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-based strategies for gastric
cancer imaging and treatment

Xianghui Li, Shichao Ai, Xiaofeng Lu,* Song Liu* and Wenxian Guan*

Gastric cancer is the second biggest cause of cancer-related deaths worldwide. Despite the improvement

in deciphering molecular mechanisms, advances of detection and imaging, implementation of prevention

programs, and personalized treatment, the overall curative rate remains low. In particular, with the

emergence of nanomaterials, different imaging modalities can be integrated into one single platform,

and combined therapies with synergetic effects against gastric cancer were established. Moreover, the

development of theranostic strategies with simultaneous diagnostic and therapeutic ability was boosted

by multifunctional nanoparticles. Herein, we present a comprehensive review of major nanotechnology-

based breakthroughs for gastric cancer imaging and treatment. We will describe the superiority of

nanomaterials used in gastric cancer and summarize nanotechnology applications for the improvement

of cancer imaging and therapeutic efficacy.
1 Introduction

Gastric cancer is one of the most common malignancies
worldwide,1 with approximately 400 000 new cases in 2019.2

Despite the predicted decline in incidence, gastric cancer is still
a leading cause of cancer-related deaths at present, with the
h highest morbidity and the third highest mortality among
all diagnosed malignancies.3 The high incidence and unfavor-
able prognosis of gastric cancer remain a public health issue,
especially in East Asia.4,5 Most patients are diagnosed at the
advanced stage and succumb to a worse prognosis and quality
of life. The World Health Organization divided gastric cancer
into papillary, tubular, mucinous, and poorly cohesive carci-
nomas. However, a clear biological classication scheme has
not been achieved, and clinical utility is limited.6 It is urgent to
translate our understanding into relevant clinical advances.

Nano platform has emerged as a promising strategy for
tumor theranostics and surgery guidance due to its versatile
imaging and therapeutic abilities.7,8 Based on their unique
nanoscale, nanoparticles are employed as contrast agent and
drug delivery carrier. For instance, ascribe to the leaky vascu-
lature and poor lymphatic drainage of tumor tissue, nano-
particles are expected to enter the interstitium and prolong
tumor retention.9 It is of great signicance to deal with the
obstacles such as in vivo stability and rapid clearance of contrast
agent along,10 as well as low efficiency and side effects of the
naked drug.11 Additionally, some nanoparticles were function-
alized and modied with targeted ligands. They provide better
ool of Nanjing University, 321 Zhongshan
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sensitivity and high resolution and protect image payloads from
self-quenching. All these properties indicate that nanoparticles
can be modied in many different ways for gastric cancer
diagnosis and treatment.

Nevertheless, image-guided surgery has made great strides
in recent years.12,13 In parallel with the sophisticated infra-
structure and prohibitive cost of traditional imagingmodalities,
nanoparticles with sufficient sensitivity and specicity can
identify surgical margins and local metastasis in real time.14 A
large number of nanoparticles sought to conquer the unfavor-
able prognosis of cancer were developed. Some of them were
involved in clinical trials.15–19

Therefore, we review the recent progress of nanoparticles
implemented in gastric cancer diagnosis and treatment to
depict the nanotechnology from design to application targeted
at gastric cancer. Firstly, we briey discussed the superiority of
nanomaterials involved in gastric cancer management.
Secondly, the available nanomaterials for gastric cancer
imaging was introduced. Moreover, functional nanomaterials
constructed for different therapies and theranostics were dis-
cussed. Finally, we paid attention to the challenges and limi-
tations and had envisioned a promising improvement in the
near future.
2 Nanotechnology approaching
gastric cancer
2.1 Enhanced gastric cancer targeted imaging/drug delivery

In clinical practice, traditional imaging examinations including
magnetic resonance imaging (MRI), computed tomography
(CT), positron emission computed tomography (PET), single-
photon emission computed tomography (SPECT), and PET-CT
© 2021 The Author(s). Published by the Royal Society of Chemistry
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is extensively used in gastric cancer diagnosis. However, the
contrast agents are restricted to poorly targeted biodistribution,
single imaging modality, rapid clearance, and other unwilling
side effects. Diverse types of nanoparticles with inherent char-
acteristics or functional modication shed light on the devel-
opment of novel enhanced imaging pathways for gastric cancer
diagnosis. They generally hold the same advantages consisting
of real-time imaging, specic accumulation in tumor and local
metastasis, superior tumor-background ratio, high sensitivity as
well as high resolution.

2.1.1 Integrin receptor. In terms of gastric cancer tissue, its
biomarkers have been taken into consideration in constructing
new nanoparticles. Integrins are a family of transmembrane
receptors taking part in cellular interaction with an extracellular
matrix. avb3 integrin is overexpressed on the surface of several
types of cancer (including gastric cancer) cells and activated
endothelial cells of tumor neovasculature, while its expression
level in normal cells is extremely low.20 Hence, arginine–
glycine–aspartic acid (RGD) peptide, targeting avb3 integrin
with numerous advantages of peptide implemented for
biomedicals such as easy chemical synthesis, tiny size, high
stability, and low immunogenicity, has been widely utilized as
the positive targeting strategy in the rational design of nano-
particles for gastric cancer.21 RGD peptide-decorated nano-
particles achieved sufficiently satised performance benecial
from targeting tumor site.22

An integrin-targeting RGD-indocyanine green (RGD-ICG)
molecular probe with a surgical navigation system was devel-
oped by Cheng et al.23 With this RGD decorated nanoprobe, the
sensitivity and specicity of their diagnosis method raised to
93.93% and 100% respectively, with a diagnostic index (DI) of
193.93% and a diagnostic accuracy rate of 93.93%. Further-
more, compared with the conventionally-treated control group,
the minimum tumor diameter measured was 1.8 mm during
the surgery and the operative time was shortened by 3.26-fold.
These results showed this RGD-ICG probe not only improved
the diagnostic accuracy rate for gastric cancer, shorten the
operative time, but also improved the quality of the surgery for
gastric cancer.

Besides, researchers still have been making efforts to gure
out a high affinity and capability sequence to use in biomedical
areas among various motifs and RGD, such as cRGDyk, a cyclic
RGD peptide. Mao et al. fabricated chlorin e6 conjugated silk
broin-based nanoparticles with cRGDyk as targeting ligand for
drug delivery (5-uorouracil, 5-FU) and photodynamic therapy
for gastric cancer. This active tumor cell targeting nanoparticle
manifested sustained release, perfect PDT potentials. In MGC-
803 cells loaded mice, tumor burden was greatly reduced with
excellent biocompatibility and safety.

