed by the addition of
150 μL TMB solution (18 mM). Add 90 μL of H2O2 (0.360 μM) to
the reaction mixture and incubate at room temperature for the
colorimetric reaction. The absorption spectrum of the resultant
solution was recorded using a UV-Vis spectrophotometer. Some
experimental parameters, such as response time, pH, the amount of
capped NPs, and the concentration of TMB solution, have been
tuned up to achieve the best results of the proposed platform.

3 Results and discussion

3.1 Characterization of the sawdust-
deposited@ZnO NPs

3.1.1 UV-vis spectroscopy
To investigate the optical characteristics of the sawdust-

deposited@ZnO NPs, a UV-Visible spectrophotometer was used.
The UV-Vis absorption spectrum of the synthesized sawdust-
deposited@ZnO NPs with a peculiar absorption band at 320 nm

FIGURE 3
Shows sawdust-deposited@ZnO NPs-based H2O2 biosensing. It
shows UV-Vis spectra of the solution containing capped sawdust-
deposited@ZnONPs (20 μL), PBS pH 7 (500 μL), TMB (18 mM: 150 µL),
and H2O2 (0.360 μM: 100 µL). Spectra were obtained without
H2O2 as well as in the presence of H2O2. The Figure shows the UV-Vis
spectra of a peculiar solution. Curve A represents the reaction system
without analyte, B represents the reaction in which sawdust was used
without ZnO NPs. Curve C represents the colorimetric change and
peak at 652 nm that occurred when H2O2 was introduced to the
sawdust-deposited@ZnO NPs.
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is shown in Figure 1A. The fact that ZnO has a considerable, sharp
absorption implies that the nanoparticles distribution is
monodispersed (Talam et al., 2012).

3.1.2 FTIR analysis of the sawdust-deposited@
ZnO NPs

FTIR analysis in the range of 4,000–500 cm-1, was used to
determine the different functional groups found on the surface of
the sawdust-deposited@ZnO NPs. The broad absorption band at
3,310 cm-1 indicates the presence of an OH group from the plant
source on the surface of the synthesized platform. The peak around
2,950 cm-1 shows the C-H stretching vibration of the alkyl group
present in the mimic enzyme. The most important characteristic
peak around 580 cm-1 represents the presence of Zn‒O bond present

in our synthesized platform, indicating that the ZnO nanoparticles
present in the sawdust-deposited@ZnO NPs are as shown in
Figure 1B. A similar pattern of peaks has already been reported
for ZnO in the literature (Xiong et al., 2006).

3.1.3 XRD analysis
The X-ray diffraction pattern of the synthesized sawdust-

deposited@ZnO NPs is shown in Figure 1C. The XRD results of
the prepared platform centered at 2θ = 21 reveal a diffraction peak
with miller indices of 120. When compared to standard data, it was
found that the peak matched the hexagonal phase of ZnO NPs
standard data (JCPDS card no. 36–1451) (Srivastava et al., 2013).
The average crystal size of orthorhombic-phase ZnO NPs was
calculated to be about 35 nm using Scherer equation.

FIGURE 4
(A)Optimization of the capped sawdust-deposited@ZnONPs [Reaction cond. PBS 500 µL (pH 7), TMB 150 µL (18 mM), H2O2 100 µL (0.360 μM). (B)
Different pH optimizations for the proposed capped sawdust-deposited@ZnONPs show the best colorimetric response at pH 7. [Reaction cond. Capping
20 μL, TMB 150 µL (18 mM), H2O2 100 µL (0.360 μM)]. (C) The optimization of TMB concentration of the capped sawdust-deposited@ZnONPs [Reaction
cond. Capping 40 μL, PBS 500 µL (pH 7), H2O2 100 µL (0.360 μM)]. (D) Reaction time optimization for the suggested capped sawdust-deposited@
ZnO NPs [reaction cond. Capping 40 μL, PBS 500 µL (pH 7), TMB 150 µL (12 mM), H2O2 100 µL (0.360 μM)].
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3.1.4 EDX analysis
The chemical composition of the sawdust-deposited@ZnO NPs

was examined using EDX analysis, as shown in Figure 1D and

Table 1. The results showed the presence of Zn and O in the
sawdust-deposited@ZnO sample. In addition to Zn and O, some
other elements like Ca and C are also present. The percent contents

FIGURE 5
Shows the optimization of H2O2 concentration. Figure (A) shows the UV-Vis response recorded at different concentrations of H2O2. The inset figure
shows varying color changes with the addition of different concentrations of H2O2. Figure (B) shows the corresponding calibration curve of the
absorbance at different H2O2 concentrations.
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TABLE 2 Comparison of different colorimetric biosensors for H2O2.

S. No. Materials used Method applied Linear range (μM) Limit of detection (μM) References

1 CuS Colorimetric 1–1,000 0.11 Guan et al. (2015)

2 PB NPs Colorimetric 0.1–50 0.031 Zhang et al. (2014)

3 Ag NPs Colorimetric 0.01–30 0.014 Teodoro et al. (2019)

4 RhNPs Colorimetric 1–100 0.75 Choleva et al. (2018)

5 Cu(II)-coated Fe3O4 NPs Colorimetric 2.5–100 0.2 Liu et al. (2019)

6 GQDs/CuO Colorimetric 0.5–10 0.17 Zhang et al. (2017)

7 ZV-Mn NPs Colorimetric 10–280 0.2 Rauf et al. (2020)

8 FeCDs Colorimetric 6–42 0.93 Bandi et al. (2021)

9 Ni NPs Colorimetric 400–4,000 120 Zarif et al. (2020)

10 TiO2 NPs Colorimetric 0.001–0.360 0.08 Nishan et al. (2021a)

11 lignin-based Ag NPs Colorimetric 0.001–0.360 0.0137 Nishan et al. (2021b)

12 Ag-Fe2O3 NPs Colorimetric 0.001–0.320 0.0107 Nishan et al. (2023)

13 Capped sawdust-deposited@ZnO NPs Colorimetric 0.001–0.360 0.00024 This work

SCHEME 1
Showing the proposed reaction for the colorimetric sensing of hydrogen peroxide based on the fabricated mimic enzyme.
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of Zn, O, C, and Ca are 3.64, 46.95, 49.90, and 0.17, respectively, by
weight as shown in the table.

3.1.5 SEM analysis
To investigate the surface morphology of the synthesized

sawdust-deposited@ZnO NPs, SEM images of different
resolutions were taken, as shown in Figure 2A−D. SEM images
confirmed that the prepared ZnO NPs are distributed uniformly
over the surface of sawdust. This uniform distribution of the
nanoparticles is highly desirable and helpful in terms of the
surface area of the nanoparticles for their catalytic activity.

3.2 Colorimetric detection of H2O2

H2O2 sensing by the proposed sawdust-deposited@ZnO NPs was
done using a very simple and highly selective colorimetric approach. The
optical sensing and UV-Vis absorption spectra are shown in Figure 3.
When H2O2 is introduced to the sensor system, it produces a blue-green
color from the colorless TMB.Mechanistically, adsorption ofH2O2 on the
surface of NPs produces OH radicals, which oxidize the colorless TMB
substrate into a blue-green product, as can be seen with the naked eye, as
shown in Figure. The colorimetric change was confirmed by a UV-Vis
spectrophotometer. To confirm that the colorimetric change was due to
the synthesized sawdust-deposited@ZnONPs, we usedM. nigra sawdust
without ZnONPs as a negative control.WhenH2O2 was added, no color
change was detected; indicating that the color change was caused only by

the capped sawdust-deposited@ZnO NPs. UV-Vis spectroscopic
investigation validated the negative control experiment, as indicated
in Figure.

3.3 Proposed mechanism of the reaction

In the current work, mimic enzyme (acetic acid-capped ZnO
NPs deposited sawdust) receive electrons from TMB. It results in an
increase in the conductivity of electrons in the mimic enzyme, which
provides an active site for the proposed chemical reaction. The
mobility of electrons results in the transfer of electrons to H2O2. It
results in the generation of hydroxyl free radicals. The generated
hydroxyl free radicals oxidize the TMB, resulting in the formation of
a blue-green complex. This colorimetric change is visible to the
naked eye and was also confirmed with a UV-Vis
spectrophotometer. The maximum absorption was found to be at
652 nm. The detailed proposed reaction can be in seen in Scheme 1.

3.4 Optimization of parameters

3.4.1 Amount of capped ZnO NPs
In order to get the best colorimetric response, we first optimized

the amount of capped sawdust-deposited@ZnO NPs. Briefly,
different amounts (10–70 µL) of the capped sawdust-deposited@

FIGURE 6
Comparative interference study of the proposed capped sawdust-deposited@ZnO NPs sensor for the detection of hydrogen peroxide with other
analytes, indicating high selectivity of the proposed platform for the sensing of H2O2. In the inset Figure, the letters A, B, C, D, E, and F represent ascorbic
acid, lead, uric acid, glucose, nitrite, and hydrogen peroxide, respectively.

Frontiers in Bioengineering and Biotechnology frontiersin.org08

Nishan et al. 10.3389/fbioe.2024.1338920

85

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1338920


ZnO NPs were tested, and the best colorimetric response was
obtained at a 40 µL concentration, as shown in Figure 4A. No
significant colorimetric response was obtained below 40 μL, so
the 40 µL amount was taken as the optimum amount for further
experiments. Previously, we reported about 25 μL of capped TiO2

NPs as an optimum concentration for the colorimetric sensing of
H2O2 (Nishan et al., 2021a). Under the given conditions, an increase
in the concentration of the mimic enzyme from 40 µL up to 70 µL
results in a lower response. This can possibly be explained by the fact
that unreacted mimic enzyme interferes with the already oxidized
TMB, resulting in much lower absorption.

3.4.2 pH optimization
Different pH optimizations were done to get the maximum

colorimetric response. Briefly, different pH solutions of PBS were
made, and their respective pH values were adjusted using sodium
hydroxide and hydrochloric acid solutions. The best colorimetric
response shown by the capped sawdust-deposited@ZnO NPs was
recorded on pH 7, as shown in Figure 4B. No significant colorimetric
response was noticed above or below this optimum pH of 7,
therefore pH 7 was selected as the optimum pH for further
experiments. At a lower pH, the concentration of hydrogen ions
increases, which results in the protonation of the amino group of the
chromogenic substrate TMB. This protonation of TMBmakes it less
susceptible to oxidation, resulting in a lower colorimetric change.
The increase in pH above 7 results in an increase in hydroxyl ion

concentration. As a result, the oxidation of TMB reduces, and hence
less colorimetric change can be observed. Similarly an earlier study
reported pH 7.5 to be optimum for the colorimetric sensing of
hydrogen peroxide (Nishan et al., 2021b).

3.4.3 Optimization of TMB concentration
TMB solutions of different concentrations ranging from 3 to

21 mM were prepared. Initially, the colorimetric response increased
up to 12 mM and then decreased as the concentration of TMB
increased from 13 mM to 21 mM. The best colorimetric response
was noticed at 12 mM, as shown in Figure 4C. Recently, for the
detection of hydrogen peroxide, the 8 mM optimum TMB
concentration was reported by our groups for another
nanostructure (Nishan et al., 2023). This could possibly be
explained by the fact that in the reported work, a pristine form
of nanomaterial functionalized with ionic liquid was used as a mimic
enzyme. In the current work, sawdust was used as a matrix material,
hence the higher concentration of TMB.

3.4.4 Optimization of time
In colorimetric detection of hydrogen peroxide, the reaction

incubation time was also optimized. A colorimetric response was
noticed at various time intervals (1–7 min) after adding hydrogen
peroxide. The reaction time at various intervals was recorded by
UV-Vis spectroscopy. After 5 min, no further change in color or
absorbance was noticed, indicating that 5 min is the optimal time for
a complete reaction, as shown in Figure 4D. According to the
literature, the optimum time for the detection of hydrogen
peroxide was 10 min, as reported by (Zarif et al., 2020), which is
much higher than our present work.

3.5 Optimization of hydrogen peroxide
concentration

H2O2 was detected using a quick and easy colorimetric method
based on capped sawdust-deposited@ZnO NPs under ideal
experimental circumstances. As seen in Figure 5, the developed
biosensor’s sensitivity for H2O2 detection was tested using a range of
H2O2 concentrations. At lower H2O2 concentrations, the sensor
response and peak intensity were negligible, but as the concentration
rose, they grew linearly. H2O2 detection with an R2 value of
0.999 and a linear range of 0.001–0.360 μM was made possible
by this method. It was determined that the limits of quantification
(LOQ) and detection (LOD) were, respectively, 0.24 nM and
0.81 nM. The suggested colorimetric approach had the
advantages of a low detection limit, low cost, and naked eye
observation over other previously published detection methods.
Based on the linear range and limit of detection, we compared

FIGURE 7
Real sample analysis of a blood serum sample of a diabetes
patient at optimized conditions by the addition of different
concentrations of hydrogen peroxide, such as 0.017, 0.120,
and 0.206 μM.

TABLE 3 Detection of hydrogen peroxide in blood serum sample of diabetes patient (n = 3).

Samples Detected (μM) H2O2 added (μM) H2O2 found (μM) Recovery (%) RSD (%)

1 0.004 0.017 0.021 123.53 0.271

2 0.007 0.120 0.127 105.83 0.451

3 0.013 0.206 0.219 106.31 0.214
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this work for H2O2 detection with previously reported colorimetric
approaches, as shown in Table 2. It is clear from the results that the
fabricated sensor showed an exceptional limit of detection and a
comparable wide linear range with previous works from our group.

3.6 Selectivity analysis the proposed sensor

The potential interfering chemicals, including ascorbic acid,
lead, uric acid, glucose, and nitrite, were used to test the
selectivity of the proposed sensor. All these interfering chemicals
had substantially lower absorbance than H2O2, as shown in Figure 6.
The recorded absorbance was highest when H2O2 was added, and no
significant absorbance change was seen when a co-existing material
was added. In the presence of higher amounts of ascorbic acid, lead,
uric acid, glucose, and nitrite ions, the suggested sensor has a
substantially stronger selectivity for H2O2. All the experiments
were performed in the presence of 0.360 μM H2O2 and a double
concentration of other interfering substances.

3.7 Real sample analysis

To assess the practical application of the proposed sensor to
detect H2O2 content, the measurement of H2O2 in the blood serum
sample of a diabetes patient was carried out as shown in Table 3. The
present amount of H2O2 was calculated from the already calibrated
graph by using the spiking method. Different concentrations of
H2O2 solution, such as 0.017, 0.120, and 0.206 μM, were spiked into
the blood serum sample of a diabetes patient and analyzed, as shown
in Figure 7. The results demonstrated that the H2O2 concentrations
in the real samples determined by the current assay are in good
agreement with the spiked H2O2 concentrations.

