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A B S T R A C T

Early diagnosis and treatment of oral cancer are vital for patient survival. Since the oral cavity accommodates the
second largest and most diverse microbiome community after the gut, the diagnostic and therapeutic approaches
with low invasiveness and minimal damage to surrounding tissues are keys to preventing clinical intervention-
related infections. Gold nanoparticles (AuNPs) are widely used in the research of cancer diagnosis and therapy
due to their excellent properties such as surface-enhanced Raman spectroscopy, surface plasma resonance,
controlled synthesis, the plasticity of surface morphology, biological safety, and stability. AuNPs had been used in
oral cancer detection reagents, tumor-targeted therapy, photothermal therapy, photodynamic therapy, and other
combination therapies for oral cancer. AuNPs-based noninvasive diagnosis and precise treatments further reduce
the clinical intervention-related infections. This review is focused on the recent advances in research and
application of AuNPs for early screening, diagnostic typing, drug delivery, photothermal therapy, radiotherapy
sensitivity treatment, and combination therapy of oral cancer. Distinctive reports from the literature are sum-
marized to highlight the latest advances in the development and application of AuNPs in oral cancer diagnosis and
therapy. Finally, this review points out the challenges and prospects of possible applications of AuNPs in oral
cancer diagnosis and therapy.
1. Introduction

Oral cancer comprises the cancers of the lip, tongue, and mouth
representing the 6th most common cancer worldwide [1,2], with nearly
355,000 new diagnoses and 177,000 death yearly [3]. The oral cancer
incidence rate in young people and women has increased significantly in
the past 25 years, but the mortality rate is reduced just slightly [4].
Histopathological analysis of surgical biopsy is still the gold standard for
oral cancer diagnosis. However, the histopathological analysis is
time-consuming, and the results mainly depend on the subjective judg-
ment of pathologists [5]. Most importantly, surgery can only be per-
formed in the confirmed case of tumor lesions in the mouth. In addition,
precancerous lesions may occur in hidden anatomical sites such as the
crypts at the base of the tongue, making it difficult for the precise
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diagnosis of the lesion sites based on the histological examination of
surgical biopsy. Standard clinical imaging methods, such as computed
tomography, magnetic resonance imaging (MRI), and ultrasound provide
basic information about tumor location, size, and spreading. However,
these methods are not good enough to distinguish the small size (<0.5
cm) tumors, as well as benign and malignant tumors [6]. Advanced op-
tical coherence tomography (OCT) is not suitable for cancer imaging due
to its less sensitivity to the recognition of tumor and normal tissue [7].
The enzymatic immunosorbent technique is time-consuming and the
signal of the Raman spectrum to biological samples is weak [8]. There-
fore, the development of highly sensitive and specific as well as minimum
invasive diagnostic approaches for oral cancer is urgent.

Surgical removal or/and combined radio-chemotherapies are
commonly adapted for oral cancer treatment [9]. However, these
hak).
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treatment methods cause various complications such as large-scale facial
defects and scar formation, radioactive bone necrosis, trismus,
dysphagia, erythema or ulcerative mucosa, facial nerve palsy, and other
complications [10–12]. These complications are directly related to the
patient's morbidity, aesthetic, and psychological problems [10,12–14]. In
addition, the oral cavity accommodates the second largest and most
diverse microbiome community after the gut [15,16]. Surgery in the oral
cavity possesses a high risk of microbial infection that adversely affects
surgical wound healing and cancer treatment [17]. Therefore, the
development of less invasive, early-stage cancer-detecting, and
cost-effective diagnostic and therapeutic approaches are highly deman-
ded in oral oncology. Nanomaterial-based technologies hold promising
potential for cancer diagnosis and therapy. Recent advances in nano-
technology have made great progress in the development of novel ap-
proaches for rapid diagnosis and precise treatment of various cancers,
including oral cancer [18–22]. Gold nanoparticles (AuNPs) are
commonly used to develop novel strategies for cancer diagnosis or/and
treatment.

Gold is one of the most stable metals due to its stable metallic bonds.
Gold had been used as a treatment for mental illness, plum diarrhea, and
other diseases in medieval Europe [23]. In 1971, British researchers
Faulk and Taylor developed a revolutionary method of antibody colloidal
gold coupling for direct electron microscopy of salmonellae surface an-
tigens that opened the door to biomedical applications of AuNPs [24]. In
the last 50 years, remarkable advances had been achieved in the
controllable fabrication of AuNPs with good biocompatibility and unique
optical properties, such as enhanced computed tomography [25–28], and
photothermal conversion properties [29–31]. The major physical prop-
erties of AuNPs are localized surface plasmon resonance, radioactivity,
and high X-ray absorption coefficient, which render the applications of
surface plasma resonance (SPR), photothermal therapy (PTT), photody-
namic therapy (PDT), computed tomography, MRI, etc. From the chem-
ical aspect of view, AuNPs can form stable chemical bonds with S and N
containing groups, allowing the attachment of organic ligands or poly-
mers for a straightforward surface modification [21]. This endows AuNPs
with good targeting and drug delivery capabilities, especially in tumor
imaging, diagnosis, and treatment [10,32–34]. In 2005, El-Sayed et al.
firstly introduced the anti-epidermal growth factor receptor (anti-EGFR)
antibody to gold nanosurface for the diagnosis of oral cancer, providing
excellent differentiation between the tumor cells and normal cells [35].
From 2005 to 2020, AuNPs' research has made a great leap in oral cancer
diagnosis and therapy [35,36].

AuNPs play a unique role in cancer diagnosis and treatment in the
oral cavity. Due to the irregular anatomical structure of the oral cavity, it
is difficult to detect early lesions and surgical margins of oral cancer [37,
38]. The localized surface plasmon resonance at the near-infrared
wavelength of AuNPs improves the contrast of the oral cavity images
[39]. Moreover, the combination of AuNPs and appropriate antibodies
enhance Raman spectroscopy and detect the diseased tissue faster and
more accurately [40,41]. AuNPs have been used in PTT that converts
light energy into heat energy in the targeted area of skin and mucous
membranes without damaging the surrounding healthy tissues, thereby
destroying tumor cells [42–45]. AuNPs-based minimum invasive thera-
nostics avoid the risk of surgical wound-related infection in the oral
cavity. In addition, AuNPs have the potential to deliver anti-cancer drugs
to cancer sites enhancing radiotherapy efficacy [46,47]. From the diag-
nosis to the treatment of oral cancer, the use of AuNPs preserves the
normal tissue to the greatest extent that helps to maintain the chewing
function and facial aesthetic. Based on the size, shape, and physical
properties, AuNPs are classified into gold nanospheres [48,49], gold
nanorods (AuNRs) [50,51], gold nanoflowers (AuNFs) [52], gold
nanocages (AuNCs) [53,54], gold nanotriangles (AuNTs) [55,56] et al.
AuNPs also include composite nanomaterials composed of other mate-
rials, such as core-shell structured gold-silica nanomaterials [57,58],
gold-coated iron oxide nanomaterials [128], etc. AuNPs with different
morphology had been designed for potential application in oral cancer
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diagnosis and therapy (Fig. 1). Nano-scale size, easy synthesis/surface
modification, and good biocompatibility are the key characteristics that
make AuNPs popular in the field of cancer diagnosis and therapy. In
recent years, AuNPs have been developed and applied in the diagnosis
and treatment of various cancers such as oral, gastric, colorectal, and
breast cancer [40,59–62]. Modulation in physicochemical properties of
AuNPs optimizes oral cancer screening, diagnosis, and treatment.
Recently, researchers are focused on developing AuNPs-based strategies
for diagnostic and therapeutic applications in oral cancer. Such strategies
are expected to overcome the limitations of traditional oral cancer
diagnostic and therapeutic approaches [63]. In this study, we summa-
rized the latest basic and clinical advances in AuNPs-based oral cancer
diagnosis and treatment. Finally, this review points out the challenges
and prospects of possible applications of AuNPs in oral cancer diagnosis
and therapy.

