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Silica-based nanoframeworks have been extensively studied for diagnosing and treating
hepatocellular carcinoma (HCC). Several reviews have summarized the advantages and
disadvantages of these nanoframeworks and their use as drug-delivery carriers.
Encouragingly, these nanoframeworks, especially those with metal elements or small
molecular drugs doping into the skeleton structure or modifying onto the surface of
nanoparticles, could be multifunctional components participating in HCC diagnosis and
treatment rather than functioning only as drug-delivery carriers. Therefore, in this work, we
described the research progress of silica-based nanoframeworks involved in HCC
diagnosis (plasma biomarker detection, magnetic resonance imaging, positron
emission tomography, photoacoustic imaging, fluorescent imaging, ultrasonography,
etc.) and treatment (chemotherapy, ferroptotic therapy, radiotherapy, phototherapy,
sonodynamic therapy, immunotherapy, etc.) to clarify their roles in HCC theranostics.
Further, the future expectations and challenges associated with silica-based
nanoframeworks were highlighted. We believe that this review will provide a
comprehensive understanding for researchers to design novel, functional silica-based
nanoframeworks that can effectively overcome HCC.
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INTRODUCTION

Hepatocellular carcinoma (HCC), comprising 75–85% of primary liver cancer, is one of the most
diagnosed cancer worldwide. Nearly 900 thousand new cases and 830 thousand deaths due to HCC
are reported each year globally (Sung et al., 2021). The 5-year survival rate of HCC is about 18%,
making it the third leading cause of cancer after lung and colorectal cancers (Jemal et al., 2017).
China contributes to the majority of HCC death each year (Kong et al., 2021), which is related to the
high incidence of chronic infection with hepatitis B or C, substantial alcohol intake, obesity, smoking,
and hepatic cirrhosis (Zheng et al., 2018). Hepatectomy, liver transplantation, transcatheter arterial
chemoembolization, image-guided transcatheter tumor therapy, radiotherapy, chemotherapy, and
immunotherapy are the treatment options for patients with HCC (Dimitroulis et al., 2017). Among
them, hepatectomy is the first-line treatment for early stage HCC with a low mortality rate (<3%)
after surgery (Kong et al., 2019a; Villanueva, 2019). However, usually, most patients with HCC are
diagnosed at an advanced stage with rapid progression and poor prognosis (Pinyol et al., 2019; Teufel
et al., 2019; Renne et al., 2020). Further, the poor selectivity of conventional chemotherapy
accompanied by severe side effects and multidrug resistance (MDR) (Rudalska et al., 2014)
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seriously hinder the HCC treatment outcome. To make matters
worse, the 5-year recurrence rate is up to 70% (Pinyol et al., 2019).
Hence, developing novel scientific and technological ways for the
early diagnosis, precise treatment, or diagnosis and treatment
integration of HCC is in urgent need.

The development of nanotechnology promotes cancer
treatment. More than 50 nanodrugs have been introduced for
clinical use since 1995 (Chi et al., 2020). Further, several
nanodrugs (such as ThermoDox, ALN-VSP, etc.) against HCC
are in different stages of the clinical trial, which bring dawn to the
patients with HCC (Tabernero et al., 2013; Lyon et al., 2017). In
addition to liposome-based nanoformulations, polymers (Deng
et al., 2021), dendrimers (Kianamiri et al., 2020), carbon-based
nanovehicles (Yu et al., 2020), metal-organic frameworks (Hu
et al., 2020), and mesoporous silica nanomaterials (MSNs) (Liu
et al., 2020) have been developed as the nano theranostics for
HCC. Among the abovementioned nanomaterials, MSNs are
promising candidates for drug delivery due to their
customizable pore/particle size, large surface area, high drug-
loading capacity, and sustained/controlled release feature (Poonia
et al., 2018). MSNs have been mainly synthesized by the modified
Stöber method, also known as the sol-gel method. The templates,
silica source, acid or base, and water are mixed in certain orders to
form the silica sol, which turns into silica gel during the aging
process. Calcination or the acidic solvent extraction process is
then performed to obtain the MSN powder (Mohamed Isa et al.,
2021). The properties of MSNs can be adjusted by controlling the
added compounds or reaction conditions. MSNs can load
different types of cargoes (hydrophilic or hydrophobic
compounds, small molecules, large molecules, etc.) due to
their customizable pore sizes and porous surfaces (Barkat
et al., 2021). The easy-to-modify functional properties confer
MSNs with site targeting as well as stimuli-responsive release
characteristics (Zhao et al., 2019). For instance, our group
constructed arginine-glycine-aspartic acid (RGD)-modified
MSNs and polyacrylic acid-capped MSNs for targeted delivery
and tumor microenvironment (TME)-sensitive release of
antitumor drugs in HCC sites (Xiao et al., 2016; Fei et al.,
2017). Both nanodrugs showed superior antitumor effects
compared to the free drugs. Furthermore, MSNs can overcome
MDR by co-delivering antitumor agents, thus providing a new
approach to cancer therapy (Xue et al., 2017; Wu et al., 2018). Up
to now, several reviews have summarized and analyzed the nano
drug-delivery systems (nDDS) developed based on MSNs, fully
demonstrating the potentials of this material in oncology
diagnosis and treatment (Tao et al., 2020; Gao et al., 2020;
Mohamed Isa et al., 2021). However, most of these reviews
summarized MSNs as multi-functional drug carriers (Paris
and Vallet-Regí, 2020; Mohamed Isa et al., 2021) or stimuli-
responsive delivery platforms (Li et al., 2019a; Barui and Cauda,
2020; Živojević et al., 2021) for the treatment of tumors and other
diseases such as osteosarcoma (Quadros et al., 2021), breast
cancer (Poonia et al., 2018), glioblastoma (Nam et al., 2018),
prostate cancer (Farina et al., 2018), atherosclerosis (Sha et al.,
2021) and rheumatoid arthritis (Madav et al., 2020). Few of them
have noticed that the framework of silica-based nanoplatforms
(SNFs) can also take a leading part in the diagnosis and treatment

of diseases. Hence, in this study, we reviewed the research
advances of silica-based frameworks involving HCC theranostics.