4 Conclusion

Morus nigra-deposited ZnO@NPs were successfully synthesized
from T. foenum extract. The synthesized platform was characterized
with various standard analytical techniques, including FTIR, SEM,
XRD, and EDX. The synthesized sawdust-deposited@ZnONPs were
capped with acetic acid and successfully used for the colorimetric
sensing of H2O2. Our current finding demonstrates that acetic acid-
capped sawdust-deposited@ZnO NPs show enhanced intrinsic
peroxidase-like activity. The proposed platform showed good
sensitivity and selectivity in the presence of a double amount of
potential interfering species. The fabricated platform shows a
number of advantages over natural enzymes, including easy
preparation, low cost, quick reaction times, and high stability.
These advantages make it a suitable candidate peroxidase-mimic
for future applications in biotechnology, medical diagnostics, and
hydrogen peroxide monitoring.
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Effect of nanoporous membranes
thickness in electrochemical
biosensing performance:
application for the detection of a
wound infection biomarker

C. Toyos-Rodríguez1,2, D. Valero-Calvo1,2, A. Iglesias-Mayor1,2

and A. de la Escosura-Muñiz1,2*
1NanoBioAnalysis Group, Department of Physical and Analytical Chemistry, University of Oviedo, Oviedo,
Spain, 2Biotechnology Institute of Asturias, University of Oviedo, Oviedo, Spain

Introduction: Nanoporous alumina membranes present a honeycomb-like
structure characterized by two main parameters involved in their performance
in electrochemical immunosening: pore diameter and pore thickness. Although
this first one has been deeply studied, the effect of pore thickness in
electrochemical-based nanopore immunosensors has been less taken into
consideration.

Methods: In this work, the influence of the thickness of nanoporous membranes
in the steric blockage is studied for the first time, through the formation of an
immunocomplex in their inner walls. Finally, the optimal nanoporousmembranes
were applied to the detection of catalase, an enzyme related with chronic wound
infection and healing.

Results:Nanoporous aluminamembraneswith a fixed pore diameter (60 nm) and
variable pore thicknesses (40, 60, 100 μm) have been constructed and evaluated
as immunosensing platform for protein detection. Our results show that
membranes with a thickness of 40 μm provide a higher sensitivity and lower
limit-of-detection (LOD) compared to thicker membranes. This performance is
even improved when compared to commercial membranes (with 20 nm pore
diameter and 60 μm pore thickness), when applied for human IgG as model
analyte. A label-free immunosensor using a monoclonal antibody against anti-
catalase was also constructed, allowing the detection of catalase in the range of
50–500 ng/mL and with a LOD of 1.5 ng/mL. The viability of the constructed
sensor in real samples was also tested by spiking artificial wound infection
solutions, providing recovery values of 110% and 118%.

Discussion: The results obtained in this work evidence the key relevance of the
nanochannel thickness in the biosensing performance. Such findings will
illuminate nanoporous membrane biosensing research, considering thickness
as a relevant parameter in electrochemical-based nanoporous
membrane sensors.
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nanochannel, nanochannel thickness, catalase, wound infection, sensing
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1 Introduction

The raising spread of rapidly evolving illnesses (Baker et al.,
2022), as well as the overcrowd of primary care centers (Sartini et al.,
2022), have demonstrated the need for rapid and reliable diagnostic
tools for a proper healthcare management (Bernabé-Ortiz et al.,
2021). With the 50% of illnesses detected nowadays being diagnosed
in purpose-built centralized laboratories (Luppa et al., 2011), the
need of faster alternatives is mandatory. Traditional techniques as
polymerase chain reaction (PCR) or enzyme-linked immunosorbent
assay (ELISA) (Sokolenko and Imyanitov, 2018), cell culture (Opota
et al., 2015), and mass spectrometry (Unlu and Abusoglu, 2022) are
precise, robust and, in most cases, automated techniques, but they
still lack from the decentralization and cost-effectivity demanded for
a point-of-care clinical diagnosis.

Biosensing devices constitute suitable alternatives in this sense,
with highly diverse materials and formulations (Campuzano and
Pingarrón, 2023) that allow the detection of nucleic acids as
desoxyribonucleic acid (DNA) and ribonucleic acid (RNA) or
protein biomarkers. From the biosensing strategies available,
nanoporous materials constitute a robust alternative, proof-of-
which are commercial examples as the DNA/RNA sequencing
MinION technology, based on this sensing principle (Wang
et al., 2021).

Nanopore sensing relies on the monitoring of current
fluctuations between two chambers filled with an electrolyte
solution through a nanopore inserted inside an insulating
membrane (Xue et al., 2020). The passage of an analyte through
the pore reduces the current recorded in a specific signature,
associated to the size, charge or sequence of the target molecule.

Nanopore sensing was initially developed making use of single
protein pores (Bayley and Cremer, 2001) although the stability and
size limitations of this technology, soon prompted the advancement
of solid-state alternatives (Dekker, 2007) with nanopore sizes
between 100 nm and 1 nm (Liu et al., 2023) and variable non-
permeable materials.

All these membrane-based sensors rely on resistive pulse as
sensing principle. However, the monitoring of current changes
through these means has disadvantages, as the need to minimize
signal-to-noise effects or the difficulty of multiplexing (Xue
et al., 2020).

The combination of nanoporous membranes with alternative
sensing strategies, as optical sensing (Spitzberg et al., 2019), field-
effect transistors, quantum tunnelling (Ren et al., 2017) or
electrochemistry (Ito and Nathani, 2022) is then a promising
alternative.

In combination with electrochemistry, solid-state membranes,
and more particularly nanoporous alumina membranes have been
deeply used for sensing applications (de la Escosura-Muñiz and
Merkoçi, 2012). This type of membranes stands out due to their ease
of functionalization, large surface area, stability, and filtering
properties. Nanoporous alumina membranes have a homogenous
and self-ordered nanoporous structure, formed by the voltage
mediated anodization of aluminium at an acidic pH, which
forms a honeycomb-like structure characterized by their pore
diameter and pore thickness.

Several works have previously studied the effect of this first
dimension in detail (Van Den Hout et al., 2010). However, the effect

of pore thickness in the analytical performance of an
electrochemical-based nanopore sensor is still less known.
Nanopore thickness has been previously considered in biological
nanopores (Xue et al., 2020), were a reduction of the length of this
dimension has been correlated with an increase in the sensitivity
achieved. In solid-state membranes, thickness has been also
identified as a critical factor for resistive pulse recording, as both
signal (current intensity) and resolution (associated with the actual
sensing region inside the nanopore) are inversely proportional to
this dimension.

In this context, this work has evaluated for the first time the
effect of nanoporous alumina membrane thickness in a sensing
device relying in electrochemical detection. Membranes with a fixed
pore diameter (60 nm) and variable pore thicknesses (40, 60,
100 μm) have been constructed through a two-step anodization
process. Commercially available membranes with a diameter of
20 nm and a thickness of 60 μm have been also evaluated for
comparison purposes. The analytical characteristics of these
membranes have been compared developing a model
immunosensor for the detection of human immunoglobulin G
(HIgG) as model analyte. The principle of the developed sensor
is based on the immobilization inside nanoporous alumina
membranes of an antibody against HIgG. In the presence of
this molecule, an immunocomplex is formed inside the
channel, which hinders the diffusion of the redox indicator
ferrocyanide ([Fe(CN)6]

4-) through the nanochannel, changing
the electrochemical signal recorded.

Optimal nanoporous membranes have been applied to the
detection of a chronic wound infection biomarker as a proof-of-
concept. Chronic wounds are a prevalent healthcare challenge in
aging populations, affecting 1%–2% population in developed
countries (Clinton and Carter, 2015). A major complication in
the normal healing process of a wound is infection, that delays
wound bed recovery and, if unattended, increases the risk of sepsis.
A fast and accurate identification of an infection is then mandatory
to stop bacteria colonization by providing a suitable antibiotic
treatment. However, current identification techniques are based
on first instance on visual signs of infection (Siddiqui and
Bernstein, 2010) (i.e., redness, swelling, increased temperature of
the wound bed, etc.) and as confirmation, gold-standard culture
techniques. The long time required for these techniques to provide a
result leads to the unrestrained administration of antibiotic
treatments, what aggravates the appearance of multi-drug
resistant microorganisms (Miethke et al., 2021; Inda-Díaz et al.,
2023). The substitution of these approaches by point-of-care
analytical tools, as the one proposed in this work, are desirable to
tackle infection in a cost-effective, fast, and accurate manner.

Catalase, a hydrogen peroxidase enzyme that has been stablished
as biomarker of several pathologies, including oxidative stress or
chronic wound infection (Clemente et al., 2020), has been selected as
target analyte. Catalase is produced by certain bacteria, including
Pseudomonas aeruginosa, a prevalent microorganism present in
chronic wounds, as well as Enterobacteriaceae or Staphylococcus
among others (Chester and Moskowitz, 1987; Shin et al., 2008). But
catalase can be also produced by the human body, and it has been
related with the healing state of a wound (Rasik and Shukla, 2001),
constituting a dual infection and healing biomarker. This relation
has prompted the incorporation of catalase or catalase-like
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nanozymes (Wang et al., 2023; Xu et al., 2023) as components of
wound dressing materials, pointing out the relevance of this
biomolecule in wound management.

2 Experiments

2.1 Materials

High purity aluminum discs (Al 99.999%, Goodfellow,
United Kingdom), (3-aminopropyl) triethoxysilane (APTES),
catalase from human erythrocytes, monoclonal anti-catalase
antibody, N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide
hydrochloride (EDC), Human IgG >95% (HPLC grade),
polyclonal anti-Human IgG antibody,
N-Hydroxysulfosuccinimide sodium salt (sulfo-NHS), potassium
ferrocyanide K4[Fe(CN)6], (2-(N-morpholino) ethanesulfonic
acid) (MES) and Tris (tris(hydroxymethyl) aminomethane)-HCl
(Tris-HCl) were purchased from Sigma-Aldrich (Spain). All acids
required for the anodization process were purchased from VWR
International Eurolabs (Spain).

Unless otherwise stated, all buffer solutions were prepared in
ultrapure water (18.2 MΩ cm @ 25°C) obtained from a Millipore
Direct-Q® 3 UV purification system from Millipore Ibérica
S.A (Spain).

Commercial Whatman® AnodiscTM filter membranes (13 mm
diameter, 60 μm thickness, 20 nm pore) used as control were
obtained from VWR International Eurolabs (Spain). As working
electrode, indium tin oxide/poly(ethylene terephthalate) (ITO/PET)
sheets (with a surface resistivity of 60Ω/sq) were obtained from
Sigma-Aldrich (Spain). Silver/silver chloride from CH Instruments,
Inc. (United States) and platinum wire from Alfa Aesar
(United States) were used as reference and counter electrode
respectively.

2.2 Instruments

The surface functionalization of the obtained nanoporous
alumina membrane was performed on a Savannah 100 thermal
atomic layer deposition (ALD) reactor (Cambridge Nanotech,
Waltham, MA, United States). Characterization of the
membranes was performed through scanning electron
microscopy (SEM) using a MEB JOEL-6100 (Japan) operated at
20 kV. Electrochemical measurements were performed inside a
customized methacrylate electrochemical cell with a PalmSens
3 potentiostat (PalmSens BV, Netherlands) controlled by a
smartphone via Bluetooth.

2.3 Nanoporous alumina membranes
preparation and functionalization

Nanoporous alumina membranes were obtained following a
previously published procedure (Cuevas et al., 2023). Briefly, a
highly pure aluminum disk (composed of Al 99.999% with a size
of 0.5 mm in thickness and 25 in diameter) was cleaned with
isopropanol and ethanol for further electropolishing with a 25%

perchloric acid in ethanol solution. The aluminum was then
anodized following a two-step anodization process, using a
0.3 M oxalic acid solution as electrolyte, and applying an
anodization voltage of 40 V. The first anodization step was
applied for 24 h at 0°C-1°C. The anodization time was
modified to adjust the thickness of the resulting membranes.
After that, the resulting Al template was washed to remove the
aluminum oxide layer with an acidic solution of chromium
trioxide (CrO3) and phosphoric acid (H3PO4) at 35°C for 24 h.
A second anodization step was then performed also applying a
40 V potential and adjusting the time of the anodization step to
obtain a nanoporous membrane thickness of ~40, 60 or 100 µm.
The membrane surface was protected by depositing a layer of
poly(methyl methacrylate) (PMMA). A last cleaning step was
then performed using an aqueous mixture of hydrochloric acid
(HCl) and copper (II) chloride (CuCl2) to remove a 1 cm2 area of
remaining Al at the bottom layer. Then, a wet chemical etching
was applied using an aqueous solution of H3PO4 5% at room
temperature for 120 min to open the formed pores. Afterwards,
the PMMA layer was dissolved in acetone, thus exposing the
porous structure of the membrane. Finally, the pore diameter was
adjusted by widening them through chemical etching in a 5%
aqueous solution of H3PO4 at room temperature for 1 h.

The obtained nanoporous membranes were later functionalized
using ALD by pulsing water vapor and APTES while heating the
substrates at 150°C.

2.4 Antibody immobilization and HIgG
detection using membranes with
different thickness

After functionalizing the inner walls of the nanoporous
alumina membranes with amine groups through ALD, 30 μL
of a solution of 5 mM EDC/sulfo-NHS in MES pH 5, containing
a concentration of 1,000 μg/mL (highly excess) of monoclonal
anti-HIgG antibody was placed on top of the nanoporous
membrane and left at room temperature for incubation for
2 h. The mechanism of antibody immobilization is
schematized in Supplementary Figure S1. After this time,
membranes were gently washed with Tris-HCl 10 mM
pH 7.40 buffer to remove the non-immobilized antibodies.
Nanopores blockage obtained after the antibody
immobilization step was measured at this point for each
modified membrane using a 10 mM K4[Fe(CN)6] redox
indicator solution in 10 mM Tris-HCl pH 9.0 solution (see
Section 2.5). After this measurement, membranes were gently
washed with Tris-HCl 10 mM pH 7.40 buffer and measured
again without the addition of further redox indicator,
confirming that there was no remaining solution inside the
membrane. Then, 30 μL of solutions containing increasing
concentrations of HIgG (100, 500 and 1,000 ng/mL) were
placed on the membranes and left for incubation at room
temperature during 1 h, following a previously optimized
protocol for this analyte (de la Escosura-Muñiz and Merkoçi,
2010). After incubation, membranes were washed again and
measured using a 10 mM K4[Fe(CN)6] redox indicator solution
in 10 mM Tris-HCl pH 9.0.
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This protocol was followed for the self-prepared membranes
with a fixed pore diameter of ~60 nn and variable pore thicknesses
(40, 60, 100 μm) and for the commercial ones with a pore diameter
of 20 nm and a pore thickness of 60 μm.