2. Synthesis of AuNPs

AuNPs have been widely studied in biomedical applications, due to
their unique physical and chemical properties. At the same time, re-
searchers are increasingly interested in the synthesis of AuNPs. The
synthesis of AuNPs mainly includes traditional chemical synthesis
methods such as chemical reduction methods [66], electrochemical
methods [67], ultrasonic chemistry methods [68], etc., and newly
developed biosynthesis methods [69]. Generally, the preparation of
AuNPs by the chemical reduction method includes two main parts: re-
ductants, which are mainly used for REDOX reaction with
gold-containing compounds such as tetrachloroauric acid, and stabi-
lizers, which are designed to avoid the aggregation of the particles [70].
Herizchi R et al. reviewed the commonly used reductants and stabilizers,
as well as the chemical synthesis methods of AuNPs represented by the
Turkevich method, the Brust-Schiffrin method, the seeding growth
method, and the ascorbic acid method in detail [70]. The chemical
synthesis method can effectively control the morphology, size, structure,
surface charge, uniformity, and dispersion. Therefore, the chemical
synthesis method is more conducive to the later combination with other
materials, drugs, antibodies, or proteins to enhance the function. How-
ever, when traditional synthesis methods are used, toxic by-products that
harm the organism and the environment are produced, and the use of
chemical solvents in the synthesis process makes subsequent extraction
of nanoparticles difficult and presents significant obstacles to medical
applications. For example, toluene is toxic, which is commonly used in
the Brust-Schiffrin methods [71] and Cetyl trimethyl ammonium bro-
mide (CTAB) is highly cytotoxic and is often used as a stabilizer in the
seeding growth method [72]. In addition, some studies have found that
small-sized AuNPs (5 nm) could induce significant pathological changes
in the liver after being injected for 2 days [73]. The medium (20 nm) and
large (50 nm) sized AuNPs preferentially target the spleen and cause
significant pathological changes to the spleen architecture on day 2 that
persists on day 8 as well [73]. Therefore, further systematic safety
evaluation and further stabilization tests in biological fluids of synthe-
sized AuNPs are required before they can be used in vivo or clinically.

Biosynthesis is a green and environment-friendly new synthetic
method of gold nanoparticle synthesis. Lee KX et al. [74] and Kalimuthu
Ket al. [75] reviewed the newest biosynthetic study of AuNPs. Biosyn-
thetic AuNPs are generally safer to use in biomedical applications
because they come from natural materials themselves [74]. Natural
materials such as plants, fungi, microorganisms, enzymes, and bio-
polymers are currently used to synthesize various nanoparticles [74]. The
advantage of biosynthesis is to reduce or eliminate the use and produc-
tion of harmful chemicals or toxic by-products during conventional
AuNPs chemical synthesis methods. In addition, the biosynthesis process
does not need special temperature and pressure, and the reaction con-
ditions are mild, compared with the traditional synthesis is more eco-
nomic, and environmentally friendly. Although the biosynthesis of
AuNPs has many significant advantages, there are still many problems



Fig. 1. AuNPs with various morphologies. I. TEM images of the AuNPs: gold nanospheres (a), gold nano-octahedras (b), gold arrow-headed (c), gold nanorods (d), and
gold long nanorods (e). Source: Reprinted with permission from Ref. [64]. Copyright 2015, with permission from Elsevier. II. TEM images of gold nanorods (NRs) (a),
nanoshells (NSs) (b), and nanocages (NCs) (c); III. Photothermal properties of PEGylated gold NRs, NSs, and NCs. (a) Temperature heating curves and (b) infrared
thermal images for gold NRs, NSs, and NCs under 808 nm laser irradiation; (c) Heating and cooling curves of the above gold NRs, NSs, and NCs, which were irradiated
by an 808 laser for 10 min, after that the laser was switched off. Ⅳ: In vivo phototherapeutic evaluation of AuNPs. (a) Biodistribution of gold NRs, NSs, and NCs in
mouse organs; (b) Infrared thermal images of PBS, gold NRs, NSs, and NCs intravenously injected into a mouse tumor model under laser irradiation; (c) the tumor
growth curves after being treated with various groups. (d) In vitro photos of the tumor after treatment. Source: Reprinted with permission from Ref. [65]. Copyright
2019, with permission from Elsevier. Ⅴ: Core-shell structure mesoporous silica-coated AuNPs (MS-AuNPs). (a) TEM of the nanoparticles (b), Extinction spectra of
AuNPs and MS-AuNPs (c), Photostability measurement of time-resolved surface-enhanced Raman spectroscopy (SERS) spectra of solid MS-AuNPs (d), Three repre-
sentative SERS spectra at selected irradiation times in panel (c). Source: Reprinted with permission from Ref. [57]. Copyright 2017, with permission from ACS. Ⅵ:
Biofunctionalization and biomedical applications of AuNPs based gap-enhanced Raman tags. Source: Reprinted with permission from Ref. [58]. Copyright 2020, with
permission from ivyspring.
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hindering their clinical transformation. Most importantly, the mecha-
nism of biosynthesis is not clear. Reducing substances such as organic
compounds and functional groups in natural materials are complex and
diverse, so more studies are needed to achieve more stable and control-
lable synthesis. In addition, systematic safety and biocompatibility
3

studies are essential before clinical transformation. In a word, traditional
chemical methods are more mature and controllable, but there are
environmental, energy, and other problems. The newly developed
biosynthesis is safer and environmentally friendly, but it is still not
mature enough. We believe that with the rapid development of
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nanotechnology safer, environmentally friendly, economic, and
cos-effective AuNPs can be obtained to better serve life science.

3. Application of AuNPs in oral cancer diagnosis

In early diagnosed oral cancer, surgical resection is highly efficient to
cure cancer, with the 5-year survival rate exceeding 85% [76]. However,
early clinical changes and lesions of oral cancer are mostly in hidden
anatomical areas making it difficult for early diagnosis. At the same time,
some precancerous lesions and diseases such as oral leukoplakia and
erythema are difficult to distinguish from chronic inflammatory diseases
such as lichen planus [77]. Clinicians’ subjective judgment can easily
lead to misdiagnosis and delay in treatment. The majority of oral cancer
are diagnosed only at the late stage resulting in poor treatment and
prognosis [77]. The in vitro detection technology based on AuNPs is
excellent in the early screening and diagnosis of diseases [78]. The
detection and diagnosis techniques constructed with AuNPs find cancer
cells and cancer tissues in a more timely and effective manner that im-
proves the specificity and accuracy of oral cancer screening and
diagnosis.
3.1. Early screening and prevention

The high mortality rate in oral cancer patients has been attributed to
the difficulties in detecting the disease in an early treatable stage.
Moreover, because early carcinomas are asymptomatic, most oral cancer
cases are usually diagnosed in advanced stages [79]. Current diagnosis
relies on clinical investigation and histopathological examinations, with
low sensitivity and a high risk of undetected cancerous lesions in hidden
areas [80]. Proteins, nucleic acids, and enzymes found in saliva could be
potential biomarkers for cancer detection, as they have been shown to
have distinct levels in cancer patients comparedwith healthy individuals.
Therefore, saliva is developed as a clinical sample for the early diagnosis
of oral cancer. Saliva plays an important role in the early diagnosis of oral
diseases including oral cancer and periodontitis [81–83]. Saliva is more
popular than other biological fluids because its' collection is easy and less
stressful and does not require any sophisticated equipment or skilled
personnel. In addition, direct contact between saliva and oral cancer
lesions makes saliva a more specific and potentially sensitive biological
sample for early screening and diagnosing. Khurshid Z et al. had
concluded more than 100 salivary potential biomarkers (DNA, RNA,
mRNA, protein markers) as early diagnostic markers for oral cancer,
including cytokines (IL-8, IL-1β, TNF-α), defensin-1, P53, Cyfra 21–1,
tissue polypeptide specific antigen, dual-specificity phosphatase,
spermidine/spermineN1-acetyltransferase, profilin, cofilin-1, transferrin,
osteopontin, and many more [3,84–86]. A recent review summarized 65
salivary-based biomarkers and their function in oral cancer [87]. In
addition to the above summary, long non-coding RNAs can also be used
Table 1
AuNPs developed for early screening and prevention of oral cancer.

