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Hepatocellular carcinoma (HCC) is a group of highly lethal malignant tumors that seriously
threaten human health. The main way to improve the survival quality and reduce the
mortality of HCC is early diagnosis and treatment. Therefore, it will be of great significance
to explore new quantitative detection methods for HCC markers. With the rapid
development of electrochemical biosensors and nanomaterials, electrochemical
sensors based on graphene can detect tumor markers, with the advantages of simple
operation, high detection sensitivity, and specificity. Combined with the published literature
in recent years, the article briefly reviews the application of graphene-based
electrochemical biosensors in the detection of HCC markers, including alpha-
fetoprotein (AFP), Golgi protein-73 (GP73), exosomes, and microRNA-122 (miR-122).
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INTRODUCTION

HCC is the sixth most commonly occurring cancer worldwide, and the mortality is second only to
lung and gastric cancers (Altekruse, et al., 2009) (Bolhuis, et al., 2020). According to survey statistics,
there are more than 700,000 new cases of HCC every year in the world (Qiao, et al., 2020). Because
the clinical symptoms of HCC in the early stage are not typical, most patients are already in the
middle or late stages when they are diagnosed (Al Bandar and Kim 2017). It is a need to explore new
HCC surveillance tools for better detection and prevention with HCC.

Tumor markers are a series of substances that are produced by tumor cells themselves or by the
surroundings, reflecting the existence and growth of tumors (Bohunicky and Mousa 2010) (Wu and
Qu 2015). Tumor markers include DNA (such as specific mutations, translocations, amplification,
and loss of heterozygosity) and different RNA or proteins (such as hormones, antibodies, oncogenes,
or tumor suppressors). They exist widely in blood, body fluids, and tissues, which have a great value
in tumor diagnosis and prognostic, evaluation of curative effect, and screening the high-risk
populations (Yang and Patel 2019). Currently, the clinical detection of HCC markers mainly
relies on enzyme-labeled immunoassay, chemiluminescence analysis, time-resolved fluorescence
immunoassay, and protein chip detection (Wei et al.,, 2011) (Shen, et al., 2020). However, these
methods are strict to reaction conditions and have low sensitivity. They also have the disadvantages
of complicated operation and high cost that limit their further clinical application (Wiedemann
2013) (Wang et al,, 2016) (Yang et al., 2019). Electrochemical sensor devices have been gradually
applied to the quantitative analysis for tumor markers due to the high sensitivity and simplicity. With
the progress and development of nanotechnology, nanomaterials based on electrochemical sensors
have attracted a great deal of attention (Mohd Azmi et al., 2014). Among them, graphene is widely
used due to the unique advantages, such as high mechanical strength, huge surface area, excellent
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TABLE 1 | Graphene nanocomposite-based electrochemical assay for AFP.
Graphene-based nanocomposite Linear range

AuNPs-Dex—GO
Graphene-Au

0.01-20 pg/ml
1 pg/mi=100 ng/ml

PtNPs/Coz04/graphene 0.1 pg/mi-60 ng/ml
TB-Au-Fez04-rGO 0.01 pg/mi-10 ng/ml
CdTe@SiO./graphene 1.0 pg/mi=100 ng/ml
AuNPs/PGNR 5-60 ng/ml

electrical and thermal conductivity, high thermal stability, and
good biocompatibility (Schedin et al, 2007). Graphene is
monatomic-thickness-sheet nanomaterial, which is composed
of Sp2 hybrid carbon atoms arranged in a honeycomb lattice
structure. The unique electronic structure gives graphene a larger
surface area and porous structure, which is suitable for
multifunctional modification (Yoo, et al., 2008; Lawal 2015).
In addition, graphene also has unique electrochemical
properties such as fast electron transfer rate and low charge
transfer resistance and excellent electrical and thermal
conductivity, which improve the response speed and detection
sensitivity of biosensors. Combining the advantages of both
graphene structural and electrochemical properties, the
graphene-based electrochemical biosensors have been applied
for a broad range, including the detection of glucose, heavy
metal ions, hydrogen peroxide, adenosine triphosphate,
cholesterol,  ascorbic  acid, wuric acid, pathogenic
microorganisms, and cancer biomarkers (Shao, et al., 2010;
Wang B. et al,, 2017; Krishnan, et al., 2019; Sakar, et al., 2019;
Taniselass, et al, 2019). This article briefly reviews the latest
findings and progresses reported in the literature on the
application of graphene-based electrochemical biosensors in
the detection of HCC markers, including alpha-fetoprotein
(AFP), Golgi protein-73 (GP73), exosomes, and microRNA-
122 (miR-122).