2.5 Electrochemical measurements

ITO/PET electrodes were hydrolysed by immersion in a solution
of H2O:NH3:H2O2 (17:3:1) for 20 min, followed by washing in
acetone, isopropanol, and water and finally letting dry. Later, the
modified electrodes were electrochemically characterized by cyclic
voltammetry (CV) (scan range: −0.3 V to +0.8 V; step potential:
10 mV, scan rate: 50 mV/s) in 10 mM K4[Fe(CN)6]/0.1 M Tris-HCl
at different pH values to confirm that the applied hydrophilization
treatment did not affect conductivity.

For the electrochemical evaluation of the blocking/unblocking of
the nanoporous membranes, APTES-modified membranes were
collocated on top of the hydrophilized ITO/PET electrodes and
fixed inside a methacrylate block with a hole defining an
electrochemical cell of 500 μL. Membranes were maintained
inside the cell during the immunocomplex formation steps (see
Section 2.4.), performing washing steps with the appropriate buffer
inside them. Measurements were performed using a 10 mM K4

[Fe(CN)6] red-ox indicator solution in 0.1M Tris-HCl (at the
appropriate pH value in each case) and a three-electrode system
(silver/silver chloride reference electrode, platinum wire counter

electrode and ITO/PET working electrode). Differential pulse
voltammetry (DPV) was used to evaluate the oxidation of
[Fe(CN)6]

4− to [Fe(CN)6]
3−, applying a pre-treatment at −0.1 V

for 30 s and scanning between −0.1 V and +1.1 V (step potential:
10 mV, modulation amplitude: 50 mV, and scan rate: 33.5 mV/s).
Measurements were carried out in triplicate using a single
nanoporous membrane and ITO/PET electrode, both discarded
after each measurement.

2.6 Catalase detection

For catalase enzyme detection, anti-catalase antibodies at a
concentration of 50 μg/mL were immobilized in the inner walls
of nanoporous aluminamembranes following the same procedure as
described in Section 2.4. The concentration of antibody was reduced
in this case to improve the cost-effectivity of the sensor. First, the
optimum pH used for measurement was evaluated, using buffer
solutions of Tris-HCl 0.1M pH 7.0 and Tris-HCl 0.1 M pH 8.2, in an
immunosensor containing a fixed catalase concentration of 500 ng/
mL (added after anti-catalase antibody immobilization, as explained
in Section 2.4). Control assays were performed in Tris-HCl 0.1 M
pH 7.0 without catalase being added. For the quantification of
catalase, increasing catalase concentrations ranging from 50 to
500 ng/mL were added to different membranes and measured
using a measurement buffer solution of Tris-HCl 0.1 M pH 7.5,
as optimum pH value.

FIGURE 1
Characterization of the obtained nanoporous alumina membranes. (A). SEM top-view of the self-obtained nanoporous membranes. (B). Size
distribution of the nanochannels diameter, showing an average size of 59 ± 4 nm. (C, D). Cross-section of the self-produced nanoporous alumina
membranes with thicknesses of 40 (C), 60 (D) and 100 μm (E).
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2.7 Spike and recovery assay in artificial
wound media

To evaluate the applicability of the method in a real scenario, a
spike and recovery assay was performed in artificial wound media
(Galliani et al., 2020), composed of sodium chloride (124 μM),
sodium bicarbonate (36.8 μM), magnesium chloride (0.831 μM),
calcium chloride (2.48 μM), glucose (5 μM), lactic acid
(0.010 μM) and bovine albumin (0.150 μM). The pH of the
solution was adjusted to 6.7. The artificial wound media was
spiked with catalase at concentrations of 100 and 500 ng/mL.
After incubation, membranes were gently washed with Tris-HCl
0.1 M pH 7.5 prior to measurement in a 10 mM K4[Fe(CN)6]
solution in the same buffer.

3 Results and discussion

3.1 Nanoporous membranes structural
characterization and ITO/PET electrodes
evaluation

Nanoporous alumina membranes with thicknesses of 40, 60 and
100 μm and a diameter size of around 60 nm were obtained
following a two-step anodization process by modifying the time
of the second anodization step. The rationale behind the selection of
40, 60 and 100 μm as pore thickness is based on the thickness of
commercially available nanoporous alumina membranes (60 μm).
This type of membranes have been extensively used for sensing

purpose, with parameters such as the pore diameter been deeply
optimized (de la Escosura-Muñiz andMerkoçi, 2010). However, due
to the fixed thickness of these membranes, this parameter was to a
lesser extent studied. A nanopore thickness equivalent to the
commercially available one (60 μm) was compared in this work
with a lower (40 μm) and a higher (100 μm) thickness value.

The obtained nanoporous alumina membranes were
characterized, both top (Figure 1A) and cross-section (Figures
1C–E) by SEM. Membranes presented a homogeneous
honeycomb-like structure of an average diameter size of 59 ±
4 nm for the 40 thickness membranes (Figure 1B), maintained
for all the thicknesses tested (Supplementary Figure S2). The
spherical shape of the obtained nanopores contrasts with the
irregularities observed in commercial filtering alumina
membranes (Supplementary Figure S3) with a nanopore diameter
of 20 nm, making them more suitable for their use in biosensing.
Commercial membranes of 20 nm diameter sized were selected in
this case as control as the diameter size is the closest available to the
membranes obtained in this case, being other commercial options of
diameters of 100 and 200 nm.

To increase the integrability and portability of the developed
sensor, membranes were incorporated on top of a hydrophilized
ITO/PET electrode (Figure 2A). The effect of the hydrophilization
pretreatment over the electrochemical behavior of the ITO/PET
electrode was previously evaluated by recording cyclic
voltammograms in [Fe(CN)6]

4−/Tris-HCl 0.1 M pH 7.2, and
comparing them with the obtained for an unmodified electrode
(Figure 2B). No variation was observed neither in the anodic/
cathodic peak potentials nor in the current peak intensity,

FIGURE 2
(A). Picture of the nanoporous membranes integrated on top of an hydrophilized ITO/PET electrode. (B). Electrochemical characterization of bare
ITO/PET electrodes and hydrophilized ITO/PET electrodes. Cyclic voltammograms recorded from −0.4 to +0.8 V (vs. Ag/AgCl) in [Fe(CN)6]

4−/Tris-HCl
0.1M pH 7.2. Scan rate:50 mV/s; step potential: 10 mV. (C). Picture of the electrochemical cell assembling. (D). Picture of the complete set-up, including
the portable potentiostat controlled by a smartphone.
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confirming that the hydrophilization treatment applied did not
affected the electrode performance. ITO/PET electrodes were
selected over alternative electrode materials, as screen-printed
carbon electrodes (SPCEs) as they are flexible and biocompatible
materials that also increase the stability of the measurements (by
being just the working electrode covered by the membrane)
(Figure 2C), increasing the reproducibility of the system. The
complete set-up is shown in Figure 2D, consisting on the
anchoring of the nanoporous alumina membrane and the ITO/
PET electrode inside a methacrylate chamber, that clamps both
pieces without generating noticeable air gaps.

3.2 Evaluation of membrane thickness effect
in the nanochannel blockage produced by
the immunocomplex

To evaluate how the thickness of the nanoporous
membranes affects the sensitivity of the (bio)analytical
platform developed, an immunosensor for the detection of
HIgG was constructed through the immobilization of anti-
HIgG antibodies in the inner walls of the nanochannels
(Figure 3). The principle of the developed platform is based
on the specific capturing of HIgG inside the nanochannels, what
blocks the passage of the red-ox indicator [Fe(CN)6]

4- to the

electrode, reducing the voltammetric signal associated to the
oxidation of this molecule.

HIgG has already been detected using commercially available
nanoporous alumina membranes (de la Escosura-Muñiz and
Merkoçi, 2010). In such work, the authors observed that the
diameter of nanoporous membranes affected the blockage, being
able to detect lower concentrations of HIgG with membranes of
20 nm of pore diameter than with those of 200 nm. However, the
effect of membranes thickness has been hardly studied in these solid-
state membranes.

Membranes with three different nanochannel thicknesses
(40, 60 and 100 μm) and an average pore diameter of 60 nm
have been fabricated and evaluated. The performance of these
membranes has been compared to those of commercial
membranes with 60 μm thickness and 20 nm diameter size.
Since commercial diameters of 60 nm, highly desirable for an
accurate comparison are not available, we selected those of 20 nm
since this small size is what offers a better sensitivity (de la
Escosura-Muñiz and Merkoçi, 2010). Membranes were tested for
HIgG at concentrations 100, 500 and 1,000 μg/mL.

To simplify and standardize the results, the degree of blockage in
the investigations reported in the following sections has been
defined as the index of HIgG current blockage in percentage
(Eq. (1)):

Index of HIgGCurrent Blockage ΔIHIgG( ) %( )

� I0 antibodymodifiedmembranes- IHIgG immunocomplex

I0 antibodymodifiedmembranes
( ) x 100 (1)

where I correspond to the peak current value of the voltammetric
oxidation of the redox indicator used.

The mentioned index was calculated for each membrane by
measuring the current just after the antibody immobilization step
(corresponding to I0 antibody-modified membranes) and after the
formation of the immunocomplex (IHIgG immunocomplex). This
strategy, compared to the use of individual membranes for each step
(Toyos-Rodríguez et al., 2023), increases the reproducibility of the
method while facilitates manipulation, what increases the potential
of the sensor for point-of-care applications.

Measurements were performed at a pH of 9.0, at which both
anti-HIgG antibody and HIgG were expected to be negatively
charged (Tang et al., 2021). The equal charge of the redox
indicator [Fe(CN)6]

4- and the biomolecules inside the channel
leads to the appearance of a repulsion effect that hinders the
passage of the redox indicator, increasing the electrostatic
blockage of the electrochemical signal obtained. This variable has
been previously reported as a relevant factor in electrochemical-
based nanopore sensors (Wang et al., 2010).

Apart from the electrostatic blockage owing to the charges inside
the nanopore, steric effects, associated with the dimensions of the
nanopore, contribute to the global blockage obtained. In particular,
the influence of the membranes thicknesses in the steric blockage
applied for the detection of HIgG is studied in this work for
the first time.

As shown in Figure 4A, the analytical signal, corresponding to
the oxidation of [Fe(CN)6]

4- to [Fe(CN)6]
3-, for a fixed amount of

HIgG (100 μg/mL) decreases with the membrane thickness. This
behavior suggests that for the thinner membranes all the antibodies
are bound to antigens, leaving a narrow path for the redox indicator

FIGURE 3
Schematic representation of the sensing principle for the
immunosensor for the detection of HIgG. When anti-HIgG antibodies
are immobilized inside the pore (left side), the passage of a redox
indicator solution ([Fe(CN)6]

4-) is slightly reduced, leaving the
channel open, what leads to a high current recorded. In the presence
of the target analyte, in this case HIgG, the capturing of this molecule
inside the nanopore is associated to a decrease in the current
recorded due to a closure of the channel.

Frontiers in Bioengineering and Biotechnology frontiersin.org06

Toyos-Rodríguez et al. 10.3389/fbioe.2024.1310084

94

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2024.1310084


ions diffusion. However, as the thickness increases, more antibodies
are free leading to a wider space for the ions passage.

This behavior was also evaluated for different concentrations of
HIgG, giving the results in terms of index of current blockage
(Figure 4B). As can be observed, values of 32% are reached for
membranes with a thickness of 40 μm for the lowest HIgG
concentration tested (100 μg/mL) compared to a 4% in
membranes with a 100 μm thickness. These results point out that
the reduction of the nanoporous membrane thickness is directly
related with the blockage obtained and hence the performance of

sensors developed using this material as platform. In other words,
for the thinner membranes lower amounts of antigen are enough to
block the nanochannel, leading to a better sensitivity. Moreover, in
all cases a linear relationship between the index of current blockage
and the concentration of HIgG is obtained. The analytical
characteristics obtained with the self-prepared nanoporous
alumina membranes with variable thicknesses are shown at
Table 1. Commercial membranes with a pore diameter of 20 nm
and a thickness of 60 μm were also evaluated for
comparison purposes.

FIGURE 4
Study of the effect of membrane thickness in the sensitivity of an HIgG immunosensor. (A). Schematic representation of the different membranes
used with increasing thickness and different diameters, together with representative voltammograms obtained with differential pulse voltammetry (DPV)
for each case at a HIgG concentration of 100 μg/mL. (B). Results obtained represented as themean and SD of the index of HIgG current blockage (ΔHIgG)
(%) per each concentration studied. ΔHIgG was calculated considering the voltammetric signal, associated to the oxidation of [Fe(CN)6]

4- to
[Fe(CN)6]

3- recorded through DPV with a pre-treatment at −0.1 V for 30 s and, a scan range of −0.1 V to +1.1 V (step potential: 10 mV, modulation
amplitude: 50 mV, and scan rate: 33.5 mV/s).

TABLE 1 Analytical characteristics obtained or the detection of human IgG (HIgG) using nanoporous alumina membranes with different thicknesses.

Preparation Thickness (μm) Diameter size (nm) Slope (ΔHIgG (%)) LOD (μg/mL) r

Self-prepared 40 ~60 0.0379 24.2 0.999

60 ~60 0.0332 158.8 0.997

100 ~60 0.0236 62.5 0.999

Commercial 60 ~20 0.0373 152.8 0.997
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As summarized in Table 1, when the sensitivity and limit-of-
detection (LOD) obtained with each membrane were evaluated,
results showed that membranes with a thickness of 40 μmprovided a
higher sensitivity (slope of 0.0379 ΔHIgG (%)) and lower LOD
(calculated as three times the standard deviation of the intercepted
divided by the slope) (24.2 μg/mL HIgG) compared to the analytical
results provided with thicker membranes. For membranes with a
thickness of 100 μm, the LOD obtained was lower than for those of
60 μm, even though they presented the lowest sensitivity.

For the commercial membranes used as a control with a
diameter of 20 nm, a LOD more than 6 times higher than for
self-prepared 40 μm membranes (152.8 μg/mL) was obtained,
evidencing the better performance of our membranes and the
key relevance of the nanochannel thickness.