The -Si-O-Si- bonds formed by the continuous hydrolysis of
silica sources in an aqueous environment are the framework of
conventional MSNs. With the extensive research performed in
the past decade, researchers have found that the reconstruction or
modification of the MSN skeleton not only maintain their
superior drug-delivery characteristics but also confer MSNs
with therapeutic effects against HCC. For instance, metal ions
will hydrolyze to form metal-O bonds and dope into the
framework of MSNs to generate metal-doped MSNs (Fei et al.,
2020a). The spatial structure of the metal-doped MSNs showed
similarity to that of conventional MSNs. Therefore, they still have
high drug-loading efficiency as well as sustained/controlled drug
release feature. Interestingly, the metal ions in novel SNFs can
contribute to the diagnosis and treatment of HCC. In 2019, the
research group constructed the manganese (Mn)-doped
mesoporous silica nanocarrier (MnMSNs) (Tang et al., 2019).
The -O-Mn-O- of MnMSNs disintegrated in the reducing
cytoplasmic environment of HCC cells to release Mn2+, which
could be used for the magnetic resonance imaging (MRI)
diagnosis of HCC. Importantly, this process consumed
glutathione (GSH) in HCC cells and destroyed the redox
balance, and hence, this consumption played a synergistic
effect against HCC with the loaded drugs. Apart from metal
ions, MSNs can dope with small molecular compounds, such as
dopamine (Liu et al., 2019c), carbon compounds (Lv et al., 2015),
and phosphorous compounds (Fan et al., 2018), and the doped
MSNs have high photothermal conversion efficiency and play a
therapeutic effect on HCC. The metal-silica composite
nanomaterials produced by the directional growth on the
surface of metal nanomaterials can enhance the sensitivity of
HCC cells to radiotherapy (Wang et al., 2017d). The existing
reviews mainly describe the advantages of MSNs as
chemotherapeutic drug carriers, however, a single
chemotherapy approach is often unsatisfactory for HCC
treatment. SNF-assisted tumor diagnosis and treatment
strategies are expected to become the next research hotspot.
To fully understand the role of SNFs and promote their
clinical transformation, in this review, we summarized SNF-
based diagnosis [nanochips for plasma biomarkers, MRI,
positron emission tomography (PET), fluorescent imaging,
ultrasound imaging, etc.] (Table 1), and treatment
(chemotherapy, ferroptotic therapy, radiotherapy,
phototherapy, sonodynamic therapy, and immunotherapy) for
HCC (Table 2).

SNF-BASED HCC DIAGNOSIS

Better prognosis is usually observed in patients with HCC who
are in their early stages when the liver function is still preserved
and the patients are asymptomatic. Hence, the early diagnosis of
HCC can significantly increase the survival rate and improve the
prognosis of these patients (Etzioni et al., 2003; Ayuso et al.,
2018). The diagnosis of HCC mainly consists of plasma
biomarker detection and imaging examinations like MRI, PET,
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and ultrasound. However, the disadvantages of these diagnostic
modalities namely low sensitivity, high false-positive rates, non-
specific features hinder their clinical use (Pinero et al., 2020).
Thus, novel diagnostic agents and instruments for HCC are
urgently needed. Silica-based nanomaterials are of particular
interest for HCC diagnosis due to their unique structural and
functional properties (Mochizuki et al., 2021). Several studies
have attempted to find more precise ways for the early diagnosis
of HCC by integrating silica-based nanoframeworks with existing
diagnostic technology (Table 1).

SNF-Based Nanochips for the Identification
of HCC Plasma Biomarkers
The recognition of HCC biomarkers in the plasma is vital for its
early clinical diagnosis. Alpha-fetoprotein (AFP) is the most
commonly detected tumor-associated protein and is used for
the early diagnosis of HCC (Sauzay et al., 2016). However, the
current diagnostic approaches have limited detection sensitivity
and are time-consuming or require complex instruments, making
the development of highly sensitive detection technologies an
urgent requirement for detecting serum biomarkers present in
very low concentrations (Ayuso et al., 2018; Singh et al., 2020). A
sandwich immunoassay based on surface-enhanced resonance
Raman (SERR) spectroscopy was developed that exhibited high
sensitivity and specificity to human AFP (Gong et al., 2007). This
system was composed of Ag/SiO2 nanoparticles-loading
rhodamine B isothiocyanate dye as the SERR-scatting (SERRS)
tags and silica-coated magnetic nanoparticles as the
immobilization matrix and separation tool. Polyclonal
antibody and monoclonal antibody were chemically modified
onto the surfaces of Ag/SiO2 nanoparticles and silica-coated