2.1.2 HER2. Overexpressed human epithelial growth factor
receptor 2 (HER2) associated with tumor invasion, metastasis,
chemoresistance, and poor prognosis has been proved in
numerous cancers including breast cancer, gastric cancer, and
ovarian cancer.24 Its signicant overexpression in gastric cancer
takes a proportion of about 23%, which endows it another
target spot for nanotechnology.25 Peptides with high affinity
combining extracellular HER2 such as MARSGL has been
© 2021 The Author(s). Published by the Royal Society of Chemistry
reported.26 On this basis, Kanazaki et al. designed iron oxide
nanoparticles conjugated with anti-HER2 moieties, which was
consist of whole IgG, single fragment variable, and the above-
mentioned peptide.27 Results demonstrated high affinity and
specic binding to HER2 expressing cells of the nanoparticles,
indicating the potential promising application as an in vivo
tumor imaging probe. Other HER2 targeting strategies were also
proposed in the nanotechnology realm.28–32 Christopher et al.
reported dual HER2 targeting nanoparticles with trastuzumab
and liposomal-encapsulated doxorubicin (MM-302) demon-
strated synergistic targeting and anti-tumor activity in breast
cancer and gastric cancer.33 By targeting different domains of
the HER2 receptor, MM-302 and trastuzumab could simulta-
neously bind to HER2-overexpressing tumor cells. Moreover,
this novel combination therapy that efficiently targets HER2-
overexpressing cells through multiple mechanisms theoreti-
cally supported a randomized phase II clinical trial.

2.1.3 Other biomarkers. The phenomenon of increased
glucose uptake in gastric carcinoma was believed to be facili-
tated by glucose transporters (Gluts).34 Increased expression of
gluts accelerate cell proliferation and indicate higher UICC
stage and inferior prognosis.35 Accordingly, Ding et al. reported
a “Sweet Tooth”-oriented SN38 prodrug delivery nanoplatform
for targeted gastric cancer therapy.36 Various biomarkers have
been utilized for targeted delivery. Increased expression level of
carcinoembryonic antigen (CEA) in gastric cancer inspired its
antibody conjugated liposomes.37,38 Iinuma et al. developed
CEA-targeted adenovirus-mediated gene delivery.39 A cisplatin-
encapsulated transferrin–polyethylene glycol liposome were
utilized for peritoneal dissemination of gastric cancer.40 As
a human monoclonal antibody, GAH positively reacts to >90%
cancerous stomach tissues, but negatively to all normal tissues.
In a phase I and pharmacokinetic study, Matsumura et al. re-
ported that an immunoliposome-encapsulated doxorubicin
showed superior cytotoxic activity against several GC cell lines
and the toxicities were mild.41 These strategies optimized drug
distribution and targeted delivery.

2.1.4 Tumor microenvironment. Apart from overexpressed
biomarkers, tumor microenvironment was another vital aspect
taken into consideration, in which the cellular metabolism,
acidic environment, and concentration of some biological
substances are signicantly different from normal tissue.
Therefore, environmental response nanoparticles which can
respond to specic tumor microenvironment was extensively
developed and utilized in cancer diagnosis and treatment.
Glutathione (GSH) is a natural agent with the ability to reduce
disulde bonds. More importantly, it is indispensable in regu-
lating cell growth as well as maintaining redox homeostasis
with a 4-fold higher concentration in tumors than that in
normal cells.42,43 Additionally, GSH concentration is at sub-
millimole levels intracellularly but at micromole levels extra-
cellular.44 In this scenario, stimuli-responsive nanoplatforms
towards GSH for tailorable drug-releasing or therapeutic
payloads delivery became a possible pathway to improve the
efficacy for gastric tumors with low toxicity to normal tissue. Shi
et al. synthesized RGD-decorated polyethylene glycol (PEG)–
paclitaxel (PTX) conjugates with disulde linkage.45 These
RSC Adv., 2021, 11, 35392–35407 | 35393
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amphiphilic PEG–PTX conjugates assembled into micelles and
would be decomposed under the reduction of GSH and ulti-
mately release PTX in weakly acidic conditions of the intracel-
lular environment. It was proved that the release of PTX from
the micelles in response to GSH, and the micelles could be
delivered to the tumor site and inhibit the tumor growth effi-
ciently with low side effects. Zhang et al. reported a sequential
catalytic platform based on Au/Pt star targeting tumor micro-
environment containing a GSH-sensitive disulde bond.46 In
xenograed murine mode, the probe specically targeted the
tumor sites, then the disulde linker was cleaved by GSH and
the IR780 molecules could be released for both photo-thermal
therapy and photodynamic therapy. Later, glucose oxidase
loaded in the probe effectively catalyzed intracellular glucose in
the manner of consuming oxygen to generate H2O2 and
enhance the local acidity, then the Pt layer exhibited peroxidase-
like property and catalyzed H2O2 producing toxic $OH for tumor
oxidative damage. GSH-sensitive release and real-time imaging
ability were simultaneously possessed in this nano-platform.
Novel molecular target pots and relevant strategies are
emerging and paving the way for personal therapy (Fig. 1).47,48
2.2 Enhanced multi-level gastric cancer management

When it comes to gastric cancer treatment, nanotechnology
likewise revealed more and more its versatility even at different
stages. The majority of patients with gastric cancer who diag-
nosed at an advanced stage resulted in a dismal prognosis,
while nanotechnology serves as the potential solution to
address this issue. Nanoparticles with high spatial resolution
can realize an early diagnosis and precise therapy at the milli-
meter level.49 By taking advantage of nanoparticles, the evalu-
ation manifested that visible or microtumor peritoneal
metastasis lesions could also be detected, which enhanced the
survival rate.50

2.2.1 Early diagnosis. Furthermore, because early gastric
cancer is not manually palpable owing to its shallow invasion
depth. Deciding an adequate gastric resection range by
Fig. 1 Nanoparticles designed for gastric cancer theronostics.

35394 | RSC Adv., 2021, 11, 35392–35407
localizing techniques as well as surgeon's experience and visual/
tactile cues is inevitable. Wang et al. evaluated the imaging
efficacy of charcoal nanoparticles during laparoscopic surgery
for gastrointestinal cancer.51 The nanoparticles served as
a tattoo agent and located tumors within a short time. Subse-
quent pathologic examination revealed that tumors in all
removed tissues, which indicated nanotechnology contributed
to a precise removal of gastric cancer.

2.2.2 Lymph node metastasis detection. Lymph node
metastasis is another important reason for disappointing
prognosis and low survival rate.52 Lymph-bored metastasis
could occupy over half gastric cancer metastasis, to which
radiotherapy and regional lymph nodes dissection serve as the
main strategy. Consequently, thoroughness of regional lymph
node dissection is of signicant importance for survival
improvement. However, due to the limited time available
during surgery, detailed pathological examinations including
multisection and immunohistochemical were not always per-
formed.53 Nanoparticles detecting lymph node metastasis were
reported by Shi et al.54 The resulting strong uorescence and CT
contrast in metastatic lymph nodes compared to normal lymph
nodes can precisely differentiate lymph node metastasis of
gastric cancer.