ALPHA-FETOPROTEIN DETECTION

AFP is a plasma protein produced by the yolk sac and liver during
the fetal period and is one of the most widely used clinical cancer
markers, especially for liver cancer (Okuyucu, et al., 2015; Zhu,
et al, 2015). AFP is produced in the fetal liver, with little or no
production in normal tissues. When liver cells become cancerous,
the gene expression of AFP is upregulated due to
hypomethylation, and the concentration of AFP can be
significantly increased in serum (Zhang, et al, 2018).
Therefore, AFP becomes a common serum marker for early
diagnosis of HCC (Zhao Y. et al, 2020). Many authoritative
experts and organizations have designated AFP as the only tumor
marker for primary liver cancer. The level of AFP in blood is
related to the size of HCC tumor (Zhao B. et al., 2020). AFP
detection has an important clinical value in the prognosis of
surgical treatment, radiotherapy, and chemotherapy.
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LOD Reference
0.05 pg/ml Zhou et al. (2019)
0.0196 pg/ml Shan et al. (2016)
0.029 pg/ml Liu et al. (2017)
0.0027 pg/ml Wang V. et al. (2017)
0.22 pg/ml Pan et al. (2019)

1 ng/ml Jothi et al. (2020)

Graphene/nanoparticle  composite-based  electrochemical
biosensors for the detection of AFP have been summarized in
Table 1. Among them, the graphene-AuNPs composite exhibited
outstanding electrocatalytic activity, which combines the
advantages of high electrical conductivity and electrocatalytic
activity of AuNPs. For example, Zhou et al. (2019) synthesized
and immobilized gold nanoparticles-dextran-reduced graphene
oxide (AuNPs-Dex-rGO) onto an electrode, with ferricyanide as
the electrochemical probe, and the simple electrochemical
immunosensor achieved ultrasensitive detection of AFP. A
significant advantage of this method 1is that the
AuNPs-Dex-rGO  multifunctional nanocomposites  were
prepared by a simple one-step process, which can greatly
simplify the steps and ensure synergistic effect. In addition,
due to the excellent conductivity and material compatibility of
rGO and AuNPs, the electron transfer efficiency of the sensor was
greatly improved, exhibiting high sensitivity and low detection
limit (0.05 pg/ml). Shan et al. (2016) prepared a kind of novel
redox-active species poly(MB)-Au using HAuCl, as an oxidant,
and methylene blue as a monomer. Then, they immobilized the
antibody on the nanocomposites as a probe and modified
graphene-Au as the substrate of the electrode. They pioneered
the synthesis of uniform poly (methylene blue)-Au nanoparticles
in an approach of dye oxidative polymerized by noble metal salt.
Due to the uniform and conductive poly (methylene blue)-Au
nanomaterials with an innate signal used as immunosensing
probes, the sensor improved signal amplification and provided
a detection limit of AFP with 0.0196 pg/ml. Furthermore, because
this assay selected the sandwich method mode, which owns high
detection efficiency, the detection results of this method on
clinical serum were well consistent compared to those ofs
ELISA, showing good prospects for clinical application.

Graphene and metal oxide composites are the current focus.
The combination of Fe;0, and reduced graphene oxide (rGO)
improves not only the surface area for the immobilized antibody
but also the electrocatalytic ability. Liu et al. (2017) reported a
sandwich electrochemical biosensor for AFP based on the signal
amplification of Pt NPs/Co;O,/graphene-modified secondary
antibodies. Under optimal conditions, the sensor allowed
linear detection of AFP in the range of 0.0001 ng/ml-60 ng/ml
with a detection limit of 0.029 pg/ml. The sensor could be also
stored for a long time at 4°C, showing outstanding stability. Wang
Y. etal. (2017) demonstrated a biosensor using highly conductive
graphene nanocomposites by immobilizing gold nanoparticles
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and toluidine blue (ITB) on Fe;0,-rGO nanocomposite,
especially the TB-Au-Fe;0,~rGO nanocomposite was
fabricated using Fe;O,-rGO as a single-layer and high-purity
platform to absorb gold nanoparticles (AuNPs) and TB. AuNPs
have good biocompatibility in capturing antibodies, and Fe;04
NPs have good electrocatalytic performance toward TB, which
was detected as a redox probe. So, the usage of the
TB-Au-Fe;0,~rGO-modified electrode to fabricate the
electrochemical immunosensor can achieve the quantitative
detection of AFP. Due to the large specific surface area and
high electrical conductivity =~ of  graphene, the
TB-Au-Fe;0,-rGO-modified electrode has good adsorption
property and can load a large number of TB and Au, which
greatly achieve the effective and sensitive detection of AFP. Under
optimal conditions, the method exhibited a low detection limit of
0.0027 pg/ml for AFP. As a successful biosensor with outstanding
detection capability, the method makes full use of the advantages
of elements composited of the multifunctionalized
nanocomposites, including graphene, Fe;O, NPs, AuNPs,
and TB.

In addition, some novel nanocomposites and skillful chemical
reduction methods were also explored in the application of AFP
detection. For example, Pan et al. (2019) constructed a
sandwiched immunosensor of AFP using CdTe@SiO, as an
emitter, proving a low detection limit of 0.22 pg/ml. However,
the distinctive degrees of toxicity manifested by QDs still remain
to be addressed. Jothi et al. (2020) made AuNPs electrodeposited
on porous graphene nanoribbon by the chemical reduction
method to act as a platform to detect AFP, with a low
detection limit of 1 ng/ml, providing versatile detection strategies.