Nanomaterial Size (nm) Principle Sample/target Effect

AuNSs
AuNRs

13.6–17.2
1.3 � 5.6

SPR Saliva/OPN Limit of detection ↑

AuNRs 13.72 �
49.73

SERS Exfoliative cells/
CAL-27

Specificity↑
Sensitivity↑

AuNPs 15 SERS Saliva/spectrum Potential to detect pea

AuNPs 20 SERS Saliva/(S100P)
mRNA

S100P mRNA detection

AuNCs 15 OCT Hamster/cheek
pouch tumor

Visualization of tumor

AuNPs 70 OCT Hamster/cheek
pouch tumor

Pinpointed pathologica
of early-stage oral canc

AuNRs 15 � 50 DR OSCC Sensitivity and specific
significant increase

4

as potential markers for oral cancer diagnosis [88]. The upregulated long
non-coding RNAs TFAP2A-AS1, AC007271.3, ANRIL, BC200, BLACAT1,
CASC9, CASC15, CCAT1, CCHE1, CEBPA-AS1, CRNDE, DANCR,
DNM3OS, ELF3-AS1, FAL1, FALEC, FGD5-AS1, H19, HAS2-AS1, HCP5,
HIFCAR/MIR31HG, HNF1A-AS1, HOTAIR, HOTTIP, HOXA11-AS,
HOXC13-AS, HULC, JPX, LEF1-AS1, LINC00152, LINC00319,
LINC00941, LINC00958, LINC00963, LncRNA-p23154, LUCAT1,
MALAT1, MCM3AP-AS1, MIR4435-2HG-, MYOSLID, NEAT1, OIP5-AS1,
PAPAS, PLAC2, PDIA3P, PVT1, RBM5-AS1, RC3H2, RP11-874J12.4,
SNHG12, SNHG17, SNHG20, SNHG3, TIRY, TTN-AS1, TUG1, and
UCA1, and downregulated long non-coding RNAs C5orf66-AS1, CASC2-,
ENST00000470447.1, GAS5, LINC01315, MEG3, MORT, and
SOX21-AS1, are related to the proliferation, migration, invasion,
apoptosis, and cisplatin cytotoxicity of oral cancer [89,90]. In a word,
with the rapid development of bioinformatics in recent years, more and
more potential biomarkers of oral cancer will be discovered, such as new
proteins, DNAs, RNAs, exosomes, etc.

Early detection of oral cancer is vital for effective treatment. In recent
years, a series of studies on early diagnosis of oral cancer have been
developed based on SERS, OCT, and DR enhanced by AuNPs. We sum-
marized the AuNPs designed for early screening of OSCC and the out-
comes in Table 1. SERS was developed based on Raman imaging
technology. During light scattering, most photons undergo an elastic
process called Rayleigh scattering, while about one in ten million pho-
tons undergo an inelastic process called Raman scattering, in which they
exchange energy with the scattering material [91]. Raman scattering
shows sharp and clear fingerprint peaks of specific chemical groups and
can be easily separated from the background signal of the aqueous so-
lution, making it an ideal analytical method for biological applications
[92]. However, the weak Raman scattering strength of many biological
samples hinders the further application of this technique. The research
showed that the Raman scattering can be enhanced by using specific
AuNPs as SERS active substrates [93]. SERS can be used as an optical
imaging technology bymonitoring specific molecules. The key advantage
of SERS imaging lies in its high spatial resolution, which can reach <0.5
μm in the visible range, allowing high-resolution sample mapping.
Another advantage is that multiple analyses can be performed for several
analytes in the same sample [94]. Parallel access to large amounts of
valuable data saves clinicians time and costs. We summarized the study
on the early diagnosis of oral tumors based on SERS enhanced by AuNPs.
Chakraborty D et al. had reported a non-invasive AuNPs-based
enzyme-linked immunosorbent assay (ELISA) to detect osteopontin in
oral cancer [39]. This modified version of ELISA has a wide linear
detection range (0.31–20 ng/mL), good repeatability, and specificity for
the tested interference in saliva [39]. AuNRs (detection limit: 0.02
ng/mL) or AuNSs (detection limit: 0.03 ng/mL) based ELISA kits shows
higher accuracy of oral cancer screening compared to traditional ELISA
kits (detection limit: 0.14 ng/mL) [39]. In addition, Liu Q et al. proposed
Diagnosis ability in cancer
vs control group

Differences in abnormal vs
normal group

Ref.

0.02 vs 0.14
0.03 vs 0.14 ng mL�1

/ [39]

100% vs 60%
100% vs 70%

/ [95]

ks / New peaks at 1097 and 1627
cm-1 in the cancer group

[80]

limited 10 nM (S100P) mRNA Three times higher in cancer
group

[96]

sites / OCT and DvOCT signal inversion [97]

l structures
er

/ Increase optical scattering
intensity 33%

[98]

ity Sensitivity 100%,
specificity 89%

/ [99]
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a highly sensitive, noninvasive, and rapid cancer-screening platform
encompassing exfoliated cytology and surface-enhanced Raman scat-
tering (SERS) technology (Fig. 2) [95]. The filter paper adsorbed SERS
matrix consisting of plasma AuNRs has been designed for cancer
screening. Raman spectroscopy reflects the molecular changes in cancer,
showing a high specificity of the biochemical components of cells and
tissues. Due to changes in specific biomolecules in cancer cells, different
Fig. 2. Early, sensitive, noninvasive, and rapid cancer screening based on AuNRs: (I)
detection of exfoliated cells obtained from oral cancer patients; (II) TEM images of
solution before and after exposure; (Ⅳ, Ⅴ) The Raman spectra detected from the two
the plasmonic paper and bare paper; (Ⅵ) Comparison of SERS signal intensity ratio of
from the different treated group. Source: Reprinted from Ref. [95] Copyright 2014,

5

and repeatable SERS spectra can be obtained from normal cells and
cancer cells. A diagnostic algorithm based on the ratio of spectral values
has high sensitivity and specificity for distinguishing exfoliated cells in
normal and cancer tissues [95].

F�al�amaș A et al. developed SERS spectra in saliva from healthy vol-
unteers and oral cancer patients [80]. Principal components analysis
(PCA) based on multiple SERS strips is mainly assigned to amino acids
The schematic diagram showed the preparation of SERS substrate and the SERS
AuNRs; (III) the plasmonic paper preparation and the color changes of AuNR
different cells (normal cells, oral keratinocyte, and cancerous cultured cells) on
oral exfoliated cells; (Ⅶ、Ⅷ) Scatter plot of Raman signal intensity ratio tested
with permission from Elsevier.



Q. Zhang et al. Materials Today Bio 15 (2022) 100333
and proteins that distinguish saliva between healthy controls and oral
cancer patients [80]. PCA was used to identify saliva samples, and SERS
spectra of the healthy group and oral cancer group could be distin-
guished. This proves that SERS technology based on AuNPs can be suc-
cessfully used for the detection of oral cancer without labels [80].
Priezzhev AV et al. had developed a saliva-based sensitive and portable
SERS system for early diagnosis of oral cancer [100]. Saliva samples
(healthy group and patient group) were added to the AuNPs fabricated
membrane and then excited with a laser at 633 nm. SERS spectra were
obtained in 2 min [100]. New peaks were observed in the patient samples
at 1097 cm-1 and 1627 cm-1, while these peaks were not found in the
normal group [100]. This study demonstrates the potential for rapid,
sensitive, and portable diagnosis of oral cancer based on AuNPs. In
addition to the above-mentioned methods, Han S et al. reported an assay
based on SERS of AuNPs for the sensitive detection of S100P mRNA in
saliva [96]. S100 calcium-binding protein P (S100P) mRNA
(S100PmRNA) is one of the potential biomarkers for oral cancer [96].
The results showed that the amount of S100P mRNA detected in oral
cancer patients is 3-fold higher compared to the healthy group. This
nanoparticle-based SERS detection of S100P mRNA has the potential to
achieve non-invasive early detection of oral cancer enabling
point-of-care immediate medical treatment [96].

OCT, a technique for producing two-dimensional cross-sectional im-
ages using the interference of light, was first described in 1991 and is
often referred to as an optical analog of ultrasound, which detects re-
flected light from tissue rather than sound [101]. OCT imaging tech-
nology provides cross-sectional and 3D image resolutions of a few
microns and penetrations to depths of one to 2 mm [102]. Contrast
agents can improve the quality of OCT in situ images to a level compa-
rable to biopsy, reducing the need for tissue removal, sectioning, and
staining [103]. The addition of contrast agents to the OCT system helps to
enhance the final image contrast, which helps to better distinguish
normal and tumor tissue. AuNPs have the characteristics of good
biocompatibility, easy to synthesize, systematic or local administration,
etc., which are the most widely used contrast agents at present [104]. A
non-invasive high-resolution imaging modality of in vivo OCT imaging
identifies the site of early oral dysplasia through the acid decomposition
of gold nanoclusters [97]. Based on OCT, Kim CS et al. used
acid-degradable gold nanoclusters to pinpoint slightly acidic tumor tissue
[104]. They developed a novel platform to formulate AuNPs into
water-soluble microneedles [104]. Afterward, AuNPs were effectively
and precisely controlled and conveniently delivered to the hamster's oral
tissue in vivo [104]. The results showed that OCT detection with AuNPs
improved resolution by 150%. However, due to absorption and scattering
limitations, the penetration depth is only a few millimeters [105], so
further investigation and improvements are needed for better clinical
use. In recent years, a new optical technique, diffuse reflectance
Table 2
AuNPs designed for the diagnosis and staging of oral cancer.