There are several other reasons for taking advantage of
nanoparticles in countering gastric cancer. Nanoparticles could
be used in detecting surgical margins while a negative surgical
margin was associated with decreasing rates of local recurrence
and improving survival. And nanotechnology does not interfere
with the surgical workow. These characteristics indicate the
brilliant prospect for nanoparticles to fulll immense potential
in gastric cancer diagnosis and treatment.
2.3 Administration of nanomedicines

Most nanomedicines were administrated systemically. Because
they can specically located at tumor site for diagnosis and
therapy with high bioavailability. There are also novel modes of
administration, such as percutaneous microneedle and in situ
© 2021 The Author(s). Published by the Royal Society of Chemistry
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hydrogel injection. In consideration of hydrochloric acid in
gastric juice, oral administration is difficult. Nevertheless, an in
vivo activatable pH-responsive graphitic nanozyme for selective
treatment of H. pylori was reported. In clinical practice,
surgeons inject tracer (e.g., ICG) by endoscopy preoperatively or
intraoperatively for precise tumor resection and lymph node
dissection. However, in preclinical study, experimental animals
are not suitable for endoscopy.
3 Nanoparticles designed for the
imaging of gastric cancer
3.1 Fluorescence imaging

As a remarkable imaging modality, uorescence imaging holds
prominent merits such as excellent sensitivity, real-time mode,
fast imaging, exible instrument, high safety, and low cost.55

The near-infrared (NIR) window from 700 to 1300 nm is supe-
rior to the visible wavelength. Imaging with light below 700 nm
is strongly absorbed by hemoglobin as well as other endoge-
nous molecules, and scattering in human tissues. Imaging with
light above 1300 nm is retarded by the lipid and water absor-
bance.56 Among the NIR uorophores, indocyanine green (ICG),
which has been approved by the US Food and Drug Adminis-
tration (FDA), thanks to its relatively lower tissue absorption
and higher quantum yield.57 It is the rst adoption for in vivo
imaging in the human body.58 Ding et al. reported the PEGy-
lated liposome-encapsulated ICG with RGD peptide conjugated
covalently not only present higher UV absorbance spectrum and
stability than free-ICG in vitro but also accumulated more in the
tumor tissues of SGC7901 tumor-bearing mice.59 Hironori et al.
established ICG-loaded lactosome (ICGm) nanoparticle and
investigated its theranostic value using a murine draining
lymph node metastasis model of gastric cancer.60 In vivo imaging
revealed the metastatic lymph nodes in the ICGm-treated mice
while in the ICG-treated group the metastatic lymph nodes didn't
appear. Wang et al. synthesized a novel ICG conjugated gold
nanoshells which effectively accumulated in both subcutaneously
transplanted and peritoneal metastasis models.50 Near-infrared
imaging provided sufficient optical contrast and accurate detec-
tion of both visible and microtumor lesions (<3 mm) for preop-
erative guidance and intraoperative resection.

Although there are other types of nanoparticles-based uo-
rophores developed for gastric cancer diagnosis, such as FDA
approved 5-aminolevulinic acid (5-ALA) and other cyanine-
based uorophores,61 the inherent limitations cannot be
ignored. Due to the uorophores visible emission prole,
imaging light scattering, and tissue penetration remain ex-
pected to be ameliorated. Indeed, the NIR window can be
further divided into NIR I and NIR II. Because the magnitude of
scattering is inversely proportional to the wavelength of light,
NIR II uorophores have piqued researchers' interest.62 More-
over, when imaging at gradually longer wavelengths, the quality
of photon attenuation, tissue autouorescence, and scattering
are all signicantly reduced.63 Several NIR II nanoparticles
aimed at tumor imaging have been investigated,64 but the
current application for gastric tumors is rigorously limited.
© 2021 The Author(s). Published by the Royal Society of Chemistry
3.2 Photoacoustic imaging

Photoacoustic (PA) imaging is one of the promising imaging
modalities with the ability to provide high sensitivity and
resolution 2D and 3D imaging.65 In PA imaging, non-ionizing
pulse lasers directly irradiate toward biological tissue, and the
energy is absorbed by exogenous nanoparticles or endogenous
molecules such as hemoglobin. The energy converts into heat
and confers on the resultant thermal expansion, which is
related to the physiological properties of the tissue and the
generated ultrasonic waves are measured by an ultrasound
transducer. These results are ultimately analyzed and recon-
structed as PA images.

Wang et al. coated RGD-conjugated silica on the surface of
carbon nanotubes to gastric cancer-bearing nude mice
models.66 Observed by an optoacoustic imaging system, results
showed the nanotubes targeted gastric cancer cells in vivo and
obtained strong photoacoustic imaging in the nude model.
Kengo et al. designed iron oxide nanoparticles conjugated with
anti-HER2 moieties for PA tumor imaging.27 The nanoparticles
selectively visualized HER2-positive tumors in PA imaging
studies and are a potential PA contrast agent for gastric cancer
imaging. Liang et al. prepared gold nanostars-based PEGylated
nanoprobes with conjugated CD44v6 monoclonal antibodies as
the targeting ligands.67 PA imaging revealed that the nanop-
robes could target gastric cancer vascular system actively at 4 h
post-injection. Yang et al. packaged the novel photosensitizers
(IR780) and metformin in PEG-PCL liposomes, whose corre-
sponding 3D imaging video demonstrated that nanoparticles
could reach capillary vessels around tumor tissues over time,
depict the tumor vasculature through PA imaging, and further
monitor the treatment effect more clearly.68
3.3 Computed tomography

CT is a widely used non-radioactive examination for tumor
diagnosis. Though safe and mature imaging technologies were
achieved in the clinic, poor targeting and dissatised sensitivity
remain the main limitation. Nanotechnology is regarded as
a glorious improvement strategy. Zhang et al. conducted a clin-
ical study and used contrast-enhanced CT with targeting
nanoparticles contrast agent to diagnose early-stage gastric
cancer.69 Compared with single CT detection, contrast-
enhanced CT with targeting nanoparticles improves not only
the accuracy of CT but also the diagnostic condence in
patients with suspected gastric cancer. Similar results were re-
ported in esophageal cancer.70
3.4 Magnetic resonance imaging