GOLGI PROTEIN-73 DETECTION

GP73 is a 400-amino acid protein with a predicted molecular
weight of 73 kDa (Dug, et al., 2020). As a kind of transmembrane
protein, GP73 mainly exists on the surface of the Golgi apparatus
(Kladney, et al., 2000). However, when hepatocytes become
cancerous, endoprotease cleaves, and GP73 is released into the
extracellular environment; therefore, serotype GP73 can be
detected in blood serum of liver cancer patients. GP73 in liver
cancer tissue is positively correlated with vascular endothelial
growth factor (Mao, et al., 2010). Related studies also show that
serum GP73 can be used to evaluate the prognosis of liver cancer
(Zhao S. et al., 2020).

Yu, et al. (2014) reported an electrochemical immunosensor
for detecting GP73 with the combination of graphene oxide and
CdSe QDs. rGO provides excellent conductivity, and the CdSe
QDs are detected with a prominent electrochemical signal. The
sensor showed a linear range from 20 to 5,000 pM and sensitivity
of 12 pM for GP73 detection. As short strands of DNA or RNA,
aptamers are often used as recognition elements for marker
detection due to the high affinity and specific for the target
(Keefe, et al, 2010). Compared with the traditional
biomolecular ligands such as antibodies, aptamers have other
merits of good stability, lower cost, and easy modification. An
example of the aptamer-based biosensor is discussed here. Zhou

Hepatocellular Carcinoma Markers Detection

etal. (2020) found that the hemin/graphene nanohybrids (HGN’s)
can catalyze silver deposition to amplify the signal. They solidified
GP73 aptamer as the capture probe, and assembled
HGNs-aptamer (HGNs-Apt) as the signal probe. Then, the
silver (Ag) ions were reduced in solution due to the
peroxidase-like properties of HGNs. The electrochemical
aptamer nanobiosensor allows linear detection of GP73
between 10.0 and 100.0 pg/ml with a detection limit of
3.16 pg/ml.

EXOSOMES DETECTION

Exosomes are nanoscale bilayer lipid inclusion structures with a
diameter of 50-200 nm, carrying biological information of
maternal cell molecule characteristics, such as proteins, lipids,
deoxyribonucleic acid (DNA), messenger RNA (mRNA),
microRNA (miRNA), and noncoding RNA (Iero, et al., 2008).
Exosomes widely exist in body fluids, including blood, tears,
urine, saliva, and ascites. Studies have shown that tumor cells can
release more exosomes than normal cells, and the basic
information of cancer cells can be directly obtained by
analyzing exosomes (An, et al., 2015). Exosomes are involved
in various processes of tumor occurrence and development,
including promoting tumor growth, metastasis, and drug
resistance and causing the changes of the tumor
microenvironment (Webber, et al., 2015).

Exosomes contain a large number and variety of biologically active
contents, which can be detected as biomarkers and potential
therapeutic targets (Greening, et al, 2015). An et al. (2019)
reported a click chemistry and DNA hybridization chain reaction
(HCR)-based electrochemical sensor for detecting tumor exosomes.
They immobilized the CD63 aptamer on the graphene-modified
electrode to capture exosomes. Based on the click chemistry method,
the captured exosomes were labeled with a DNA probe, and DNA
HCR was triggered to bind numerous of horseradish peroxidase
(HRP) molecules. The concentration of exosomes was quantified by
monitoring the electrochemical current of HRP molecules catalyzing
the reaction of o-phenylenediamine (OPD) and H,0,. For the
ultrasensitive detection of tumor exosomes, they flexibly used
alkynyl-4-ONE for the conjugation of protein on the surface of
exosomes to detect other exosome subpopulations. Meanwhile, the
DNA HCR was also designed for signal amplification. This method
can linearly detect exosomes from 1.12 x 10° to 1.12 x 10% particles/ul
with detection limits up to 96 particles/pl. Giving its biocompatibility
associated with high stability, the method enabled sensitive and
accurate analysis of exosomes in human serum.

Hepatoma-derived exosomes can release vascular endothelial
growth factor (VEGF), which can promote tumor angiogenesis,
provide sufficient nutrition for HCC, and promote the occurrence
and development of liver cancer cells (Mosquera-Heredia and
Maria, 2021). Ni et al. (2020) synthesized methylene blue-loaded
graphene oxide (GO/MB) composite and modified ferrocene-
labeled aptamer onto glassy carbon (GC) to develop an
aptasensor for the detection of vascular endothelial growth
factor (VEGF). The GC-GO/MB-streptavidin aptamer acts as
a sensitive redox probe and is capable of amplifying
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electrochemical signals, with a linear detection range of
10-500 pg/ml for VEGF.