magnetic nanoparticles respectively, using glutaraldehyde as a
crosslinker. The monoclonal antibody-modified silica-coated
magnetic nanoparticles were first mixed with PBS buffer
containing the AFP antigen and 1% bovine serum albumin
and subsequently incubated with polyclonal antibody-modified
Ag/SiO2 nanoparticles. The sandwich immunocomplexes were
separated from the solution under a constant magnetic field and
subjected to Raman analysis. An augmented Raman signal was
observed as a result of the fluorescence quenching and the
Raman-enhancement ability of silver. Moreover, the detection
results of the AFP antigen at diverse concentrations showed that
the sandwich immunoassay had high sensitivity and specificity
for AFP recognition with a detection range of 11.5 pg/ml to
0.12 μg/ml (Gong et al., 2007). Inspired by the arginine selective
conductometric biosensor based on arginase and urease
(Soldatkina et al., 2018), a conductometric immunoassay based
on the bienzyme (arginase and urease)-functionalized
nanometer-sized silica beads was developed to detect AFP
(Liang et al., 2018). First, the ureases were doped into silica
nanoparticles via the reverse micelle method. Then, the
arginase-labeled anti-AFP secondary antibodies were coupled
to the urease-doped nanosilica particles. The anti-AFP capture
antibodies were coated on the microplates and the sandwich-
type immunoreaction was carried out by adding the AFP-
containing sample and arginase-coated nanometer-sized
urease-doped silica beads. Finally, the introduced L-arginine
was enzymolyzed to L-ornithine and urea by the arginase, and
the produced urea was subsequently decayed into ammonia and
bicarbonate under the urease enzymatic reaction, resulting in
the changed conductivity of the solution that could be
quantitatively monitored. The nanometer-sized silica beads
increased the loading amounts of enzymes based on their

TABLE 1 | The classification of functional SNFs for HCC diagnosis.

Imaging type Functional SNFs Size (nm) Application Ref

AFP detection Ag/SiO2 nanoparticles and silica-coated Fe3O4 nanoparticles 35 Detect AFP for HCC Gong et al. (2007)
AFP detection Silicon Nitride Sensor Chips 40 Detect AFP for HCC Kurihara et al.

(2012)
Glycoprotein biosignature SiO2@Ab and MNP@ConA 30–40 Uncover glycosylation biomarker

for HCC
Dela Rosa et al.
(2017)

Protein biomarker
detection

Mag Au@IBA@MIP and Mag Au@ABA@MIP 300–400 Detect insulin for diabetes and AFP
for HCC

Wang et al.
(2020b)

Colorimetric detection MIP particles based inverse opal hydrogel 300 AFP label-free detection Wang et al.
(2020a)

Colorimetric bioassay SiO2 NPs-amplified Scadge-Diag 500 Detect HBsAg and AFP in clinical serum
samples

Zhao et al. (2018)

MR imaging Mn2+-doped SiO2 nanoparticles 25 HCC-specific MRI contrast agent Kim et al. (2013)
Arginine-rich manganese silicate nanobubbles (AMSNs) 6.2 ± 1.0 T1-weighted MRI Wang et al. (2018)

Positron emission
tomography

68Ga-labeled PET-SERRS nanoparticles 90 HCC imaging Wall et al. (2017)

Photoacoustic imaging Polydopamine-doped virus-like mesoporous silica coated
graphene oxide nanosheets

500 HepG2-bearing tumor diagnosis Liao et al. (2020)

Hyaluronic Acid-Conjugated Silica Nanoparticles 2 Diagnosis of liver diseases Lee et al. (2018)
Fluorescence detection Carboxyl-modified fluorescein isothiocyanate (FITC)-doped

silica nanoparticles
75.47 ±
2.52

Detection of HepG2 hepatoma cells Hu et al. (2017)

PEG modified RuBpy-doped silica fluorescent nanoparticles 60 Recognition and imaging of human
HCC cells

Chen et al. (2014)

Ultrasound imaging GPC-SiNP 350 Ultrasound molecular imaging for
human HCC cells

Di Paola et al.
(2017)
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high surface-to-volume ratio and quantum-size effect and
further amplify the detection signal. The immunosensing
system showed a highly sensitive conductometric response to
AFP with a linear detection range of 0.01–100 ng/ml and a
detection limit of 4.8 pg/ml. Importantly, the reproducibility
and precision with a relative standard deviation of <15% and
specificity with no response to other cancer biomarkers such as
CA125, PSA, and hCG, etc., were satisfactory for AFP detection
in HCC patients (Liang et al., 2018).

To overcome the deficiency of enzyme-based immunoassays
that depend on the enzyme catalytic activity, which are
determined by thermophilic scope and stability, an enzyme-
free metal sequestration of a complexing agent to dominate
the gold nanoparticle generation (called Scadge) strategy was
carried out (Zhao et al., 2018). The detection signals originated
from the in situ generated gold nanoparticles (AuNPs) that were
regulated by the metal chelator ethylenediaminetetraacetic acid
disodium salt (EDTA·2Na). This proposed diagnostic mode was

TABLE 2 | The classification of functional SNFs for hepatocellular carcinoma therapy.

Therapy
strategies

Functional SNFs Size (nm) Cargoes Mechanism-of-action Ref

Chemotherapy Berberine-capped silica
nanoparticles

54.4 ± 2.8 Ber Conjugated berberine on the nanosurface
(dendritic effect) led to the enhanced apoptotic
activity

Halimani et al.
(2009)

YMSNs-NBC-Cyt c-NBC-LA 163.3 ± 26.84 DOX The released Cyt c could induce the
mitochondrial apoptosis pathway and initiated
DOX release to induce combined
chemotherapy

Pei et al. (2018)

Titanocene derivatives immobilized
nanostructured silica materials

Length: 850; Width: 400 None Titanocene derivatives acted as the entire
nanoparticulated system to induce
chemotherapy

Gómez-Ruiz
et al. (2018)

ZnPc/DOX@MSN 176 DOX ZnPc acted as photosensitiser to induce PDT
and DOX induced cytotoxicity

Wong et al.
(2020)