Magnetic resonance imaging (MRI) is another common detec-
tion means. Among which, inorganic nanoparticles take the
main place and superparamagnetic iron oxide nanoparticles
(SPIONs) are dominated.71–74 Yan et al. reported MRI/optical
dual-modality molecular probe.75 The nanoprobe was conju-
gated coupling polyethylene glycol (PEG)-modied nano-Fe3O4

with specic targeted cyclopeptide GX1 and near-infrared uo-
rescent dyes Cy5.5. The nanoparticles could selectively gather in
RSC Adv., 2021, 11, 35392–35407 | 35395
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gastric cancer loaded mice and the distribution model was
consistent with the distribution of new vessels. Guo et al.
present the development of a biological nanoprobe with high
biocompatibility by bonding b-CD onto the surface of iron
oxide-gold nanoclusters (Fe3O4@Au@b-CD).76 This nanoprobe
could be selectively uptaken by gastric cancer cells (MGC-803)
and exhibited red uorescence in the cells. Nevertheless, it
showed a low r2/r1 ratio and could be a potential T2 contrast
agent for MRI. However, the limitations of SPIONs including
genotoxicity should not be neglected,77 and other types of
nanoparticles for MRI have been exploited. A Gd-doping CuS
micellar nanoparticles conjugated with cRGD and a metal-
loprotease-2 (MMP-2) – cleavable uorescent substrate was re-
ported by Shi et al.78 In response to MMP-2, this nanoprobe
displays a high r1 relaxivity (�60.0 mM�1 s�1 per Gd3+ at 1 T)
and a large NIR uorescence turn-on ratio (�185-fold). This
study highlights the versatility of designing tumor-targeting,
and activatable nanoprobes with improved selectivity for
gastric cancer MRI in vivo (Fig. 2).
3.5 Multimodal imaging

Above mentioned imaging strategies certainly provided
improvements in gastric cancer detection, while every single
imaging strategy was hindered by its inbuilt limitations.
However, merely single imaging technology imperative cannot
Fig. 2 (a) Scheme illustration of tumor-targeting and MMP-2 activatab
accumulate in the gastric tumors via avb3 integrin mediated active de
Reprinted with permission from ref. 78. Copyright 2019, American Chem

35396 | RSC Adv., 2021, 11, 35392–35407
reveal all desired information. By combing several imaging
strategies, clinicians have access to multiple, complementary,
and integrated diagnosis cues and trumpet the strengths and
counteract potentially negative effects of different tools simul-
taneously. For instance, clinically established including MRI,
CT, and PET are generally utilized preoperatively and post-
operatively for high sensitivity and deep depth imaging, while
real-time modalities including uorescence imaging and PA
imaging can export high contrast imaging intraoperatively
though limited from a low depth of detection.

With the ability to deliver multiple payloads, nanoparticles
are propitious to play the carrier role in multimodal imaging.
Several nanoparticles armed with multimodal imaging potential
have been explored.79,83 Compared to a single imaging device,
SPECT/CT with dual validation can minimize false signals. A novel
targeted nuclear imaging agent, diethylenetriaminepentaacetic
acid (DTPA)/glucose-regulated protein 78 (GRP78BP)-conjugated
micelles with radioisotope indium-111 (111In) showed higher
radioactive signals than non-targeted 111In-labeled micelles.80 The
efficiency of DTPA/GRP78BP-conjugated micelles with 111In
reached 93%. Another phospholipid-shelled nanodroplets encap-
sulating peruoropentane (PFP) with copper-64 (64Cu) labeled
were evaluated for PET/CT and ultrasound imaging.81 These
nanomaterials contribute to the diagnosis by fusing the science
and technology of different imagingmodalities. Shi et al. designed
the mesoporous silica gadolinium-loaded gap-enhanced Raman
le fluorescent nanoprobe (T-MAN), which can selectively enter and
livery. (b) Fluorescence image of T-MAN. (c) MR imaging of T-MAN.
ical Society.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Schematic diagram of the synthetic process of iRGD-W18O49-17AAG. (b) In vivo CT image of iodixanol and iRGD-W18O49-17AAG
nanoparticles. (c) In vivo fluorescence image of iRGD-W18O49-17AAG. Reprinted with permission from ref. 83. Copyright 2019, John Wiley and Sons.
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tags for both preoperative and intraoperative imaging.82 They
exhibited strong attenuation property for CT imaging, high T1
relaxivity for MRI capability and surface-enhanced Raman spec-
troscopy (SERS) signal with outstanding dispersity and stability,
presented multi-mode imaging performance of gastric tumor.
Nanoparticles are expected tomakemore progress in gastric tumor
detection in a multimodal way (Fig. 3).
4 Strategies of nanoparticles in the
treatment of gastric cancer
4.1 Chemotherapy

With the advantages such as reliable biocompatibility and
biodegradability, nanomedicines are feasible for chemothera-
peutics delivery. As a second-line therapy for locally advanced or
metastatic gastric cancer, PTX is highly lipophilic and not
suitable for injection. Abraxane consists of albumin nano-
particles and PTX with a particle size of approximately 130 mm.
The nanoformulation maintains treatment benets and
decreases the toxicities simultaneously. Moreover, aside from
the EPR effect, by transendothelial transport via albumin-
binding protein, nanoparticles accumulate more in tumor
tissue.84 Abraxane has been approved by FDA for several cancers
including metastasis breast cancer, lung cancer, and pancreatic
cancer, and clinical trials for the efficacy and safety in gastric
cancer therapy were conducted, showing promising activity and
manageable toxicities.85 Shi et al. reported a novel type of PTX
nanoparticles with RGD-decorated and disulde linkage,
endowing the polymer–PTX with active target and environment
response ability.45 In vivo results indicated that the nano-
particles were delivered to the tumor site, inhibited the tumor
growth efficiently by releasing PTX, and exhibited low side
© 2021 The Author(s). Published by the Royal Society of Chemistry
effects. Tetrandrine (Tet) is a bisbenzylisoquinoline alkaloid
with potential antitumor effects in several cancers and proved
to enhance the antitumor activity of PTX in gastric cancer
synergistically. Li et al. encapsulated Tet into self-assemble PTX
nanobers and acquired novel PTX and Tet co-loaded nano-
bers.22 The self-assembled nanobers depicted an improve-
ment of mitochondrial apoptosis level and a strong antitumor
effect both in vitro and in vivo, enhancing the clinical efficacy
and reducing the side effect of Ptx in gastric cancer.

As one of the rst-line gastric cancer antineoplastics, 5-
uorouracil (5-FU) is a uorinated pyrimidine uracil analog
with the cytotoxicity related to thymidylate synthase binding
and inhibition. In the studies of Elisabete et al.86 the nano-
particles co-loaded with 5-FU and PTX were surface-
functionalized with a monoclonal antibody targeting a glycan
mediating hematogenous metastasis named sialyl-Lewis A. As
a result, this nano-vehicle was successfully developed to deliver
5-FU and PTX therapeutic agents to metastatic gastric cancer
cells. Collectively, nanoparticles are anticipated to establish
improved therapeutics against gastric cancer.