Type Size (nm) Principle Sample Purpose

AuNRs Major axis
55
Minor axis
16

SERS Sliced tissues Discrimina
lesions

AuNPs 35 SERS Cell lines HOC 313 clone 8
and HSC 3

Distinguish
noncancero

AuNPs 55 SERS Serum Develop ne
OSCC

AuNPs 55 SERS Serum Detect the
classificatio

AuNRs Major axis
25
Minor axis
11

AirSEM & DR OSCC tissue sections Determine

AuNPs 60 NIR absorption
imaging

Oral cancer cell lysate Specific an

6

spectroscopy (DR), has been developed for biological imaging. DR can
identify tissue characteristics by measuring their intrinsic light absorp-
tion and scattering properties at different wavelengths [106]. The optical
fingerprint of tissue is obtained by irradiating the selected spectrum, and
the fingerprint represents specific quantitative biochemical morpholog-
ical information [106]. DR has the advantages of completeness,
simplicity, and great diagnostic potential. In addition, the DR spectra of
tissues also contain abundant information on biochemical and ultra-
structural changes [107]. The observed characteristics of the DR spec-
trum depend on metabolic rate, blood vessels, intravascular oxygenation,
and tissue morphology [106]. As a result, DR can provide detailed in-
formation about the underlying biological composition of tissues, and
thus has the potential to distinguish tumor tissue from normal tissue.
AuNPs can enhance the scattering and absorption of tissue signals due to
their unique optical properties. In addition, AuNPs can improve the
specificity of DR signals and distinguish healthy and abnormal parts in
tissues by targeting abnormal parts [108]. The DRmethod is based on the
accumulation of AuNPs in tumors, which leads to significant changes in
the optical properties of tumors. To achieve this goal, AuNPs are coupled
to the anti-epidermal growth factor receptor (anti-EGFR), which is a cell
surface receptor belonging to the ErbB family of tyrosine kinases that
play an important role in regulating cell proliferation [109]. Based on DR
measurements of AuNRs bio-conjugated to anti-EGFR specifically
attached to OSCC cells [99]. The DRmeasurements revealed a significant
increase in light absorption in rats with OSCC compare with rats without
cancer (p < 0.02, sensitivity 100%, specificity 89%) [99]. The afore-
mentioned studies indicate that the detection system based on AuNPs
could be effective in the early detection of oral cancer. In summary,
AuNPs-based detection techniques have great potential in the early
diagnosis of oral cancer, but the accuracy and applicability of these
nanomedicine methods in clinical applications need to be studied in vivo.
Early and accurate diagnosis and detection of OSCC and highly dysplastic
lesions still remains a key challenge.
3.2. Diagnosis of advanced stage OSCC

Besides distinguishing normal tissues from cancerous tissues, AuNPs
also detect the size and degree of tumors that facilitate clinicians to
evaluate the scope of surgery and the progress of the disease [40,110].
The correct judgment of the boundary between tumor and normal tissue
as well as the degree of malignancy of the tumor guides the operation and
postoperative treatment. The AuNPs designed for detection of tumor
edge location and staging of oral cancer, their mode of action, and the
outcomes are summarized in Table 2.

As discussed above, AuNPs can effectively enhance the signal of SERS,
but AuNPs bind non-specifically to tumor cells, so they cannot effectively
enhance the signal of tumor cells. AuNPs can be targeted to tumor cells by
Result Ref

te benign from malignant oral The significantly lower intensity in the
benign group

[40]

between cancerous and
us cells

[35]

w diagnoses method to detect Sensitivity 80.7%, specificity 84.1%,
and

[111]

tumor stages and histologic
n of OSCC

accuracy 85.9% [112]

tumor margins Accuracy margins of 1 mm [110]

d quantitative analysis Rapid and quantitative detection of oral
cancer cells

[113]
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coupling specific tumor cells' surface markers such as aptamer, peptide,
antibody, and protein [114], and the changes in scattering imaging and
absorption spectrum caused by targeting tumor cells make it possible to
diagnose tumors based on AuNPs. In terms of oral cancer, the
antibody-conjugated AuNPs have a promising potential to apply in mo-
lecular biosensor technology to diagnose and visualize the live oral
epithelial cancer cells in vivo and in vitro [35]. El-Sayed IH et al. reported
that AuNPs conjugated anti-EGFR antibodies bind to the surface of oral
malignant tumor cells with 600% higher affinity, specificity, and uni-
formity compared to non-cancer cells [35]. Wang JH et al. developed a
diagnostic platform based on rose-bengal-conjugated AuNRs (RB-AuNRs)
[113]. Rose Bengal (RB), the 4,5,6,7-tetrachloro- 20,40,50,70-tetraio-
doderivative of fluorescein, is a specific agent of cancer cells [113]. RB
has been shown to have specificity to oral cancer through inhibition of
DNA polymerases of oral cancer cells [113]. The plasmon resonance peak
shift of the AuNR surface and its changes in near-infrared light absorption
allow highly sensitive diagnosis and rapid screening of oral cancer [113].

Based on the above diagnostic properties, we investigated the use of
AuNPs-based oral cancer diagnostic techniques for oral cancer edge
location and for differentiating benign and malignant tumors. Accurate
edge positioning can more accurately guide the surgical resection range.
Fixler D et al. prepared an EGFR conjugated AuNRs and added on to
different oral tissue lesion sections [40]. This technique distinguishes
precancerous lesions and malignant diseases according to the reflectance
in lesions, i.e., the deeper the disease progression the higher the reflec-
tivity. This staining differentiates the reflectivity of benign lesions and
mild dysplasia from moderate and severe dysplasia and aggressive le-
sions [40]. This non-ionizing optical detection method provides a highly
sensitive and cost-effective tool for early cancer diagnosis and accurate
detection of tumor margins and residual tumor tissue Ankri R et al. used
EGFR-modified AuNRs in combination with a new high-resolution air
scanning electron microscope to locate the edge of OSCC tumors and
visualize the tumor tissue (Fig. 3) [110]. This technique facilitates the
tumor margin mapping in squamous cell carcinoma.

The evaluation of tumor size, lymph node stage, and pathological
status assists in preoperative judgment, prediction, and postoperative
recovery of OSCC. Adding AuNPs to OSCC or normal human serum
showed 80.7% sensitivity, 84.1% specificity, and 81.1% overall accuracy
rate of OSSC diagnosis (Fig. 3). This technique successfully diagnoses and
classifies OSCC, mucoepidermoid carcinoma (MEC), and normal groups
[111]. The increase in the content of nucleic acids and proteins in OSCC
serum correlates with the increase in tumor volume with the higher ac-
curacy rate in the classification. Xue L et al. used the characteristics of
enhanced SERS of AuNPs and combined the principal component anal-
ysis and linear discriminant analysis (PCA-LDA) in patients with OSSC
and MEC [112]. PCA-LDA classifies and diagnoses Raman spectra of
AuNPs added OSCC serum. As the result of the PCA-LDA classification,
the total accuracy of ~80% shows that the SERS had a giant potential to
detect and diagnose the different T stages of OSCC. The accuracy was
higher in the classification of T1–2 and T3–4 stages [112].

AuNPs-based strategies hold promising potential for the development
of simple, highly specific, sensitive, and less invasive tools for diagnosis
or/and treatment of OSCC. Such approaches not only avoid the complex
surgery and use of expensive equipment in cancer diagnosis and treat-
ment but also detect malignant lesions at the molecular level, which is
more objective and efficient compared to traditional histological exam-
ination. of tumor stages T1-2 and T3-4 [112]. Therefore, the use of
AuNPs nanoparticles in OSSC analysis not only diagnoses OSSC but also
determines the tumor edge location, size, and grade.

4. Application in oral cancer treatment

At present, the main methods of cancer treatment are surgery,
radiotherapy, and chemotherapy. Each of these methods has certain
shortcomings such as damage to nerves, blood vessels, and bone in the
oral maxillofacial region, and other series of quality-of-life issues
7

[115–117]. Therefore, more precise, low-invasive, and highly effective
approaches for oral cancer treatment are in urgent need. AuNPs mainly
accomplish the above treatment goals through drug delivery, photo-, or
radio-sensitization, andmulti-functional treatment platforms. The AuNPs
fabricated for oral cancer treatment, their effect in alone or in combi-
nation therapy, and in vitro or in vivo outcomes are listed in Table 3.

