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Introduction

Cancer ranks as a leading cause of death and a huge obstacle to rising life expectancy,
hence a major public health problem worldwide. According to the data from GLOBO-
CAN, 19.3 million new cancer cases and almost 10.0 million cancer deaths occurred in
2020 (Siegel et al. 2020a). The global cancer burden is expected to be 28.4 million cases
in 2040, a 47% rise from 2020 (Sung et al. 2021). Conventional methods, mainly refer-
ring to medical imageology, such as computed tomography, positron emission tomog-
raphy, magnetic resonance imaging, ultrasound, endoscope, etc., rely on the phenotypic
features of the tumor and thus are not powerful to the cancer detection at early stage
(Roointan et al. 2019). It has been demonstrated by the union international center of
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cancer that one-third of cancers are preventable. If cancers are spotted early there is a
high chance of survival.

Cancer involves multi-stage process and its pathogenesis and evolution are closely
related to a complicated series of genetic and epigenetic alterations, which leads to the
tumor transformation and ultimate malignancy (Huang et al. 2018a). Cancer’s onset
and progression often associated with some specific molecular alteration, the correlated
molecules which are identified as biomarkers (Sveen et al. 2020). The cancer-associated
biomarkers are capable of indicating specific cancer states, since their presence and
absence and even the concentration change in normal cell often indicate the cancer evo-
lution. As a result, biomarkers play an important role in early diagnosis, assessing the
patient’s state, and developing an appropriate therapy strategy. Traditional biochemical
strategies based on polymerase chain reaction (PCR) and enzyme-linked immunosorb-
ent assay (ELISA) suffer from time and reagents consuming and discontinuous monitor-
ing (Rusling et al. 2010). The demand for fast, real-time, and cost-effective biomarker
tests is on the rise (Chen et al. 2020).

Optical biosensors have recently attracted researchers’ attention due to their excep-
tional performance. They are label-free, quick, sensitive, robust and dependable (Khan-
sili et al. 2018; Chen and Wang 2020). Biological signal is probed and then transformed
to an optical signal including optical absorption, fluorescence, refractive index (RI), et al.
Amongst which, optical sensor based on the RI detection is named optical RI sensor.
Optical RI sensor makes use of evanescent wave to sense the RI change within a whole
sample (bulk sensing) or a small volume very close to the sensor surface (surface sens-
ing) (Chiavaioli et al. 2017). For bulk sensing, evanescent wave with its entire extent of
penetration depth interacts with the surrounding volume. The optical RI sensor is only
deemed as an optical refractometer. While for surface sensing, only the portion of the
evanescent wave probed the RI and thickness of a biolayer which was previously immo-
bilized on the sensing surface. In this case, optical RI sensor is used as an optical biosen-
sor. When it comes to cancer biomarker detection, optical RI sensor served as optical
biosensor because detection specificity and affinity are undoubtedly considered in the
test.
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Fig. 1 Sketch of the RI-based optical biosensor, whose primary components were molecular recognition unit
and optical Rl transducer
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The recognition element and the signal transducer underlie the RI-based cancer biomarker
detection theory (Fig. 1). On one hand, recognition element which normally associated with
the transducer enables to identify and capture the biomarker in complex clinical sample
with high affinity and specificity. On the other hand, RI variation induced by biomarkers is
extremely sensitive, which enables biomarkers to be spotted at very low levels (Kozma et al.
2014; Chocarro Ruiz 2019).

Among different configurations of optical RI transducer, SPR technology which is the earli-
est commercially available product is the most effective tool for the in vitro assay, especially
for medical diagnosis (Sanders et al. 2014). For a traditional SPR technology, photonic energy
is confined on the gold film surface leading to the intensified light-matter interaction. Nev-
ertheless, it is still challenge to determine the biomarker in clinical sample due to a very low
concentration. Recent decades, the advance of nanotechnology benefits SPR technique a lot
(Mao et al. 2021; Ye et al. 2018; Li et al. 2017). Nanomaterials with the unique chemical and
physical properties, have positive effects on both the recognition and transducing processes
and ultimately improve the sensing performance. AuNPs and 2D functional nanomaterials are
widely adopted in assistance with SPR for detecting a cancer biomarker. AuNPs features local-
ized SPR (LSPR) effect which is confined on the surface of AuNPs (Saha et al. 2012). The LSPR
coupling with the propagating SPR (PSPR) results in an intensified electromagnetic field.
Moreover, AuNPs promote biomarkers secretion from cancer cells and hence strengthens the
initial weak biological signal (Giljohann et al. 2020).

There have been exploited some 2D functional nanomaterials so far, such as the gra-
phene and its derivatives (Stebunov et al. 2015; Chiu et al. 2017a; Chiu and Huang 2014),
molybdenum disulfide (MoS,) and its derivatives (Zhang et al. 2015; Chiu et al. 2017b;
Chiu and Lin 2018), black phosphorus (BP) (Nangare and Patil 2021; Pandey et al. 2021),
antimonene (Pumera and Sofer 2017; Lu et al. 2017) and MXene (Dai et al. 2017; Sang
et al. 2016) etc. 2D functional nanomaterials features thermodynamic stability, elec-
tronic conductivity, exotic optical property, tunable bandgap, large surface-to-volume
ratio, and low loss, etc. Interestingly, these merits benefit the development of biosensor.
Thus, the usage of AuNPs and 2D nanomaterial make available the trace amount of a
biomarker in broad types of clinical sample, ranging from tears to urine.

In this review, we first reviewed the features and categories of cancer biomarkers and
existing biomarkers for monitoring most frequent cancers. Afterward, we explored dif-
ferent approaches for signal amplification based on AuNPs and 2D functional nanoma-
terials. We introduced the AuNPs and 2D nanomaterial-assisted SPR in determining
different cancer biomarkers. Last but not least, we attempted to discuss the challenges
and outlooks of the reformative SPR for cancer biomarker detection in clinical trials.

Cancer biomarkers

In this section, we introduced cancer biomarkers in terms of three categories: nucleic
acid, protein, and others. For each category, we discussed the most frequent cancers,
together with their well-established biomarkers.

Nucleic acid biomarkers
A normal cell transformed to a cancerous cell probably associating with genetic change,
such as the activation of oncogenes, the inhibition of tumor suppressor gene, the
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alteration of chromosome, and the methylation of nucleic acid, etc. Therefore, nucleic
acid is served as biomarker and is preferable in early detection of cancer, since no change
of physiological features occur (Huang et al. 2017). For example, the p53 gene is a well-
known tumor suppressor gene, the inactivation of which is observed in half of human
cancers (Du et al. 2011). The p53 gene mutation is frequently considered as carcinogen-
esis (Kinzler and Vogelstein 1992).

Protein biomarkers

Functional deviation in protein caused by the expression profile of gene (genetic muta-
tions, alternative splicing, gene duplications) or post-translational change (glycosylation,
phosphorylation, and methylation) consequently developed as cancer. Proteins changed
significantly at the level of concentration or functional status and, therefore, served as
biomarkers (Jayanthi et al. 2017).

Lung cancer is a most prevalent neoplasm and the second deadly cause of cancer-
related deaths in both men and women (Boer et al. 2012). Cytokeratin-19 (CK19) antigen
and its fragment CYFRA21-1 antigen are the well-established lung cancer-associated
biomarkers (Liu et al. 2017a; Pang et al. 2013). Prostate cancer is the most common
malignancy in men, ranking second after lung cancer (Rawla 2019). Prostate cancer may
be asymptomatic at the early stage and often has an indolent course. Prostate cancers are
detected depending on the elevated plasmatic levels of prostate-specific antigen (PSA),
a glycoprotein normally expressed by prostate tissue (Hoffman 2011). Testicular tumor
is the most common solid malignancy in men ages 15-35 years, and the incidence and
mortality rate of which is increasing per year. Human chorionic gonadotropin (hCG) is
a hormone essential for the maintenance of pregnancy, yet it is also an important bio-
marker for testicular tumors (Hoshi et al. 2000).

Colorectal cancer (CRC), is reported as the third most death causing cancer pres-
ently (Siegel et al. 2020b). Endothelin-1 (ET-1), a vasoconstrictor peptide chain of 21
amino acids, was shown to be elevated in the blood plasma of Colorectal cancer (CRC)
patients (Yanagisawa et al. 1988). The heterogeneous distribution of ET-1 around tumor
cells and the addition of ET-1 in growth medium promote tumor growth (Inagaki et al.
1992). Moreover, overexpression of HMGA1b protein in CRC tissues was spotted by the
researchers (Huang et al. 2009).

Ovarian cancer and breast cancer are the most common malignant tumors contracted
by women all over the world (Stewart et al. 2019; Srmkf and Jemal 2021). Lysophospha-
tidic acid (LPA) and antigen 125 (CA125) were thought to be indicators in the meas-
urement of ovarian cancer (Mills and Moolenaar 2003; Liu and Xu 2015). Epidermal
growth factor receptor 2 (ErbB2, also known as HER2) gene encoding a transmembrane
glycoprotein is responsible for breast cancer metastasis and results in overexpression of
receptors at the tumor cell surface. The ErbB, antigen is broadly adopted in diagnosis of
breast cancer (Li et al. 2019a).

Other types

In addition, circulating tumor cells (CTC), exosome and microRNA were recently inves-
tigated as cancer biomarkers. When the cancerous tumor is driven to grow, divide and
invade the local tissue, some cells slough off the edges of the tumor and travel or lodge
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themselves in new tissues. Whatever their path, their origin indicate that they hold
information about the tumor (Plaks et al. 2013). Hence, the so-called CTC is deemed
as key factor for cancer detection and treatment. Exosomes secreted by eukaryotic cells
carry vital molecular information of the parent cell, hence were promoted as non-inva-
sive markers and ultimately developed to exosome-based diagnostic biosensors (Skog
et al. 2008; Fais et al. 2016). MicroRNAs are small single-stranded noncoding RNAs usu-
ally with 18-25 nucleotides, enabling to regulate multiple biological processes (Bartel,
2004; Esquela-Kerscher and Slack 2006). It has been observed that the expression level
of microRNA changed along with tumorigenesis. It is stable under harsh conditions. The
use of miRNA for early cancer detection is, therefore, preferred (Petrocca and Lieber-
man 2009; Wang et al. 2016a).