Besides, irinotecan and doxorubicin were widely applicated
in clinical practice and show single-agent activity. An irinotecan
hydrochloride curcumin nanosystem showed more toxic than
single components, and GC cells had more absorption and
higher toxicity to nanoparticles under slightly acidic condi-
tions.87 Zhou et al. encapsulated doxorubicin into a pH-sensitive
and long circulation nanoparticle for chemo-photothermal
synergistic treatment.88 The suppression of this nanosystem
was signicantly better than single chemotherapy or photo-
thermal treatment. Dual-targeting hybrid nanoparticles for
SN38 delivery to Her2 and CD44 overexpressed gastric cancer
was reported by Yang and his colleagues.89 Upon encapsulating
SN38 agent in the NPs, the anti-Her2 peptide and hyaluronic
RSC Adv., 2021, 11, 35392–35407 | 35397
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acid on the surface allow preferential delivery of the nano-
particle to gastric cancer cells. Nanoformulations facilitate
chemotherapy against gastric cancer.

Resistance to chemotherapy remains a major hurdle for
gastric cancer administration which attributes to tumor relapse
and failure of chemotherapy.90 Based on their unique physico-
chemical properties originated from nanoscale size, nano-
particles are allowed to penetrate the cell membrane and
accumulate more into tumor sites than routine drugs, sug-
gesting the potential application against drug resistance.91

Azimee et al. used TiO2 nanoparticles for improving the
chemotherapeutic effects of 5-FU in human AGS gastric cells.92

TiO2 nanoparticles increase reactive oxygen species (ROS)
production, block autophagy ux, and subsequently induced
cytotoxic and apoptotic effects of 5-FU improvement in AGS
cells. By inhibiting the expression of P-glycoprotein (P-gp), Yang
et al. found another way to combat drug resistance.93 The SPION
functionalized with chemosensitizing agent XMD8-92 could
carry anticancer drug doxorubicin (DOX) to multiple drug
resistance gastric cancer cells (SCG 7901/VCR). In comparison
with DOX treatment, the nanoparticles both in vitro and in vivo
exhibited higher efficient tumor inhibition. Nanoparticles may
pave the way to offer a possible solution for circumventing the
resistance of chemotherapy in gastric cancer.
4.2 Radiotherapy

Radiotherapy producing high energy ionizing radiation may
cause lethal damage in tumor tissue, inhibit microscopic tumor
and regional lymph nodes extensions.94 Along with the
advances in tumor imaging, nanoparticles played an immense
role in radiotherapy. Compared with radiation alone, nano-
particles served as radiosensitizers could bring better thera-
peutic benets.95 Zhang et al. explored the chitosan-modied
gold nanoparticles (CS-GNPs) in the applications of gastric
cancer cell's response to X-ray irradiation.96 MTT results
revealed the biocompatibility of CS-GNPs while the survival
rates under irradiation comparison with irradiation alone
conrmed the enhancement of cell radiation therapeutic
sensitivity, indicating the potential application in gastric cancer
irradiation therapy. Likewise, Huang et al. synthesized
biocompatible Ag microspheres with bovine serum albumin
(BSA).97 The individual Ag microsphere composed of nanoscale
Ag assemblies showed enhanced radiation effects in gastric
cancer cells. Collectively, due to their high atomic number and
electron densities, gold and silver nanoparticles were widely
applied as radiation sensitizers to increase energy deposition
into tumor site and enhance the efficacy of radiotherapy as
a result.98

For advanced gastric cancer, with the feature of a high
tendency of invasion and metastasis, the adjuvant chemo-
radiotherapy treatment seemed to be a viable option.
However, severe general toxicity retarded standard chemo-
radiotherapy application in clinical practice. Therefore, the
demand for better therapeutic efficacy and fewer side effects
drove the development of novel therapeutic strategies. Based on
the above-mentioned Abraxane and human neutrophils (NEs)
35398 | RSC Adv., 2021, 11, 35392–35407
with radiotherapy is present by Ju et al.99 Human NEs were
developed to carry Abraxane and conrmed to maintain their
intrinsic functions. In this system, modest radiation was
applied to exert tumor disruption and increase the inamma-
tory factors released, which in turn guided the NEs homing to
tumoral sites. Then, Abraxane/NEs were activated by inam-
matory factors and formed neutrophil extracellular traps,
leading to a burst release of Abraxane and nally induced
superior tumor suppression. Nanoparticles for adjuvant chemo-
radiotherapy may provide more opportunities for patients with
advanced gastric cancer.
4.3 Phototherapy

Phototherapy, namely photo-triggered therapeutic modalities,
holds the superiorities of selective, non-invasive, and repeatable
operation and is mainly consist of photodynamic therapy (PDT)
and photothermal therapy (PTT).100 Besides, photo-induced
chemotherapy101,102 and photoimmunotherapy (PIT)103 also
attracted signicant attention in recent years. Given the
hydrophobic nature of most photosensitizers which impedes
their systemic administration, nanoparticles could serve as
perfect carriers to deliver photosensitizers located in tumor
sites and improve their biodistribution. Moreover, light could
be easily tuned and focused to achieve precise treatment, which
decreases damage to healthy tissue. IR780 is a widely used
photosensitizer response to irradiation and generates ROS and
heat. However, because of its high hydrophobicity and photo-
sensitivity, IR780 is almost insoluble in water and needs
encapsulation. Deng et al. utilized an amphiphilic macromo-
lecular conjugate (sericin–cholesterol) with folic acid (FA) as
a target ligand to encapsulate IR780. Such an amphiphilic
macromolecule, which was able to form stable micelles by self-
assembly, greatly raised the solubility and photo-stability of
IR780. Aer absorbed by FA-positive gastric cancer cells (BGC-
823), The FA-Ser-Chol/IR780 micelles depicted remarkable
PDT and PTT cytotoxicity under laser irradiation. We previously
reported IR780 and metformin packaged in PEG-PCL liposomes
and exploited a step-by-step therapy.68 Upon such nanoparticles
accumulated in tumor tissues and were irradiated by 808 nm
laser, ROS were generated while metformin and IR780 were
further released. Then metformin can directly inhibit complex I
located in the mitochondrial electron transport chain. Resul-
tant cell respiration inhibited overcame tumor hypoxia and
ultimately enhanced PDT and PTT for gastric cancer. These
works announced the application of nanoparticles in photo-
sensitizers delivering and gastric cancer phototherapy
assistance.