MICRORNA-122 DETECTION

MicroRNAs (miRNA) are a kind of small endogenous single-
stranded noncoding RNAs, which can regulate the expression
level of target genes at the posttranscriptional level (Hu, et al.,
2012). MiR-122 is the most abundant miRNA molecule expressed
in liver tissue, accounting for about 70% of the total miRNA in the
liver level (Li, et al., 2019). Studies have shown that the expression
of miR-122 decreased significantly in patients with liver cancer
(Lewis and Jopling 2010). MiR-122 can inhibit the growth of liver
cancer cells and prevent the formation of new blood vessels, by
inhibiting the formation of vascular endothelial cells in the
microenvironment of HCC (Bandiera, et al, 2015). These
mechanisms reduce the nutrients required by liver cancer cells,
which is not enough to maintain the normal demand and prevent
the growth of liver cancer cells (Nassirpour, et al., 2013).
Kasturi et al. (2021) developed a biosensor using gold
nanoparticles—dotted reduced graphene oxide (rGO/Au)
nanocomposite for the detection of miR-122. A linear
concentration with a range from 10 uM to 10 pM and a
detection limit of 1.73 pM were obtained. Surprisingly, they
synthesized rGO by a “green” approach with natural soapsuds
instead of toxic chemicals such as NaBH, and hydrazine like
most researchers often do, providing us the precious
environmental conscientiousness. Kilic et al. (2016)
designed an electrochemical biosensor by first immobilizing
the complementary anti-miR-122 and then capturing and
solidifying the target miR-122. The advantage of this
method is that it is less complicated and label-free. The
proposed biosensor can detect the limit of 1 pM in real
samples such as total RNAs isolated from cell lysates.

OUTLOOK

With the development of gene-sequencing technology in recent
years, more and more tumor markers of HCC have been discovered
and studied. Electrochemical technology is an interdisciplinary
comprehensive technology and has been widely used in clinical
laboratory and tumor detection. Compared with traditional

REFERENCES

Al Bandar, M. H., and Kim, N. K. (2017). Current Status and Future Perspectives
on Treatment of Liver Metastasis in Colorectal Cancer. Oncol. Rep. 37 (5),
2553-2564. doi:10.3892/0r.2017.5531

Altekruse, S. F., McGlynn, K. A., and Reichman, M. E. (2009). Hepatocellular
Carcinoma Incidence, Mortality, and Survival Trends in the United States from
1975 to 2005. J. Clin. Oncol. 27 (9), 1485-1491. doi:10.1200/jc0.2008.20.7753

An, T, Qin, S, Xu, Y., Tang, Y., Huang, Y., Situ, B, et al. (2015). Exosomes Serve as
Tumour Markers for Personalized Diagnostics Owing to Their Important Role
in Cancer Metastasis. J. Extracellular Vesicles 4 (1), 27522. doi:10.3402/jev.v4.
27522

Hepatocellular Carcinoma Markers Detection

detection methods in clinical HCC marker diagnosis,
electrochemical immunosensors based on graphene have a series
of advantages such as short detection time, good selectivity, low
detection limit, and wide detection range. The future research from
functional perspective needs more attention in following aspects
including 1) new graphene nanocomposites with more stability in a
high ionic strength environment and stronger ability of binding with
biomolecules; 2) how to use one graphene sensor to realize the
combined detection of multiple tumor markers simultaneously; 3)
the novel tumor markers of liver cancer such as circRNA based on
the graphene-assisted electrochemical sensor should be studied.
From the perspective of real biological application, there are still
several challenges related to practical production including 1) the
method of mass production of single-layer sheet graphene has not
been widely used; 2) in the process of modification and
functionalization of large amounts of graphene, the stacking and
agglomeration of the nanocomposite is hard to alleviate; 3) there is a
great demand for the POCT system in clinical detection at present,
and the electrochemical sensor based on graphene must develop and
transfer to the miniaturization and intelligence of electronic devices;
4) there is a possibility that the graphene-based electrochemical
sensor can be reasonably combined with some new assay
technologies, such as chromatography and sequencing, which
may make the whole detection process develop toward
intelligence and automation. These advances in the research of
the graphene-based electrochemical sensor provide new
promising platforms for sensitive detection of HCC markers,
which provide potential solutions not only in biomedical assay
but also in other fields such as food, agriculture, environmental
monitoring, and control.

AUTHOR CONTRIBUTIONS

YL and YX conceptualized the idea. YL, YX, YT, YC, and XC
wrote the original draft. YX, YT, and SW supervised the work. SW
reviewed and edited the manuscript.

FUNDING

This study was supported by the Municipal Health and Family
Planning Commission of Wuhan City, Hubei Province (No:
WX17Q41).