FA-JNPs@ICG 280–380 None ICG was employed as the effector for
photothermal therapy and the subsequently
released silver ions induced cytotoxicity

Wang et al.
(2017c)

Ferroptosis
induction

Arginine-rich manganese silicate
nanobubbles

14.6 DOX -Mn-O- bond cleavage consumed GSH and
induced ferroptosis

Wang et al.
(2018)

Folate-PEG manganese doped
MSNs

120 DHA -Mn-O- bond cleavage consumed GSH and
generated ROS to induce ferroptosis

Fei et al. (2020a)

Radiotherapy Au-mesoporous silica Janus
nanoparticles

Length:200–250; width:
100–120

DOX Au NPs emerged as radiosensitizer to induce
radiotherapy and DOX induced cytotoxicity

Wang et al.
(2017d)

TPZ-loaded Janus gold triangle-
MSNs

Gold head: 60; silica
linker: 200

TPZ Au NPs emerged as radiosensitizer to induce
radiotherapy as well as PTT and TPZ induced
cytotoxicity

Wang et al.
(2019)

Ber-loaded Janus gold MSNs Gold nanorod: 50–60/
10–15; Silica stick:
200–250/100–120

Ber Au NPs emerged as radiosensitizer to induce
radiotherapy as well as PTT and Ber induced
cytotoxicity

Li et al. (2019b)

Phototherapy GdOF:Ln@SiO2-ZnPc-CDs-FA
UCL microcapsules (UCMCs)

293 DOX The codoped Yb/Er/Mn in GdOF trandfered
energy to ZnPc to induce PDT while carbon
dots generated thermal effect, and DOX
induced chemotherapy

Lv et al. (2015)

ZnPc-DOX conjugated MSNs 100 DOX ZnPc generated 1O2 to induce photodynamic
conversion and DOX induced chemotherapy

Wong et al.
(2017)

TLS11a-decorated BPQDs-
hybridized mesoporous silica
framework

52.3 ± 5.7 Pt
nanoparticles

Black phosphorus doped MSNs generated 1O2

to induce photodynamic conversion
Lan et al. (2019)

pGSNs-DOC 120 DOC The gold nanoshell induced photothermal effect
and DOC induced chemotherapy

Liu et al. (2011)

ConA-decorated silica–carbon
hollow spheres

300 DOX Silica-carbon hollow spheres induced
photothermal and DOX induced cytotoxicity

Chen et al.
(2018)

Core-shell structured graphene
oxide/mesoporous silica@alginate

Not found MTX Graphene oxide induced photothermal
conversion and DOX induced cytotoxicity

Li et al. (2021a)

Light-activated core-shell
structured Au nanorod/
mesoporous silica nanocontainer

224.2 DOX Au nanorod induced photothermal conversion
and DOX induced cytotoxicity

Yang et al.
(2021)

Sonodynamic
therapy

DOX@HMONs-PpIX-RGD 40 DOX HMONs with molecularly organic-inorganic
hybrid framework generated 1O2 to apoptosis
of HCC cells

Li et al. (2018)

Immunotherapy MSN-SP-LPS 167 DOX&LPS LPS activated immune response and DOX
induced cytotoxicity

Dong et al.
(2017)
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dubbed Scadge-Diag, and silica nanoparticles (SiO2 NPs) were
utilized to further amplify the detection sensitivity via chemically
grafting EDTA·2Na onto the NP surfaces (Figure 1). The Scadge-
Diag system exhibited ultrasensitivity toward HBsAg and AFP in
the presence of auxiliary SiO2 NPs, with a detection limit of 2.6 ×
10–15 g/ml for HBsAg and 2.5 × 10–19 g/ml for AFP.

Novel diagnostic instruments are important for effectively
detecting biomarkers. A microfluidic reflectometric
interference spectroscopy (RIfS) system based on a halogen
light source and carboxylate groups-modified silicon nitride
sensor chips was developed for the label-free AFP detection
(Kurihara et al., 2012). The anti-AFP antibody was modified
onto the surface of a silicon nitride chip that was immobilized on
the Si wafer. This RIfS-based sensor had high reproductivity with
a coefficient variation of 5.7% and no cross-reaction with other
proteins such as human serum albumin, thus exhibiting the

potential as an effective biomarker detection tool. The
development of silica-based diagnostic approaches and
instruments for the early detection of plasma biomarkers can
facilitate the prevention and early diagnosis of HCC, and further
improve HCC management.

SNF-Based MRI of HCC
MRI exhibiting a high spatiotemporal resolution and excellent
soft-tissue contrast is frequently used as a noninvasive imaging
modality in clinical diagnosis. Gadolinium chelate has been
regularly used in T1-weighted MRI but its use has become
limited because of nephrotoxicity, nonspecificity, and poor
quality of images (Canavese et al., 2008; Kim et al., 2018). To
develop a more sensitive, reliable, and safer MRI contrast agent
for use in HCC-specific MRI, Kim et al. synthesized Mn2+-doped
SiO2 nanoparticles (Mn-SiO2) (Kim et al., 2013). X-ray