4.1. Construction of anticancer nano-drugs

With the development of nano-technology, nano-drugs show great
potential in anti-tumor application [136]. AuNPs are one of the most
widely studied medical nanomaterials because of their excellent physi-
cochemical properties, making AuNPs suitable for biochemical applica-
tions [137]. Firstly, nanoparticles with various morphologies and
structures can be synthesized, such as nanospheres, nanorods, nanowires,
nanoarrows, etc. Each of which has its unique properties, behaviors, and
applications. Secondly, AuNPs can be composed of pure gold, composites
(grafted with polyethylene glycol, cysteine, etc.), or doped with other
metals (e.g., Ag, Se, Mo, Mn, Pt, Fe3O4, ect.) to obtain new hybrid ma-
terials, which can be further covered, functionalized, or combined with
drugs or other molecules for cell targeting and drug delivery [138]. In
addition, AuNPs have high direct anticancer activity, such as photo-
thermal and photodynamic, etc [137]. Therefore, AuNPs have great po-
tential to construct anticancer nano-drugs via loading chemical drugs,
antibody drugs, gene drugs as well as other anti-cancer drugs [139].
AuNPs can load chemotherapy drugs and immunotherapy drugs by
binding to amines and sulfhydryl groups [140]. Drugs conjugation with
AuNPs can improve the antitumor effect of drugs by enhanced perme-
ability and retention and active targeting effect, enriching drugs into
tumor cells [118–120]. Satapathy SR et al. developed gold-conjugated
biologically active quinacrine hybrid nanoparticles (QAuNP) [118].
This hybrid nanoparticle gives targeted controlled release of drugs,
significantly inhibits OSCC-tumor stem cells proliferation and blood
vessel formation, induces apoptosis, and reduces tumor size in a xeno-
graft mouse model. Similarly, Rathinaraj P et al. developed a
folate-gold-bilirubin (FGB) nanoconjugate for multidrug-resistant oral
cancer cells [119]. The combination of AuNPs with folic acid ligands and
the potential anti-cancer drug bilirubin targets the overexpressed folate
receptors in cancer cells and causes the death of multidrug-resistant oral
cancer cells in vitro [119]. Besides, FGB shows higher toxicity to tumor
xenograft models than bilirubin alone, suggesting its promising potential
to treat multi-drug resistant oral cancer [119]. Recently, AuNPs be used
to treat oral cancer co-conjugated with cisplatin and cetuximab [123],
which is an effective target for epidermal growth factor receptor (EGFR)
[23]. This research results show a co-delivery of cisplatin and CTX has a
high anti-cancer effect through increasing cytotoxicity and overcoming
resistance to radiotherapy [123]. Essawy MM et al. studied AuNPs
coupling DOX-related anti-oral tumor effect, and the results showed that
compared with pH-sensitive AuNPs, DOX pH resistant AuNPs treated
animals had significantly improved tumor shrinkage rate and survival
rate [120]. In addition, gold nano-loaded PDL-1 showed the ability to
promote OSCC cell apoptosis [121]. Gum Arabic, a complex mixture of
glycoproteins encompassing Arabic acid and FDA approval for human
consumption, was used to encapsulate AuNPs, which reduced CAL-27
cells viability with IC50 of 392.3 and 247.3 μg/mL after 24 h and 48 h,
respectively [135]. They also demonstrated that Gum Arabic encapsu-
lates AuNPs to cause CAL-27 cells apoptosis via inducing high hypoxia
[135]. Tumor metastasis to local or remote recurrence caused by tumor
stem cells is a major factor in tumor treatment failure. AuNPs with
quinacrine can induce oral cancer stem cell apoptosis by inhibiting DNA
replication [122]. In addition to delivering anti-cancer drugs, AuNPs
themselves have also shown anti-tumor effects [124]. Baldea I et al. re-
ported AuNPs phytosynthesized with cornus mas extract can selectively
induce the death of dysplastic oral cells without damaging normal cells
[124]. AuNPs induce cell necrosis and apoptosis by activating
p53/BAX/BCL2 and inhibiting PI3K/AKT pathway [124]. Moreover, Xia



Fig. 3. Diagnosis of oral cancer based on AuNPs. I. (a) The SEM images of the AuNPs. (b) The UV–vis absorption of the AuNPs and the AuNPs with serum. (c) Raman
spectra of blank, serum, and AuNPs. II. (a) The normalized mean SERS spectra of the different tumor size groups (T1, T2, T3, and T4). (b) The normalized average SERS
spectra of subtracted, T1–2 and T3–4. (c) The histogram of discrimination scores of T1–2 and T3–4. Source: Reprinted with permission from Ref. [112]. Republished
with permission of 2018 International Journal of Nanomedicine. III. SERS of blood serum based on AuNPs for tumor stages detection and histologic grades classi-
fication of OSCC. (a) Hematoxylin-eosin (H&E) staining for OSCC can identify tumors, boundaries, and normal sites ( � 40). (b) higher magnification ( � 100). (c) the
airSEM image of the same tumor area (a) tumor, (b) border, and (c) normal sites. Ⅳ. The higher magnification airSEM images of the different sites (a–c) in the same
area. From the tumor to the healthy site, the concentration of nanoparticles gradually decreases. Source: Reprinted with permission from Ref. [110]. Reproduced with
permission. Copyright 2016, ACS.
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C et al. reported the size of AuNPs have influence for the anti-tumor effect
and their research prove that the ultrafine AuNPs (3 nm in diameter)
could effectively inhibit the growth of OSCC tumors in vivo [133].
Overall, AuNPs have broad research and application prospects to
construct nanodrugs in oral tumors treatement.
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4.2. PTT and immunotherapy

PTT is a non-invasive therapeutic tool to eradicate tumors by
absorbing light energy to convert it into heat energy. PTT provides an
alternative route for cancer treatment by spatiotemporal control of the



Table 3
AuNPs fabricated for oral cancer treatment.

Type Treatment strategies Combination with Cell line/model Result Ref.

AuNPs Anti-angiogenic and anti-
metastatic

Anti-angiogenic drug
quinacrine

H-357 cells/xenograft
mice model

Compared with quinacrine and/or AuNPs, mice exposed to AuNPs-
based drugs simultaneously gained weight and significantly reduced
tumor volume.

[118]

AuNPs Reverse multidrug
resistance

Folate and bilirubin KB-ChR-8-5 cells/
tumor xenograft

Targeted therapy and reduce drug side effects
The tumor volume of the saline group, bilirubin group, and AuNPs-
based drug-treated group was 2.124, 1.405, and 0.954 g,
respectively.

[119]

AuNPs PTT and chemotherapy Conjugated to DOX through
pH-sensitive and resistant
linkers

OSCC (HSC-3) The apoptotic indices of combination group, single DOX, and single
AuNPs is 33.3, 12.6, and 19.3 respectively.

[120]

AuNPs Induce cell apoptosis Mouse anti-human
programmed death-ligand 1
(PD-L1)

OSCC Induce apoptosis of SCC-25 oral squamous cell carcinoma cells.
PDL1 conjugated AuNPs decreased cell viability in about 50% of
nontreated control cells.

[121]

AuNPs Cause apoptosis and
death of the CSCs

Quinacrine Cancer stem cells
(CSCs)

Caused apoptosis through modulating replication fork. The positive
apoptosis-related protein Bax increased (6.1 times) and the negative
apoptosis-related protein Bcl-XL decreased (by 5 times).

[122]

AuNPs Chemotherapy and
radiotherapy

Cetuximab and cisplatin-
conjugated

OSCC Combination therapy improves radiotherapy sensitivity. The
sensitization enhancement ratio was calculated as 1.2 and 1.9, for
AuNPs and AuNP þ Cetuximab, respectively.

[123]

AuNPs Selectively induce
necrosis and apoptosis

/ Gingival fibroblasts and
dysplastic
keratinocytes

AuNPs induced selective toxic effects against dysplastic cells and
induced antioxidant and anti-inflammatory effects.

[124]

AuNRs PTT Trehalose human OSCC cell line/
tumor mouse model

Precise treatment, at 6 weeks, tumor volume in the PBS group was 6-
fold larger than that in the treatment group.

[125]

AuNRs PTT Folate human oral epidermoid
cancer cells (KB cells)

Target and precise treatment, in the laser combined with AuNPs
treatment group, cell death reached 56%.

[126]

AuNPs PTT and radiotherapy Folate KB cells Combination of PTT and radiotherapy led to the highest early
apoptotic ratio of 27.76%.

[42]

AuNPs PTT and radiotherapy Gold-coated iron oxide
nanoparticles

KB cells Multimodal cancer therapy improved the apoptosis of cancer cells, in
the combinatorial treatment group, the cell viability substantially
decreased to 19%.