A panel of biomarkers

In the clinical diagnosis, a panel of biomarkers is actually recommended and widely
adopted as criteria. The elevated level of one biomarker, in some cases, is not uniquely
associated with the corresponding cancer types, which makes it non-specific for some
organs. For example, CA125 proteins present in epithelial ovarian carcinoma tissue and
serum and some other malignant tumor, such as cervical carcinoma, pancreatic cancer
and lung cancer. Moreover, the elevated serum levels of CA125 protein may be observed
in other physiological conditions, including menstruation, and pregnancy. A panel of
biomarkers with ability of improving detection specificity and accuracy, are considered
to be more promising than one single biomarker for use in clinical diagnosis. As a result
of this tendency, more and more cancer-specific biomarkers must be discovered. To this
end, biomolecular techniques, such as genomic profiling, genomic sequencing, protein
engineering and so on, will be used.

Molecular recognition element

Molecular recognition element which determines the detection affinity and specific-
ity is crucial for an SPR-based optical biosensor. It is composed of various bioreceptors
(e.g., antibody, enzyme, nucleic acid sequence, peptide, cell receptors, etc.) or chemical
synthetic group (e.g., crown ether group, crypt ether group, cyclo-aromatic group, etc.)
(Prieto-Simon et al. 2008; Saadati et al. 2019; Pasquarelli 2021). Binding between target
analyte and bioreceptor generates a quantifiable signal, which is corresponding to the
concentration of the analyte (Estrela et al. 2016). Bioreceptors are bound to the surface
of a signal transducer, the process of which named surface functionalization, or molecu-
lar immobilization (Khansili et al. 2018). An efficient immobilization strategy features
high coverage rate of bioreceptors with good native activity, which contributes to high
sensitivity, selectivity, and fast response time (Foubert et al. 2019; Fernandes et al. 2019;
Wang et al. 2017; Li et al. 2019b). Therefore, the molecular recognition element is signifi-
cant in achieving high sensitivity and specificity with prolonged device lifetime.

Immobilization of molecular recognition element

For clinical test, bioreceptors were commonly adopted, considering biocompatibility
and nontoxicity. For example, anti-ET-1 antibodies and anti-HMGA1b antibodies were,
respectively, selected as bioreceptors in the CRC biomarker detection (Huang et al.
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2009). In the ovarian cancer detection, anti-CA125 antibody and anti-ErbB2 antibody
were usually used as bioreceptors (Liu and Xu 2015; Li et al. 2019a). Antibody showed
highly affinity to its partner antigen (i.e. cancer biomarker), but only when the bind-
ing site is fully explored. Antibody with high activity and good orientation enables an
adequate exposure of its binding site. The spatial hindering and structure folding pre-
vented the binding site from being exposed. A class of self-assembled monolayer (SAM)
covered the sensing surface with active silanol before bioreceptor immobilization. Gold
film of an SPR chip is covered with a thiols SAM (Inkpen et al. 2019). Thiol on gold
has advantages including easy to preparation, well-defined order and relative inertness
of the substrate (Love et al. 2005). EDC ((1-ethyl-3-[3-(dimethylamino) propyl]-carbo-
diimide) and NHS (N-hydroxysuccinimide) reagents were used to provide the carbonyl
groups, which afterward reacted with amino groups from antibodies (Totaro et al. 2016).
Regarding to reformative SPR chip, i.e. extra deposition of dielectric layer (e.g., silicon
oxide) on the Au film, silane SAMs with terminal amino and epoxy groups are necessary
for attaching antibodies. APTES (3-Aminopropyltriethoxysilane) were intensively inves-
tigated and well-understood (Gunda et al. 2014). By the formation of siloxane bonds
with surface silanol, the APTES with terminal amino groups were loaded on the sens-
ing surface. Antibodies with carboxyl groups reacted with APTES-amino groups and
hence immobilized. EDC and NHS reagents were also used for activating the carboxyl
group. Besides, glutaraldehyde (GA), a homo-bifunctional agent enables the cross-link
of APTES-amino groups to the antibodies amino group via the formation of reversible
Schiff base (Walt and Agayn 1994). Antibodies made use of amino groups to react with
GA-aldehyde groups. In comparison with strategy of antibody carboxyl, immobilization
approach of antibody amino probably causes improper orientation of antibodies, which
leads to mask the binding site.

Signal amplifier strategy

AuNPs

AuNPs feature distinct optical attributes and are biocompatible by utilizing appropriate
ligands. AuNPs can be synthesized in a straightforward manner including “top-down”
and “bottom-up” approaches (Daniel and Astruc 2004). AuNPs exhibits LSPR at specific
operation wavelength, which generates strong surface plasmon absorption bands (Fig. 2).
AuNPs enable to improve the SPR signals due to the electronic coupling interaction of
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Fig. 2 Sketch of LSPR effect occurring on AuNPs. Incidence wave excites the collective oscillation of free
electrons (left). LSPR effect of distributed AuNPs and aggregated AuNPs are shown (right). The electronic field
is considerably reduced as AuNPs aggregate. Reprinted with permission from ref.(Mohammadparast et al.
2019; Garcia-Peiro et al. 2020)
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LSPR and PSPR (Hutter et al. 2001). The signal amplification is dependent on many fac-
tors, including size, shape, and the gap between AuNPs and Au film (Boer et al. 2012). It
has been reported that the AuNPs tagged sensing surface achieved tenfold increasement
in resonance shift and hence led to 1000-fold improvement in detection sensitivity (He
et al. 2000). In some case, AuNPs promote secretion of biomarkers from cancer cells and
hence strengthens the initial weak biological signal (Dreaden et al. 2012). Addition of
AuNPs makes the detection more sensitive and selective, which guarantees their usage
for trace amounts of a biomarker in broad types of clinical sample, ranging from tears
to urine. The native AuNPs are unable to selectively recognize target molecule. AuNPs
feature a high surface-to-volume ratio with excellent biocompatibility and hence offer
a suitable platform for multi-functionalization with a wide range of ligands for the spe-
cific binding and detection of biological targets. It has been reported that AuNPs modi-
fied with nuclei acid, aptamer and antibody succeeded in binding to the target analyte
specifically. Ohmic loss of gold metal most probably weakens the electromagnetic field,
especially when AuNPs aggregates. Addition of metal increases the bandwidth of reso-
nance peak thereby lowering the detection limit. The resultant detection limit is not met
with early cancer diagnosis. Therefore, when it comes to the AuNP-based amplification,
precisely control over the concentration and distribution of these nanoparticles is still
the challenging issue.

2D functional nanomaterials
Graphene and its derivatives Graphene is a single atomic layer of carbon atoms, which
is arranged in a two-dimensional crystalline hexagonal lattice (Fig. 3A) (Luo et al. 2013).
Graphene presents low Ohmic loss and radiative loss in comparison with conventional
noble metals. It has been reported that the electromagnetic field confined in the graphene
is much stronger than that in noble metals (Naumis et al. 2017). In the terahertz to mid-
infrared range, gold film has been replaced by the graphene layer (Gupta et al. 2019).
Graphene as an alternative plasmonic material showed advantages, namely, (i) graphene
having very high surface-to-volume ratio, which contributes to efficient adsorption of
biomolecules, (ii) the combination of graphene on top of the metal film effectively pro-
tecting metal from oxidation so as to maintain metal film with stability and quality factor.
Graphene derivative, graphene oxide (GO) is much easier to immobilize bioreceptors
due to the oxygenated group (Fig. 3B) (Banerjee xxxx). It has been demonstrated that
GO is compatible with DNA, amino acid, and peptide (Sharma et al. 2016). GO is con-
sidered as hydrophilic derivative of graphene and offers a richer surface functionaliza-
tion due to oxygenated groups. As mentioned before, cancer biomarkers originate from
nucleic acid and protein molecules, which exhibits good hydrophilic property. Serum,
urine and body fluid are usually used as test sample in the clinical trial. On one hand,
GO layer is easily handled in aqueous medium due to its improved water stabilization.
On the other hand, the hydrophilicity promotes GO layer to absorb the receptor mole-
cules. Moreover, oxygenated groups in the hydrophilic zone of the GO molecules enable
to react with multiple functional groups, e.g., carboxylic groups with amide bonds. The
recognition element or bioreceptor is consequently anchored. To investigate the effect
of graphene on the SPR, theoretical calculation and experiment were done recently
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Fig. 3 Sketch of graphene (A), graphene oxide (B), reduced graphene oxide (C). Reprinted with permission
from ref. (Raval 2019)

(Maharana et al. 2015; Nurrohman et al. 2020; Chiu et al. 2019). It should be noted that
the electric conductivity of GO is reduced significantly and the sensitivity improvement
is due to GO accessibility to bioreceptor.

Reduced GO, abbreviated as rGO, is the reduction product of GO (Fig. 3c). The main
goal of reduction process is to produce graphene-like material similar to pristine gra-
phene which is made from direct mechanical exfoliation of highly ordered pyrolytic
graphite. Graphene manufactured by rGO (the reduction of GO) becomes much more
significant in the graphene research field. Raw material graphite is cheap and can be pro-
duced with a high yield by the means of cost-effective chemical methods. Regarding to
rGO, most research interests are concentrated on the reduction protocol of GO. The
production of rGO is concerned with removing oxygen-containing groups and removing
lattice defects. More importantly, rGO is used for recovering the conjugated network of
the graphitic lattice. Compared with GO, rGO enables to restore the electric conductiv-
ity to the most extent albeit lower than that of the graphene. The plasmonic effect of the
rGO is not as high as graphene. Nevertheless, rGO is used as plasmonic material in the

biosensing.

Molybdenum disulfide MoS, is also a semiconductor material and is classified as the
transition metal dichalcogenide group (Fig. 4) (Das et al. 2015). Similar to graphene,
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MoS, monolayer is stable in dilute acid and oxygen ambient. MoS, monolayer pos-
sess unique optical features and has been extensively investigated regarding to SP-
enhanced photoluminescence and photosensitivity. Because of its tunable bandgap,
high conductivity and optical absorption efficiency, MoS, monolayer has recently been
applied in the optical biosensing. It has been reported that the MoS, monolayer pro-
moted plasmonic wave excitation via charge transfer between MoS, compounds and
metallic atoms (Kim et al. 2019). As a result, the optical absorption of MoS, monolayer
(5%) is higher than that of graphene (2.3%). The combination of MoS, monolayer to
the metallic film generates strong coupling at MoS,/metal interface, which leads to an
improvement of SPR sensitivity. The MoS, layer also protects metal film from oxida-
tion arising from oxygen in air and oxide ion in solution (Wijesinghe et al. 2018). Kim
et al. experimentally obtained the SPR responses to the same target analytes utilizing
two SPR chips individually based on a bare metal film and a MoS, conjugated metal
film (Kim et al. 2019). As expected, the MoS, conjugated one showed a larger SPR
angel shift. In the same year, Kaushik et al. found that MoS, monolayer had positive
effect on the detection limit of SPR technology (Kaushik et al. 2019).