FIGURE 1 | (A) Schematic illustration of Scadge-Diag and SiO2 NPs-amplified Scadge-Diag. (B,D) Practical detection of HBsAg by naked-eye visualization and
(C,E) plotting absorbance values of AuNPs collected at 550 nm versus varying concentrations of HBsAg based on (B,C) Scadge-Diag and (D,E) SiO2 NPs-amplified
Scadge-Diag, respectively. Reprinted with permission from Zhao et al. (2018). Copyright (2018) John Wiley and Sons.
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diffraction results of the nanospheres showed that Mn2+ ions
were homogenously scattered in the silica structure. The inert
silica structure not only improved nanoparticle safety by
hindering the release of Mn2+ ions in the bloodstream but also
detected HCC in MRI by taking advantage of the brightly
enhanced MRI due to the release of Mn2+ under acidic
conditions. The signal MRI intensities depended on Mn2+

concentration. A gradual but significant signal enhancement
was observed in the T1-weighted signal intensity of normal
tissues, which peaked at 6 h after injection. On the other hand,
a different enhancement behavior was observed when HCC
tissues were used and this behavior was constant for the first
6 h and enhanced brightly with the uptake of Mn2+ after 6 h, thus
achieving a higher liver-to-HCC contrast ratio. This
enhancement phase distinction between HCC and normal
tissues helped in producing highcontrast enhancement HCC
pictures and achieved reliable diagnosis of liver lesions over
normal tissue, thus demonstrating the unique MR contrast-
enhancing characteristics of Mn-SiO2. In another study, Wang
et al. synthesized arginine-rich manganese silicate nanobubbles
(AMSNs) for GSH depletion-induced ferroptosis and tumor-
specific MRI (Figure 2A) (Wang et al., 2018). As shown in
Figure 2B, the–Mn–O– bonds in AMSNs can be cleaved and
the release of free Mn2+ ions can be triggered by a decrease in pH
or the abundance of GSH in the tumor intracellular
microenvironment. Transmission electron microscope (TEM)
images showed the gradual structural degradation of AMSNs
as pH decreased and the GSH concentration increased. In

addition, the accumulated release amount of Mn2+ increased
along with the degradation of AMSNs under acidic and high GSH
conditions. In this study, arginine (Arg) was considered a
targeting moiety for HCC theranostics. HCC cells cannot
produce Arg themselves due to the lack of argininosuccinate
synthetase (Ensor et al., 2002). After Huh7 liver cancer cells and
normal liver cells were incubated with AMSNs and DOX
(Figure 2C), stronger fluorescence intensity was observed in
the Huh7 liver cancer cells than in normal liver cells,
indicating the selective uptake of AMSNs by HCC cells. In the
tumor-bearing mice (Figure 2D), the signal intensity of T1-
weighted MRI at the tumor site enhanced at 2 h after injection
and reached the peak until 5 h after injection, owing to the
accumulation of the released Mn2+ in HCC tissues. This
enhancement-phase distinction between cancer cells and
surrounding tissue help in producing high-contrast
enhancement HCC pictures and led to the accurate diagnosis
of liver lesions over normal tissues. More studies have also
confirmed that Mn2+ doped MSN can be used as a highly
sensitive MRI diagnostic agent (Chen et al., 2012; Chen et al.,
2015b; Fei et al., 2020a). In general, SNFs may be effective and less
toxic hepatoma-specific MRI contrast agents.

SNF-Based PET of HCC
PET is a noninvasive nuclear imaging technique that can
identify metabolic processes in the human body with high
sensitivity. The underlying principle of PET is the detection
of gamma rays emitted indirectly by radionuclides depending

FIGURE 2 | (A) Schematic illustration of the designed synthesis of the arginine-rich manganese silicate nanobubbles (AMSNs) as well as the in vivo tumor homing
after blood circulation. (B) Schematic illustration of the biodegradation of AMSNs in low pH and high GSHmicroenvironment and accumulated release profiles of Mn ions
in various pH (7.4, 5.0) and GSH concentrations (0 and 10 mM). (C) Confocal laser scanning microscope (CLSM) images of the Huh7 liver cancer cells and L02 normal
liver cells after incubation with AMSNs/DOX for various periods. (D) In vivo T1-weighted MRI of tumor-bearing mice after the intravenous administration of AMSNs
for different periods. Reprinted with permission from Wang et al. (2018). Copyright (2018) American Chemical Society.
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on the different metabolic states of tumors and normal tissues
(Lu et al., 2019). Currently, chelator-based radionuclides are still
widely used for synthesizing radio-labeled nanoparticles.
However, considering the issues about the accessibility of
specific chelation agents, undesired changes in
pharmacokinetics, and long-term integrity after chelation,
chelator-free labeling nanoparticles were synthesized (Chen
et al., 2015a; Wall et al., 2017). Among them, Wall et al.
fabricated chelator-free radiolabeling of SERR scatting
(SERRS) nanoparticles called 68Ga-labeled PET-SERRS
nanoparticles (Wall et al., 2017). This nanoparticle consisted
of a 60 nm diameter gold core, a Raman reporter dye layer, and a
silica shell distributed with 68Ga of 30 nm (Figure 3A). The

silica shell was necessary for chelator-free radiolabeling and
sulfur was added to silica surfaces to stabilize the radiolabeling
of radiometal ions. Radionuclides were embedded throughout
the silica shell and the SERRS nanoparticles were obtained that
exhibited distinct spectral signatures and were stable regardless
of photobleaching. Since the nanoparticles accumulated in the
reticuloendothelial system (RES), they could be used particularly
for HCC imaging. In tumor-bearing mice, the liver PET-CT
image revealed clear filling defects (Figure 3B). These defects
matched the tumor sizes and locations after surgically exposed
(Figure 3C), intraoperative SERRS imaging (Figures 3D,E), or
MRI scanning (Figures 3F–H), successfully delineating the
presence of HCC. The PET-SERRS nanoparticles combined

FIGURE 3 | (A) Schematic illustration of the PET-SERRS nanoparticle. (B) PET-computed tomography image of a tumor-bearing mouse after injection with PET-
SERRS nanoparticles. (C) The intraoperative white light image of the liver from the mouse imaged in (A). (D) SERRS imaging of the liver (high SERRS signal) and location
and extent of the tumors (signal voids) and (E) overlay of photograph and SERRS map. (F–H) PET-MRI of HCC using PET-SERRS nanoparticles. Reproduced with
permission from Wall et al. (2017). Copyright (2017) Ivyspring International Publisher.
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the whole-body imaging of PET and the high resolution of SERRS
imaging, enabling superior visualization sensitivity of as little as
100 μm, and the possibility of a rapid preoperative roadmap and
precise intraoperative surgical guidance. Thus, silica-based
nanoplatforms were successful in photobleaching radionuclides
in PET imaging and broadened their clinical use in HCC
diagnosis.