[127]

AuNFs PTT and chemotherapy Coated with two layers of
silica

CAL27 A combination of PTT and chemotherapy has better potential in the
treatment of oral tumors.

[128]

AuNRs PTT and PDT Conjugated with Rose Bengal CAL27/DMBA-induced
hamster tumor model

Combined PDT-PTT therapy resulted in 95.5% tumor suppression at
day 10, compared with 46.5% and 65.5% for PDT and PTT alone.

[129]

AuNRs PTT and gene therapy Coated with siRNA oligos
targeting BAG3

CAL-27 PTT effect was enhanced by inhibition of heat shock response-
related proteins. In the combination group, tumor volume decreased
to 39.5% on day 18 compared with 79.5% in the gene therapy group
alone.

[130]

AuNPs PTT and chemotherapy Conjugated with podoplanin
(PDPN) antibody- and
doxorubicin (DOX)-

CAL27 Show the synergetic effect of PTT and chemotherapy. The
combination group had the highest inhibitory efficiency of 82.6%
compared with 51% in the drug group alone.

[131]

AuNPs Photothermal-chemical-
radiotherapy

Alginate hydrogel co-loaded
with cisplatin and AuNPs

KB cells Develop a multi-functional platform combining photothermal-
chemical-radiotherapy. The gene expression in trimodal therapy
group up-regulation of Bax pro-apoptotic factor (by 4.5-fold) and the
down-regulation of Bcl-2 anti-apoptotic factor (by 0.3-fold).

[132]

Ultrafine
AuNPs

Modulating
microenvironment

/ Cancer-associated
fibroblasts (CAFs)

Blocking dominant cells in the microenvironment to eradicate
tumors

[133]

AuNPs PTT and PDT Black phosphorous nanosheets
and cisplatin

OSCC Effectively inhibit the metastasis and growth of OSCC, Combination
therapy can improve the overall survival rate of golden hamsters.

[134]

AuNPs Gum Arabic-encapsulated OTSCC As a promising carrier for chemotherapies to diminish intratumoral
hypoxia-stimulated resistance

[135]
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photothermal effect without being influenced by cell type [141–143].
The PTT increases the temperature in targeted tumor cells by > 20 �C
[144]. During PTT, temperature exceeding 42 �C kills malignant cells
without damaging nearby healthy tissues [145]. PTT improves the spe-
cific therapeutic effect within the light-exposed area without generating
systemic toxicity. Due to their high efficiency of photothermal conversion
properties, AuNPs are the commonly used nanomaterials for PTT of
various cancers [146,147]. Vines JB et al. had nicely summarized the
application of AuNPs in photothermal cancer therapy [148]. Liao YT
et al. used cysteine-and-peptide-modified alginate AuNRs for PTT of oral
cancer and tested its potential in vitro and mouse xenograft model [125].
AuNRs-based PTT decreased tumor volume in mouse xenograft by 5-fold
suggesting its accuracy and efficacy. Mehdizadeh A et al. coupled AuNRs
with folic acid to develop nanostructures (F-GNR) for targeted PTT
therapy [126]. Combined plasmonic PTT of 20 μM F-GNR with seven
pulsed lasers and a 6 h incubation period shows 56% lethality of human
oral epidermoid cancer cells (KB cells) [126]. These reports suggest that
the AuNPs-mediated photothermal conversion could be an effective
9

component of PTT-based oral cancer therapy. However, the oral cavity is
an open and dynamic functional organ, playing the functions of language,
swallowing, taste, and so on. Therefore, the treatment of oral cancer
needs to adopt precise treatment strategies, to better protect the normal
oral function of patients. PTT is a minimally invasive way of treating
cancer that uses light absorbers to produce photothermal damage to tu-
mors [149], which can protect the normal tissue and organ function of
patients as much as possible compared with traditional surgery,
chemotherapy, and radiotherapy. Therefore, the development of more
accurate oral photoheat treatment technology and photoheat treatment
adjuvant based on AuNPs has important clinical significance for the
treatment of oral cancer patients. This also puts forward higher re-
quirements for oral cancer PTT based on AuNRs. Oral cancer treatment
based on AuNPs needs to have targeting function, which can accurately
target oral cancer cells and combine with normal cells as little as possible.

Tumor immunotherapy is an effective and vital anti-tumor strategy,
which improves prognosis and patient survival. Immunotherapy is a new
anti-cancer strategy that recognizes and destroys cancer cells by
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activating the immune system, thereby preventing the proliferation of
cancer cells. However, the controlled regulation of the complex immune
system is the key challenge in the implementation of cancer immuno-
therapy. Immune therapies also exert serious side effects such as auto-
immunity and non-specific inflammation [150]. Moreover, conventional
immunostimulants cannot target solid tumor tissues [151]. AuNPs have
immunoregulatory and drug delivery potential [152]. AuNPs can be
transported by the enhanced permeability and retention agents and
specifically accumulate in tumor tissues and cells, which is very benefi-
cial for the targeted delivery of immune adjuvants [153]. In addition,
compared with other nanomaterials, AuNPs have more significant ad-
vantages. First, AuNPs have good plasticity which leads to changes in the
distribution, metabolism, and immunogenicity of AuNPs [154]. Sec-
ondly, AuNPs can be well surface modified and can be bonded with
various functional molecules, such as PEG, folic acid, and so on, through
gold-sulfur bonds and other chemical structures. By modifying PEG,
RGD, and immune adjuvant simultaneously, AuNPs can improve the
performance in many aspects, and comprehensively enhance the effec-
tiveness of immunoreagent targeted delivery and immune system acti-
vation [155]. Most importantly, AuNPs have a good photothermal effect,
and heat-related signals can stimulate inflammation of tumor tissues and
secrete immune factors, to better coordinate with immunotherapy drugs
to achieve efficient and low-toxicity anti-tumor immunotherapy [156].
In recent years, several studies have focused on using AuNPs to enhance
the efficacy of cancer immunotherapy. He J et al. had summarized the
recent research progress of AuNPs-based immunotherapy [152]. AuNPs
can be used as good carriers to deliver tumor-related antigens, genes, and
antibodies to enhance the effect of immunotherapy by modulating the
immune response of the body to tumor cells [152]. Choi BBR et al.
developed AuNPs conjugated with PD-L1 as a promising tool for cancer
treatment via inducing T cells to enter a resting state by binding to T cell
surface antibody PD1 [121]. These PD-L1 conjugated AuNPs induce
apoptosis in SCC-25 OSCC cells. However, the author didn't report the
immune regulation effect for T cells or OSCCs in this study. AuNPs
improve the anti-tumor effect via regulating the tumor immune micro-
environment, which can affect tumor progression via regulating den-
dritic cells (DCs) andmacrophages [152,156]. Even though there is a lack
of research about the use AuNPs in oral tumor immunotherapy, shreds of
literature had shown the immune regulating potential of AuNPs oral
cavity. AuNPs prevent 5-fluorouracil (5FU)-induced oral mucositis in
hamsters and improve the parameters of inflammation and oxidative
stress through the downregulation of inflammation gene expression
including TNF-α, IL-1β, COX-2, NF-κB, TGF-β, and SMAD 2/3 [157]. Ni C
et al. reported that 45 nm AuNPs can inhibit periodontal inflammation
through regulation of macrophage phenotype and expression of inflam-
matory factors [158]. In the microenvironment of oral tumors,
tumor-associated CAFs are the dominant population of stromal cells,
whose function is closely related to tumor cell metastasis [159–161].
Ultrafine (3-nm) AuNPs block the communication between CAFs and
OSCC tumor cells through inhibit the migration of CAFs and reduce the
activety of CAFs [133]. In vivo experiments have confirmed that ultrafine
nanoparticles have a good anti-oral tumor effect [133]. Therefore, AuNPs
have great research and application prospects in oral cancer treatment
via modulating the immune system or microenvironment.

However, compared with other cancer, it has been found in clinical
treatment that oral wound infection commonly caused by bacteria during
treatment may lead to systemic complications, thus affecting the treat-
ment and recovery of the disease, and even promoting the development
of the disease and increased mortality [162]. Therefore, antibacterial
therapy is an important challenge to be overcome in the photothermal
treatment of oral cancer. An antibacterial platform based on AuNPs is
also widely reported. Therefore, in the follow-up study of immuno-
therapy of oral cancer based on AuNPs, more attention should be paid to
the effect of antibacterial properties, to better serve the clinical practice
[163]. In addition, there are conflicting results regarding the pharma-
cokinetics (biological distribution, clearance, and toxicity) of AuNPs
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[164]. This paradoxical result may be due to differences in the shape,
size, and surface chemistry of AuNPs, as well as related research condi-
tions [164]. These conflicting data suggest that clinical use of AuNPs
remains a challenge, requiring a clearer understanding of the toxicity,
fate, and long-term exposure in vivo of AuNPs.