Cancer biomarker detection based on the SPR technology

As early as 1980s, the first SPR system for sensing was implemented. In the year of
1990, the first commercial device based on SPR technology was proposed by Biacore
company, currently a division of GE Healthcare (Pol et al. 2016). It has been accepted
as the most powerful technology for determining affinity, selectivity, and kinetic
dynamics of a biological event. So far, such technique performs the excellent capabil-
ity for bulk sensing in the range of 1077 to 107° RIU and that for surface sensing at
1 pg/mm?.

Principle of SPR technology in the cancer detection

SPR phenomenon arises from the collective coherent oscillation of electrons at the
metal surface due to incidence photons interacting with free electrons along with
electromagnetic energy transfer (Chen et al. 2021). Electromagnetic field of the inci-

dent photon is confined to a subwavelength dimension in the form of surface plasmon
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(Chen et al. 2019). SPR technology not only intensifies the optical energy locally, but
also confines the optical wave in a subwavelength dimension (Chen et al. 2018). SP
wave is sensitive to the RI alteration at the sensing surface caused by the interac-
tion between recognition element and target molecules. PSPR and LSPR are mostly
used in SPR sensing. The former is excited on the metal film and propagates along
the interface of metal/dielectric to a distance of micrometer. LSPR is inspired on the
metallic nanostructure and is strictly confined to the vicinity of the nanoparticle.
Recently, researcher observed that an incident light transmitting from a metallic film
patterned with periodical arranged subwavelength holes is substantially enhanced (Jia
et al. 2022). This phenomenon is named extraordinary optical transmission (EOT)
effect, which is considered as the combination of propagating and localized SPR. EOT
sensor as a new SPR configuration is applied in the detection of various biological
molecules (Xiong et al. 2016; Cetin et al. 2015). Three types of SPR configuration are
shown in Fig. 5.

SPR technology is now the most widely used and well-known technique for in vitro
assays. Recent year, SPR technology has been increasingly utilized for the cancer
detection. The reasons can be summarized as: ) metal film as sensing surface shows
a good biocompatibility to the loaded analytes; @it is easier to make a biofunctionali-
zation on a metal film; Q) cancer biomarker is assumed to be directly captured from
the complex clinical sample and is loaded upon the sensing surface, which effectively
eliminates the pretreatment and reduces the test cost; @ the SP wave features an
intensified field and a small field volume and hence provides a strong response for any
RI alteration on the sensing surface within evanescent tail of SP wave. Because of the
ultra-high sensitivity, cancer biomarker can be probed in a very low concentration.

AuNPs assisted SPR for cancer biomarker detection

In the SPR detection, the intensity of the reflective light is corelated to the incidence
angle as the incidence wavelength is fixed. AuNPs exhibit LSPR at specific opera-
tion wavelength, which generates strong surface plasmon absorption bands. In the
reflective spectrum, a resonance dip appears due to the significantly reduced reflec-
tive intensity. Meanwhile, the bandwidth of the resonance dip broadens according to
the metallic scattering loss. To date, a variety of AuNPs assisted SPR format are dem-
onstrated. In this section, we will introduce the well-established approaches in the

detection of cancer biomarker.

PSPR detection LSPR detection EOT detection

PSP l 5P J PSP +LSP

} Analyte

o

Reflectance J Extinction l Transmission

Fig. 5 Sketch of different SPR configuration for sensing. Reprinted with permission from ref. (Jia et al. 2022)
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AuNPs-conjugated format assisted signal amplification

AuNPs-conjugated system that AuNPs directly labeled to the binding molecules via self-
assembled process were widely adopted in the cancer biomarker detection (Englebienne
et al. 2001). AuNPs were first modified with specific functional molecules which enabled
to bind with the target molecules with high selectivity and affinity. For example, folate
receptor linked AuNPs targeting for CTC (Huang et al. 2020a), wheat germ agglutinin
linked AuNPs targeting for O-GIcNAc breast cancer biomarker (Gao et al. 2018), DNA
linked AuNPs targeting for miRNA let-7a (Nie et al. 2018), aptamer linked AuNPs tar-
geting for breast cancerous exosome (Wang et al. 2019) and streptavidin linked AuNPs
targeting for miRNA-21 (Liang et al. 2019), etc. The conjugation of AuNPs with Au film
promotes the electromagnetic field coupling between LSPR of AuNPs and SPR of Au
film, which results in an improvement of SPR signal. Nevertheless, such signal amplifica-
tion strategy still faced challenges, such as steric hindrance imposed by the solid sens-
ing surface, stability issue during long-term storage, complicated operation procedure
including low flow rate and long hybridization time. Various methods were reported to
overcome the problems as illustrated in the following sections.

Dual AuNPs-assisted signal amplification

Dual AuNPs-assisted signal amplification is widely used in the cancer biomarker detec-
tion. Electromagnetic coupling between AuNPs makes field intensification in the gap
between adjacent AuNPs (Fig. 6) (Wang et al. 2019; Hutter and Pileni 2003). Addition
of dual AuNPs not only promotes the electromagnetic coupling effects between plas-
monic nanoparticles, but also generates electromagnetic coupling between Au film and
AuNPs. The resultant signal is enhanced greatly. For example, Wang et al. made use of
dual-AuNPs conjugation format in the determination of cancerous exosomes. The sen-
sitivity was of 5 x 10® exosomes/mL (Wang et al. 2019). It seems that the dual AuNPs
conjugation format was preferable for large analytes, such as cell or exosome. Because
of the small volume, AuNPs were distributed on the surface of a cell or an exosome. The
disadvantage of plasmonic coupling effect of AuNPs was that the background signal was
enhanced as well, which reduced the signal-to-noise ratio of the SPR sensor. Electronic

“,
!;: Aptamer-T;o-Au NPs
L;ﬁ: Aso-Au NPs

Fig. 6 Dual AuNPs format for SPR signal enhancing. Reprinted with permission from ref. (Wang et al. 2019)
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field enhancement via the AuNPs was unable to differentiate signal from background
noise and was only able to improve both the signal and noise without selectivity.

Functionalized element modified AuNPs-assisted signal amplification

Functional groups modified AuNPs can improve the biological signal by the means of
chemical principle. Cell membrane was considered as a functional ligand due to mem-
brane component and structure, wide sources, low cost, long cycle time, and good bio-
compatibility. Cell membrane-biomimetic technique is applied in the drug delivery,
target therapy, and biosensing. Cell membrane conjugation with nanoparticles enables
homologous targeting to cell with good response. Membrane is extracting from different
type of cell, including red blood cell, platelet and cancer cell. Cancer cell can increase
the uptake rate of cancer cell membrane conjugation due to homologous recognition.
Accordingly, Chen and co-workers proposed AuNPs conjugating with CTC membrane
fragment (Huang et al. 2020a). CTC membrane is first broken into pieces by sonication.
JUP protein and folate receptor overexpressed in CTC are considered as marker pro-
teins on the CTC membrane. After sonication, these two marker proteins on the cell
membrane surface disperse onto each membrane fragment. The CTC membrane frag-
ments were mixed with the AuNPs and subsequently passed through polycarbonate
porous membrane under a high-pressure extruder to obtain membrane fragment coated
AuNPs. The membrane-AuNPs conjugates were loaded on the anti-JUP modified gold
film of SPR chip. In the presence of CTCs, membrane-AuNPs conjugates targeted the
CTCs by the means of both homologous adhesion and specific marker proteins recogni-
tion. In this way, the detected target analytes were increased, which improved the bio-
logical signal. Moreover, the AuNPs encapsulated in the membrane fragments facilitated
the signal amplification.

Extra dielectric layer between AuNPs and Au film

It has been demonstrated that the use of silicon oxide (SiO,) overcoating Au film as sub-
strate for SPR detection significantly increased the changes in SPR angle shift (He et al.
2004). Theoretically, a spacing dielectric SiO, layer between Au film and AuNPs elevates
a tunneling barrier for electron leakage and hence an increased charging of the AuNPs,
which results in an angle or wavelength shift in an SPR spectrum (He et al. 2004). In
the other words, SiO, spacing layer is capable of modulating electromagnetic energy,
which contributes to the SPR response in contrast to the electromagnetic coupling effect
of AuNPs and bare Au film. For instance, Hyun et al. reported a SiO, layer coating Au
film in the combination of AuNPs to enhance the SPR signal in the measurement of PSA
(Jung et al. 2009). The sensitivity (0.1 ng/ml) was improved 100-fold in comparison with
biochemical method (Fig. 7).

Addition of metallic material

Silver nanoparticles (AgNPs) bring a stronger and shaper resonance peak superior to that
of the AuNPs (Pastoriza-Santos and Liz-Marzdn LM: Colloidal silver nanoplates. 2008).
Although silver presents higher conductivity, it is susceptible to the oxidation which
ultimately degrades its plasmonic effect. Especially for cancer biomarker detection, test
assays are always conducted in the aqueous solution (Cheng et al. 2015). Strategies for
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increased the resonance wavelength shift attributing to an improvement of sensitivity. Reprinted with
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protecting AgNPs from oxidation were proposed, amongst which the core—shell struc-
ture was most widely used. Ag@AuNPs is defined as AgNP cores wrapped by Au shells
(Xia et al. 2011). In this format, AgNPs determine the strong plasmonic effect and Au
shell protects the AgNPs from oxidation. Besides, combining AgNPs with AuNPs was
reported for cancer detection as well. For example, positively charged AgNPs were
attached to the negatively charged DNA strains leading to a further increasing resonance
shift. With help of this amplification strategy, the SPR-based detection of miRNA-21
achieved the sensitivity of 0.6 fM (Liu et al. 2017b). In addition, the graphene layer coat-
ing on the silver functions as another approach for silver protection. It has been reported
that silver was covered with a monolayer CVD graphene and the resulting SPR effect is
improved in comparison with the pure silver (Kravets et al. 2014). The combination of
graphene with AgNPs probably opens a new avenue for solving the oxidation problem of
AgNPs.