Although the number of concentrations tested is reduced and a
more representative HIgG calibration curve would be required to
extract more accurate conclusions, results point out that controlling
the thickness is also of paramount importance to improve the
sensitivity of immunosensors and reduce de minimum quantity
that can be differentiated through electrochemical recording.

Although the lowest LOD was achieved with the lower thickness
40 μm membranes, the obtained for 100 μm probed to be better than
the one obtained for 60 μm. However, the sensitivity obtained in this
second case ismuch lower, what also correlates with the index of current
blockage achieved with these membranes (Figure 4). We believed that
thickness of the membranes affects two aspects of the sensor that are
directly related with the LOD achieved: 1) the physical space for
antibody immobilization and 2) the distance between the upper side
of the nanochannel and the electrode.

For the first one, the increase in the thickness also increases the
number of antibodies that can be immobilized on the inner side of
the nanochannel for a fixed excess concentration of antibody. In this
sense, for nanoporous membranes with 100 μm thickness, a higher
proportion of antibodies might be immobilized inside the
nanochannel, facilitating the captured of the analyte of interest
avoiding any steric impedance. However, the reduced thickness
of 40 and 60 μm membranes also decreases the antibody
immobilization rate that can be achieved. But although this
aspect can increase steric hindrance, reducing antibody-antigen
interaction, it also means that a lower protein concentration can
completely block the nanochannel. This is probably a reason why the
LOD is lower for 40 μmmembranes, where a compromised situation
between minimum protein concentration required for blocking and
steric impedance is reached.

Additionally, a second factor, the distance between the upper
side of a nanochannel and the electrode, also plays a role in the
relation between thickness and LOD. Regarding this one, the larger
the distance, the longer it takes to reach the electrode, introducing
diffusion effects that can also alter the sensitivity and hence the
LOD achieved.

3.3 Catalase wound infection
biomarker detection

The optimal 40 μm-thickness nanoporous membranes were
applied for the development of an immunosensor for the
detection of catalase. Catalase is an important heme-containing

enzyme that catalyzes the dismutation of hydrogen peroxide
(H2O2) into O2 and H2O (Kurahashi and Fujii, 2015). Together
with other enzymes as superoxide dismutase or peroxidase, catalase
is implicated in wound healing, being downregulated in this process.

Catalase is also produced by most aerobic bacteria to neutralize
the bactericidal effect of H2O2 (Dunnill et al., 2017). The
identification of this enzyme is an easy way to determine the
presence of infection inside a wound.

Considering the sizes of both catalase (~240 kDa) (Pakhomova
et al., 2009) and of the anti-catalase antibody (~150 kDa) (Chiu et al.,
2019), the detection of such enzyme is feasible using membranes
containing nanopores of 60 nm.

Monoclonal anti-catalase antibodies were immobilized in the
inner walls of the nanoporous membranes through carbodiimide
chemistry. Although the exact isoelectric point (pI) of this antibody
was not determined, mouse IgG present a pI in the range between
6.4 and 8.0 (Danielsson et al., 1988). Regarding human catalase from
erythrocytes (UniProt Code P04040), the analyte of interest, it
presents a theoretical pI of 6.9, thus a pH higher than this value
would be desirable to maximize the blockage obtained. Moreover,
catalase, as every enzyme, has an optimum pH range in between it
maintains native conformation of the active site. For catalase, it is
hypothesized that this value ranges between pH 6 and 8.

Considering this information, the pH of the measurement solution
used for catalase detection was first optimized to maximize the
electrostatic blockage obtained. Redox indicator solutions with
pH values of 6.9 and 7.5 were tested for a catalase concentration of
500 ng/mL. At this pH range, the anti-catalase antibodies are positively
charged (pH below their pI), what should favor the passage of the
negatively charged red-ox indicator ions to the electrode. However, the
introduction of negative charges inside the nanochannel should have an
electrostatic repulsion effect over the [Fe(CN)6]

4− redox indicator, what
would lead in a decrease in the voltammetric signal recorded.

Data has been normalized in terms of the index catalase current
blockage as stated in Eq. (2):

Index of Catalase Current Blockage

ΔICat( ) %( ) �
I0 anti-Cat antibody modifiedmembrane

- I Cat immunoassay
I0 anti-Cat antibodymodifiedmembrane

⎛⎜⎜⎜⎜⎜⎜⎜⎝
⎞⎟⎟⎟⎟⎟⎟⎟⎠ x 100.

(2)
According to the scheme depicted in Figure 5A, at a pH of 6.9,

catalase enzyme is not charged, as this pH value almost corresponds
with the pI of this molecule. As shown in Figure 5B, under these
conditions, a current blockage of only 13% is obtained. However, at a
pH 7.5, a high increase of ~3 times in the index blockage (35%) is
recorded, what agrees with the fact that at this pH value, catalase
enzyme is negatively charged, exerting a high electrostatic hindrance
inside the nanochannel. This difference observed points out the
utility of this methodology not just for biomolecules detection/
quantification but also for the estimation of their pI.

After the optimization of the measurement pH, catalase was
determined using a [Fe(CN)6]

4- solution in Tris-HCl at a pH 7.5 as
buffer solution. A logarithmic relationship between the index of
catalase current blockage and the concentration of this biomolecule
was observed (Figure 5C). The LOD (calculated as three times the
standard deviation of the intercepted divided by the slope) obtained
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was of 1.5 ng/mL for a linear range of 50–500 ng/mL with a
correlation coefficient (r) of 0.998, adjusted to Eq. (3):

Peak current μA( ) � 25.241 log Catalase[ ] ng/mL( )-32.081 (3)

The sensor developed showed a relevant performance, with a good
reproducibility (relative standard deviation (RSD) of 12% (n = 3)), and a
limit of quantification (LOQ) (calculated as ten-time the standard
deviation of the intercept by the slope) of 3.8 ng/mL, which is
equivalent to 0.19 U/mL (~50.000 U/mg protein). This value is in
accordance with the provided by alternative techniques as the
stablished spectrophotometric method of Aebi (Aebi, 1984).
However, this methodology presents major drawbacks as the high
concentration of H2O2 that needs to be added for the catalytic reaction
to be recorded (30 mM), which can alter the activity of catalase, and the
low specificity of the optical detection (at 240 nm) in biological samples
(Farman and Hadwan, 2021).

The versatility of this methodology allows the detection of
catalase not just as a wound management biomarker, but also as
antioxidant in relation to other pathologies.

3.4 Spike and recovery in artificial
wound fluid

The performance of the developed sensor was evaluated in an
artificial wound fluid solution that mimics the composition of wound
fluids inwhich catalase can be present (Galliani et al., 2020). By spiking an
artificial wound fluid with two catalase concentrations, 100 and 500 ng/
mL, the selectivity of the methodology was evaluated. The analytical
signals obtained were in accordance with the ones provided in buffer
solution, obtaining quantitative recoveries of 118% and 110%, respectively
(Table 2). These confirms the suitability of the developed method for the

FIGURE 5
Effect of the pH used for measurement (A). Representation of the electrostatic profile of the catalase immunocomplex at varying pH and how it
affects the diffusion of the [Fe(CN)6]

4− red-ox indicator ions through the channel. (B). Effect of the pHon the index of catalase current blockage (as defined
in Eq. 2) represented by the average ±SD (n = 3). (C). Effect of the catalase concentration on the index of catalase current blockage in the range of
50–500 ng/mL, showing a logarithmic relation.

TABLE 2 Spike and recovery assay data in artificial wound media for catalase concentrations of 100 and 500 ng/mL.

Sample Spiked catalase
concentration (ng/mL)

Index of catalase current
blockage in buffer (%)

Index of catalase current
blockage in artificial wound

fluid (%)

Recovery
(%)

Artificial wound
fluid

100 17.9 21.2 118

500 36.3 39.9 110
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detection of catalase in wound fluids, which is expected due to the low
filtering properties that nanoporous alumina membranes have.

4 Conclusion

The effect of the thickness of nanoporous alumina
membranes in the sensitivity of a sensor developed using this
material as sensing platform has been stated in this work. To
probe this, an immunosensor based on the determination of the
blockage that HIgG produces to the diffusion of the red-ox
indicator [Fe(CN)6]

4− was developed. In previous works, the
diameter of the nanochannels used was optimized and studied,
observing that the reduction of this parameter not always favours
the performance of the sensor. In this occasion, the contribution
of the thickness of the nanochannel to the steric blockage was
evaluated for an electrochemical-based nanoporous sensor. This
work confirms that reducing this parameter increases the
sensitivity while improves the LOD achieved. Our hypothesis
points out that for the thinner membranes all the antibodies are
bound to antigens, leaving a narrow path for the redox indicator
ions diffusion. This means that lower amounts of antigen are
enough to block the nanochannel, leading to a better sensitivity.
However, as the thickness increases, more antibodies are free
leading to a wider space for the ions passage, what is traduced in a
worst sensitivity.

The reduction of the thickness to a value of 40 μm provides 6 times
lower LOD than thicker commercially available nanoporous
membranes (60 μm) with smaller diameter (20 nm instead of
60 nm). Overall, our work confirms that nanoporous alumina
membrane thickness is as important as pore diameter and should be
also considered in the use of these membranes as sensing platforms.

The optimized nanoporous membranes were applied for the
detection of catalase, being able to detect this enzyme in artificial
wound fluids, without sample pre-treatment, showing a low LOD.
The feasibility, low cost and integrability of our system make it an
ideal strategy for the rapid monitoring of not just wound infection,
but also wound healing in just a few hours.
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A review of antibody, aptamer,
and nanomaterials synergistic
systems for an amplified
electrochemical signal

Resmond L. Reaño* and Erwin C. Escobar
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of the Philippines Los Baños, Los Baños, Philippines

The synergy between biomolecules with inorganic nanomaterials and
nanoparticles has been investigated over the past years, primarily to improve
biomarker reception, generate signals, and amplify the signals generated. In this
paper, several articles on aptamer-based and antibody-based electrochemical
biosensors that target antigens were examined. Among the key characteristics
identified were the electrochemical platform development, which includes the
usage of nanomaterials as electroactive or electrocatalytic labels, crosslinking of
the biological agent with inorganic compounds, and electrode coating to provide
an electronic source and support efficient electron transfer. A single approach
using labeled or unlabeled biological receptors has become advantageous due to
its simple architecture and more straightforward application method. However,
the dual system approach allows the incorporation of more nanomaterials to
boost the signal and add more features to the electrochemical system. The dual
system approach uses a capture and reporter probe in a competitive or sandwich
detection format. The reporter probe is often labeled by an electroactive or
electrocatalytic compound or immobilized in a nanocarrier, resulting in an
increase in measured peak current in proportion to the target’s concentration.
The reported limit of detection and linear range for each platform is presented to
assess its efficiency. Generally, the dual system aptasensor showed higher
sensitivity, stability, and reproducibility than the immunosensor in comparable
settings. The aptasensor showed promising results for the development of point-
of-care type applications.

KEYWORDS

dual system approach, sandwich format, monoclonal antibody, electrochemical
aptasensor, nanocarrier

1 Introduction

Biosensor offers advantages such as rapid, more straightforward sample processing and
implementation and cost-effective, sensitive, and stable detection method (Wei et al., 2018).
It can be utilized in various fields, such as medicine, the food and packaging industry,
agriculture, and environmental monitoring (Jafari et al., 2019). The biosensor’s analytical
sensitivity and selectivity rely heavily on a stable, strong, and specific binding between the
molecular recognition element—the bioreceptor, and the target biomarker (Kondzior and
Grabowska, 2020). Antibodies have become a popular candidate for biosensor development
owing to their high affinity and specificity to their target biomolecule. Antibody-based
Enzyme-Linked Immuno-Sorbent Assay (ELISA), the gold standard for all immunoassays is
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still popular and is used worldwide in different fields of application,
particularly in clinical diagnostics. With the advancements in
analytical and bioanalytical chemistry, the incorporation of
antibodies directly to the signal transducer’s surface gave birth to
a combined immunoassay and biosensor technology termed
immunosensor (Jafari et al., 2019; Popov et al., 2021).

An immunosensor is a biosensor that uses antibody (Ab), either
polyclonal (pAb) or monoclonal (mAb), as a capture and signaling
element. Such antibody forms a stable immunocomplex with the
antigen (Ag), generating a measurable signal. In contrast with an
immunosensor, in an immunoassay, the signal recognition takes
place elsewhere (Mollarasouli et al., 2019; Shen et al., 2020). Among
the limitations of using antibodies are difficulty in chemical
modification, high cost of production, and low stability at high
temperatures (Wei et al., 2018). Aptamer-based electrochemical
biosensors were developed to overcome these limitations.

Aptamers gained research interest since it was revealed in
1990 as a potential rival to antibodies in terms of its diverse
application due to its ability to form 2D and 3D shapes that help
them to recognize and bind to their cognate target with high affinity
and specificity (Jayasena, 1999). Aptamers are short single-stranded
nucleic acids (can be DNA or RNA) that are selected from a set of
random DNA or RNA library and synthesized in vitro using a
method called Systematic Evolution of Ligands by Exponential
Enrichment (SELEX) (Sypabekova et al., 2017). Aptamers are
stable in complex environments and highly resistant to
denaturation and degradation when modified and optimized
appropriately. A biosensor that uses an aptamer as a molecular
recognition element or bioreceptor is called an aptasensor (Bezerra
et al., 2019; Anand et al., 2021; Bhardwaj and Kumar Sharma, 2022;
McKeague et al., 2022).

Several transduction techniques can be used for biosensor
development, which includes optical, chemiluminescent, electro-
chemiluminescent, colorimetric, fluorometric, piezoelectric, and
electrochemical. Most of these techniques are complex, time-
consuming, and require sample pre-treatment and personnel
training to perform the procedure. Electrochemical techniques
received much attention due to their high sensitivity and
selectivity, simple design, and rapid detection without requiring
expensive and complex equipment. Electrochemical techniques are
easily integrated into the biosensor, and the resulting device can be
miniaturized, making the electrochemical biosensor highly applicable
for point-of-care testing (Marques et al., 2014; Zhong et al., 2020).
Electrochemical biosensors can be operated using low-voltage
disposable batteries. It can also obtain its power source from
other electronic devices such as cell phones, tablets, laptops, and
computers when accompanied by a computer application.
Electrochemical biosensors can detect multiple analytes
simultaneously (multiplexing) (Arkan et al., 2015). In such
biosensors, antibodies and aptamers can be utilized as bioreceptors,
often immobilized on the electrode surface using appropriate
chemistry. Stable Ab-Ag or Ap-Ag complex formation generates
electrical signals, such as changes in electrode potential, current,
or capacitance (Shen et al., 2020). Furthermore, aptamers offer
an additional advantage over antibodies as, unlike the latter,
aptamers can undergo a target-induced structural change. When
labeled with a redox molecule, this structural change can be
quantified proportionately to the analyte concentration (Das et al., 2019).