4.3. AuNPs based combined therapy

A single treatment method is often not effective to treat cancer. A
combination of multiple approaches exerts synergistic effects against the
tumor and gives better results. In recent years, AuNPs-based combination
treatment for cancer had been developed [42,127]. Recent reports from
the literature had found that AuNPs-based combination therapies,
including radiotherapy, chemotherapy, drug delivery, gene therapy, PTT,
or PDT are more effective in oral cancer treatment [42,127–129,131,
132]. Here, we have reviewed the recently developed AuNPs-based
combination therapy for oral cancer treatment.

4.3.1. Combination of PTT and radiotherapy
Nanoradiation sensitization has been a hot topic of cancer therapy in

the last decade. Nanoradiation sensitization increases the intracellular
radiation deposition through high atomic number (HIGH Z) nano-
materials that improve the treatment efficacy and reduce side effects
[165,166]. However, during radiotherapy, tumor recurrence, cancer cell
resistance to radiation, and limitations on damage to healthy tissue have
led to the need to find new therapies to improve treatment effectiveness
[167]. PTT combined with radiotherapy can significantly inhibit tumor
growth. At present, studies have proved that combined hyperthermia and
radiotherapy have a good synergistic effect [167]. AuNPs are promising
radiation sensitizers due to their ultra-small size and strong ability to
adsorb, scatter, and re-emit radiation [168–170]. AuNPs increase the
radiation sensitivity of tumors and reduce the radiation dose [168]. Folic
acid-coupled AuNPs (F-AuNPs) in combination with PTT and radio-
therapy had shown cytotoxic and apoptotic effects in oral epidermal
cancer cells [42]. A combination of F-AuNPs (20 μM) and X-ray enhances
the mortality rate of KB cells by 7-fold compared to normal radiation
alone [42]. Gold-coated iron oxide nanoparticles (Au@Fe2O3 NPs) in
combination with 6 mv X-ray, and near infrared laser (NIR) treatment of
KB cells in human oral epidermal cancer robustly induce cancer cell
apoptosis and drop cancer cell survival to 19% [127]. These results
indicate higher effectiveness of gold-plated iron oxide
nanoparticle-based thermal radiation therapy for oral cancer compared
to routine photothermal or radiotherapy.

4.3.2. Combination of PTT and chemotherapy
Chemotherapy is one of the three traditional effective treatments for

cancer. The use of high-dose chemotherapy drugs is prone to drug
resistance and accompanied by greater toxic and side effects [171,172].
These toxic side effects result in the limited efficacy of single chemo-
therapy. It is noteworthy that the combination of PTT and chemotherapy
with nanoplatform has many advantages, such as increasing drug tar-
geting, accumulating chemotherapy drugs at tumor sites, inhibiting DNA
repair, controlling drug release, and killing effect on cancer cells [173].
Therefore, combined photothermal therapy and chemotherapy are
considered to be effective means to improve the treatment effect and
reduce the toxicity and adverse side effects [174,175]. AuNPs are widely
studied in combination with PTT and chemotherapy because of their
drug delivery and photothermal properties [176–179]. Song W et al.
have developed a novel nanocarrier with multi-layered silica combined
with AuNFs that showed good photothermal and doxorubicin delivery
effects and has a good inhibitory effect on human tongue squamous
carcinoma cell line Cal27 [128]. The drug-loading efficiency was 9.78%,
and the entrapment efficiency was 62.6% [128]. The amount and rate of
drug release directly correlate with the low pH value and intensity of NIR
irradiation (808 nm). With NIR laser irradiation, the DOX release rate
was much faster in the pH 5.5 solution than in the pH 7.4 solution. 60%
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of the drug was released after 120 h in the pH 5.5 PBS solution [128]. Liu
Z et al. have fabricated a PDPN antibody and doxorubicin conjugated
multifunctional AuNPs (PDPN Ab-AuNP-DOX) nanometer system for the
combined chemo PTT of oral cancer (Fig. 4) [131]. This system shows
low toxicity and high drug loading, cell absorption efficiency, and
anti-tumor efficacy in both in vitro and in vivo models. The result of the
combination of PDPN Ab-AuNP-DOX with laser irradiation shows an
excellent anti-tumor effect [131]. Therefore, gold nanocarrier has the
potential for targeted release of various anti-cancer drugs in the tumor
milieu and could be a promising tool for photothermal chemotherapy
targeting malignant tumors including oral cancer.

4.3.3. Combination of PTT and PDT
PDT refers to a method of treating diseases using photosensitizer

drugs activated by specific wavelengths of visible light [144,180,181].
When the photosensitizer enters the body, it selectively accumulates in
the tumor tissue. After the photosensitizer is excited by selective light of
the appropriate wavelength, a series of photochemical reactions occur in
the tumor tissue to produce some intermediate active substances, mainly
reactive oxygen species (ROS) leading to cell death through apoptosis
[182]. PDT alone has some limitations, such as the radiation effects of
photosensitizers can also have toxic side effects on normal cells [183].
Therefore, the combination of PTT and PDT to improve the therapeutic
effect and reduce adverse reactions has become a research hotspot.
Bengal Red (RB) is a classical photosensitizer used in PDT [184]. Wang B
et al. have developed an RB-conjugated Au-NRs (RB-GNRs)-based
photodynamic-photothermal combined treatment system for oral cancer
[129]. Under the irradiation of 532 nm laser, the RB-AuNRs complex
produces ROS and exerts an anti-cancer effect [129]. At the same time,
the AuNRs exert excellent light-to-heat conversion under 810 nm laser
irradiation [129]. RB-AuNRs complex effectively damages oral tumor
cells in vitro and animal models [129]. After irradiation with 532 nm
light for 90 s, the RB-GNRs induce about 13%–73% of Cal-27 cells being
killed in a dose-dependent manner at concentrations between 0.5 and 2
nM. After irradiation with 810 nm NIR light for 5 min, RB-GNRs display
the highest cytotoxicity (89.1%, p < 0.0001) in Cal-27 cells. After the
combined PDT-PTT treatment in hamster cheek pouches model, a 95.5%
tumor inhibition rate is achieved on the 10th day. The combined PDT and
PTT treatment employing RB-GNRs is thus the most effective modality
for oral cancer therapy [129]. Black phosphorus nanosheets (BPNSs) are
considered to be a highly efficient photosensitizer due to their unique
electronic structure and layer-dependent band [185] and has been used
as PDT agent to generate singlet oxygen [186]. Zeng JJ et al. develop a
novel composite material of BPNSs and AuNPs for PTT and PDT treat-
ment of OSCC [134]. Their results indicate combination composite of
AuNPs�BPNSs loaded with cisplatin could more effectively inhibit the
metastasis and growth of OSCC [134]. Combination AuNPs has been
demonstrated to enhance the synergistic anti-tumor effects of PTT and
PDT [134]. Therefore, AuNPs-based PTD and PTT combination could be
effective, minimally invasive, and non-destructive oral cancer therapy
strategies.

4.3.4. Combination of PTT and gene therapy
Gene therapy is an emerging tumor therapy strategy that has taken

root by introducing exogenous genes into cells to treat genetic or non-
genetic diseases. Especially in cancer therapy, more than 100 treat-
ments have entered the stage of clinical research [187,188]. Genetic
drugs (RNA and DNA) are extremely easy to degrade in the body, so a
series of nano-delivery platforms have been developed to protect nucleic
acid molecules in the cell to function [189]. Some of the properties of
nanoplatforms themselves, such as photothermal properties, could
further enhance the effect of gene therapy. PTT/gene therapy based on
AuNPs has been extensively studied and proved to have good antitumor
effects [190]. Therefore, the combination of gene therapy and PTT has
been widely reported in recent years [190–192]. AuNPs are widely used
in combination with PTT and gene therapy research because of their
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excellent gene delivery performance [45,191,193]. However, the heat
shock response in the cellular defense mechanism is activated in the PTT
mediated by nanomaterials, which can easily lead to treatment resistance
of cancer cells and reduce the treatment effect. Wang B et al. have
developed a gene photothermal cooperative therapy platform, which
uses AuNRs to deliver BAG3 (Bcl-2 associated athanogene domain 3), a
gene that effectively blocks heat shock response, to improve the PTT
efficiency (Fig. 5) [130]. This platform improves the effect of PTT by
silencing heat shock genes which decreases the “heat resistance” effect of
OSCC. Real-time PCR and Western blots showed a significant reduction
of BAG3 in CAL-27 cells [130]. This result made CAL-27 cells more
sensitive to PTT, which leads to more cell apoptosis under NIR (810 nm)
light irradiation [130]. However, the biosafety of AuNRs-siRNA was not
evaluated in this study.