An, Y, Jin, T, Zhu, Y., Zhang, F., and He, P. (2019). An Ultrasensitive
Electrochemical Aptasensor for the Determination of Tumor Exosomes
Based on Click Chemistry. Biosens. Bioelectron. 142, 111503. doi:10.1016/j.
bi0s.2019.111503

Bandiera, S., Pfeffer, S., Baumert, T. F., and Zeisel, M. B. (2015). miR-122 - A Key
Factor and Therapeutic Target in Liver Disease. J. Hepatol. 62 (2), 448-457.
doi:10.1016/j.jhep.2014.10.004

Bohunicky, B., and Mousa, S. A. (2010). Biosensors: the New Wave in Cancer
Diagnosis. Nanotechnol Sci. Appl. 4, 1-10. doi:10.2147/NSA.S13465

Bolhuis, K., Kos, M., van Oijen, M. G. H., Swijnenburg, R.-J., and Punt, C. J. A.
(2020). Conversion Strategies with Chemotherapy Plus Targeted Agents for
Colorectal Cancer Liver-Only Metastases: A Systematic Review. Eur. J. Cancer
141, 225-238. doi:10.1016/j.ejca.2020.09.037

Frontiers in Chemistry | www.frontiersin.org

April 2022 | Volume 10 | Article 883627


https://doi.org/10.3892/or.2017.5531
https://doi.org/10.1200/jco.2008.20.7753
https://doi.org/10.3402/jev.v4.27522
https://doi.org/10.3402/jev.v4.27522
https://doi.org/10.1016/j.bios.2019.111503
https://doi.org/10.1016/j.bios.2019.111503
https://doi.org/10.1016/j.jhep.2014.10.004
https://doi.org/10.2147/NSA.S13465
https://doi.org/10.1016/j.ejca.2020.09.037
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Liang et al.

Duc, N. T. M, Shen, H. X, Thiabgoh, O., Huong, N. T., Sun, J. F.,, and Phan, M. H.
(2020). Melt-extracted Gd73.5Si13B13.5/GdB6 Ferromagnetic/
antiferromagnetic Microwires with Excellent Magnetocaloric Properties.
J. Alloys Comp. 818, 153333. doi:10.1016/j.jallcom.2019.153333

Greening, D. W., Gopal, S. K,, Xu, R, Simpson, R. J., and Chen, W. (2015).
Exosomes and Their Roles in Immune Regulation and Cancer. Semin. Cel
Develop. Biol. 40, 72-81. Elsevier. doi:10.1016/j.semcdb.2015.02.009

Hu, J., Xu, Y., Hao, J., Wang, S, Li, C,, and Meng, S. (2012). MiR-122 in Hepatic
Function and Liver Diseases. Protein Cell 3 (5), 364-371. doi:10.1007/s13238-
012-2036-3

Iero, M., Valenti, R., Huber, V., Filipazzi, P., Parmiani, G., Fais, S., et al. (2008).
Tumour-released Exosomes and Their Implications in Cancer Immunity. Cell
Death Differ 15 (1), 80-88. doi:10.1038/sj.cdd.4402237

Jothi, L., Jaganathan, S. K., and Nageswaran, G. (2020). An Electrodeposited Au
Nanoparticle/porous Graphene Nanoribbon Composite for Electrochemical
Detection of Alpha-Fetoprotein. Mater. Chem. Phys. 242, 122514. doi:10.1016/j.
matchemphys.2019.122514

Kasturi, S., Eom, Y., Torati, S. R, and Kim, C. (2021). Highly Sensitive

Naturally Reduced rGO/Au
Nanocomposite for the Detection of miRNA-122 Biomarker. J. Ind. Eng.
Chem. 93, 186-195. doi:10.1016/j.jiec.2020.09.022

Keefe, A. D., Pai, S., and Ellington, A. (2010). Aptamers as Therapeutics. Nat. Rev.
Drug Discov. Ellington 9 (7), 537-550. doi:10.1038/nrd3141

Kilic, T., Kaplan, M., Demiroglu, S., Erdem, A., and Ozsoz, M. (2016). Label-free
Electrochemical Detection of microRNA-122 in Real Samples by Graphene
Modified Disposable Electrodes. J. Electrochem. Soc. 163 (6), B227-B233.
doi:10.1149/2.0481606jes

Kladney, R. D., Bulla, G. A., Guo, L., Mason, A. L., Tollefson, A. E., Simon, D.
J., etal. (2000). GP73, GP73, a Novel Golgi-Localized Protein Upregulated
by Viral Infection. Gene 249 (1-2), 53-65. doi:10.1016/s0378-1119(00)
00136-0

Krishnan, S. K., Singh, E., Singh, P., Meyyappan, M., and Nalwa, H. S. (2019). A
Review on Graphene-Based Nanocomposites for Electrochemical and
Fluorescent Biosensors. RSC Adv. 9 (16), 8778-8881. doi:10.1039/c8ra09577a

Lawal, A. T. (2015). Synthesis and Utilisation of Graphene for Fabrication of
Electrochemical Sensors. Talanta 131, 424-443. doi:10.1016/j.talanta.2014.
07.019

Lewis, A. P, and Jopling, C. L. (2010). Regulation and Biological Function of the
Liver-specific miR-122. Biochem. Soc. Trans. 38 (6), 1553-1557. doi:10.1042/
BST0381553