The key challenges to improving the electrochemical biosensor’s
performance include signal amplification and electrode stability.
The combination of biological and inorganic nanomaterials has
been explored, including labeling of bioreceptors, using various bio-
linking techniques, and incorporating electronic sources. A dual
system has become a popular technique that allows the
incorporation of more nanomaterials into the platform, resulting
in a more flexible biosensor application.

This review aimed to obtain insight into the answers to the
following research questions: 1) What strategies are used to enhance
the electrochemical signal and lower the limit of detection? 2) What
techniques are used to incorporate the biological and inorganic
nanomaterials into the electrode assembly? 3) What is the impact of
using a dual system approach in electrochemical signal
amplification? The reviewed articles in this paper encompass
single systems with unlabeled bioreceptors to more complex dual
systems decorated with various electronic nanomaterials.

In this review paper, a biosensor refers to an electrochemical
immunosensor or aptasensor, while a bioreceptor pertains to either
an antibody or an aptamer. This review paper focuses on the recent
application of aptamer and antibody as bioreceptors in a single
system and dual systems composed of aptamer-aptamer (or
complementary DNA), antibody-secondary antibody, and
antibody-aptamer in developing electrochemical biosensors.
Articles on electrochemical biosensor development against
various protein biomarkers reported from 2012 to 2022 were
considered, thoroughly studied, analyzed, and presented in
this review.

2 Electrochemical signal amplification
strategies

Typically, an electrochemical biosensor comprises an electrode
with an interface architecture where the biological event occurs. This
interaction includes the specific binding of the analyte to the
bioreceptor, producing an electrochemical signal. In the
transducer, this signal is detected and converted to an electronic
signal and is sent to a computer for processing. Computer software
converts the electronic signal into a meaningful physical quantity
presented to the human operator through an interface. This
technique’s advantages are simplicity, rapidity, cost-effectiveness,
and high sensitivity. Electrochemical biosensors are easy to
miniaturize, are independent of sample turbidity, and are
compatible with novel microfabrication techniques. Since an
electronic signal is produced directly after an electrochemical
reaction occurs, expensive signal transduction equipment is not
required (Hayat and Marty, 2014).

Due to the advent of screen-printing technology, miniaturized
electrodes have become more feasible. Carbon paste electrodes are
prepared using paraffin or mineral oil, which can be printed on a
screen. Nanoparticles can also be incorporated into the mixture
while preparing the paste electrode. Recently, paper-based
biosensors have become a viable choice for electrode fabrication
since they are readily available, inexpensive, disposable, and
biocompatible. Due to its simple fabrication method, it is a
strong candidate for point-of-care (POC) applications. The paper
electrode has been used to develop electrochemical immunosensors
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(Fan et al., 2019) and aptasensors (Wei et al., 2018). The techniques
used include wax printing, plasma treatment, UV photolithography,
screen printing, and laser treatment (Fan et al., 2019).

The change in electrochemical signal from the protein-protein
interaction on the electrode’s surface is usually low and often
requires a signal amplification method. Nanomaterials were used
either 1) to modify the electrode’s surface by coating or by labeling
the immobilized bioreceptor and 2) to introduce the electroactive or
electrocatalytic nanomaterials into the system as a secondary probe
(Johari-Ahar et al., 2015).

2.1 Electrochemical techniques

Electrochemical techniques measure the response of an
electrochemical cell containing an electrolyte upon the
application of electric current by the conductive electrodes
immersed in that electrolyte (Doménech-Carbó et al., 2015). The
applied electric current results in the loss (oxidation) or gain
(reduction) of electrons of a given material in the electrolyte or
embedded into the electrode. These redox reactions provide
information such as concentration, kinetics, reaction mechanism,
and other behaviors of a species in a solution (Naresh and Lee, 2021).
This information, obtained as an electrochemical signal, is translated
into meaningful values, which are used to evaluate the performance
of an electrochemical biosensor.

Electrochemical techniques can be classified as amperometry,
potentiometry, and coulometry. Amperometry measures the current
in response to applying a constant or pulsed potential (Costa et al.,
2022). Voltammetry, a subclass of amperometry, is the most applied
technique in diagnostics and environmental analysis, particularly
cyclic voltammetry (CV), differential pulse voltammetry (DPV), and
square wave voltammetry (SWV), because of its simplicity and speed
(Magar et al., 2021). Voltammetry consists of the records of current
measured using a working electrode as a function of the potential
difference between the working electrode and reference electrode.
Typically, a third electrode, the counter electrode, minimizes the
current passing through the working electrode (Doménech-Carbó
et al., 2015).

In a reversible system, more intense signals are obtained using
SWV, increasing the sensitivity compared to other voltammetric
techniques. SWV is more rapid and sensitive than DPV due to the
absence of interference caused by the background current (Costa
et al., 2022).

Potentiometry is based on the Nernst equation, which relates the
potential produced by the galvanic cell to the concentration of the
electroactive species. However, this is only valid under equilibrium
or thermodynamic conditions. (Westbroek, 2005).

Coulometry measures the total charge or the number of
coulombs spent as an analyte is exhaustively converted from one
oxidation state to another at the working electrode. This is an
absolute process wherein the current passed is measured to
calculate the number of electrons passed (Houssin et al., 2021).
Coulometry was an analytical technique popular in the twentieth
century and is now finding applications in miniaturized systems.

An emerging electroanalytical method in biosensor applications
is electrochemical impedance spectroscopy (EIS), which is used for
characterizing electrodes and performing impedimetric analysis

(Doménech-Carbó et al., 2015). In EIS, the sinusoidal response
(current or voltage) is monitored as an equilibrium or steady
electrochemical system undergoes perturbation via the
application of a sinusoidal signal (AC voltage or AC current,
respectively) at a varied range of frequencies (Lazanas and
Prodromidis, 2023).

In an electrochemical immunosensor, EIS and SWV are the
most popular techniques used due to their high sensitivity, with the
limit of detection obtained at the picomolar level and over a wide
dynamic range. SWV was determined to be rapid, efficient, cost-
effective, and inexpensive when applied to label-free electrochemical
immunosensors (Liu et al., 2010).

Aside from the electrochemical techniques used, the electrode
type contributes to the sensitivity and selectivity of an
electrochemical biosensor. Electrodes are usually based on carbon
and noble metals, with carbon-based electrodes being more
prevalent in biological research due to their high sensitivity and
other benefits. Noble metals offer advantages in developing
inexpensive multiplexed electrochemical sensors (Zachek et al.,
2008). Carbon and gold-based electrodes have become popular
due to their high conductivity, biocompatibility, and stability,
which are crucial for biosensor development. Recent studies
include hybrid electrode systems that take advantage of the
benefits of various materials.

2.2 Electrode’s surface modification with
nanomaterials

The electrode’s surface is modified with nanomaterials to increase
the surface area and create a more favorable environment, leading to
excellent biocompatibility, higher conductivity, and stability (Wei
et al., 2018). Selecting appropriate nanomaterials is critical to
improving the performance of an electrochemical biosensor (Jafari
et al., 2019). Recent research focuses on modifying the electrode’s
surface with nanomaterials to promote electron transfer, signal
amplification, and improvement of low-end detection limit (Freitas
et al., 2019). Several studies showed that signal amplification can be
achieved using nanomaterials such as graphene (G), quantum dots
(QD), and metal nanoparticles (MNP) (Valipour and Roushani,
2017). Gold nanoparticles (AuNP) are often used to coat the
electrode of the aptasensor due to the ease of immobilizing
thiolated aptamers (Popov et al., 2021).

AuNP is a metallic nanoparticle with a high specific surface area,
good biocompatibility, and high surface-free energy. It can also bond
with the amino functional group (−NH2) and thiol group (−SH)
(Wei et al., 2018). AuNP can be used either as the electrode or
integrated into carbon-based electrodes. It is often prepared by
citrate reduction of chloroauric acid in aqueous solution using
sodium citrate (Arkan et al., 2015). AuNP is used to immobilize
biological substances due to its physicochemical properties.
Thiolated biomolecules are quickly immobilized on AuNP’s
surface. Reports showed that protein immobilization on AuNP
helps preserve the activity of the biomolecule. AuNP can help
maintain the immunoactivity of the antibodies. Aside from that,
AuNPs are highly conductive, facilitating direct electron transfer
between redox species and bulk electrode materials, which is ideal
for electrochemical sensing (Gasparotto et al., 2017).
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Silver, platinum, and palladium nanoparticles can also be used to
improve the sensitivity and performance of electrochemical
biosensors. The advantages of these nanoparticles include strong
adsorption ability, simplicity of the preparation process, cost-
effective manufacturing process, high conductivity, and large
specific surface area (Valipour and Roushani, 2017).

Carbon-based nanomaterials are used in various applications,
such as detecting biomolecules, proteins, and nucleic acids (Raouafi
et al., 2019). Graphene is one of the most promising carbon-based
nanomaterials in designing electrochemical biosensors (Wei et al.,
2018; Karaca and Acaralı, 2023). Graphene oxide (GO) has unique
characteristics such as large surface area, good water dispersibility,
facile surface modification, and photoluminescence (Zhu et al.,
2015). GO can readily adsorb aptamers on its surface and is
often combined with MNP for firmer protein immobilization.
Carboxylic acid functionalized GO can be used to immobilize
aminated aptamer via covalent bonding (Johari-Ahar et al., 2015).

Quantum dots are semiconductors used successfully to amplify
faint sensing signals. QD capped with organic linkers can boost the
signal generated from electrochemical measurements (Johari-Ahar
et al., 2015). Among the novel nanomaterials are graphene quantum
dots (GQD), which are inexpensive, have high aqueous
dispersibility, are ultra-small, and can be modified with a
functional group. GQD exhibits a redox behavior by applying
electrochemical techniques (Srivastava et al., 2018; Jafari et al.,
2019; Kansara et al., 2022). GQD is superior to other
semiconductor QDs in terms of low cytotoxicity,
biocompatibility, ease of production, chemical inertness, and
resistance to photobleaching. GQD can be thiolated to promote
the immobilization of metal nanoparticles. Thiolated GQD also
forms stable colloidal suspensions in various solvents, including
ethanol and dimethylformamide. The water solubility of thiolated
GQD is also lower than that of oxidized GQD (Valipour and
Roushani, 2017). Chitosan (CH) is used to avoid restacking of
GQD and provides a stable film or matrix for immobilizing the
biomolecule (Srivastava et al., 2018). Carbon quantum dots or
carbon dots (CD), <10 nm fluorescent nanoparticles, are a new
addition to the carbon nanomaterial family. GQD and CD have been
commonly used for biosensors, bioimaging, and targeted drug
delivery research for cancer theranostics (Jana and Dev, 2022).

Nanozymes are nanomaterials with properties like enzymes and
are known to have advantages such as low production cost, ease of
mass production, and robustness. Iron oxide nanoparticles (IONP),
other metal oxides, and metal-organic framework (MOF) have been
discovered to possess intrinsic enzyme-like activity similar to
horseradish peroxidase (HRP) (Sun et al., 2019). A MOF is a
porous crystalline material that has gained popularity due to its
stable and tunable pore sizes and high surface area. MOF inherits the
advantages of its parent material, thus significantly boosting its
application. Nanohybrid electrocatalysis can be performed by
combining MOF and bimetallic nanoparticles carrying the
bioreceptors (Sun et al., 2019). Covalent organic framework
(COF) belongs to the highly porous materials synthesized for
water treatment, energy, gas storage, and biosensing applications
(Altaf et al., 2021).

Zhong et al. (2020) used ferrocene nanoparticles, an
organometallic compound, as the electrochemical signal indicator
that passes through the carbon nanotube, acting as the conductive

layer. This study used a surface-confined setup with a label-free
protein as the receptor. This study demonstrates the use of
nanoparticles to resolve the problem with low sensitivity without
labeling the protein while also providing a reagent-less approach.

Functionalized metal nanoparticles such as iron oxide (Fe3O4)
have been used in biosensing systems due to their biocompatibility,
signal amplification, and ability to form covalent bonds with
antibodies via their functional group (Emami et al., 2014).
Magnetic IONP was used to immobilize antibodies efficiently to
detect human epidermal growth factor receptor 2 (HER2) (Emami
et al., 2014; Shamsipur et al., 2018). Polyethylene glycol (PEG) has
been used as an antibody linker to MNP. PEG provides enough
space to allowmore antibodies to bind with theMNP, thus creating a
more effective combination with the target (Emami et al., 2014).
MNP is easy to collect, wash, and handle using magnets or magnetic
bars. IONP has been utilized as a magnetic core of a bio-conjugated
nanoparticle and is often coated with trimethoxy-silane compounds
for biomolecule conjugation (Marques et al., 2014). Zinc oxide
(ZnO) has been utilized in biosensor platforms due to its high
isoelectric point (IEP~9.5). Due to its semiconductor properties,
ZnO provides an effective channel for electron transport during
redox. AuNP can be synthesized directly into ZnO and Zn-based
MOF matrix (Gasparotto et al., 2017).

2.3 Labeling and detection format

Three types of detection formats are commonly used to facilitate
biomarker detection. The simplest is the direct type, wherein the
biomarker attaches to the bioreceptor immobilized on the
electrode’s surface. This method is more straightforward, easy to
implement, quick, and desirable for miniaturized sensors (Emami
et al., 2014).

In a label-free approach (Figure 1), the attachment of the
biomarker to the electrode’s surface hinders the electron transfer
and decreases signal intensity. The probe can be labeled (Figure 2) to
produce an electrochemical signal, promoting either signal
conduction (signal-on) or reduction (signal-off) (Zhong et al.,
2020). A redox indicator, such as methylene blue and ferrocene/
ferrocyanide redox couple—which is sensitive to the protein charge
and surface blocking, can be used (Salimian et al., 2017; Zhong
et al., 2020).