SNF-Based Photoacoustic Imaging of HCC
Photoacoustic imaging (PAI) integrating optical imaging with a
high contrast rate and ultrasonic imaging with a high penetration
depth has garnered considerable attention in the field of medical
science. At the core of this technique is a near-infrared (NIR)
laser. When the energy is absorbed and converted into heat, a
wind-band ultrasonic emission is produced. The resulting
ultrasonic waves can be analyzed and converted into an image
(Johnson et al., 2019; Liu et al., 2019a). Liao et al. constructed
polydopamine-doped virus-like mesoporous nanoparticles
(PVMSNs) coated with reduced graphene oxide (rGO@
PVMSNs) nanocomposites (Liao et al., 2020). These
nanocomposites not only had the inherent properties of the
mesoporous material but also a virus-like structure. The virus-
like mesoporous nanoparticles gained the extra capability of
invading cells with prolonged blood circulation times than
traditional MSNs (Wang et al., 2017b). Moreover, the rGO@
PVMSNs exhibited excellent photothermal properties in vitro.
Due to the enhanced cellular uptake by HepG2 cells, the

photoacoustic (PA) image in the tumor region was more
obvious after rGO@PVMSN injection for 24 h, suggesting that
rGO@PVMSNs could be a potential photoacoustic imaging
contrast agent for biomedical imaging. In another study, novel
hyaluronate-silica nanoparticle (HA-SiNP) conjugates were
synthesized (Figure 4A) (Lee et al., 2018). The acoustic
properties of SiNP, and the high biocompatibility and
biodegradability of HA conferred the synthesized HA-SiNP
conjugates with high liver specific-targeting efficiency, strong
optical absorbance near-infrared windows, and excellent
biocompatibility and biodegradability. After endocytosis
specifically into HCC cells, the HA-SiNP conjugates presented
an enhanced PA amplitude than that in the control group and a
PA amplitude 4.4 times greater than that of SiNP
(Figures 4B–H). These two SNFs made PAI useful in HCC
diagnosis with high-resolution anatomical and functional
information in deep tissues like the liver.

SNF-Based Fluorescence Imaging of HCC
Fluorescence imaging using fluorescent dyes as markers has been
widely used in cytological and histological analyses. However, the
disadvantages of fluorescent dyes including fluorescence
bleaching and poor biocompatibility have limited their further
development and clinical applications (Tan et al., 2016). To
overcome these limitations, biofunctional molecules such as
antibodies or aptamers were conjugated with fluorescent
nanoparticles (Smith et al., 2007). Particularly, dye-doped

FIGURE 4 | (A) Preparation of SiNP. (B) In vivo PAMAP images and a depth-color encoded PA image of mouse whole body after HA–SiNP conjugate injection. (C)
PA cross-sectional images at the white dashed line in (B). (D) In vivo PA MAP images and a depth-color encoded PA image after SiNP injection. (E) PA cross-sectional
images at the white dashed line in (D). (F) PA amplitude profile in the liver region from before injection to after HA–SiNP conjugate and SiNP injection (n � 3). (G)
Photograph and ex vivo liver PA MAP image 12 h after HA–SiNP conjugate and SiNP injection. (H) Ex vivo PA amplitude enhancement at HA–SiNP conjugate and
SiNP injected liver (n � 3). Reprinted with permission from Lee et al. (2018). Copyright (2018) John Wiley and Sons.
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silica nanoparticles were outstanding because they exhibited good
biocompatibility and resistance to photobleaching, and their
surface could be easily modified (Wang et al., 2013). Hu et al.
developed carboxyl-modified fluorescein isothiocyanate (FITC)-
doped silica nanoparticles (SA-FSNPs) conjugated with
streptavidin (SA) (Hu et al., 2017). The functionalized silica
nanostructure not only inherited the fluorescence properties of
the FITC dye but was also able to emit stronger and photobleach-
resistant fluorescent signals. The underlying principle of this
nanosystem was based on the biotin-labeled aptamer TLS11a
(Bio-TLS11a) and streptavidin-modified FSNPs. Bio-TLS11a
were labeled with hepatoma cells and physically separated
from FSNPs (Figure 5A). After incubation with HCC cells,
the bio-TLS11a and SA-FSNP combination emitted a stronger
fluorescence signal than SA-FSNPs or bio-TLS11a alone
(Figure 5B). Moreover, this fluorescence remained visible for
10 min, whereas the fluorescence of FITC-TLS11a lasted only for
2 min. SA-FSNPs detected aptamer-labeled HCC with good
sensitivity and excellent specificity and emitted strong,
photobleach-resistant fluorescent signals without the obvious
noxious effect in cells or in vivo. In another study, Yan et al.
developed PEG-modified RuBpy-doped silica nanoparticles that
coupled with avidin (Chen et al., 2014). The dye-doped silica
nanoparticles had excellent photostability. After incubation with
HepG2 cells, these nanoparticles effectively recognized the tumor
marker carcinoembryonic antigen with a magnified fluorescence
signal. The SNFs exhibited enhanced sensitivity, recognition
efficiency, and photostability of fluorescence imaging, and
became ideal for HCC diagnosis.