Li, A,, Wu, ], Zhai, A, Qian, J., Wang, X,, Qaria, M. A,, et al. (2019). HBV Triggers
APOBEC2 Expression through miR-122 Regulation and Affects the
Proliferation of Liver Cancer Cells. Int. . Oncol. 55 (5), 1137-1148. doi:10.
3892/ij0.2019.4870

Liu, L., Tian, L., Zhao, G., Huang, Y., Wei, Q., and Cao, W. (2017). Ultrasensitive
Electrochemical Immunosensor for Alpha Fetoprotein Detection Based on
Platinum Nanoparticles Anchored on Cobalt Oxide/graphene Nanosheets for
Signal Amplification. Analytica Chim. Acta 986, 138-144. doi:10.1016/j.aca.
2017.07.025

Mao, Y., Yang, H., Xu, H, Lu, X,, Sang, X, Du, S,, et al. (2010). Golgi Protein 73
(GOLPH2) Is a Valuable Serum Marker for Hepatocellular Carcinoma. Gut 59
(12), 1687-1693. doi:10.1136/gut.2010.214916

Mohd Azmi, M. A., Tehrani, Z., Lewis, R. P., Walker, K.-A. D., Jones, D. R,, Daniels,
D. R, et al. (2014). Highly Sensitive Covalently Functionalised Integrated
Silicon Nanowire Biosensor Devices for Detection of Cancer Risk
Biomarker. Biosens. Bioelectron. 52, 216-224. doi:10.1016/j.bios.2013.08.030

Mosquera-Heredia, M. I, Morales, L. C., Vidal, O. M., Barcelo, E., Silvera-
Redondo, C., Vélez, J. I, et al. (2021). Exosomes: Potential Disease
Biomarkers and New Therapeutic Targets. Biomedicines 9 (8), 1061. doi:10.
3390/biomedicines9081061

Nassirpour, R., Mehta, P. P, and Yin, M. J. (2013). miR-122 Regulates
Tumorigenesis in Hepatocellular Carcinoma by Targeting AKT3. PLoS One
8 (11), €79655. doi:10.1371/journal.pone.0079655

Ni, S., Qiao, L., Shen, Z., Gao, Y., and Liu, G. (2020). Physical Absorption vs
Covalent Binding of Graphene Oxide on Glassy Carbon Electrode towards
a Robust Aptasensor for Ratiometric Electrochemical Detection of
Vascular Endothelial Growth Factor (VEGF) in Serum. Electrochimica
Acta 331, 135321. doi:10.1016/j.electacta.2019.135321

Electrochemical Biosensor Based on

Hepatocellular Carcinoma Markers Detection

Okuyucu, K., Alagoz, E., Arslan, N., Emer, O., Ince, S., Deveci, S., et al. (2015).
Clinicopathologic Features and Prognostic Factors of Tall Cell Variant of
Papillary Thyroid Carcinoma. Nucl. Med. Commun. 36 (10), 1021-1025.
doi:10.1097/mnm.0000000000000360

Pan, D., Chen, K., Zhou, Q., Zhao, J., Xue, H., Zhang, Y., et al. (2019). Engineering
of CdTe/SiO2 Nanocomposites: Enhanced Signal Amplification and
Biocompatibility for Electrochemiluminescent Immunoassay of Alpha-
Fetoprotein. Biosens. Bioelectron. 131, 178-184. doi:10.1016/j.bi0s.2019.02.022

Qiao, W., Leng, F., Liu, T., Wang, X., Wang, Y., Chen, D., et al. (2020). Prognostic
Value of Prealbumin in Liver Cancer: A Systematic Review and Meta-Analysis.
Nutr. Cancer 72 (6), 909-916. doi:10.1080/01635581.2019.1661501

Sakar, M., Chandan, H. R., and Shwetharani, R. (2019). “Graphene Paper-Based
Electrochemical Sensors for Biomolecules,” in Graphene-Based Electrochemical
Sensors for Biomolecules (Bangalore, India: Elsevier), 297-320. doi:10.1016/
b978-0-12-815394-9.00012-1

Schedin, F., Geim, A. K., Morozov, S. V., Hill, E. W., Blake, P., Katsnelson, M. L,
et al. (2007). Detection of Individual Gas Molecules Adsorbed on Graphene.
Nat. Mater 6 (9), 652-655. doi:10.1038/nmat1967

Shan, J., Wang, L., and Ma, Z. (2016). Novel Metal-Organic Nanocomposites:
Poly(methylene Blue)-Au and its Application for an Ultrasensitive
Electrochemical Immunosensing Platform. Sensors Actuators B: Chem. 237,
666-671. doi:10.1016/j.snb.2016.06.151

Shao, Y., Wang, J., Wu, H,, Liu, J., Aksay, I. A, and Lin, Y. (2010). Graphene Based
Electrochemical Sensors and Biosensors: a Review. Electroanalysis 22 (10),
1027-1036. doi:10.1002/elan.200900571

Shen, M., Di, K,, He, H,, Xia, Y., Xie, H., Huang, R,, et al. (2020). Progress in
Exosome Associated Tumor Markers and Their Detection Methods. Mol.
Biomed. 1 (1), 3. doi:10.1186/s43556-020-00002-3