Other novel reformative AuNPs-assisted signal amplification

Single AuNPs-conjugation format has limits as a signal enhancer as aforementioned.
Some other reformative AuNPs amplification strategy was reported as well. For exam-
ple, Wang et al. additionally introduced catalytic growth reagents to enlarge the AuNPs
(Nie et al. 2018). The miRNAs from test sample were captured on the DNA tetrahe-
dron probes (DTP) modified gold film. AuNPs linked with DNA to the miRNAs and the
sandwich structure was formed by DNA hybridization of target miRNA, DNA-linked
AuNPs and DTPs-Au film. The SPR signal was improved by the coupling between LSPR
of AuNPs and the surface plasmon wave supported on the gold film. Moreover, catalytic
growth reagents promoted the enlargement of AuNPs. The increasing size of AuNPs pro-
moted the effect of electromagnetic coupling once again and hence enhanced the SPR
signal further more (Fig. 8). The consequent the mass increasement of AuNPs will cause
the change of local refractive index to some extent. The authors did not consider the
mass effect. Although it has been demonstrated that the detection limit achieved as low
as 8 fM in determining miRNA let-7a, the result is overestimate due to the mass effect.
Moreover, hybridization of quantum dots and functional nanomaterial undoubtedly

benefit the sensing performance. Specifically, 2D functional nanomaterials hybridization
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Fig. 8 Schematic illustration of reformative AuNPs-assisted SPR biosensor for determining miRNA. A Sketch
of catalytic growth of AuNPs enhanced SPR biosensing. B Phase shift based on pure AuNPs addition (a) and
extra catalytic growth of AuNPs (b). SPR signal was considerably improved by the catalytic effect. Reprinted
with permission from ref. (Nie et al. 2018)

with AuNPs have been extensively explored for cancer biomarker detection (Yao et al.
2016). We will discuss exhaustively in the next section.

2D functional nanomaterial-assisted SPR for cancer biomarker detection

It has been reported that graphene opacity is independent of wavelength. The light
transmittance through monolayer graphene is about 97.7%. Thus, electromagnetic field
is strongly confined in the graphene nanolayer. Addition of graphene improves the SRP
angle. One-atom-thick graphene layer absorb 2.3% of incident wave and the absorption
increases with thickening of the graphene layer. That is why multi-layer of graphene
coated on the gold film widens the resonance curve. As aforementioned, the graphene
features the delocalized out-of-plane pi bonds. Compares with the bare gold surface,
graphene adsorbs biomolecules more stable and stronger. The improved adsorption
efficiency promotes the SPR angle shift. Accordingly, graphene (and its derivatives) is
widely used in the SPR detection.

Graphene and graphene oxide assisted SPR

Graphene and its derivative (GO) feature strong in-planes bonds and weak out-of-plane
p bonds formed by the sp2 hybridization of carbon atoms (Amieva et al. 2016). Gra-
phene and its derivative (GO) facilitate the adsorption of hydrophobic domains and pi-
system, which promotes the bioreceptors to be loaded on the nanosheet easily (Zhong
et al. 2015). When graphene and GO nanomaterials are used for biosensing, specific and
selective identification of analytes are improved in the tested sample. Take examples of
their utility in the cancer biomarker detection. Graphene-coated SPR was utilized for
detecting human epithelial-derived tumors and non-small cell lung cancer. GO-coated
SPR was reported to detect CK-19 antibodies and hCG antibodies (Chiu et al. 2019,
2018). The resultant minimum detectable concentration normally achieved the value in
the order of femtomole and several particle/ml.

Recently, GO sheets were decorated with AuNPs and produced a GO-gold nanoparti-
cles (GO-AuNPs) composites. GO-AuNPs hybrids were functioned as solid immobiliza-
tion substrate as well as signal enhancer (Feng et al. 2014; Govindhan et al. 2015). GO
features good biocompatibility and large surface area, which promotes the immobiliza-
tion of bioreceptors. A number of AuNPs are subsequently loaded on the GO sheet to
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increase the SPR signal, furthermore. In addition, GO-AuNPs hybrids enable to accel-
erate electron transfer. Accordingly, the sensing performance is greatly improved. For
example, Wang et al. proposed GO-AuNPs hybrids-based SPR biosensor for detecting
miRNA-141 (Fig. 9) (Wang et al. 2016b). GO-AuNPs hybrids linking to DNA strands
were coupled to the miRNA-141 by the means of complementary paring of bases. Two
years later, the same group proposed double-layer of GO-AuNPs hybrids format (Li et al.
2017). The bottom layer was used as substrate on the Au film and the upper layer used as
signal enhancing element. The detection limits of two works were as equal as 1 fM. The
preparation of double-layer structure increased the time and economic cost. In our view,
it is not necessary to design such a double-layer format.

Molybdenum disulfide assisted SPR

The exploration of new functional nanomaterials has attracted great attentions, and
especially graphene-like 2D layered nanomaterials, such as MoS, and group function-
alized molybdenum disulfide. When it comes to MoS, assisted SPR, the gold film was
covered by only a MoS, layer with Cys linker. Target analytes were captured by the
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Fig. 9 GO-AuNPs hybrids assisted SPR biosensor in the measurement of miRNA. A Schematic illustration of
GO-AuNPs hybrids synthesis and its usage for SPR signal amplification. B Resonance spectrum of bare AuNPs

(blue curve) and GO-AuNPs composites (red curve) amplified SPR. Reprinted with permission from ref.(Wang
et al. 2016b)
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receptors on the MoS, layer. In the AuNPs—MoS, hybrids, AuNPs were first loaded
on the MoS, layer in the synthetic process. Tested analytes were captured on the gold
film and AuNPs—MoS, hybrids were added to amplify the detected signal. Compared
with pure MoS, layer, AuNPs—MoS, hybrids are appealing and exhibit better sensing
performance. The MoS, layer with high surface-to-volume ratio enables to associate
enough AuNPs and the AuNPs enhance the signal by LSPR effect. In both detection
format, SPR effect was generated by the gold film. Only in the latter one, LSPR was
produced by AuNPs.

The MoS,—-COOH composite in a multilayer structure was first proposed to be
applied for BSA protein detection (Chiu and Lin 2018). Afterwards, a reformative
MoS,-COOH single layer was reported in determination of lung cancer biomarker
CYFRA21-1 (Chiu and Yang 2020). In comparison with multilayer, single layer pro-
vided much stronger interfacial interactions and preserved the merits of the origi-
nal MoS,. As a result, the detection limit reached as low as 0.05 pg/mL. Inspired by
the concept of AuNPs—GO nanocomposites, AuNPs—MoS, hybrids served as signal
enhancer was explored by researchers. Wang et al. reported that AuNPs—MoS, com-
posites effectively amplified the detectable signal 1073 fold when the hybrid compos-
ites were introduced to an SPR-based miRNA-141 and miRNA-200 detection (Nie
et al. 2017). As alternative to MoS nanosheet, MoS, can be used as quantum dots
(QD) as well. Zhang et al. made MoS, quantum dots hybridization of C;N, nanosheet
(Duan et al. 2018). The addition of AuNPs not only stabilized the hybrid nanosheet,
but also assisted to enhance signal (Fig. 10). The hybrid nanosheet-assisted SPR was
used for PSA detection. The result showed that both the detection affinity and sensi-
tivity were improved in comparison with the bare sensing chip.
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Other functional nanomaterial assisted SPR

Besides graphene and MoS,, black phosphorus (BP), antimonene and MXene have been
investigated for biomedical application. BP enables to recognize target analyte with very
low concentration due to its 40 times quicker reaction rate and larger adsorption energy
in comparison with graphene and MoS, counterpart (Nangare and Patil 2021). Regard-
ing to the composition of BP molecule, the presence of active lone electrons from every
single phosphorous atom promotes the oxidation of BP, which results in the degradation
of BP monolayer. Thus, proper strategy should be proposed to protect BP from oxida-
tion, amongst which the chemical functionalization of BP nanosheet has been suggested
as the best method. Huang et al. synthesized a nitrophenyl functionalized BP nanosheet
and applied it in the tumor DNA detection (Huang et al. 2020b). Covalent functionali-
zation via direct chemical bond provides high stability of the modified surface. BP has
been used in the biomedical field, such as bioimaging, cancer therapy, drug delivery, etc.
During 2019 to 2022, the development of BP nanosheet-based SPR sensor for cancer
biomarker detection started to gain much attention (Fig. 11). For example, Karki et al.
reported the hybridization of titanium disilicide nanosheet and BP nanosheet utilized
for various cancer cell detection (Karki et al. 2022).

Antimonene exhibits strong spin—orbit coupling, tremendous stability and hydro-
philicity (Lu et al. 2017; Ares et al. 2018). Zhang et al. first reported antimonene
nanosheet assisted SPR technology in the measurement of cancer biomarker (Xue
et al. 2019). They found that antimonene presents strong adsorption of a DNA mol-
ecule through first-principle density functional theory calculation. Motivated by
this theoretical finding, they proposed a hybridization of antimonene with AuNPs
as amplification format and took advantage of antimonene-modified SPR chip in the
measurement of miRNA21 and miRNA55 (Fig. 12). They synthesized the AuNPs—
ssDNA complex in advance. Because there is a large adsorption energy between
antimonene and ssDNA, AuNPs—ssDNA complexes were easily adsorbed on the
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antimonene nanosheet. In the measurement, target miRNA paired up to generate
double-strand with complementary AuNPs—ssDNA. The interaction between miRNA
and ssDNA led to desorption of AuNPs—ssDNA from the antimonene and caused a
negative shift of the SPR signal. The experimental sensitivity reached the value of 10
aM.

MXene, a new type of transition-metal carbides and carbonitrides material, exhib-
ited metallic conductivity and good hydrophilicity (Huang et al. 2018b). Its derivatives
Ti,C,-MXene has presented superior capacity for loading biomolecules and intensify-
ing localized electromagnetic field (like hotspot) (Dai et al. 2019). Thus, the addition
of Ti;C,-MXene to the SPR device enhances the selectivity for target substance while
also improving the measurable signal. Wu et al. proposed a novel 2D amino-function-
alized Ti;C,-MXene-based SPR biosensor for detecting carcinoembryonic antigen
(CEA) (Wu et al. 2018). It showed a high selectivity to the CEAs and the low detec-
tion limit of 0.15 fM in a linear range of 0.001-1000 pM.
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Table 1 AuNPs and different 2D nanomaterial assisted SPR technology in the detection of cancer

biomarkers

Cancer biomarker

Signal amplification

Sensing performance

References

CTC

O-GlcNAc

miRNA let-7a

MCF-7 exosome

PSA

mMIiRNA-21

FAP

exosome

CK19

hCG

CEA

miRNA141

miRNA141

CYFRA21-1

PSA

tumor DNA

sSDNA

mMiRNA-21
miRNA-155

CEA

AuNPs

AuNPs

AuNPs
Dual AuNPs
AuNPs-SiO, layer

Ag@AuNPs

Graphene
Graphene
GO
GO

rGO-AuNPs

GO-AuNPs

GO-AuNPs

MoS,

MoS, QC-C5N,~AuNPs

BP

BP
Antimonene

MXene

DL: 1 cell/mL

DR: 10"~ 10° cell/mL
RR:93.86%~111.21%
RSD: 2.78%

DL: 465 x 10" mol/L

DR:4.65 x 10712 ~4.65 x 107/ mol/L
RSD: 2%

DL: 0.8 fM

DR:0~2 pM

DL: 5 x 10° exosomes/mL

RSD: 3.3%

DL: 0.1 ng/mL
DR:0.1~100 ng/mL

DL: 06 fM
DR:0~10 pM
RSD:2.5%
DL fM

DR: 5~500fM

DL:20 exosomes/mL
DR:5 x 10°~5 x 10° exosomes/mL

DL: 0.05 pg/mL
DR:0.001 ~100 pg/mL

DL: 1.15 pM
DR: 1.15~28.7 pM
DL:0.12 ng/mL

DR: 0.6~80 ng/mL
RR:95.9%~10.5%

DL: 0.1 fM
DR:0.1 pM~2 nM
RR:99.4%~101%

DL: 1 fM

DR:0 pM~50 pM
RSD: 1%

DL: 1 fM

DR: 0 pM~50 pM
RSD: 4.2%

RR: 90% ~ 103%
DL:0.71 pg/mL
DR: 1~250 ng/mL
RSD: 1.52%

RR: 92.7% ~ 109%

DL: 50 fM

DR: 50 fM~80 pM

RSD:

RR:

DL: 0.2 pg/mL

DR: 1 pg/mL~10 mg/mL

DL: 10 aM

DR: 10 pM~10 aM
DL:0.15 fM

DR: 0.001~ 1000 pM

Huang et al. (2020a)

Gao et al. (2018)

Nie et al. (2018)
Wang et al. (2019)
Jung et al. (2009)

Liuetal. (2017b)

He et al. (2017)
Zmaetal. (2021)
Zhong et al. (2015)
Chiuetal. (2018)

Fengetal. (2014)

Lietal (2017)

Wang et al. (2016b)

Chiu and Yang (2020)

Duan et al. (2018)

Huang et al. (2020b)

Peng et al. (2017)
Xue et al. (2019)

Wu et al. (2018)

DL detection limit, DR dynamic range, RR recovery range, RSD relative standard deviation
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At end of the section, we collected the highlighted AuNPs and 2D nanomaterial
assisted SPR technologies in cancer biomarker detection (Table 1).

Conclusions and future outlook

Cancer biomarkers which are biological entities enable the early cancer screening which
results in a high chance of survival. The well-established cancer biomarkers include
DNA, antigen, tumor cell, exosome, and microRNA, etc. Traditional biochemical strate-
gies based on PCR and ELISA suffer from time and reagents consuming and discontinu-
ous monitoring. SPR technology have shown great promise in the detection of cancer
biomarkers. Molecular recognition element and surface plasmonic transducer are cru-
cial to the technology. Bioreceptors which are composed of molecular recognition ele-
ment are immobilized on the gold film in advance. Bioreceptors should keep a good
native activity and a high coverage rate and be highly affinitive to the partner cancer
biomarker as well. Especially for clinical test, bioreceptors should be biocompatibility
and nontoxicity. Antibodies are commonly used as bioreceptors in the cancer detection.
The binding site of the antibodies should be exposed adequately and avoid any spatial
hindering. Surface plasmonic wave features intensified electromagnetic field and a small
field volume and hence offers sensitive response for any alteration within the evanescent
field.

Cancer biomarker is normally in a very low concentration at the initial stage of car-
cinogenesis. SPR as an RI-based transducer provides a good sensing performance, but
it is still challenging to implement the early diagnosis of the cancer biomarker. Signal
amplification strategy in terms of sensing performance is required to be improved fur-
ther. Benefiting from the development of nanotechnology, metallic nanoparticles and 2D
nanomaterials have been extensively utilized as signal amplification strategy.

SPR detection can be classified as direct assay and indirect assay due to transferring
approaches for biological reaction into detectable SPR signal. Direct assays make use of
pre-immobilized bioreceptors to capture target molecules, which produces change in
SPR signal base on single binding event with analyte. When single binding event does
not result in a detectable signal, additional interaction is added to induce a reaction
which generates a signal correlating to the tested analyte concentration. The latter detec-
tion mechanism is defined as indirect assay. AuNPs worked on the process of biorecog-
nition event transferring into SPR signal. In the direct assay, AuNPs are coupled directly
to the analytes. Elimination the secondary binding event reduces the test complexity
and reagent, which speeds the test process. In the indirect assay, the addition of AuNPs
occurred following the secondary binding event. Experimental process and complex-
ity are both increased which requires both well-trained professionals and well-designed
protocols. However, non-specific absorption of substance on the sensing surface seems
inevitable in a direct assay, which makes it difficult to decouple from the signal produced
by the analyte molecules binding. AuNPs probably enhance both the tested signal and
background noise. By comparison, non-specific recognition will be prevented effectively.
AuNPs conjugation specifically improve the signal arising from target binding event.

AuNPs enable to improve the SPR signals due to the electronic coupling interac-
tion of LSPR and PSPR. AuNPs as signal enhancers come in a variety of conjugation
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formats. AuNPs directly labeled to the binding molecules via self-assembled process
were widely adopted in the cancer biomarker detection. Although it is not difficult to
make AuNPs modified Au films, there are still problems, such as steric hindrance, sta-
bility issues, extra operating procedures, such as low flow rate and extended hybridiza-
tion time. Reformative AuNPs conjugation scheme were successively reported, such as
dual AuNPs-assisted signal amplification, core—shell structure (Ag@AuNPs), SiO, layer
mediated configuration.

It is worth to mention that cancer cell detection by SPR. Electromagnetic field of the
incident wave is confined to a subwavelength dimension in the form of surface plas-
monic wave. The electric field amplitude and mode volume determined the wave—matter
interaction. CTC is in the micrometric dimension. The mode volume does not overlap
with CTC entirely. The sensing area with CTC is only located on the surface of the gold
film. Because the covered area and the mass effect of the cells are much higher than
of protein molecules, the impact of the RI change is locally higher. The detection can
occur with only a low number of hits on the surface. Moreover, AuNPs are added so as
to increase the signal-to-noise ratio based on the LSPR effect. Only if the AuNPs are
distributed within the range of the evanescent wave into the external medium, can the
LSPR be inspired. Only a few AuNPs are loaded on the closest parts of the CTC and
serve as signal amplifiers, while the others are ineffective.

2D functional nanomaterials have thermodynamic stability, electronic conductivity,
exotic optical property, tunable bandgap, large surface-to-volume ratio, low loss, and so
on. So far, graphene and graphene oxide, molybdenum disulfide, black phosphorus, anti-
monene and MXene have been used for the cancer biomarker detection. These 2D func-
tional nanolayers provide strong adsorption of bioreceptors via n-stacking format, which
lead to an improvement of specific and selective identification of cancer biomarker in
the tested sample.

Compared with noble metals, graphene presents low Ohmic loss and radiative loss and
good tunability. The addition of a graphene nanolayer to bare Au film promotes biore-
ceptor immobilization while also protecting the Au film from oxidation. Plasmonic wave
is much stronger confined in the graphene nanolayer. However, it is difficult to make
a bottom-up synthesis of pristine graphene. The pristine graphene has poor solubility,
which is easy to be aggregated in the solution. The usage of pristine graphene meets
challenge. Reduction of GO becomes much more significant in the graphene manufac-
turing. Moreover, GO exhibits good performance in biosensing. The oxygenated group
increases the solubility and hence the stability of a GO nanocomposite. GO is also com-
patible with various biomolecules. MoS, and graphene belong to Group-IVA (i.e. carbon
group) and hence have many similarities in chemical and physical properties. MoS, as
another plasmonic material is applied in the cancer biomarker detection.

BP classified in the Group-VA is indirect wide bandgap semiconductor. Pristine BP
furnishes advantages over graphene, such as simple synthesis, good biodegradability
in vivo, and low toxicity to cells. Antimonene, another group-VA element 2D material,
was explored very recent year. Until 2019, antimonene nanosheet was first reported in
the cancer detection. In the last two years, only dozens of scientific works reported
the antimonene-assisted SPR technique. Slow development of the antimonene-based
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SPR sensing probably are attributed to the unclear mechanism and synthesis pro-
cedure. MXene, a new type of transition-metal carbides and carbonitrides material,
exhibite metallic properties for exciting SP wave. MXene hybridized SPR chip started
to be reported in the detection of cancer biomarker in the last two years.

Combination of AuNPs with functional nanomaterial opens a new avenue to the
SPR technology in the cancer biomarker detection. On one hand, plasmonic coupling
between AuNPs and Au film intensified intensifies the electromagnetic field. On the
other hand, 2D nanomaterial facilitates molecules immobilization. In this format,
AuNPs were first loaded on the nanomaterial layer in the synthetic process. Cancer
biomarkers were captured on the gold film. The hybrids were added to amplify the
detected signal. Unexceptionally, almost all of the nanomaterials aided SPR sensor to
provide quantifiable signals.

Nevertheless, strategies are still in the stage of academic research. Synthesis still
face challenges, such as complicated procedure, poor repeatability and stability, etc.
Synthesis of nanomaterial and AuNPs necessitates the use of professional personnel
with extensive expertise. AuNPs quantity should be controlled carefully to prevent
nanoparticles aggregation and make distribution uniformity. That is why the practi-
cal applications lags behind the academic discoveries of new materials and innova-
tive properties. Despite extensive academic studies have been done, the commercially
available product for determining cancer biomarkers were still in their infancy. A
standard manufacturing procedure should be worked out. Furthermore, the SPR bio-
sensor should be highly repeatable with respect to the same sample. It should also
work well in the complex context. At current stage, sensing performance, such as sen-
sitivity, selectivity, detection time, and so on, was not adequate for cancer biomarker
detection and needed to be improved before it could be utilized in a clinical test.
More importantly, the test cost should be cut down so as to compete with the tradi-
tion analytical instrument or biochemical test.

In the clinical diagnosis, a panel of biomarkers is actually recommended and widely
adopted as criteria. The elevated level of one biomarker, in some cases, is not uniquely
associated with the corresponding cancer types, which makes it non-specific for some
organs. Thus, more and more cancer-specific biomarkers must be discovered. To this
end, biomolecular techniques, such as genomic profiling, genomic sequencing, pro-
tein engineering and so on, will be used. POC test has become an irresistible general
trend in the near future. It sets the laboratory staffs and facilities free and provides
advantages of expanding diagnostic accessibility and reducing costs and time. POC
test has become a competitive technology for early diagnosis. SPR biosensor will
evolve toward the minimized, convenient, flexible and POC available device. There is
still significant effort to be done in developing inexpensive and portable POC devices
that can detect new multi-marker panels that indicate improved clinical outcomes in
a quantifiable and rigorous manner. As the population shrinking, labor-free clinical
tests must be the leading trend. Intelligent detection becomes possible with the help
of automated control. Although there is a long way to go, we expect the bright future
for nanomaterial-assisted SPR biosensor in cancer marker detection.