SNF-Based Ultrasound Imaging of HCC
Ultrasound (US) is an indispensable imaging tool of clinical
diagnosis. Developing novel ultrasound contrasts is important
to enhance the accuracy of clinical ultrasound diagnosis (Hunt
and Romero, 2017). Nanoparticles have been widely studied as

targeted imaging and therapeutic agents because of their unique
size and high tissue extravasation. Solid nanoparticles such as
silica and polystyrene particles were studied for their potential of
enhancing the ultrasound effect (Liu et al., 2006). The in vitro
results of agarose gel imaging showed that silica and polystyrene
particles increased the imaging signal in a concentration-
dependent manner, and the particle size had a considerable
effect on the image brightness. After intravenous injection, the
silica nanoparticle-mediated ultrasound signal in the liver
parenchyma of mice increased over time due to the
aggregation of silica nanoparticles in the lysosomes of Kupffer
cells (Liu et al., 2006). Based on the potential for enhancing
ultrasonography, glypican-3 protein (GPC-3) ligand peptide-
modified silica nanoparticles loaded with FITC were designed
for the targeted ultrasound molecular imaging of HCC cells
mediated by GPC-3 overexpression on the cell surface (Di
Paola et al., 2017). The in vitro results showed that the
nanoparticles significantly enhanced the ultrasound signal; and
at the ultrasound detection concentration they could effectively
bind to the HepG2 cells and be further uptaken. MSNs with a high
specific surface area and hydrophobic surfaces could be
nanobubble precursors and in situ generated microbubbles
after appropriate stimuli to overcome the short lifetime of
microbubbles that are used as ultrasound contrast agents (Jin
et al., 2017). Perfluorodecyltriethoxysilane-modified MSNs
(F-MSNs, porous and superhydrophobic) generated more
durable microbubbles lasting for at least 30 min at a
mechanical index of 1.0 (FDA safety guidance, MI ≤ 1.9),
whereas lipid microbubbles lasted for just about 5 min.
F-MSNs exhibited more pronounced and stronger ultrasound
contrast signals than other nanoparticles such as MSNs (porous
and hydrophilic), trimethylchlorosilane-modified MSNs
(M-MSNs, porous and low hydrophobic), and
perfluorodecyltriethoxysilane-modified silica nanoparticles
(P-SS, superhydrophobic but nonporous) (Jin et al., 2017). The

FIGURE 5 | (A) Schematic illustration of highly sensitive detection of HepG2 hepatoma cells using a biotin-conjugated aptamer (Bio-TLS11a) and streptavidin-
conjugated fluorescent silica nanoparticles (FSNPs). (B) Fluorescence micrographs of HepG2 cells after incubation with SA-FSNPs or FITC-TLS11a or the combination
of both. Reprinted with permission from Hu et al. (2017). Copyright (2017) Springer.
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strategy of in-situ producing microbubbles from the interfacial
nanobubbles (INBs) adsorbed onto the superhydrophobic
surfaces of MSNs can provide potentials for developing the
novel silica-based ultrasound contrast agents for HCC
diagnosis. These SNFs were superior with enhanced
ultrasound signals and a longer lifetime.

SNF-BASED HCC THERAPY

SNF-Based Chemotherapy
Cancer pharmacological treatment has revolved rapidly since
their invention (Falzone et al., 2018), and chemotherapy and
targeted therapy have been the major approaches for cancer
treatment (Zhong et al., 2021). However, their clinical use was
limited because of severe systemic adverse reactions and
multidrug resistance. Generally, MSNs were used as delivery
carriers of chemotherapeutic agents such as sorafenib (Zhao
et al., 2017), doxorubicin (DOX) (Ye et al., 2018), cisplatin
(Wang et al., 2017e), and curcumin (Kong et al., 2019b) to
improve their therapeutic effects and reduce the side effects by
enhancing the bioavailability of hydrophobic drugs and tumor-
cell targeting. However, some disadvantages were also observed
such as the sudden release or their release in circulation.

Conjugating drugs into the silica skeleton could address these
problems and confer other advantages such as increasing drug
loading, drug stability, specific site targeting, and sustained
release profile (Halimani et al., 2009; Pei et al., 2018; Wong
et al., 2020).

Pei et al. immobilized cytochrome c (Cyt c) onto the surface of
yolk-shell mesoporous silica nanoparticles (YMSNs) via boronic
ester bonds to fabricate the tumor-targeted H2O2-responsive Cyt
c/DOX co-delivery system (YMSN-NBC-Cyt-c-NBC-LA@DOX)
(Pei et al., 2018). YMSNs, as a novel form of MSNs, were capable
of a relatively high drug loading for chemotherapeutic agents.
Moreover, these modifications conferred these novel MSNs with
tumor-targeting features, and these MSNs could temporarily
shield the bioactivity of Cyt c and further prevent DOX from
premature release. In the presence of high levels of reactive
oxygen species (ROS) in the TME, the boronic ester could be
rapidly cleaved and the Cyt c would be removed from the surface.
This process could restore the bioactivity of Cyt c and readily
initiate the subsequent DOX release. The in vitro study revealed
the cytotoxicity effect of H2O2-responsive Cyt c delivery system
(YMSN-NBC-Cyt-c-NBC-LA) toward HepG2 cells in a dose-
dependent manner. Regarding the in vivo effect, the tumors of
mice treated with YMSN-NBC-Cyt-c-NBC-LA@DOX were
inhibited, whereas the tumors of the saline-treated group grew