Immunolabeling refers to labeling antibodies or antigens to
catalyze complex formation and improve biosensor sensitivity
(Shen et al., 2020). Two types of labels are commonly used: 1) an
electroactive label or 2) an electrocatalytic label, such as an enzyme
that catalyzes the production of an electroactive product (Kondzior
and Grabowska, 2020). Standard labels comprise nanomaterials or
nanoparticles, enzymes, radioisotopes, luciferin, and electronic
dense substances (Shen et al., 2020). Among the most valuable
labels are enzymes, such as horseradish peroxidase (HRP), glucose
oxidase (GOD), alkaline phosphatase (ALP), or electroactive
molecules such as ferrocene, ferrocyanide, methylene blue (MB),
platinum and cadmium quantum dots (QDs), and other
nanoparticles. Table 1 shows that antibodies are often labeled
with horseradish peroxidase (HRP) or alkaline phosphatase (AP),
assuming the exact mechanism as the commonly known
ELISA technique.
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The dual system approach uses a labeled secondary probe, also
called the reporter probe. Two formats are usually employed
utilizing this approach, the competitive and sandwich format,
providing a higher sensitivity than the direct approach (Popov
et al., 2021). In a competitive format illustrated in Figure 3, a
labeled secondary probe is released upon the interaction of the
biomarker with the primary or capture probe. In an aptasensor,
methylene blue (MB) is intercalated with the complementary DNA
aptamer (cDNA) sequence due to its high affinity with guanine.
The aptamer and biomarker complex formation releases MB-
cDNA, decreasing the redox probe’s electrochemical signal

(Raouafi et al., 2019). Other nanomaterials, such as cadmium
sulfide (CdS) and silver nanoparticles (AgNP), can be attached to
a secondary probe, producing a stripping signal proportional to
the concentration of biomarkers. Although the process is highly
sensitive, its requirements of sample pre-treatment, separation, and
purification of the secondary probe have limited its application
(Emami et al., 2014). The redox electric signal of MB was
significantly improved by using pure carbon-based electrodes,
rather than the combination of graphene and gold electrodes,
due to faster electron conduction velocity on the former setup
(Duan et al., 2021).

FIGURE 1
Label-free approach—the interaction between the biomarker and the biological receptor decreases the electrochemical signal.

FIGURE 2
Bioreceptors are tagged with an electroactive label wherein the interaction with the biomarker either promotes (A) signal reduction or (B)
conduction.
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TABLE 1 Labeled and dual system approaches to lowering the limit of detection (LOD).

Aptamer/
antibody and
nanomaterial
synergy

Electrochemical
indicator or
reporter probe

Electrochemical
technique

Target
biomarker

Sample Performance References

Single-labeled or unlabeled aptamer or antibody

Aptamer-SH/AuNP/
SPCE

None DPV PSA Clinical human
serum

LOD: 0.077 pg/mL Hassani et al.
(2020)

LR: 0.001–200 ng/mL

Aptamer-SH/AuNP/
THIa/rGO/SPCE

None DPV PSA Clinical human
serum

LOD: 10 pg/mL Wei et al. (2018)

LR: 0.05–200 ng/mL

Aptamer-NH2/GQD-
CoPcb/GCE

None EIS, DPV PSA PSA solution in
PBS and with
BSA, glucose,
and L-cysteine

LOD: 0.018 ng/mL Nxele and
Nyokong (2021)

LR:
0.034–0.057 ng/mL

Aptamer-NH2/CH-
GQD@AuNR/SPCE

None CV, DPV, EIS PSA Spiked human
serum

For CV LOD:
0.14 ng/mL
Sensitivity:
3.7 μA ng/mL

Srivastava et al.
(2018)

For DPV LOD:
0.14 ng/mL
Sensitivity:
2.5 μA ng/mL

For EIS LOD:
0.14 ng/mL
Sensitivity:
35 kΩ ng/mL

mAb/CH-GQD@AuNR/
SPCE

None For CV LOD:
0.14 ng/mL
Sensitivity:
4.6 μA ng/mL

For DPV LOD:
0.14 ng/mL
Sensitivity:
2.39 μA ng/mL

For EIS

LOD: 0.14 ng/mL

Sensitivity:
25.6 kΩ ng/mL

Aptamer-NH2/MPAc/
AuNP@Gold E

None EIS HER2 PBS solution LOD: 5 ng/mL Chun et al.
(2013)

LR: 10–5–102 ng/mL

Aptamer-NH2/
SNGQDd@AuNP/GCE

None EIS HER2 Spiked human
serum (1:
500 dilution)

LOD: 0.0489 ng/mL Centane and
Nyokong (2022)

Aptamer-NH2/CoP-
BNF/GCE

LOD: 0.0259 ng/mL

Aptamer/SNGQD@
AuNP/CoP-BNFe/GCE

LOD: 0.0112 ng/mL

Ab/SNGQD@
AuNP/GCE

LOD: 0.1072 ng/mL

Ab/CoP-BNF/GCE LOD: 0.0454 ng/mL

Ab/SNGQD@AuNP/
CoP-BNF/GCE

LOD: 0.0327 ng/mL

Ab/rGO-Au/GCE None SWV, EIS PSA Spiked human
serum samples

SWV Assari et al.
(2019)

LOD: 2 pg/mL

(Continued on following page)
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TABLE 1 (Continued) Labeled and dual system approaches to lowering the limit of detection (LOD).

Aptamer/
antibody and
nanomaterial
synergy

Electrochemical
indicator or
reporter probe

Electrochemical
technique

Target
biomarker

Sample Performance References

LR: 25–55 fg/mL and
1–36 ng/mL

EIS

LOD: 60 pg/mL

LR: 1.8 pg/mL
–41 ng/mL

Ab/AuNP@ZnO
nanorod/SPGE

None CV CA125 PBS as support
electrolyte

LOD: 2.5 ng/μL Gasparotto et al.
(2017)

Ab/Streptavidin/MOF-
808@CNT/GCE

None DPV CA125 Tested on
patient serum
samples

LOD: 0.5 pg/mL Biswas et al.
(2021)

LR: 0.001–0.1 and
0.1–30 ng/mL

Ab/AuNP/THI/rGO/
SPCE

None DPV CA125 Quality control
serum samples

LOD: 0.01 U/mL Fan et al. (2019)

LR: 0.1 U/mL to
200 U/mL

Ab/AgNP@GQD/GCE None DPV CA125 Riboflavin
solution

LLOQ: 0.01 U/mL Jafari et al. (2019)

LR: 0.01–400 U/mL

Ab/MPA-AuNP@SiO2-
CdSe QD/Gold E

K3Fe(CN)6 is used as an
indicator

CV, EIS CA125 Spiked human
serum

LOD: 0.0016 U/mL Johari-Ahar et al.
(2015)

LR: 0–0.1 U/mL

Ab/R1f/SPGE A quinone-based compound
in R1

DPV CEA Spiked human
serum sample

LOD: 0.33 ng/mL Pavithra et al.
(2018)

LR: 1.0–100 ng/mL

Aptamer/PEGg-Gold E MB and K3Fe(CN)6 is used as
indicator

CV HER2 Buffer and 1%
human serum

LOD: 1 pM Salimian et al.
(2017)

LR: 1 pM–10 nM

Ab/AuNP/HDTh/
AuNP@MW-CILEi

K3Fe(CN)6 is used as an
indicator

EIS HER2 Human serum LOD: 7.4 ng/mL Arkan et al.
(2015)

LR: 10–100 ng/mL

Ab/Fc-PEI/SWNT/ITOj Fc is used as an indicator
attached to ITO

DPV HER2 Human serum
(diluted
20 times)

LOD: 0.220 ng/mL Zhong et al.
(2020)

LR: 1.0–200 ng/mL

Ab-bioconjugatek/Cys/
MPA/AuNP/Gold E

IONP core CV, DPV, EIS HER2 Human serum
samples

LOD: 0.995 pg/mL Emami et al.
(2014)

Sensitivity:
5.921 μA mL/ng

LR: 0.01–10 ng/mL
and 10–100 ng/mL

MB-Aptamer/PLLFl/
SPCE

MB from labeled 1° aptamer DPV HER2 Human serum
(after albumin
depletion)

LOD: 3 ng/mL Bezerra et al.
(2019)

LR: 10–60 ng/mL

MB-Aptamer-SH/Gold E MB from labeled 1° aptamer DPV PSA Human samples LOD: 50 pg/mL
(0.050 ng/mL)

Sattarahmady
et al. (2017)

LR: 0.125–128 ng/mL

Dual Antibody–Secondary antibody system

pAb1/SPCE(passive Ab
immobilization)

pAb2-Biotin/
Streptavidin-HRP

CV HER2 Tested on
human serum
samples

LOD: 4 ng/mL Tallapragada
et al. (2017)

TMB is used as a substrate
(sandwich format)

LOQ: 5 ng/mL

LR: 5–20 and
20–200 ng/mL

(Continued on following page)
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TABLE 1 (Continued) Labeled and dual system approaches to lowering the limit of detection (LOD).

Aptamer/
antibody and
nanomaterial
synergy

Electrochemical
indicator or
reporter probe

Electrochemical
technique

Target
biomarker

Sample Performance References

mAb1/SPCE mAb2-Biotin/S-AP
m LSV HER2 Human serum

samples
LOD: 4.4 ng/mL Marques et al.

(2014)
3-indoxyl phosphate and
silver ions were used as
substrate (sandwich format)

Ab1/AuNP/MWCNT-
SPCE

Ab2-Biotin/S-AP LSV HER2-ECD Human spiked
serum

LOD: 0.16 ng/mL Freitas et al.
(2019)

Ab1/SPCE* 3-indoxyl phosphate and
silver ions were used as
substrate (sandwich format)

LOD*:8.5 ng/mL

Nb/SPCE (EDC/NHS
coupling)

HRP-Nb CV HER2 Cell lysate
spiked with
HER2

LOD: 1 μg/mL Patris et al.
(2014)

(H2O2 and hydroquinone
were used as substrate)
(sandwich format)

LOQ: 4.4 μg/mL

pAb/IONP@MWCNT-
COOH/GCE

HRP-mAb DPV PSA Human serum
samples

LOD: 0.39 pg/mL Shamsazar et al.
(2021)

H2O2 → H2O LR: 2.5 pg/
mL–100 ng/mL

HRP(red) → HRP(ox)
(sandwich format)

Biotin-mAb/streptavidin/
ABAn/nano-TiO2-CPE

THI/HRP-pAb (sandwich
format)

CV PSA PSA solutions LOD: 200 pg/mL Biniaz et al.
(2017)

Human serum
samples

LR: 0.10–5.0 ng/mL
and 5.0–100 ng/mL

Ab1/CA15-3/rGO-
NH2/SPE

HRP-Ab2 DPV Anti-CA15-3 Human serum
samples

LOD: 0.0001 ng/mL Patil et al. (2022)

Dual aptamer system

MB-Aptamer-NH2/GO-
CO2H/SPCE (MB is
intercalated)

cDNA-NH2 (competitive
format)

CV, DPV PSA PBS Solution LOD: 0.064 pg/mL Raouafi et al.
(2019)

Validated in
spiked human
blood serum

LR: 1 pg/
mL–100 ng/mL

Aptamer1-SH/GNFo@
SPCE

Aptamer-probe A duplex DPV CA125 Spiked
biological
samples

LOD: 5.0 pg/mL Chen et al. (2019)

Aptamer1–hairpin-like
structure

MB-Aptamer2 in solution LR: 0.05–50 ng/mL

Target binds to duplex,
releasing probe A. Probe A
opens Aptamer1, MB-
Aptamer2 attaches to
Aptamer1.(indirect format)

Aptamer-NH/TTCAp/
AuNP@SPCE

Hydrazine-Phosphate-
Aptamer (sandwich format)

CA cTnI Human serum
(male AB
plasma)

LOD: 24 pg/mL Jo et al. (2017)

DR: 0.024–2.4 ng/mL

Aptamer/NTH/SPGE (NP1) Aptamer/Cu@Au/
Fe3O4@UiO

DPV cTnI Human serum
sample

LOD: 16 pg/mL Sun et al. (2019)

(NP2) cDNA/Au@Cu
(sandwich format)

LR: 0.05–100 ng/mL

Aptamer1-2-NH/MPA-
AuNP/3DGHq-GCE
(duplex system)

Aptamer3/AuNP/HGNr DPV CEA Clinical serum
samples

LOD: 11.2 pg/mL Shekari et al.
(2021)

Aptamer4/AuNP/Fc/
Graphene

CA15-3 LOD: 0.112 U/mL

(Continued on following page)
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TABLE 1 (Continued) Labeled and dual system approaches to lowering the limit of detection (LOD).

Aptamer/
antibody and
nanomaterial
synergy

Electrochemical
indicator or
reporter probe

Electrochemical
technique

Target
biomarker

Sample Performance References

Dual antibody-aptamer system

mAb/poly-
DPBs(AuNP)/GCE

Hyd-Aptamer-SH/AuNP CV, SWV HER2 25-fold diluted
human serum

LOD: 0.037 pg/mL Zhu et al. (2013)

LR: 0.1 pg/
mL–10 ng/mL

Ab/Gold E Aptamer-Au-Cysteamine
conjugate

EIS, CV, and DPV Tau-381 Human serum LOD: 0.42 pM Shui et al. (2018)

LR: 0.5–100 pM

Aptamer-Biotin/
Streptavidin-MB

Ab/AuNP ASDPVt EGFRu Human serum LOD: 50 ng/mL Ilkhani et al.
(2015)

LR: 1–40 ng/mL

aTHI–Thionine.
bGQD-CoPc–Graphene quantum dots–Co phthalocyanine.
cMPA–Mercaptopropionic acid.
dSNGQD–Sulfur-nitrogen doped graphene quantum dots.
eCoP-BNF–Cobalt porphyrin binuclear framework.
fR1–lawsone + 2-mercaptoethylamine.
gPEG–polyethylene glycol.
hHDT–1,6-hexanedithiol.
iMW-CILE–multi-walled carbon nanotube–ionic liquid electrode in PVC tube.
jFc-PEI, Ferrocene in polyethylene imine; SWNT, single walled carbon nanotube; ITO, indium-tin oxide electrode.
kAb-bioconjugate–IONP/3-amino-propyltrimethoxysilane (APTMS)/PEG/thiol-antibody.
lPLLF–poly-L-Lysine film.
mS-AP–streptavidin-alkaline phosphatase.
nABA–4-amino benzoic acid, CPE–carbon paste electrode.
oGNF–gold nanoflower.
pTTCA–5,2’:5′2″-terthiophene-3′-carboxylic acid.
q3DGH–three-dimensional graphene hydrogel.
rHGN, Hemin-graphene hybrid nanosheets.
sDPB–2,5-bis(2-thienyl)-1H-pyrrole-1-(p-benzoic acid).
tASDPV, Anodic stripping differential pulse voltammetry.
uEGFR, Epidermal growth factor receptor.