Taniselass, S., Arshad, M. K. M., and Gopinath, S. C. B. (2019). Graphene-based
Electrochemical Biosensors for Monitoring Noncommunicable Disease
Biomarkers. Biosens. Bioelectron. 130, 276-292. doi:10.1016/j.bi0s.2019.01.047

Wang, B., Akiba, U., and Anzai, J. I. (2017). Recent Progress in Nanomaterial-
Based Electrochemical Biosensors for Cancer Biomarkers: A Review. Molecules
22 (7), 1048. doi:10.3390/molecules22071048

Wang, Y., Zhang, Y., Wu, D., Ma, H,, Pang, X., Fan, D, et al. (2017). Ultrasensitive
Label-free Electrochemical Immunosensor Based on Multifunctionalized
Graphene Nanocomposites for the Detection of Alpha Fetoprotein. Sci. Rep.
7 (1), 1-10. doi:10.1038/srep42361

Wang, Y., Xu, H., Luo, J., Liu, J., Wang, L., Fan, Y., et al. (2016). A Novel Label-free
Microfluidic Paper-Based Immunosensor for Highly Sensitive Electrochemical
Detection of Carcinoembryonic Antigen. Biosens. Bioelectron. 83, 319-326.
doi:10.1016/j.bios.2016.04.062

Webber, J. P., Spary, L. K, Sanders, A. J., Chowdhury, R, Jiang, W. G., Steadman,
R, et al. (2015). Differentiation of Tumour-Promoting Stromal Myofibroblasts
by Cancer Exosomes. Oncogene 34 (3), 290-302. doi:10.1038/0nc.2013.560

Wei, W., Zhang, C., Qian, J., and Liu, S. (2011). Multianalyte Immunoassay Chip
for Detection of Tumor Markers by Chemiluminescent and Colorimetric
Methods. Anal. Bioanal. Chem. 401 (10), 3269-3274. d0i:10.1007/s00216-
011-5400-x

Wiedemann, G. J. (2013). Biomarker Screening for Early Detection of Cancer.
Dtsch Med. Wochenschr 138 (1-2), 43-45. doi:10.1055/s-0032-1327370

Wu, L., and Qu, X. (2015). Cancer Biomarker Detection: Recent Achievements and
Challenges. Chem. Soc. Rev. 44 (10), 2963-2997. doi:10.1039/c4cs00370e

Yang, G., Xiao, Z., Tang, C., Deng, Y., Huang, H., and He, Z. (2019). Recent
Advances in Biosensor for Detection of Lung Cancer Biomarkers. Biosens.
Bioelectron. 141, 111416. doi:10.1016/j.bios.2019.111416

Yang, J. D., and Patel, T. (2019). Early Detection of Hepatocellular Carcinoma:
Expanding the Utility of Circulating Tumor Markers. Hepatology 69 (5),
1855-1857. doi:10.1002/hep.30468

Yoo, E., Kim, J., Hosono, E., Zhou, H.-s., Kudo, T., and Honma, I. (2008). Large
Reversible Li Storage of Graphene Nanosheet Families for Use in
Rechargeable Lithium Ion Batteries. Nano Lett. 8 (8), 2277-2282. doi:10.
1021/nl1800957b

Yu, Y., Gao, T., Li, H,, Ye, Z., Chen, Z., and Li, G. (2014). A Novel Electrochemical
Immunosensor for Golgi Protein 73 Assay. Electrochemistry Commun. 42, 6-8.
doi:10.1016/j.elecom.2014.01.021

Zhang, Y., Li, C., and Chen, M. (2018). Prognostic Value of Immunohistochemical
Factors in Esophageal Small Cell Carcinoma (ESCC): Analysis of