Chen et al. Cancer Nanotechnology (2022) 13:29 Page 23 of 27

Acknowledgements
Not applicable.

Author contributions

Chen Chen conceived, designed, and wrote the manuscript; Kaifei Wang collected literatures of section Il (Cancer
biomarker) and he also discussed the manuscript; Lei Luo discussed the outlook of the SPR biosensor and edited the
manuscript. All authors read and approved the final manuscript.

Funding
National Science Foundation of Shaanxi Province (2022JQ-707). National Natural Science Foundation of China
(12204367), Fundamental Research Funds for the Central Universities (XJ5211203).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 15 July 2022 Accepted: 24 September 2022
Published: 6 October 2022

References

Amieva EJC, Lépez-Barroso J, Martinez-Herndndez AL, Velasco-Santos C (2016) Graphene-based materials functionaliza-
tion with natural polymeric biomolecules. Recent Adv Graphene Res 1:257-298

Ares P, Palacios JJ, Abelldn G, Gomez-Herrero J, Zamora F (2018) Recent progress on antimonene: a new bidimensional
material. Adv Mater 30(2):1703771

Banerjee GJF (2018) its derivatives as biomedical materials: future prospects and challenges. Inter Focus. https://doi.org/
10.1098/rsf5.2017.0056

Bartel DP (2004) MicroRNAs: genomics, biogenesis, mechanism, and function. Cell 116(2):281-297

Boer R, Moolgavkar SH, Levy DT (2012) Chapter 15: Impact of tobacco control on lung cancer mortality in the United
States over the period 1975-2000—Summary and limitations. Risk Anal 32:5190-S201

Cetin AE, Etezadi D, Galarreta BC, Busson MP, Eksioglu Y, Hatice A (2015) Plasmonic nanohole arrays on a robust hybrid
substrate for highly sensitive label-free biosensing. ACS Photonics 2(8):1167-1174

Chen C, Wang JJA (2020) Optical biosensors: an exhaustive and comprehensive review. Analyst 145(5):1605-1628

Chen C, Hou X, Si JH (2018) Design of an integrated optics for transglutaminase conformational change. Nanotechnol
Rev 7(4):283-290

Chen C, Hou X, Si JH (2019) Design of a multi-analyte resonant photonic platform for label-free biosensing. Nanotechnol-
ogy. https://doi.org/10.1088/1361-6528/ab0771

Chen X, Gole J, Gore A, He Q, Lu M, Min J, Yuan Z,Yang X, Jiang Y, Zhang T (2020) Non-invasive early detection of cancer
four years before conventional diagnosis using a blood test. Nat Commun 11(1):1-10

Chen C, Hou X, Wang JS (2021) A novel hybrid plasmonic resonator with high quality factor and large free spectral range.
IEEE Sens J 21(2):1644-1654

Cheng Z,Wang Z, Gillespie DE, Lausted C, Zheng Z, Yang M, Zhu J (2015) Plain silver surface plasmon resonance for
microarray application. Anal Chem 87(3):1466-1469

Chiavaioli F, Gouveia CAJ, Jorge PAS, Baldini F (2017) Towards a uniform metrological assessment of grating-based optical
fiber sensors: from refractometers to biosensors. Biosensors. https://doi.org/10.3390/bios7020023

Chiu N-F, Huang T-Y (2014) Sensitivity and kinetic analysis of graphene oxide-based surface plasmon resonance biosen-
sors. Sens Actuators B Chem 197:35-42

Chiu N-F, Lin T-L (2018) Affinity capture surface carboxyl-functionalized MoS2 sheets to enhance the sensitivity of surface
plasmon resonance immunosensors. Talanta 185:174-181

Chiu N-F, Yang H-T (2020) High-sensitivity detection of the lung cancer biomarker CYFRA21-1 in serum samples using a
Carboxyl-MoS2 functional film for SPR-based immunosensors. Front Bioeng Biotechnol 8:234

Chiu N-F, Kuo C-T, Lin T-L, Chang C-C, Chen C-Y (2017a) Ultra-high sensitivity of the non-immunological affinity of
graphene oxide-peptide-based surface plasmon resonance biosensors to detect human chorionic gonadotropin.
Biosens Bioelectron 94:351-357

Chiu N-F, Fan S-Y, Yang C-D, Huang T-Y (2017b) Carboxyl-functionalized graphene oxide composites as SPR biosensors
with enhanced sensitivity for immunoaffinity detection. Biosens Bioelectron 89:370-376

Chiu N-F, LinT-L, Kuo C-T (2018) Highly sensitive carboxyl-graphene oxide-based surface plasmon resonance immu-
nosensor for the detection of lung cancer for cytokeratin 19 biomarker in human plasma. Sens Actuators, B Chem
265:264-272


https://doi.org/10.1098/rsfs.2017.0056
https://doi.org/10.1098/rsfs.2017.0056
https://doi.org/10.1088/1361-6528/ab0771
https://doi.org/10.3390/bios7020023

Chen et al. Cancer Nanotechnology (2022) 13:29 Page 24 of 27

Chiu N-F, Kuo C-T, Chen C-Y (2019) High-affinity carboxyl-graphene oxide-based SPR aptasensor for the detection of hCG
protein in clinical serum samples. Int J Nanomed 14:4833

Chocarro Ruiz B: Development of bimodal waveguide interferometric sensors for environmental monitoring. 2019.

Dai C, ChenY, Jing X, Xiang L, Yang D, Lin H, Liu Z, Han X, Wu R (2017) Two-dimensional tantalum carbide (MXenes) com-
posite nanosheets for multiple imaging-guided photothermal tumor ablation. ACS Nano 11(12):12696-12712

Dai X, Song C, Qiu C, Wu L, Xiang Y (2019) Theoretical investigation of multilayer Ti3C2 T x MXene as the plasmonic mate-
rial for surface plasmon resonance sensors in near infrared region. [EEE Sens J 19(24):11834-11838

Daniel M-C, Astruc D (2004) Gold nanoparticles: assembly, supramolecular chemistry, quantum-size-related properties,
and applications toward biology, catalysis, and nanotechnology. Chem Rev 104(1):293-346

Das S, Robinson JA, Dubey M, Terrones H, Terrones M (2015) Beyond graphene: progress in novel two-dimensional mate-
rials and van der Waals solids. Annu Rev Mater Res 45:1-27

Dreaden EC, Alkilany AM, Huang X, Murphy CJ, EI-Sayed MA (2012) The golden age: gold nanoparticles for biomedicine.
Chem Soc Rev 41(7):2740-2779

Du D, Wang L, Shao Y, Wang J, Engelhard MH, Lin Y (2011) Functionalized graphene oxide as a nanocarrier in a multi-
enzyme labeling amplification strategy for ultrasensitive electrochemical immunoassay of phosphorylated p53
(5392). Anal Chem 83(3):746-752

Duan F, Zhang S, Yang L, Zhang Z, He L, Wang M (2018) Bifunctional aptasensor based on novel two-dimensional nano-
composite of MoS2 quantum dots and g-C3N4 nanosheets decorated with chitosan-stabilized Au nanoparticles
for selectively detecting prostate specific antigen. Anal Chim Acta 1036:121-132

Englebienne P, Van Hoonacker A, Verhas M (2001) High-throughput screening using the surface plasmon resonance
effect of colloidal gold nanoparticles. Analyst 126(10):1645-1651

Esquela-Kerscher A, Slack FJ (2006) Oncomirs—microRNAs with a role in cancer. Nat Rev Cancer 6(4):259-269

Estrela P, Damborsky P, Svitel J, Katrlik J (2016) Optical biosensors. Essays Biochemistry 60(1):91-100

Fais S, O'Driscoll L, Borras FE, Buzas E, Camussi G, Cappello F, Carvalho J, Da Silva AC, Del Portillo H, El Andaloussi S (2016)
Evidence-based clinical use of nanoscale extracellular vesicles in nanomedicine. ACS Nano 10(4):3886-3899

Feng D, Li L, Han X, Fang X, Li X, Zhang Y (2014) Simultaneous electrochemical detection of multiple tumor markers using
functionalized graphene nanocomposites as non-enzymatic labels. Sens Actuators, B Chem 201:360-368

Fernandes E, Cabral PD, Campos R, Machado G Jr, Cerqueira MF, Sousa C, Freitas PP, Borme J, Petrovykh DY, Alpuim P
(2019) Functionalization of single-layer graphene for immunoassays. Appl Surf Sci 480:709-716

Foubert A, Beloglazova NV, Hedstrom M, De Saeger S (2019) Antibody immobilization strategy for the development of a
capacitive immunosensor detecting zearalenone. Talanta 191:202-208

Gao L, Zhao R, Wang Y, Lu M, Yang D, Fa M, Yao X (2018) Surface plasmon resonance biosensor for the accurate and sensi-
tive quantification of O-GIcNAc based on cleavage by 3-DN-acetylglucosaminidase. Anal Chim Acta 1040:90-98

Garcia-Peiro JI, Bonet-Aleta J, Bueno-Alejo CJ, Hueso JL (2020) Recent advances in the design and photocatalytic
enhanced performance of gold plasmonic nanostructures decorated with non-titania based semiconductor
hetero-nanoarchitectures. Catalysts 10(12):1459

Giljohann DA, Seferos DS, Daniel WL, Massich MD, Patel PC, Mirkin CA (2020) Gold nanoparticles for biology and medi-
cine. Snas. https://doi.org/10.1002/anie.200904359

Govindhan M, Amiri M, Chen A (2015) Au nanoparticle/graphene nanocomposite as a platform for the sensitive detec-
tion of NADH in human urine. Biosens Bioelectron 66:474-480

Gunda NSK, Singh M, Norman L, Kaur K, Mitra SK (2014) Optimization and characterization of biomolecule immobiliza-
tion on silicon substrates using (3-aminopropyl) triethoxysilane (APTES) and glutaraldehyde linker. Appl Surf Sci
305:522-530

Gupta BD, Pathak A, Semwal VJS (2019) Carbon-based nanomaterials for plasmonic sensors: a review. Sensors 19(16):3536

He L, Musick MD, Nicewarner SR, Salinas FG, Benkovic SJ, Natan MJ, Keating CD (2000) Colloidal Au-enhanced surface
plasmon resonance for ultrasensitive detection of DNA hybridization. J Am Chem Soc 122(38):9071-9077