Apart from organic nanoparticles, other types of nano-
materials such as CuS nanoparticles,61,78 graphene nano-
particles,104 and gold nanoparticles,105–107 were developed for
photothermal therapy. Yang et al. developed the tumor-
targeting nanoparticles comprising carboxyl-group-
functionalized W18O49 nanoparticles, iRGD, and HSP90-
inhibitor 17AAG.83 The W18O49 nanoparticles showed excel-
lent PTT and CT imaging contrast, in which 17AAG can inhibit
the heat-shock response and overcome the thermoresistance,
© 2021 The Author(s). Published by the Royal Society of Chemistry
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thus increasing the curative effect of PTT and reducing the
chance of tumor recurrence. Both in vivo and in vitro, the
potential of W18O49 nanoparticles in gastric cancer targeting,
dual-modality imaging, and remarkable enhanced PTT is
highlighted. Gold nanoparticles are highly efficient in the
conversion of optical energy into heat. Zhang et al. reported the
mesoporous carbon–gold hybrid nanoprobes for real-time
imaging, PTT/PDT, and nanozyme oxidative therapy.106

Because of the large surface area and numerous –COOH groups,
the nanoparticles were available for surface chemically modi-
cation with numerous targeting molecules and loading abun-
dant NIR dye IR780, the carbon–gold hybrid nanoprobes
revealed excellent tumor targeting efficacy, long tumor reten-
tion, and favorably therapeutic effect for gastric tumor.
4.4 Combination therapies and theranostics

Novel therapies, such as targeted therapy, gene therapy, and
immunotherapy, emerged in recent years and promote anti-
cancer treatments. Though trastuzumab and ramucirumab
were approved by the FDA and European Union for targeted
therapy against advanced gastric cancer, most patients do not
get a benet.108 Combination therapies may be a preferred
choice for better outcomes. In a clinical trial, trastuzumab plus
chemotherapy exhibited a signicantly longer overall survival.
The development of gene therapy in combination with anti-
cancer drugs also provided an unprecedented opportunity to
improve treatment outcomes.109 For instance, an aptamer-
siRNA chimera/5-FU combined collagen membrane can
specically bind to gastric cancer cells, targeted delivered 5-FU,
and silenced drug-resistant gene.110 Combining immuno-
therapy with chemotherapy is another attractive putative ther-
apeutic strategy.111 TfR1 binding with H-ferritin nanocarrier
may be a new option, which achieves prognostic diagnosis and
enhances the therapeutic efficacy in clinical gastric cancer.112

Moreover, a combination of PTT/PDT with chemotherapy and
adjuvant immunotherapy was also established and promoted
strong antitumor immune responses.113
Table 1 Representative nanotechnology-based theranostic agents for g

Nanoparticles

ICG-loaded lactosome
Carbon–gold hybrid nanoparticles
Ternary copper-based chalcogenide nanoplatform CuS–NiS2 nanomaterial
Hyaluronidase-sensitive mesoporous silica nanoparticles
Chlorin e6 functionalized silk broin nanoparticles
Folic acid–sericin–cholesterol/IR780 micelles
IR820/paclitaxel/imiquimod/encapsulated thermosensitive liposome
Cisplatin/ICG loaded PLGA-(DSPE-PEG2000) nanoparticles
Oxaliplatin–Au–Fe3O4–herceptin nanoparticles
RGD-CuS-Cy5.5 nanoparticles
W18O49 nanoparticles
PEGPCL-IR780-MET nanoparticles
PTX-R837-IR820@TSL

DOX-IR820 nanoparticles

a Abbreviations: PA, photoacoustic; PTT, photothermal therapy; PDT, pho

© 2021 The Author(s). Published by the Royal Society of Chemistry
As well as multimodal imaging and combination therapy, by
taking advantage of the versatility of nanoparticles, there are
more and more nano-based designs of the co-delivering
imaging unit and the therapeutic unit at once, which means
theranostic nanoparticles. Previously, clinicians mainly detec-
ted tumor before or aer therapeutic measures, while thera-
nostic nanoparticles endow us with the power of synchronous
diagnosis and treatment. Moreover, some frameworks of
nanoparticles themselves armed with the abilities of imaging,
such as gold nanoparticles for CT and SPIONs for MRI, were
also excellent candidates for theranostic system construction.
Nevertheless, most photosensitizers, such as IR780 and chlorin
e6 were both possessed of imaging abilities and tumor toxic-
ities. That is because photosensitizers can serve as the vector
not only to absorb NIR and excite uorescence but also to
generate ROS and/or produce heat.114 The other type of thera-
nostic nanoparticles is to envelop diagnosis and treatment
payloads into the same nanoparticles. However, more complex
structure and assembling may be credited for increasing the
difficulty of quality control and additional cost. To date, there
are batch to batch nano-based theranostic systems have been
reported and showed their potentials in gastric cancer
management (Table 1).
5 Challenges and prospectives

Among in excess of 50 nanomedicines approved by the FDA, few
are available for gastric cancer treatment.115 A fundamental
obstacle remains in the complicacy of aberrant molecule charac-
teristics of gastric cancer patients. The world health organization
divided gastric cancer into papillary, tubular, mucinous, and
poorly cohesive carcinomas. However, a clear biologic classica-
tion scheme has not been achieved, and clinical utility is limited.6

Moreover, the molecular pathway of gastric cancer is still unclear.
Deciphering molecular mechanisms and identifying potent
biomarkers of gastric cancer are believed to promote signal back-
ground ratio and facilitate theranostic performance (Fig. 4).
astric cancera

Imaging strategy Therapeutic strategy References

Fluorescence PTT 60
Fluorescence PTT 106

s MRI PTT/PDT 125
Fluorescence PDT 68 and 126
Fluorescence Chemotherapy 126 and 127
Fluorescence PTT/PDT 114 and 127
Fluorescence PTT/PDT/chemotherapy 113 and 114
Fluorescence Chemotherapy 113 and 128
MRI Chemotherapy 29 and 128
CT/MRI PTT 29 and 61
CT/uorescence PTT 61 and 83
PA/uorescence PTT 68 and 83
Fluorescence PTT/PDT/chemotherapy/

Immunotherapy
68 and 113

Fluorescence PTT/chemotherapy 88

todynamic therapy.

RSC Adv., 2021, 11, 35392–35407 | 35399
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Fig. 4 (a) Schematic illustration of PEG-PCL-IR780-MET NPs. (b) In vivo fluorescence image of PEG-PCL-IR780-MET NPs. (c) Photoacoustic image of
PEG-PCL-IR780-MET NPs (d) H&E staining and TUNEL staining tumor sections. Copyright with permission from ref. 68. Copyright 2020 Elsevier.

RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
N

ov
em

ba
 2

02
1.