4.3.5. Multimodal combination therapy
Multimodal combination therapy has become a new hotspot in

oncology clinical research because of its potential synergistic effect [194,
195]. Multimodal combination therapy can achieve a better response in a
shorter period than one or two treatments alone, thus reducing the
incidence of drug resistance [196]. In our previous study, we reported
AuNRs were synthesized in the cavity of hollow silica nanoparticles to
construct rattle-structured rough nanocapsules, which were used for
complementary gene/chemo/photo therapy and play a high-efficiency
anti-tumor effect [45]. Multimodal combination therapy has also been
extensively studied in oral tumors [197–199]. AuNPs have become a
promising platform for the diagnosis and treatment of nanomedicine
with multiple therapeutic and diagnostic functions [200–203]. Alamza-
deh Z et al. proposed an alginate hydrogel, cisplatin, and AuNPs multi-
functional nanoplatforms for thermo-chemo-radiotherapy [132]. This
system uses a combination of PTT (532 nm laser), chemotherapy, and
radiotherapy (6 mv x Radiation) for oral cancer therapy. This combo
therapy reduced human mouth epidermal carcinoma（KB）cell viability
to 17%, increases the intracellular reactive oxygen species level by
4.4-fold, and upregulates Bax (pro-apoptotic) expression by 4.5-fold.
Results showed the synergistic effect of alginate hydrogel, cisplatin,
and AuNPs to produce powerful anti-cancer effects [132]. However, the
in vivo anti-OSCC therapeutic efficacy of this multimodel combination
therapy should be further evaluated.

4.4. Imaging-guided cancer therapy

In recent years, accurate and effective imaging-guided tumor thera-
pies have attracted extensive attention in the field of nanomedicine
[204–208]. AuNPs integrate imaging and therapeutic functions simul-
taneously, making it possible to construct image-guided therapies
[209–211]. AuNPs have unique optical properties, which can enhance
the scattering and absorption of tissue signals. By targeting tumor cells,
the signal contrast between tumor cells and normal cells can be improved
so that tumor cells can be observed under a microscope. According to this
imaging principle, Huang XH et al. have coupled AuNRs with monoclonal
anti-EGFR (AuNRs-EGFR) [212]. Under microscope observation, the
AuNRs-EGFR complex distinguishes normal cells from malignant oral
cancer cells. At the same time, the laser-generated heat effectively kills
cancer cells. This theranostic platform combined with imaging and
treatment ability simultaneously achieves effective oral cancer cell
diagnosis and selective PTT [212]. In addition, the combination of other
imaging technologies, such as MRI and computed tomography, can better
realize image-guided tumor treatment [213]. MRI is an effective way to
provide image guidance for particle-mediated thermal ablation because
the fine soft-tissue contrast of MRI makes it possible to identify lesions
and key structures for planning and targeting therapy [213]. Super-
paramagnetic Iron Oxide (SPIO) nanoparticles are a good MRI sensitizer
and can provide real-time temperature-sensitive feedback during therapy
[214]. In oral cancer research, Melancon MP et al. reported that the
multifunctional superparamagnetic iron oxide coated with gold



Fig. 4. Combined chemotherapy and PTT based on AuNRs in the human OSCC. I. The illustration of the synthesis and chemo-photothermal cancer therapy of PDPN
antibody-AuNPs-doxorubicin. II. In vivo antitumor effect and biological distribution of PDPN antibody-AuNPs -doxorubicin in a xenograft tumor model. (A) Thermal
images of tumors after treatment with saline, free DOX, AuNPs, and (PDPN Ab)-AuNP-DOX, followed by laser irradiation. (B) the temperature curve of mouse tumor
after being treated with different groups. (C) The excised solid tumors image and (D) tumor volume changes of different treatment groups. (E) DOX levels were
detected in different organs of mice after DOX and (PDPN Ab)-AuNP-DOX were injected into the tail vein at an equivalent DOX dose. Source: Reprinted from Ref. [131]
Copyright 2020, with permission from Futuremedicine).
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Fig. 5. Combined gene therapy and photothermal therapy PTT based on AuNRs in the human OSCC. I. Schematic design of the preparation of Au NRs-siRNA and
application in oral cancer PTT therapy. II. Au NRs-siRNA inhibited tumor growth in the xenograft model after irradiation by laser. (a) Average percentage growth of
tumors in different groups. (b) The excised solid tumors image from the different groups after treatment 18 days. The expression of BAG3 (c) and apoptotic cells (d) is
determined by immunochemistry and TUNEL assay after 24 h treated with different groups. Source: Reprinted from Ref. [130] Copyright 2016, with permission
from Elsevier).
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nanoshells can simultaneously visualize and treat oral cancer by selective
ablation [215]. This theranostic approach not only increases the efficacy
of thermal ablation but also reduces thermal damage to surrounding
normal tissues that improve the safety and effectiveness of oral cancer
treatment.
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4.5. Clinical trials and applications

Very few FDA-approved clinical trials of AuNPs are being carried out
for cancer theranostic applications. CYT-6091 is the first AuNPs-based
cancer therapy that reached early-phase clinical trials in 2005 [216].
This citrate-coated 27 nm AuNPs bound with thiolated PEG and TNF-a
(Aurimmune; CytImmune Sciences, Rockville, MD) showed tumor



Fig. 6. Scheme of AuNPs for diagnostic and therapeutic applications in oral
cancer. CT: chemotherapy, GT: gene therapy.
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targeting and tumor toxicity dual effects. Controllable fever was the only
side effect observed in the Phase I trial enrolling 29 patients with solid
cancers unresponsive to conventional therapies. A clinical trial of
CD24-Gold Nanocomposite expression using Real-time quantitative po-
lymerase chain reaction is going to be conducted in Egypt for diagnostic
and prognostic accuracy of AuNPs in salivary gland tumors
(NCT04907422) [217]. We did not find FDA-approved clinical trials of
AuNPs for oral cancer theranostic applications in the literature.

5. Summary, challenges, and prospects

In the last decade, a variety of AuNPs had been fabricated for oral
cancer diagnosis and therapy applications and their efficacy had been
widely tested in vitro and in animal studies. Fig. 6 summarizes the
possible potentials of AuNPs for diagnostic and therapeutic applications
in oral cancer. AuNPs showed the promising potential for the application
in oral cancer early diagnosis and detection of tumor staging. Similarly,
literature had well-reported AuNPs applications in drug delivery, PTT,
and combination therapies such as PTT þ radiotherapy, PTT þ chemo-
therapy, PTTþ gene therapy, and PTTþ PDT for oral cancer. AuNPs also
showed efficacy in multimodal combination therapy and image-guided
cancer therapy of oral cancer. However, AuNPs-based immunother-
apies had been developed and their efficacy had been tested in other
cancers but not in oral cancer. AuNPs-based oral cancer theranostics had
not entered the clinical trials and clinical applications yet. The advances
in AuNPs development technologies and promising results of AuNPs for
oral cancer diagnosis and therapy from in vitro and animal studies
indicate the possible clinical application potential of AuNPs in oral
cancer theranostics in near future.

Although AuNPs show great potential in the diagnosis and treatment
of tumors, biosafety remains an important challenge that needs to be
addressed. Although many studies have found that AuNPs have good
biocompatibility and in vivo safety, some studies have found that AuNPs
are toxic in vivo. These contradictory results may be due to the different
synthesis methods of AuNPs, or the different morphology, size, and
structure of AuNPs. Therefore, the biosafety problems caused by various
properties of AuNPs need to be addressed before possible clinical trials.

AuNPs have tremendous potential for application in oral cancer such
14
as early screening, diagnostic typing, drug delivery, PTT, radiotherapy,
combined therapy, and theranostics. The research on the application of
AuNPs in oral cancer diagnosis and therapy is in a very early stage.
Further research works are mandatory to improve biological safety and
minimize the short and long-term systemic adverse effects of AuNPs to
facilitate the preclinical and clinical trials in oral cancer diagnosis and
treatment. Based on the recent advances in AuNPs-related research in
cancer theranostics, the possibility of preclinical and clinical application
in oral cancer diagnosis and therapy is very considerable in near future.
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