He L, Smith EA, Natan MJ, Keating CD (2004) The distance-dependence of colloidal Au-amplified surface plasmon reso-
nance. J Phys Chem B 108(30):10973-10980

He L, Pagneux Q, Larroulet |, Serrano AY, Szunerits S (2017) Label-free femtomolar cancer biomarker detection in human
serum using graphene-coated surface plasmon resonance chips. Biosens Bioelectron 89(Pt 1):606-611

Hoffman RM (2011) Screening for prostate cancer. N Engl J Med 365(21):2013-2019

Hoshi S, Suzuki K, Ishidoya S, Ohyama C, Sato M, Namima T, Saito S, Orikasa S (2000) Significance of simultaneous
determination of serum human chorionic gonadotropin (hCG) and hCG-f3 in testicular tumor patients. Int J Urol
7(6):218-223

Huang M-L, Chen C-C, Chang L-C (2009) Gene expressions of HMGI-C and HMGI (Y) are associated with stage and metas-
tasis in colorectal cancer. Int J Colorectal Dis 24(11):1281-1286

Huang R, Chen Z, He L, He N, Xi Z, Li Z, Deng Y, Zeng X (2017) Mass spectrometry-assisted gel-based proteomics in
cancer biomarker discovery: approaches and application. Theranostics 7(14):3559

Huang R, He N, Li Z (2018a) Recent progresses in DNA nanostructure-based biosensors for detection of tumor markers.
Biosens Bioelectron 109:27-34

Huang K, Li Z, Lin J, Han G, Huang P (2018b) Two-dimensional transition metal carbides and nitrides (MXenes) for bio-
medical applications. Chem Soc Rev 47(14):5109-5124

Huang X, Hu X, Song S, Mao D, Lee J, Koh K, Zhu Z, Chen H (2020a) Triple-enhanced surface plasmon resonance spec-
troscopy based on cell membrane and folic acid functionalized gold nanoparticles for dual-selective circulating
tumor cell sensing. Sens Actuators B Chem 305:127543

Huang C, Hu S, Zhang X, Cui H, Wu L, Yang N, Zhou W, Chu PK, Yu X-F (2020b) Sensitive and selective ctDNA detection
based on functionalized black phosphorus nanosheets. Biosens Bioelectron 165:112384

Hutter E, Pileni M-P (2003) Detection of DNA hybridization by gold nanoparticle enhanced transmission surface plasmon
resonance spectroscopy. J Phys Chem B 107(27):6497-6499

Hutter E, Cha S, Liu J, Park J, Yi J, Fendler J, Roy D (2001) Role of substrate metal in gold nanoparticle enhanced surface
plasmon resonance imaging. J Phys Chem B 105(1):8-12


https://doi.org/10.1002/anie.200904359

Chen et al. Cancer Nanotechnology (2022) 13:29 Page 25 of 27

Inagaki H, Bishop AE, Eimoto T, Polak JM (1992) Autoradiographic localization of endothelin-1 binding sites in human
colonic cancer tissue. J Pathol 168(3):263-267

Inkpen MS, Liu ZF, Li H, Campos LM, Neaton JB, Venkataraman L (2019) Non-chemisorbed gold-sulfur binding prevails in
self-assembled monolayers. Nat Chem 11(4):351-358

Jayanthi VSA, Das AB, Saxena U (2017) Recent advances in biosensor development for the detection of cancer biomark-
ers. Biosens Bioelectron 91:15-23

Jia B, Chen J, Zhou J, Zeng Y, Ho H-P, Shao Y (2022) Passively and actively enhanced surface plasmon resonance sensing
strategies towards single molecular detection. Nano Res 15(9):8367-8388

Jung J,Na K, Lee J, Kim K-W, Hyun J (2009) Enhanced surface plasmon resonance by Au nanoparticles immobilized on a
dielectric SiO2 layer on a gold surface. Anal Chim Acta 651(1):91-97

Karki B, Uniyal A, Pal A, Srivastava V (2022) Advances in surface plasmon resonance-based biosensor technologies for
cancer cell detection. Biosens Bioelectron. https://doi.org/10.1016/j.bi0s.2021.113767

Kaushik S, Tiwari UK, Deep A, Sinha RK (2019) Two-dimensional transition metal dichalcogenides assisted biofunctional-
ized optical fiber SPR biosensor for efficient and rapid detection of bovine serum albumin. Sci Rep 9(1):1-11

Khansili N, Rattu G, Krishna PM (2018) Label-free optical biosensors for food and biological sensor applications. Sens
Actuators, B Chem 265:35-49

Kim N-H, Choi M, Kim TW, Choi W, Park SY, Byun KM (2019) Sensitivity and stability enhancement of surface plasmon
resonance biosensors based on a large-area Ag/MoS2 substrate. Sensors 19(8):1894

Kinzler BVK, Vogelstein B (1992) p53 function and dysfunction. Cell 70:523-526

Kozma P, Kehl F, Ehrentreich-Forster E, Stamm C, Bier FF (2014) Integrated planar optical waveguide interferometer
biosensors: A comparative review. Biosens Bioelectron 58:287-307

Kravets VG, Jalil R, Kim YJ, Ansell D, Aznakayeva DE, Thackray B, Britnell L, Belle BD, Withers F, Radko IP (2014) Graphene-
protected copper and silver plasmonics. Sci Rep 4:5117

Li Q, Wang Q, Yang X, Wang K, Zhang H, Nie W (2017) High sensitivity surface plasmon resonance biosensor for detection
of microRNA and small molecule based on graphene oxide-gold nanoparticles composites. Talanta 174:521-526

Li X, Xia S, Zhou W, Ji R, Zhan W (2019a) Targeted Fe-doped silica nanoparticles as a novel ultrasound-magnetic reso-
nance dual-mode imaging contrast agent for HER2-positive breast cancer. Int J Nanomed 14:2397

Li X, Li'Y, Qiu Q Wen Q, Zhang Q, Yang W, Yuwen L, Weng L, Wang L (2019b) Efficient biofunctionalization of MoS2
nanosheets with peptides as intracellular fluorescent biosensor for sensitive detection of caspase-3 activity. J Col-
loid Interface Sci 543:96-105

Liang Z, Zhou J, Petti L, Shao L, Jiang T, Qing Y, Xie S, Wu G, Mormile P (2019) SERS-based cascade amplification bioassay
protocol of miRNA-21 by using sandwich structure with biotin-streptavidin system. Analyst 144(5):1741-1750

Liu X, Xu'Y, Wan D-B, Xiong Y-H, He Z-Y, Wang X-X, Gee SJ, Ryu D, Hammock BD (2015) Development of a nanobody-alka-
line phosphatase fusion protein and its application in a highly sensitive direct competitive fluorescence enzyme
immunoassay for detection of ochratoxin a in cereal. Anal Chem 87(2):1387-1394

Liu L, Teng J, Zhang L, Cong P, Yao Y, Sun G, Liu Z, Yu T, Liu M (2017a) The combination of the tumor markers suggests the
histological diagnosis of lung cancer. BioMed Res Int. https://doi.org/10.1155/2017/2013989

Liu R,Wang Q, Li Q, Yang X, Wang K, Nie W (2017b) Surface plasmon resonance biosensor for sensitive detection of
microRNA and cancer cell using multiple signal amplification strategy. Biosens Bioelectron 87:433-438

Love JC, Estroff LA, Kriebel JK, Nuzzo RG, Whitesides GM (2005) Self-assembled monolayers of thiolates on metals as a
form of nanotechnology. Chem Rev 105(4):1103-1170

Lu L, Tang X, Cao R, Wu L, Li Z, Jing G, Dong B, Lu S, LiY, Xiang Y (2017) Broadband nonlinear optical response in few-layer
antimonene and antimonene quantum dots: a promising optical kerr media with enhanced stability. Advanced
Optical Materials 5(17):1700301

Luo X, Teng Q, Lu W, Ni Z (2013) Plasmons in graphene: Recent progress and applications. Mater Sci Eng R Rep
74(11):351-376

Maharana PK, Jha R, Padhy PJS, Chemical AB (2015) On the electric field enhancement and performance of SPR gas sen-
sor based on graphene for visible and near infrared. Sens Actuators B Chem 207:117-122

Mao Z, Zhao J, Chen J, Hu X, Koh K, Chen H (2021) A simple and direct SPR platform combining three-in-one multifunc-
tional peptides for ultra-sensitive detection of PD-L1 exosomes. Sens Actuators, B Chem 346:130496

Mills GB, Moolenaar WH (2003) The emerging role of lysophosphatidic acid in cancer. Nat Rev Cancer 3(8):582-591

Mohammadparast F, Dadgar AP, Tirumala RTA, Mohammad S, Topal CO, Kalkan AK, Andiappan M (2019) C-C coupling
reactions catalyzed by gold nanoparticles: evidence for substrate-mediated leaching of surface atoms using local-
ized surface plasmon resonance spectroscopy. The Journal of Physical Chemistry C 123(18):11539-11545

Nangare S, Patil P (2021) Black phosphorus nanostructure based highly sensitive and selective surface plasmon reso-
nance sensor for biological and chemical sensing: a review. Crit Rev Anal Chem. https://doi.org/10.1080/10408
347.2021.1927669

Naumis GG, Barraza-Lopez S, Oliva-Leyva M et al (2017) Electronic and optical properties of strained graphene and other
strained 2D materials: a review. Rep Prog Phys 80(9):096501

Nie W,Wang Q, Yang X, Zhang H, Li Z, Gao L, Zheng Y, Liu X, Wang K (2017) High sensitivity surface plasmon resonance
biosensor for detection of microRNA based on gold nanoparticles-decorated molybdenum sulfide. Anal Chim
Acta 993:55-62

Nie W,Wang Q, Zou L, Zheng Y, Liu X, Yang X, Wang K (2018) Low-fouling surface plasmon resonance sensor for
highly sensitive detection of microRNA in a complex matrix based on the DNA tetrahedron. Anal Chem
90(21):12584-12591

Nurrohman DT, Wang Y-H, Chiu N-F (2020) Exploring graphene and MoS2 chips based surface plasmon resonance
biosensors for diagnostic applications. Front Chem 8:728

Pandey A, Nikam AN, Padya BS, Kulkarni S, Fernandes G, Shreya AB, Garcia MC, Caro C, Pdez-Mufoz JM, Dhas N (2021) Sur-
face architectured black phosphorous nanoconstructs based smart and versatile platform for cancer theranostics.
Coord Chem Rev 435:213826


https://doi.org/10.1016/j.bios.2021.113767
https://doi.org/10.1155/2017/2013989
https://doi.org/10.1080/10408347.2021.1927669
https://doi.org/10.1080/10408347.2021.1927669