 D
ow

nl
oa

de
d 

on
 2

1/
10

/2
02

5 
16

:0
3:

10
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
The applications and limitations of available nanoparticles
are as above-mentioned. Limited tissue penetration depth
retarded the utility of NIR dyes. Signal of quantum dots (QDs)
35400 | RSC Adv., 2021, 11, 35392–35407
can detect in deeper depth though, the biocompatibility and
safety are worried. Some strategies have been proposed to pave
the way for better performance. Multiplexed NIR-II probes,
© 2021 The Author(s). Published by the Royal Society of Chemistry
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consists of donor–acceptor–donor (DAD) dyes and NIR-II
imaging probes, were reported by Rui et al. and demonstrated
an excellent imaging approach to guide sentinel lymph node
surgery in various cancer models.116 On the one hand, NIR-II
uorescence imaging with longer wavelengths reduces scat-
tering and tissue auto-uorescence; on the other hand, the
identical molar amount of QDs displayed superior brightness
and photo-stability. This combination of dual-NIR II imaging-
guided surgery can be performed under bright light and add-
ing to its potential and convenience in clinical use. Another
naked eye and uorescence dual-mode imaging agent was
synthesized for lymph node tumor metastasis diagnosis.117

However, the relevant researches approaching gastric cancer are
limited.

Despite the mounting studies in this eld, most of them are
in vivo ones. Because of the metabolisms in the body, the
peculiarities of the nanoparticles, and the high degree of tumor
heterogeneity, the biodistribution and targeting ability of
nanoparticles may be different in preclinical studies and
clinical practice. For example, proteins including antibodies
may be absorbed on the surface of nanoparticles and form
the protein corona.118 Denatured proteins in the corona of
nanoparticles impact the targeting and antitumor activities
in vivo.119,120 Biomimetic nanoparticles are supposed to
address this issue.121 Extracellular vesicles are natural
nanoscale membrane vesicles. Engineered extracellular
vesicles with unique physiological and biochemical proper-
ties, including prolonged retention circulation time,
improved tissue and organ targeting specicity, and
enhanced cytoplasmic delivery efficiency, are contributing to
tumor image tracing and treatment.122 Likewise, membrane
coated nanoparticles were shown to be promising nano-
carriers. Combined with RGD peptide or HER-2 antibody,
biomimetic nano-platforms are leading the way to conquer
the off-target effect and prolong in vivo circulation.21,123

Multifunctional nanoparticles were endowed with additional
capabilities such as targeting and image contrast enhancement.
However, additional functionality leads to additional synthetic
steps and costs. Furthermore, more complex behavior and
effects in vivo and greater regulatory hurdles are concerned.124

Taken the great heterogeneity of gastric cancer, it is of signi-
cance to understand the molecular underpinnings of gastric
cancer progression, and design good manufacturing practice
(GMP)-grade nanoparticles.

In summary, nanotechnology is a promising strategy for
early diagnosis and imaging-directed therapy against gastric
cancer, one of the most common malignant tumors worldwide.
Series of materials with different imaging and therapeutic
capabilities were enrolled in nanoparticles design and synthesis
and achieved inspiring outcomes. Though some obstacles have
not been conquered and there is a long way from preclinical
studies to clinical translation, comprehensive understanding
and systematic view may promote rational designing and
translational medical research. We believe that nano-based
technology facilitates imaging and therapeutic advances and
shows a bright future.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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 Reactive oxygen species

PTT
 Photothermal therapy

PIT
 Photoimmunotherapy
Consent for publication

All authors agree to publish.

Availability of data and material

The datasets used and analyzed during the current study are
available from the corresponding author on reasonable request.

Funding

This work was supported by the National Natural Science
Foundation of China (81602103) and the Natural Science
Foundation of Jiangsu Province (BK20200052).

Conflicts of interest

All authors have no conict of interest.

References

1 F. Bray, J. Ferlay, I. Soerjomataram, R. L. Siegel, L. A. Torre
and A. Jemal, Global cancer statistics 2018: GLOBOCAN
estimates of incidence and mortality worldwide for 36
cancers in 185 countries, Ca-Cancer J. Clin., 2018, 68(6),
394–424.

2 R. L. Siegel, K. D. Miller and A. Jemal, Cancer statistics,
2019, Ca-Cancer J. Clin., 2019, 69, 7–34.

3 M. Arnold, J. Y. Park, M. C. Camargo, N. Lunet, D. Forman
and I. Soerjomataram, Is gastric cancer becoming a rare
disease? A global assessment of predicted incidence
trends to 2035, Gut, 2020, 69(5), 823–829.
RSC Adv., 2021, 11, 35392–35407 | 35401

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra01947c


RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
N

ov
em

ba
 2

02
1.

 D
ow

nl
oa

de
d 

on
 2

1/
10

/2
02

5 
16

:0
3:

10
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
4 P.-A. Leake, R. Cardoso, R. Seevaratnam, L. Lourenco,
L. Helyer, A. Mahar, C. Law and N. G. Coburn, A
systematic review of the accuracy and indications for
diagnostic laparoscopy prior to curative-intent resection of
gastric cancer, Gastric Cancer, 2012, 15, S38–S47.

5 L. Yang, Incidence and mortality of gastric cancer in China,
World J. Gastroenterol., 2006, 12(1), 17–20.

6 I. D. Nagtegaal, R. D. Odze, D. Klimstra, V. Paradis,
M. Rugge, P. Schirmacher, K. M. Washington, F. Carneiro
and I. A. Cree, Edito WHOCT: The 2019 WHO
classication of tumours of the digestive system,
Histopathology, 2020, 76(2), 182–188.

7 C. Y. Kuo, Y. Chao and C. P. Li, Update on treatment of
gastric cancer, J. Chin. Med. Assoc., 2014, 77(7), 345–353.

8 R. Duncan and R. Gaspar, Nanomedicine(s) under the
Microscope, Mol. Pharm., 2011, 8(6), 2101–2141.

9 B. Haley and E. Frenkel, Nanoparticles for drug delivery in
cancer treatment, Urol. Oncol.: Semin. Orig. Invest., 2008,
26(1), 57–64.

10 S. K. Golombek, J.-N. May, B. Theek, L. Appold, N. Drude,
F. Kiessling and T. Lammers, Tumor targeting via EPR:
Strategies to enhance patient responses, Adv. Drug
Delivery Rev., 2018, 130, 17–38.

11 W. Volmar, K. P. Tracy and M. Nicole,
Nanopharmaceuticals (part 1): products on the market,
Int. J. Nanomed., 2014, 9, 4357–4373.

12 I. S. Alam, I. Steinberg, O. Vermesh, N. S. van den Berg,
E. L. Rosenthal, G. M. van Dam, V. Ntziachristos,
S. S. Gambhir, S. Hernot and S. Rogalla, Emerging
Intraoperative Imaging Modalities to Improve Surgical
Precision, Mol. Imaging Biol., 2018, 20(5), 705–715.

13 N. E. Wojtynek and A. M. Mohs, Image-guided tumor surgery:
the emerging role of nanotechnology, Wiley Interdisciplinary
Reviews Nanomedicine and Nanobiotechnology, 2020, p.
e1624.

14 K. R. Tringale, J. Pang and Q. T. Nguyen, Image-guided
surgery in cancer: a strategy to reduce incidence of
positive surgical margins, Wiley Interdiscip. Rev. Nanomed.,
2018, 10(3), 18.