Frontiers in Chemistry | www.frontiersin.org

April 2022 | Volume 10 | Article 883627


https://doi.org/10.1016/j.jallcom.2019.153333
https://doi.org/10.1016/j.semcdb.2015.02.009
https://doi.org/10.1007/s13238-012-2036-3
https://doi.org/10.1007/s13238-012-2036-3
https://doi.org/10.1038/sj.cdd.4402237
https://doi.org/10.1016/j.matchemphys.2019.122514
https://doi.org/10.1016/j.matchemphys.2019.122514
https://doi.org/10.1016/j.jiec.2020.09.022
https://doi.org/10.1038/nrd3141
https://doi.org/10.1149/2.0481606jes
https://doi.org/10.1016/s0378-1119(00)00136-0
https://doi.org/10.1016/s0378-1119(00)00136-0
https://doi.org/10.1039/c8ra09577a
https://doi.org/10.1016/j.talanta.2014.07.019
https://doi.org/10.1016/j.talanta.2014.07.019
https://doi.org/10.1042/BST0381553
https://doi.org/10.1042/BST0381553
https://doi.org/10.3892/ijo.2019.4870
https://doi.org/10.3892/ijo.2019.4870
https://doi.org/10.1016/j.aca.2017.07.025
https://doi.org/10.1016/j.aca.2017.07.025
https://doi.org/10.1136/gut.2010.214916
https://doi.org/10.1016/j.bios.2013.08.030
https://doi.org/10.3390/biomedicines9081061
https://doi.org/10.3390/biomedicines9081061
https://doi.org/10.1371/journal.pone.0079655
https://doi.org/10.1016/j.electacta.2019.135321
https://doi.org/10.1097/mnm.0000000000000360
https://doi.org/10.1016/j.bios.2019.02.022
https://doi.org/10.1080/01635581.2019.1661501
https://doi.org/10.1016/b978-0-12-815394-9.00012-1
https://doi.org/10.1016/b978-0-12-815394-9.00012-1
https://doi.org/10.1038/nmat1967
https://doi.org/10.1016/j.snb.2016.06.151
https://doi.org/10.1002/elan.200900571
https://doi.org/10.1186/s43556-020-00002-3
https://doi.org/10.1016/j.bios.2019.01.047
https://doi.org/10.3390/molecules22071048
https://doi.org/10.1038/srep42361
https://doi.org/10.1016/j.bios.2016.04.062
https://doi.org/10.1038/onc.2013.560
https://doi.org/10.1007/s00216-011-5400-x
https://doi.org/10.1007/s00216-011-5400-x
https://doi.org/10.1055/s-0032-1327370
https://doi.org/10.1039/c4cs00370e
https://doi.org/10.1016/j.bios.2019.111416
https://doi.org/10.1002/hep.30468
https://doi.org/10.1021/nl800957b
https://doi.org/10.1021/nl800957b
https://doi.org/10.1016/j.elecom.2014.01.021
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Liang et al.

Clinicopathologic Features of 73 Patients. J. Thorac. Dis. 10 (7), 4023-4031.
doi:10.21037/jtd.2018.06.26

Zhao, B., Mei, D., Lv, W,, Lu, H,, Bao, S., Lin, J,, et al. (2020). Clinicopathologic
Features, Survival Outcome, and Prognostic Factors in Gastric Cancer Patients
18-40 Years of Age. J. Adolesc. Young Adult Oncol. 9 (4), 514-521. doi:10.1089/
jayao.2019.0162

Zhao, S., Long, M., Zhang, X,, Lei, S., Dou, W., Hu, ], et al. (2020). The Diagnostic
Value of the Combination of Golgi Protein 73, Glypican-3 and Alpha-
Fetoprotein in Hepatocellular Carcinoma: a Diagnostic Meta-Analysis. Ann.
Transl Med. 8 (8), 536. doi:10.21037/atm.2020.02.89

Zhao, Y., Chen, H., Xie, Y., Zhang, C., Hou, Y., and Jin, M. (2020).
Clinicopathologic Features and Prognostic Factors in Patients with
Renal Cell Carcinoma with Sarcomatoid Differentiation. APMIS 128
(5), 378-386. doi:10.1111/apm.13035

Zhou, J., Zhang, C.,, Chen, Y., Wang, Z., Lan, L., Wang, Y., et al. (2019). A Simple
Immunosensor for Alpha-Fetoprotein Determination Based on Gold
Nanoparticles-Dextran-Reduced Graphene Oxide. J. Electroanalytical Chem.
833, 126-132. doi:10.1016/j.jelechem.2018.11.036

Zhou, Z., Zhao, L., Li, W., Chen, M., Feng, H., Shi, X, et al. (2020). Glypican-3
Electrochemical Aptamer Nanobiosensor Based on Hemin/graphene
Nanohybrids Peroxidase-like Catalytic Silver Deposition. Mikrochim Acta
187 (5), 305-311. doi:10.1007/s00604-020-04284-w

Hepatocellular Carcinoma Markers Detection

Zhu, H.,, Dong, D,, Li, F., Liu, D., Wang, L., Fu, ], et al. (2015). Clinicopathologic
Features and Prognostic Factors in Patients with Non-cutaneous Malignant
Melanoma: a Single-center Retrospective Study of 71 Cases. Int. J. Dermatol. 54
(12), 1390-1395. doi:10.1111/ijd.12745

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Liang, Xu, Tong, Chen, Chen and Wu. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Chemistry | www.frontiersin.org

April 2022 | Volume 10 | Article 883627


https://doi.org/10.21037/jtd.2018.06.26
https://doi.org/10.1089/jayao.2019.0162
https://doi.org/10.1089/jayao.2019.0162
https://doi.org/10.21037/atm.2020.02.89
https://doi.org/10.1111/apm.13035
https://doi.org/10.1016/j.jelechem.2018.11.036
https://doi.org/10.1007/s00604-020-04284-w
https://doi.org/10.1111/ijd.12745
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	Graphene-Based Electrochemical Sensor for Detection of Hepatocellular Carcinoma Markers
	Introduction
	Alpha-Fetoprotein Detection
	Golgi Protein-73 Detection
	Exosomes Detection
	MicroRNA-122 Detection
	Outlook
	Author Contributions
	Funding
	References