FIGURE 3
In a dual system approach—competitive format, a labeled reporter probe is released upon bioreceptor-biomarker interaction, resulting in signal
generation.
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The sandwich format in an electrochemical biosensor is
a labeled method wherein an enzyme, usually HRP, is attached
to a secondary probe. A primary or capture probe is used to
capture the biomarker, sandwiched between the capture and
enzyme-labeled secondary probe. HRP reduction catalyzes
the oxidation of hydrogen peroxide, resulting in a measurable
electrochemical signal (Emami et al., 2014). Among its downsides,
solution-phase probe labeling may lower detection efficiency due
to the diffusion limit. It may also cause contamination, especially
for repetitive detections. This complicated operation of such
probes is not ideal for integrated and miniaturized biosensor
construction (Zhong et al., 2020). The dual system approach
is illustrated in Figure 4 and is further discussed in the
succeeding chapter.

3 Antibody, aptamer, and nanomaterial
synergistic systems

The antibody, aptamer, or target antigen can be immobilized on
the electrode depending on the detection approach. Proper
immobilization technique will support the formation of the
bioreceptor-biomarker complex on the electrode’s surface and
induce signal generation. The immobilization technique must not
hamper the biological activity of the bioreceptor toward the target.
More importantly, it should maximize the exposure of the binding
sites to the target analyte. The density of the bioreceptor should be
optimized since it may hinder the binding of the target biomarker
(Sharafeldin et al., 2019; Popov et al., 2021).

Different protein immobilization methods are grouped as those
forming covalent bonds or non-covalent interactions with the
electrode. Passive adsorption is the simplest method of protein
immobilization to the electrode’s surface, using non-covalent
interactions, adopted from the immobilization of antigen or
antibody to ELISA microtiter plates. The main disadvantage of
this method is the bioreceptors are oriented randomly on the

surface, which may affect their binding capability and result in
low sensitivity. Moreover, there is a massive chance of desorption
during sample application and washing due to weak bonds
sacrificing the reproducibility of the sensor. Bioreceptors may
also undergo conformational changes, which decrease bioreactivity
over time. Despite these limitations, this method is commonly used,
particularly in antigen immobilization, due to its simplicity and high
binding capacity (Sharafeldin et al., 2019; Popov et al., 2021).
Tallapragada et al. (2017) directly immobilized antibodies on
screen-printed carbon electrodes (SPCE) via passive adsorption.

Covalent linking via amine coupling is the classical and most
practical technique that can be used to immobilize proteins on the
electrodes’ surface. In this process, carboxyl groups must be first
deposited on the surface of the electrode, which is then activated
using 1:1 N-ethyl-N’-(3-(dimethylamino) propyl) carbodiimide/
N-hydroxysuccinimide (EDC/NHS) (Patris et al., 2014). The
electrode’s surface must develop a functional group, such as a
carboxyl group (COOH), to support the linker and protein.
The carboxyl group can be introduced by immersing the gold
electrode or nanoparticles in an ethanol solution containing
1,6-hexanedithiol (HDT) and LiClO4 (Arkan et al., 2015).
Mercaptopropionic acid (MPA) can also be deposited on
polished gold electrodes (Chun et al., 2013), while the carbon
electrode can develop COOH on its surface using sulfuric acid
(H2SO4) and applying voltage (Patris et al., 2014).

Antibodies naturally possess an amine group (-NH2) that
participates in amine coupling, while aptamers can be
synthesized with amine on its 5′-end. Both bioreceptors can then
be immobilized on EDC/NHS-treated surfaces, as demonstrated by
Chun et al. (2013) and Nxele and Nyokong (2021). Antibodies were
immobilized on rGO treated with EDC/NHS to develop a novel
graphite paper-based bioelectrode (Özcan and Sezgintürk, 2022).
The antigens can be immobilized in amine-functionalized rGO
(Patil et al., 2022) for antibody or aptamer testing. Lysine was
used to immobilize RNA aptamers into SPCE by creating a poly-
L-lysine film (PLLF) layer (Bezerra et al., 2019).

FIGURE 4
In a dual system approach—sandwich format, a capture probe is immobilized on the electrode while a labeled reporter probe attaches, thereby
sandwiching the trapped biomarker.
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Aside from the incorporation of an amine group, thiolation is
commonly used to directly immobilize aptamers on gold electrodes
or gold nanoparticles deposited on SPCE, as demonstrated in several
studies (Salimian et al., 2017; Sattarahmady et al., 2017; Wei et al.,
2018; Hassani et al., 2020). The thiol group can be easily
incorporated into aptamers during their chemical synthesis.
Various techniques are employed for antibodies, either taking
advantage of the present functional group or incorporating a new
one into the antibody. Marques et al. (2014) used SPCE
nanostructured with AuNP to immobilize the capture antibody
via chemisorption, while Ravalli et al. (2015) developed Au
nanostructured graphite screen-printed electrode (SPE) to
immobilize terminal cysteine-modified affibody. The labeled
biomolecules are used while attached to AuNP as an
electrochemical support. In a study, gold nanocubes were used to
immobilize an HRP-labeled antibody (Shen et al., 2020).

Incorporating AuNP into carbon-based electrodes has been a
typical study in electrochemistry. AuNP has been embodied in various
forms of carbon-based electrodes, from simple GCE and SPE to
specially modified carbon-based electrodes. Arkan et al. (2015) used
electrodeposition to grow AuNP on the surface of multi-walled
carbon nanotubes in a carbon ionic liquid electrode. A paste
electrode of AuNP is deposited on a multiwall carbon nanotube
mixed with graphite powder. The resulting paste is tightly packed into
a PVC tube with an ID of 2.0 mm, with a copper wire introduced at
the other end to provide electrical contact. AuNP was used with QD,
which also helped amplify faint signals from a biosensor (Johari-Ahar
et al., 2015). Gold nanorods (AuNR) combined with GQD showed

enhanced and new functional properties due to their cooperative
interaction (Srivastava et al., 2018). AuNP shape variations are
depicted in Figure 5.

Self-assembled monolayers (SAM) are formed through the
spontaneous reaction of thiols with solid metal surfaces such as
gold, silver, and copper. The thiolated biomolecules can arrange
themselves in a well-ordered and close-packed monolayer on the
gold electrode surface. Impedance measurements can be performed
to characterize SAM in the absence or presence of redox species in
solution (Lasia, 2014).

Random accumulation and aggregation of the bioreceptor on
the electrode’s surface can impede the binding of target proteins.
Immobilization techniques have been developed and improved to
ensure the precise assembly and density of the biorecognition
element on the electrode’s surface. Coating the electrode’s
surface with nanomaterials provides support to anchor a
variety of biological receptors and expand the application of
the biosensor. At the same time, surface coating improves the
sensitivity of the electrochemical biosensor by adding an
electronic source.

AuNPs offer advantages such as biocompatibility, large efficient
surface area, electrocatalytic properties, and high conductivity.
Coating a glassy carbon electrode (GCE) with AuNP enhances
the electron transfer rate and reduces the limit of detection.
Reduced GO can also be decorated with AuNP to improve
performance by reducing its tendency to aggregate upon
chemical modification (Jafari et al., 2019). The catalytic activity
of AuNP depends on its particle size. In the study of Wei et al.

FIGURE 5
Nanomaterials are used in coating the electrode’s surface primarily to increase the surface area, anchor bio-linkers and bioreceptors, and promote
electron transfer, signal amplification, and improvement of the low-end detection limit. Such nanomaterials include graphene, graphene oxide, quantum
dots, metal nanoparticles, and metal-organic framework.
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(2018), an average of 15 nm particle size was used to immobilize
thiolated aptamers and improve the electrocatalytic activity
provided by the electrode.

Graphene oxide (GO) is a graphene derivative with a 2D-
nanostructure single atomic layered material with a significant
amount of sp3 C-O bonds on its surface. The electrochemical
reduction of GO to reduced GO includes eliminating oxygen,
which boosts its electronic conductivity (Assari et al., 2019).
Reduced graphene oxide (rGO) has high biocompatibility and
conductivity, which is favorable for improving electrochemical
signals. Moreover, rGO also introduces nanoporous structures to
the electrode’s surface, resulting in a high specific surface area that
can accommodate more electroactive nanomaterials and deliver a
higher electrochemical response. The application of rGO in
developing ultrasensitive graphite paper-based immunosensors
was reported (Özcan and Sezgintürk, 2022).

Carboxyl functionalized multi-walled carbon nanotubes
(MWCNT-COOH) have shown extraordinary mechanical,
electrical, and thermal properties and are applied in
electrochemical biosensors. The dispersion and attachment of
MWCNT on the electrode are essential for more stable
biomolecule attachment and electron transfer (Shamsazar et al.,
2021). Incorporating iron oxide nanoparticles helps form a uniform
and ordered nanocomposite layer. Due to its magnetic properties,
the nanocomposite attaches tightly to the electrode (Wang
et al., 2018).

Biological macromolecules can also be used as linkers to
optimize the bioreceptor’s assembly. In a study by Sun et al.
(2019), DNA nano-tetrahedron (NTH) anchors aptamers for its
precise orientation and density. DNA NTH structure is assembled
from four single-stranded nucleic acids and is firmly and
homogeneously attached to the electrode’s surface. DNA NTH
increases the bioreceptor’s accessibility and recognition efficiency,
thereby improving the sensitivity of the electrochemical device (Sun
et al., 2019).

Upon bioreceptor immobilization, surface blocking is
implemented before the assay to avoid the detrimental effects of
non-specific binding (Salimian et al., 2017). Common reagents for
blocking include ethanolamine for EDC/NHS treated surfaces, non-
fat milk, and bovine serum albumin (BSA) (Patris et al., 2014).
Others employ the formation of antifouling ternary self-assembled
monolayers or use antifouling polyethylene-glycol (PEG) blocking
(Salimian et al., 2017).

4 The impact of dual system
approaches to lowering the limit
of detection

The electrocatalytic activity depends on the type of electrode
used. Electrodes are modified with graphene oxides, metal oxides,
and metal nanoparticles to increase the electrocatalytic activity while
providing a platform for bioreceptor immobilization. On the other
hand, the probe can be labeled to induce the redox reaction or boost
the signal generation.

A single system uses one biorecognition element, an aptamer or
antibody immobilized on the electrode’s surface, while the analyte is
detected directly. The changes in the electrochemical measurement

of a single system rely heavily on the interference caused by the
immobilization of the bioreceptor and the capture of usually
nonconductive biological targets. In this case, the peak current
decreases in proportion to the concentration of the target analyte.
Despite its setback of low peak current, most research employs this
process due to its simplicity, ease of implementation, cheaper
platform development, and direct measurement approach. The
issue of low electronic signal generation can be circumvented by
modifying the electrode or labeling the probe. For example, thionine
(THI) can be attached to the electrode and used as a redox mediator
to increase the electrochemical signal of an unlabeled single-system
setup (Wei et al., 2018). Several studies that use a single system with
labeled and unlabeled probes are presented in Table 1.

A dual system combines an antibody and a secondary antibody,
two or more aptamers, and a complementary DNA aptamer, or
antibodies and aptamers, in a biosensor. The main objective is to
create a bio-nanocomposite that attaches to the captured target and
introduces an electroactive or electrocatalytic material. A bio-
nanocomposite composed of several nanomaterials often
performs better than a single nanomaterial in a biosensor. The
dual system is executed in two formats: the competitive format,
wherein the target biomolecule displaces the secondary probe upon
binding, or a sandwich format, wherein the nanocarrier of the redox
catalyst attaches to the captured target. Both approaches use a
capture probe immobilized on the electrode’s surface. Several
articles that used a dual system approach are presented in Table 1.

4.1 Antibody–secondary antibody system

Sandwich-type immunoassay has been employed in most
antibody-based detection, such as ELISA. This mechanism has
been adopted in developing sandwich-type immunosensors,
wherein the primary or capture antibody is immobilized on the
electrode, and a secondary antibody attaches to and sandwiches with
the target protein. The secondary antibody is tagged with an enzyme
that will induce the redox reaction.

A secondary antibody tagged with HRP was used in a sandwich-
type immunosensor for prostate-specific antigen (PSA) and
HER2 detection. Electrocatalysis of hydrogen peroxide (H2O2) is
aided by HRP, leading to higher peak current and sensitivity for
PSA detection. IONP plays a vital role in redox reactions with HRP
and electron exchangewith the electrode (Shamsazar et al., 2021). Biniaz
et al. (2017) used a biotinylated monoclonal antibody as the capture
probe, while HRP and thionine-tagged polyclonal antibody was used to
promote the electrocatalytic degradation of H2O2 (Biniaz et al., 2017).
Other substrates used with HRP are hydroquinone/H2O2 (Patris et al.,
2014) and 1,3,5-trimethylbenzene (TMB) (Tallapragada et al., 2017).

Other formats include a capture primary antibody and a
biotinylated secondary antibody with high specificity to the
isotype of the primary antibody. Streptavidin, a protein with a
high affinity to biotin, is conjugated with HRP or alkaline
phosphatase (AP), both electrocatalytic enzymes. With AP,
p-nitrophenyl phosphate (pNPP) is used as a substrate that is
hydrolyzed rapidly to p-nitrophenol and inorganic phosphate. AP
is also used to oxidize metallic silver deposited enzymatically via 3-
indoxyl phosphate (3-IP) and silver ion mixture (Marques et al.,
2014; Freitas et al., 2019).
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4.2 Aptamer–secondary/complementary
aptamer

In a study conducted by Sun et al. (2019), Zr(IV)-based MOF
known as UiO-66 was used as a shell over the IONP to form the
novel magnetic MOF (MMOF IONP@UiO-66), while bimetallic
nanoparticle Au@Cu was employed as a linker of the aptamer to
MMOF. The capture aptamer was immobilized on a screen-printed
gold electrode (SPGE) using NTH as a linker. The target is then
captured by the aptamer on SPGE and sandwiched by aptamer/
IONP@UiO-66. Complementary DNA attached to Au@Cu
nanoparticles binds to the aptamer on IONP@UiO-66. The
combination of Au@Cu and UiO-66 improves the electrocatalytic
performance of IONP and amplifies the electrochemical signal while
serving as nanocarriers of two types of aptamers. The increase in
captured target is proportional to the amount of the nanocarriers,
thus resulting in an increase in peak current by the chemical
reaction: O2 + 2H2Q → 2Q + 2H2O and Q + 2H+ + 2e− → H2Q,
where H2Q is hydroquinone, and Q is benzoquinone (Sun et al.,
2019). Figure 6 depicts the nanocarrier and the common
nanomaterials embedded in a metallic nanocarrier.