15 C. Daxiang, M. Lijun, Z. Xiao and Z. Chunlei, Advances and
Prospects of Nanotheranostic Technology for Gastric
Cancer, Nano Biomed. Eng., 2016, 219–239.

16 R. T. Li, B. R. Liu and J. H. Gao, The application of
nanoparticles in diagnosis and theranostics of gastric
cancer, Cancer Lett., 2017, 386, 123–130.

17 Z. M. Avval, L. Malekpour, F. Raeisi, A. Babapoor,
S. M. Mousavi, S. A. Hashemi and M. Salari, Introduction
of magnetic and supermagnetic nanoparticles in new
approach of targeting drug delivery and cancer therapy
application, Drug Metab. Rev., 2020, 52(1), 157–184.

18 Q. Y. Jia, Z. Y. Zhao, K. Liang, F. C. Nan, Y. Li, J. Wang,
J. C. Ge and P. F. Wang, Recent advances and prospects
of carbon dots in cancer nanotheranostics, Mater. Chem.
Front., 2020, 4(2), 449–471.

19 S. Tong, H. Zhu and G. Bao, Magnetic iron oxide
nanoparticles for disease detection and therapy, Mater.
Today, 2019, 31, 86–99.
35402 | RSC Adv., 2021, 11, 35392–35407
20 C. Jin, B. N. Zhang, Z. Wei, B. Ma, Q. Pan and P. Hu, Effects
of WD-3 on tumor growth and the expression of integrin
avb3 and ERK1/2 in mice bearing human gastric cancer
using the 18F-RGD PET/CT imaging system, Mol. Med.
Rep., 2017, 16(6), 9295–9300.

21 M. Alipour, M. Baneshi, S. Hosseinkhani, R. Mahmoudi,
A. J. Arabzadeh, M. Akrami, J. Mehrzad and H. Bardania,
Recent progress in biomedical applications of RGD-based
ligand: from precise cancer theranostics to biomaterial
engineering: a systematic review, J. Biomed. Mater. Res.,
Part A, 2020, 108(4), 839–850.

22 X. L. Li, N. Yu, J. Li, J. N. Bai, D. Ding, Q. Y. Tang and
H. E. Xu, Novel “Carrier-Free” Nanober Codelivery
Systems with the Synergistic Antitumor Effect of Paclitaxel
and Tetrandrine through the Enhancement of
Mitochondrial Apoptosis, ACS Appl. Mater. Interfaces,
2020, 12(9), 10096–10106.

23 H. D. Cheng, C. W. Chi, W. T. Shang, R. G. W. Sha, J. X. Cui,
J. Z. Ye, S. X. Jiang, Y. M. Mao, C. T. Zeng, H. P. Huo, et al.,
Precise integrin-targeting near-infrared imaging-guided
surgical method increases surgical qualication of
peritoneal carcinomatosis from gastric cancer in mice,
Oncotarget, 2017, 8(4), 6258–6272.

24 S. Lorenzen and F. Lordick, How will human epidermal
growth factor receptor 2-neu data impact clinical
management of gastric cancer?, Curr. Opin. Oncol., 2011,
23(4), 396–402.

25 W. Tai, R. Mahato and K. Cheng, The role of HER2 in cancer
therapy and targeted drug delivery, J. Controlled Release,
2010, 146(3), 264–275.

26 M. Houimel, P. Schneider, A. Terskikh and J. P. Mach,
Selection of peptides and synthesis of pentameric
peptabody molecules reacting specically with ErbB-2
receptor, Int. J. Cancer, 2001, 92(5), 748–755.

27 K. Kanazaki, K. Sano, A. Makino, Y. Shimizu, F. Yamauchi,
S. Ogawa, N. Ding, T. Yano, T. Temma and M. Ono,
Development of anti-HER2 fragment antibody conjugated
to iron oxide nanoparticles for in vivo HER2-targeted
photoacoustic tumor imaging, Nanomedicine, 2015, 11(8),
2051–2060.

28 H. Zolata, H. Afarideh and F. A. Davani, Triple Therapy of
HER2(+) Cancer Using Radiolabeled Multifunctional Iron
Oxide Nanoparticles and Alternating Magnetic Field,
Cancer Biother.Radiopharm., 2016, 31(9), 324–329.

29 D. R. Liu, X. W. Li, C. L. Chen, C. Li, C. B. Zhou,
W. D. Zhang, J. G. Zhao, J. Fan, K. Cheng and L. Chen,
Target-specic delivery of oxaliplatin to HER2-positive
gastric cancer cells in vivo using oxaliplatin-Au-Fe3O4-
herceptin nanoparticles, Oncol. Lett., 2018, 15(5), 8079–
8087.

30 M. Truffi, M. Colombo, L. Sorrentino, L. Pandol,
S. Mazzucchelli, F. Pappalardo, C. Pacini, R. Allevi,
A. Bonizzi, F. Corsi, et al., Multivalent exposure of
trastuzumab on iron oxide nanoparticles improves
antitumor potential and reduces resistance in HER2-
positive breast cancer cells, Sci. Rep., 2018, 8(1), 6563.
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra01947c


Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
N

ov
em

ba
 2

02
1.

 D
ow

nl
oa

de
d 

on
 2

1/
10

/2
02

5 
16

:0
3:

10
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
31 J. Peng, J. Chen, F. Xie, W. Bao, H. Xu, H. Wang, Y. Xu and
Z. Du, Herceptin-conjugated paclitaxel loaded PCL-PEG
worm-like nanocrystal micelles for the combinatorial
treatment of HER2-positive breast cancer, Biomaterials,
2019, 222, 119420.

32 M. Satpathy, L. Wang, R. J. Zielinski, W. Qian, Y. A. Wang,
A. M. Mohs, B. A. Kairdolf, X. Ji, J. Capala and M. Lipowska,
Targeted Drug Delivery and Image-Guided Therapy of
Heterogeneous Ovarian Cancer Using HER2-Targeted
Theranostic Nanoparticles, Theranostics, 2019, 9(3), 778–
795.

33 C. W. Espelin, S. C. Leonard, E. Geretti, T. J. Wickham and
B. S. Hendriks, Dual HER2 Targeting with Trastuzumab
and Liposomal-Encapsulated Doxorubicin (MM-302)
Demonstrates Synergistic Antitumor Activity in Breast and
Gastric Cancer, Cancer Res., 2016, 76(6), 1517–1527.

34 T. Kawamura, T. Kusakabe, T. Sugino, K. Watanabe,
T. Fukuda, A. Nashimoto, K. Honma and T. Suzuki,
Expression of glucose transporter-1 in human gastric
carcinoma: association with tumor aggressiveness,
metastasis, and patient survival, Cancer, 2001, 92(3), 634–
641.
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