Chen et al. Cancer Nanotechnology (2022) 13:29 Page 26 of 27

Pang L, Wang J, Jiang Y, Chen L (2013) Decreased levels of serum cytokeratin 19 fragment CYFRA 21-1 predict objective
response to chemotherapy in patients with non-small cell lung cancer. Exp Ther Med 6(2):355-360

Pasquarelli A: Bioreceptors. In: Biosensors and Biochips. Springer; 2021: 19-44. https://doi.org/10.1007/
978-3-030-76469-2_2

Pastoriza-Santos |, Liz-Marzan LM (2008) Colloidal silver nanoplates. State of the art and future challenges. J Mater Chem
18(15):1724-1737

Peng J, LaiY, ChenY, Xu J, Sun L, Weng J (2017) Sensitive detection of carcinoembryonic antigen using stability-limited
few-layer black phosphorus as an electron donor and a reservoir. Small 13(15):1-11

Petrocca F, Lieberman J (2009) Micromanipulating cancer: microRNA-based therapeutics? RNA Biol 6(3):335-340

Plaks V, Koopman CD, Werb Z (2013) Circulating tumor cells. Science 341(6151):1186-1188

Pol E, Roos H, Markey F, Elwinger F, Shaw A, Karlsson R (2016) Evaluation of calibration-free concentration analysis pro-
vided by Biacore™ systems. Anal Biochem 510:88-97

Prieto-Simon B, Campas M, Marty J-L (2008) Biomolecule immobilization in biosensor development: tailored strategies
based on affinity interactions. Protein Pept Lett 15(8):757-763

Pumera M, Sofer Z (2017) 2D monoelemental arsenene, antimonene, and bismuthene: beyond black phosphorus. Adv
Mater 29(21):1605299

Raval S (2019) Ultrafast pump-probe spectroscopy of graphene oxide (GO) and reduced graphene oxide (rGO). Indian
Institute of Technology Kharagpur, Kharagpur

Rawla P (2019) Epidemiology of prostate cancer. World Journal of Oncology 10(2):63

Roointan A, Mir TA, Wani SI, Hussain KK, Ahmed B, Abrahim S, Savardashtaki A, Gandomani G, Gandomani M, Chinnappan
R (2019) Early detection of lung cancer biomarkers through biosensor technology: A review. J Pharm Biomed Anal
164:93-103

Rusling JF, Kumar CV, Gutkind JS, Patel V (2010) Measurement of biomarker proteins for point-of-care early detection and
monitoring of cancer. Analyst 135(10):2496-2511

Saadati A, Hassanpour S, de la Guardia M, Mosafer J, Hashemzaei M, Mokhtarzadeh A, Baradaran B (2019) Recent
advances on application of peptide nucleic acids as a bioreceptor in biosensors development. Trends Anal Chem
114:56-68

Saha K, Agasti SS, Kim C, Li X, Rotello VM (2012) Gold nanoparticles in chemical and biological sensing. Chem Rev
112(5):2739-2779

Sanders M, LinY, Wei J, Bono T, Lindquist RG (2014) An enhanced LSPR fiber-optic nanoprobe for ultrasensitive detection
of protein biomarkers. Biosens Bioelectron 61:95-101

Sang X, Xie, Lin M-W, Alhabeb M, Van Aken KL, Gogotsi Y, Kent PR, Xiao K, Unocic RR (2016) Atomic defects in monolayer
titanium carbide (Ti3C2T x) MXene. ACS Nano 10(10):9193-9200

Sharma D, Kanchi S, Sabela MI (2016) Bisetty KJAJoC: Insight into the biosensing of graphene oxide: present and future
prospects. Arab J Chem 9(2):238-261

Siegel R, Miller K, Jemal A (2020a) Cancer statistics, 2020 CA Cancer J Clin. American Cancer Society 70:7-30

Siegel RL, Miller KD, Goding Sauer A, Fedewa SA, Butterly LF, Anderson JC, Cercek A, Smith RA, Jemal A (2020b) Colorectal
cancer statistics, 2020. CA Cancer J Clin 70(3):145-164

Skog J, Wiirdinger T, Van Rijn S, Meijer DH, Gainche L, Curry WT, Carter BS, Krichevsky AM, Breakefield XO (2008) Glioblas-
toma microvesicles transport RNA and proteins that promote tumour growth and provide diagnostic biomarkers.
Nat Cell Biol 10(12):1470-1476

Srmkf HE, Jemal A (2021) Cancer statistics. CA Cancer J Clin 71(1):7-33

Stebunov YV, Aftenieva OA, Arsenin AV, Volkov VS (2015) Highly sensitive and selective sensor chips with graphene-oxide
linking layer. ACS Appl Mater Interfaces 7(39):21727-21734

Stewart C, Ralyea C, Lockwood S: Ovarian cancer: an integrated review. In: Seminars in oncology nursing, 2019. Elsevier;
2019: 151-156. https://doi.org/10.1016/j.s0ncn.2019.02.001

Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram |, Jemal A, Bray F (2021) Global cancer statistics 2020: globocan
estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA A Cancer J Clin 71(3):209-249

Sveen A, Kopetz S, Lothe RA (2020) Biomarker-guided therapy for colorectal cancer: strength in complexity. Nat Rev Clin
Oncol 17(1):11-32

Totaro KA, Liao X, Bhattacharya K, Finneman JI, Sperry JB, Massa MA, Thorn J, Ho SV, Pentelute BL (2016) Systematic inves-
tigation of EDC/sNHS-mediated bioconjugation reactions for carboxylated peptide substrates. Bioconjug Chem
27(4):.994-1004

Walt DR, Agayn VI (1994) The chemistry of enzyme and protein immobilization with glutaraldehyde. Elsevier, Amsterdam

Wang J, Chen J, Sen S (2016a) MicroRNA as biomarkers and diagnostics. J Cell Physiol 231(1):25-30

Wang Q, Li Q, Yang X, Wang K, Du S, Zhang H, Nie Y (2016b) Graphene oxide—gold nanoparticles hybrids-based surface
plasmon resonance for sensitive detection of microRNA. Biosens Bioelectron 77:1001-1007

Wang X, Mei Z, Wang Y, Tang L (2017) Comparison of four methods for the biofunctionalization of gold nanorods by the
introduction of sulfhydryl groups to antibodies. Beilstein J Nanotechnol 8(1):372-380

Wang Q, Zou L, Yang X, Liu X, Nie W, Zheng Y, Cheng Q, Wang K (2019) Direct quantification of cancerous exosomes
via surface plasmon resonance with dual gold nanoparticle-assisted signal amplification. Biosens Bioelectron
135:129-136

Wijesinghe P, Chin L, Kennedy BF (2018) Strain tensor imaging in compression optical coherence elastography. IEEE J Sel
Top Quantum Electron 25(1):1-12

Wu L, You Q, ShanY,Gan S, Zhao Y, Dai X, Xiang Y (2018) Few-layer Ti3C2Tx MXene: A promising surface plasmon reso-
nance biosensing material to enhance the sensitivity. Sens Actuators, B Chem 277:210-215

XiaL,Yin S, Gao H, Deng Q, Du C (2011) Sensitivity enhancement for surface plasmon resonance imaging biosensor by
utilizing gold-silver bimetallic film configuration. Plasmonics 6(2):245-250

Xiong K, Emilsson G, Dahlin AB (2016) Biosensing using plasmonic nanohole arrays with small, homogenous and tunable
aperture diameters. Analyst 141(12):3803-3810


https://doi.org/10.1007/978-3-030-76469-2_2
https://doi.org/10.1007/978-3-030-76469-2_2
https://doi.org/10.1016/j.soncn.2019.02.001

Chen et al. Cancer Nanotechnology 2022, 13(1):29 Page 27 of 27

XueT, Liang W, LiY, Sun Y, Xiang Y, Zhang Y, Dai Z, Duo Y, Wu L, Qi K (2019) Ultrasensitive detection of miRNA with an
antimonene-based surface plasmon resonance sensor. Nat Commun 10(1):1-9

Yanagisawa M, Kurihara H, Kimura S, Tomobe Y, Kobayashi M, Mitsui Y, Yazaki Y, Goto K, Masaki T (1988) A novel potent
vasoconstrictor peptide produced by vascular endothelial cells. Nature 332(6163):411-415

YaoT,Gu X, LiT, LiJ, LiJ, Zhao Z, Wang J, QinY, She Y (2016) Enhancement of surface plasmon resonance signals using a
MIP/GNPs/rGO nano-hybrid film for the rapid detection of ractopamine. Biosens Bioelectron 75:96-100

Ye F, Zhao'Y, El-Sayed R, Muhammed M, Hassan M (2018) Advances in nanotechnology for cancer biomarkers. Nano
Today 18:103-123

Zhang W, Zhang P, Su Z, Wei G (2015) Synthesis and sensor applications of MoS 2-based nanocomposites. Nanoscale
7(44):18364-18378

Zhong YL, Tian Z, Simon GP, Li D (2015) Scalable production of graphene via wet chemistry: progress and challenges.
Mater Today 18(2):73-78

Zma B, Jz C, Jie C, Xh B, Kk E, Hc B (2021) A simple and direct SPR platform combining three-in-one multifunctional pep-
tides for ultra-sensitive detection of PD-L1 exosomes. Sens Actuators B Chem 346:130496

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC




	AuNPs and 2D functional nanomaterial-assisted SPR development for the cancer detection: a critical review
	Abstract 
	Introduction
	Cancer biomarkers
	Nucleic acid biomarkers
	Protein biomarkers
	Other types
	A panel of biomarkers
	Molecular recognition element
	Immobilization of molecular recognition element
	Signal amplifier strategy
	AuNPs
	2D functional nanomaterials
	Graphene and its derivatives 
	Molybdenum disulfide 



	Cancer biomarker detection based on the SPR technology
	Principle of SPR technology in the cancer detection
	AuNPs assisted SPR for cancer biomarker detection
	AuNPs-conjugated format assisted signal amplification
	Dual AuNPs-assisted signal amplification
	Functionalized element modified AuNPs-assisted signal amplification
	Extra dielectric layer between AuNPs and Au film
	Addition of metallic material
	Other novel reformative AuNPs-assisted signal amplification

	2D functional nanomaterial-assisted SPR for cancer biomarker detection
	Graphene and graphene oxide assisted SPR
	Molybdenum disulfide assisted SPR
	Other functional nanomaterial assisted SPR


	Conclusions and future outlook
	Acknowledgements
	References