SPCE is coated with graphene oxide–carboxylic acid (GO-
COOH) via drop-casting to immobilize aminated aptamers. A
complimentary DNA (cDNA) aptamer is conjugated to the
attached aminated aptamer, while methylene blue (MB) is
intercalated between the aptamer and cDNA. This dual aptamer
approach uses the competitive format, wherein binding the analyte
will release the MB trapped between the anti-PSA aptamer-cDNA
conjugate. The release of MB will increase the redox electric signal,
producing a higher peak current (Raouafi et al., 2019).

4.3 Antibody–aptamer system

In this process, the antibody is used as a bioreceptor and an
aptamer with an electrocatalytic label or incorporated in a

nanocarrier (Figure 6) serves as a recognition element. Ilkhani
et al. (2015) used an aptamer immobilized on magnetic beads as
a capture probe for detecting the epidermal growth factor receptor
(EGFR). Using magnetic beads allows an easier way of separating
antigens captured by the aptamer. The antibody was conjugated to
AuNP, which sandwiches the captured antigen—the increase in
antigen concentration results in an increase in peak current (Ilkhani
et al., 2015).

Self-assembled 2,5-bis(2-thienyl)-1H-pyrrole-1-(p-benzoic
acid) or DBP and AuNP was deposited on the surface of GCE
via electro-polymerization. Monoclonal anti-HER2 antibody was
then immobilized to the poly-DBP@AuNP via amine coupling. In
this sandwich format, the hydrazine-tagged aptamer in AuNP
attaches to the captured HER2. Electrochemical measurement
was performed in silver nitrate solution, wherein silver ion was
reduced to silver metal by hydrazine attached to the aptamer and
AuNP as a catalyst. A gradual increase in peak current was observed
as the target concentration increased. As a downside, this process
resulted in the deposition of reduced silver metals into the electrode
(Zhu et al., 2013).

4.4 Comparison of LOD obtained using
various detection approaches

The limit of detection (LOD) and the linear range (LR) are often
used to determine the sensitivity of a biosensor. Other categories
could also be examined, such as biosensor stability during
implementation and storage, reproducibility, cost per analysis,
and sustainability of materials used. The proposed
electrochemical platform and methodology resulting in the lowest
LOD based on the articles reviewed are presented in Table 2. For
PSA detection, a dual aptamer system with a competitive format
using MB intercalated between the capture aptamer and the
complementary DNA aptamer showed the lowest LOD of
0.064 pg/mL with a dynamic LR of 0.001–100 ng/mL (Raouafi
et al., 2019). Aptamers labeled with MB showed lower LOD than
unlabeled aptamers, while electrochemical aptasensors performed
better than immunosensors. Aptamer tagged with MB and directly
immobilized on the gold electrode is the most straightforward setup,
resulting in a LOD of 50 pg/mL (Sattarahmady et al., 2017).

For cardiac troponin I (cTnI), a 16 pg/mL LOD was obtained
using a multiple aptamer system, wherein one aptamer is utilized
as a capture probe and two others as reporter probes, with one
attached to an electrocatalytic nanocarrier. The lowest LOD
(0.037 pg/mL) for HER2 detection was obtained using a dual
antibody-aptamer system with a monoclonal antibody as the
capture probe. The aptamer reporter probe and an electroactive
label, hydrazine, were immobilized in AuNP as a nanocarrier (Zhu
et al., 2013). Nanobodies applied in a dual-system immunosensor
showed the highest LOD in this review, equal to 1 μg/mL (Patris
et al., 2014).

In the same study, an electrochemical aptasensor performed
better than an immunosensor in LOD for HER2 detection. In this
case, aminated aptamers and antibodies were immobilized in
separate electrodes. The results also showed the superiority of
AuNP in improving the biosensor’s sensitivity (Centane and
Nyokong, 2022). Srivastava et al. (2018) performed a comparative

FIGURE 6
Metallic nanocarrier decorated with nanomaterials to enhance
signal generation and lower limit of detection.
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study of aptasensor vs. immunosensor using GQD and gold nanorod-
modified screen-printed electrodes for PSA detection. Both setups
showed comparable results with an LOD of 0.14 ng/mL (Srivastava
et al., 2018). In both cases, the aptasensor outperforms the
immunosensor in simplicity, cost-effectiveness, stability, and
regeneration (Srivastava et al., 2018; Centane and Nyokong, 2022).

Monoclonal antibodies on cadmium selenide QD, AuNP-SiO2,
and gold electrodes modified with MPA showed the lowest LOD of
0.0016 U/mL for CA125 detection using EIS. This ultra-sensitive
electrochemical technique measures changes in electrical resistance
(Johari-Ahar et al., 2015). The carbon-based electrodes with Ab on
AuNP with reduced GO and AgNP with graphene QD showed a
similar LOD of 0.01 u/mL measured using DPV (Fan et al., 2019;
Jafari et al., 2019).

Most of the reviewed articles used DPV as an electrochemical
technique. EIS showed lower LOD in a single system thanDPV (Nxele
and Nyokong, 2021), while SWV is more sensitive than EIS (Assari
et al., 2019). Gold electrodes or the application of AuNP have
exhibited lower LOD and better stability than carbon-based
electrodes. Electrochemical immunosensors with sandwich format
outperform single system immunosensors using an antibody as a
capture element and rely on a change in resistance only. In a sandwich
format, a secondary antibody labeled with biotin is used. HRP-
streptavidin or ALP-streptavidin binds to biotin, which serves as
an enzyme that catalyzes the substrate reduction process. This
reaction produces a higher change in the electrochemical signal.
Incorporation of IONP significantly decreases the LOD of the
immunosensor (Shamsazar et al., 2021). A dual system using two

or more aptamers, a complementary aptamer, and an antibody-
aptamer system showed the lowest reported LOD for each antigen.

Table 2 shows the limit of detection of the biosensors reviewed in
this article compared to the biomarkers’ average body level and
infection level. Dual systems have shown detection limits lower than
the infection level, indicating the high possibility of translating the
research methodology into commercially viable product design.

4.5 Point-of-care testing adoption

Point-of-care testing (PoCT) continues to attract technology
developers to produce clinically helpful PoCT devices. The critical
characteristics of PoCT should match its users’ clinical and
individual needs (Korte et al., 2020). Among the crucial factors
described by Garg et al. (2023) that affect the translation of research
output to PoCT are listed in Table 3.

The materials used in the biosensor assembly and the
transduction method dramatically affect the PoCT cost. A whole
gold or glassy carbon electrode is expensive and thus must be reusable
to lower the testing cost. Due to this, single-use paper-based electrode
modified with AuNP or other nanomaterials have gained valuable
interest in PoCT due to its simplicity, low cost, stability, and ease of
disposal. Electrochemical methods, such as DPV, SWV, and EIS, have
been used as a readout method in PoCT. Electrochemical techniques
can provide a higher sensitivity and accuracy than the usual
colorimetric PoCT. However, this would require a more expensive
electronic readout device that can be purchased once.

TABLE 2 Cancer protein biomarker normal and infection levels and lowest reported LOD.

Biomarker Cancer Normal level Infection level Lowest
reported
LOD

Biosensor description

Prostate-specific
antigen (PSA)

Prostate cancer <4 ng/mL (Assari et al.,
2019; Raouafi et al., 2019;
Nxele and Nyokong, 2021)

4–10 ng/mL (Raouafi
et al., 2019)

0.064 pg/mL
(Raouafi et al.,
2019)

Dual aptamer system, MB as
indicator, competitive
format, DPV

<20 ng/mL (Padmavathi
et al., 2017)

Cardiac troponin I (cTnI) Acute myocardial
infarction (AMI)

5–50 ng/mL (Sun et al.,
2019)

16 pg/mL (Sun
et al., 2019)

Dual aptamer system, one capture
and two reporter probes on
nanocarrier, sandwich
format, DPV

Human epidermal growth
factor receptor 2 (HER2 or
ErbB2)

Breast cancer <1% positive stain
(Padmavathi et al., 2017)

15–75 ng/mL (Chun
et al., 2013; Bezerra
et al., 2019)

0.037 pg/mL (Zhu
et al., 2013)

Dual antibody-aptamer system,
hydrazine label, sandwich
format, SWV

2–15 ng/mL (Bezerra et al.,
2019)

Carbohydrate antigen
(CA125)

Ovarian cancer (also in
lung cancer, endometrial
cancer, and breast cancer)

<35 U/mL (Fan et al.,
2019)

0.0016 U/mL
(Johari-Ahar et al.,
2015)

A single antibody on quantum
dots on a gold electrode,
K3Fe(CN)6 as an indicator

0.5 pg/mL (Biswas
et al., 2021)

A single antibody, ZnO nanorod,
Gold electrode

Cancer antigen (CA15-3) Metastatic breast cancer <45 U/mL (Padmavathi
et al., 2017)

0.112 U/mL
(Shekari et al.,
2021)

Dual aptamer system, reporter
probe on nanocarrier, sandwich
format, DPV

Carcinoembryonic
antigen (CEA)

Breast, colorectal, and
lung cancer

<5 ng/mL (cut-off range
2.5–40 ng/mL)
(Padmavathi et al., 2017)

10 ng/mL 11.2 pg/mL
(Shekari et al.,
2021)

Dual aptamer system, reporter
probe on nanocarrier, sandwich
format, DPV
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The obtained LR and LoD in all articles presented in this review
are clinically relevant and highly competitive with the existing and
commercially available PoCT devices. Before adoption, the proposed
PoCT technology must be clinically tested. The type of sample, its
volume, and collection techniques are essential considerations. Most
of the current research tested the technology on spiked human
blood samples.

PoCT should be accomplished within around 20 min to allow
for a test and subsequent discussion of results performed within the
same clinical session. Most electrochemical techniques require at
least 30 min to allow ample time for sample incubation. However,
this does not include the time to obtain, collect, and pre-process
samples (Garg et al., 2023).

The most common PoCT is the lateral flow immunosensor,
which is inexpensive and has storage stability of up to 2 years.
Aptamers are more stable and affordable than antibodies and thus
could improve the stability of the PoCT. However, due to the high
cost of the construction materials for electrochemical biosensors,
maximizing the reusability and regenerability of the product could
significantly help lower its price. Table 3 presents that the
electrochemical dual system aptasensor is stable at 4°C–30°C
storage conditions with satisfactory reproducibility.

New opportunities in electrochemical PoCT device development
have emerged in view of the developments in microfluidics,
multiplexing, and machine learning. Simultaneous detection of
various analytes can be achieved by using multiple aptamers in
one platform. Meanwhile, integrating microfluidics into
electrochemical biosensors is motivated by several perceived
potential benefits such as portability, real-time monitoring,
efficient sampling process, and precise detection of analyte/s,
even with complex samples. This integration involves 1) the
design of the microfluidic device via microfabrication techniques
(e.g., soft lithography, laser ablation, or 3D printing) to include
channels, chambers, and necessary features for sample introduction,
mixing, flow control, delivery to the electrochemical sensor, and
sample exit; 2) incorporation of electrodes onto the microfluidic

chip; 3) immobilization of recognition elements onto the electrodes
within the microfluidic channels; 4) provision of microfluidic
structures that ensure uniform exposure of the analyte to the
recognition elements on the electrochemical sensor; and 5)
integrating the microfluidic-electrochemical biosensor with
external systems, such as microcontrollers or data analysis
software for enhanced automation, control, and data processing.

5 Conclusion and perspective

Incorporating nanomaterials into electrochemical biosensors
has successfully improved the analytical sensitivity of the
biosensor, thus allowing the detection of trace amounts of
analytes relevant to clinical diagnostics. Inherent to using
biological receptors are low electrical signals generated, which
were overcome by labeling with ferrocene, methylene blue, and
iron oxide nanoparticles or embedding the proteins in electrodes
coated with metal nanoparticles, graphene oxide, and quantum dots.
The bioreceptors are immobilized using organic linkers and
nanoparticles with proper orientation via self-assembly, and the
density can be controlled.

Aptamers pose a considerable advantage over antibodies since
the former can be easily synthesized and functionalized with a label,
a linker, or both. The incorporation of linkers to aptamers makes it
more flexible when it comes to its immobilization and electrode
development. Notable differences include the aptamer being highly
efficient even as a capture element alone while using labeled
complementary aptamers in a competitive or sandwich format
showed the best potential.

The dual system improves the assembly of the capture probe on
the surface of the electrode, regardless of whether it is carbon or
gold-based. A dual system also helps increase electrocatalytic activity
during measurement. The abundance of electrocatalysts on the
electrode’s surface increases the peak current, thus amplifying the
signal generated.

TABLE 3 Comparison of the key characteristics of the commercially available Point-of-care test (PoCT) with the selected biosensor.

Biomarker Brief description of
technology

Limit of
detection

Assay
time

Sample/
Test
sample

Storage stability Cost

PSA Dual aptamer system, competitive
format, DPV (Raouafi et al., 2019)

0.064 pg/mL 30 min
detection
time
using DPV

Spiked human
blood serum

stability of 98% over
2 weeks, results are
reproducible over
8–10 months

Electrochemical transducer
machine (one-time fee) and
modified screen-printed
carbon electrode
(consumables)

Lateral flow chromatographic
immunoassay, semi-quantitative,
cassette/strip (CTK Biotech, CA,
United States)

4 ng/mL 15 min Whole blood,
serum, or
plasma

1.4 months (for most
immunosensors)

0.30–0.40 USD/kit (local
price)

CEA Dual aptamer system, sandwich
format, DPV (Shekari et al., 2021)

11.2 pg/mL >30 min
detection
time
using DPV

Clinical serum
samples

91% stability after 3 days
of storage at 4°C,
satisfactory
reproducibility

Electrochemical transducer
machine (one-time fee) and
modified screen-printed
carbon electrode
(consumables)

Immunochromatographic rapid test,
quantitative, cassette (Quadratech
Diagnostics, Eastbourne,
United Kingdom)

5 ng/mL 5–15 min Whole blood,
serum, or
plasma

Store at 4°C–30°C 0.30–0.40 USD/kit (local
price)

Shelf-life: 2 years
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The secondary antibody, aptamer, or complementary DNA can
be attached to a nanocarrier that possesses electrocatalytic
properties. For the electrochemical immunosensor, the
application of the secondary antibody in a sandwich format,
patterned from the standard ELISA technique, significantly
increased the immunosensor’s sensitivity.

The impact of using aptamers over antibodies and applying
nanomaterials on the sensor’s life cycle should be examined. For
developing a high-quality aptamer-based biosensor, a pragmatic
approach could be using an electrochemical surface during the
SELEX process. Translating the dual system electrochemical
aptasensor to a PoCT device requires increasing the speed of the
assay time, improving the storage stability and reusability, and
performing construction materials analysis for lower assay cost.
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