FIGURE 6 | (A) Schematic illustration of the FA-targeted Janus nanoplatformwith the NIR irradiation-triggered release behavior of ICG and silver ions for synergistic
liver cancer chemo/photothermal therapy. (B) TEM images of the FA-JNPs. (C) Cells viability of SMMC-7721 cells incubated with various concentrations of ICG, FA-
MSNs@ICG, or FA-JNPs@ICG with or without NIR irradiation for 24 h (808 nm, 1 W cm−2, 5 min). (D) In vivo tumor inhibition evaluation of the chemo/photothermal
therapy. Reprinted with permission from Wang et al. (2017c). Copyright (2017) American Chemical Society.
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rapidly. In another study, Halimani et al. synthesized a series of
novel berberine-capped silica nanoparticles bearing covalently
linker chain lengths from C2 to C6 (Halimani et al., 2009). With
the existence of CuSO4 and sodium ascorbate, these nanoparticles
were fabricated by the click reaction between alkyne-bearing silica
nanoparticles and the azidoberberine analogs. A higher surface
density of berberine in the silica-berberine combination was
achieved with a hexyl linker than an ethyl linker. Multivalent
or dendritic effects were observed when therapeutic molecules on
the nanoparticles reacted with the interacting partners inside the
cell, thereby enhancing the therapeutic effect. In accordance with
these effects, the in vitro study showed that all nanoconjugates
exhibited higher inhibition with the IC50 values of 0.2–0.27 μm
than free berberine (IC50 � 1.4 μm) toward HepG2 cells 24 h after
treatment. Moreover, there was an increase in the cytotoxic effect
against HCC of these nanoparticles with an increase in the linker
chain length. The mechanism underlying the phenomena was the

cell cycle arrest and the selective apoptotic cell death, suggesting
the potential role of the spacer chain in strengthening the
pharmacological effects of these nanoparticles.

In addition to covalently grafting small-molecule drugs into
the framework of MSNs, metal-silica nanoparticles exhibited
excellent chemotherapeutic effects. Wang et al. engineered an
FA-targeted, indocyanine green (ICG)-loaded Janus silver-
mesoporous silica nanoparticles (FA-JNPs@ICG) by a
modified Stöber method (Wang et al., 2017c) (Figure 6A).
FA-JNPs@ICG had uniform ball-stick structures consisting of
silver spheres and silica rods (Figure 6B). The negatively
charged ICGs were loaded on the surface and in the
nanochannels since the positively charged amino groups
were present in the silica body. After internalization by the
cancer cells, these nanoparticles employed ICGs as the effector
for photothermal therapy to activate the chemotherapeutic
agent. The subsequently released silver ion response to NIR

FIGURE 7 | (A) Schematic illustration of the construction and ferroptosis-inducing mechanism of FaPEG-MMSNs@DHA (described as nanomissiles). (B) Time-
dependent HepG2 tumor growth profiles. (C) Enhanced ROS generation in the tumor site. (D) GPx4 activity in tumors after different treatments. (E) The survival curve of
mice after various treatments. Reprinted with permission from Fei et al. (2020a). Copyright (2020) Royal Society of Chemistry.
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irradiation could induce apoptosis in liver cancer cells as
efficiently as chemotherapy. Collectively, these nanoparticles
exhibited synergistic therapeutic capabilities by integrating
chemotherapy and photothermal therapy. In the in vitro
study, FA-JNPs@ICG were found to be toxic toward liver
cancer cells rather than normal liver cells, with an
inhibition rate of ∼90% (Figure 6C). Moreover, when
exposed to NIR irradiation, the designed nanosystems
exhibited a promising tumor growth inhibition index of
88.9% after 16 days of treatment in a mouse model
(Figure 6D). Therefore, these nanoparticles could be a
promising approach for chemo/photothermal therapy with
high efficiency and safety for HCC. SNF modifications have
considerably improved the effects of traditional and targeted
chemotherapeutic agents, and novel SNFs that exert special
antitumor effects without loading antitumor drugs are worth
exploring.

SNF-Based Ferroptotic Therapy
Ferroptosis, as a new form of programmed cell death, is iron-
dependent and different from apoptosis, necrosis, and autophagy.
The main process of ferroptosis is the accumulation of ROS and
the subsequent redox dysfunction (Yagoda et al., 2007). In the
presence of Fe2+/3+ ions, membrane polyunsaturated fatty acids
(PL-PUFA-OH) are oxidated by lipoxygenases and/or ROS to

produce lipid peroxides (PL-PUFA-OOH) (Cheng and Li, 2007),
which can be converted into toxic lipid-free radicals (Seiler et al.,
2008). Then, membrane rupture and cell death are caused by the
lipid-free radicals (Cheng and Li, 2007). Since the ferroptotic
process is rapid and intense without multi-level signal
transduction unlike apoptosis and immune responses, it has
garnered considerable attention (Fei et al., 2020b). When
ferroptosis-inducing strategies and ferroptosis-based
nanotherapeutics were integrated for HCC therapy, remarkable
tumor suppression was achieved during the last decade (Ou et al.,
2021). In all the attempts to explore ferroptotic treatment, metal
elements such as iron,Mn, and copper, etc., have been found to be
superior in inducing tumor cell ferroptosis, promoting ROS
production, and interfering with cell communication when
acting as Fenton or Fenton-like biocatalysts (Huo et al., 2019;
Lin et al., 2019).

To explore new strategies for HCC therapy, our group
developed Mn-doped MSNs (MnMSNs) in 2019 (Tang et al.,
2019). We discovered that the manganese-oxygen chemical
bonds (-Mn-O-) acted as an oxidation/reduction bond and
were cleaved in malignant areas containing GSH (2–20 mM).
In the acidic TME, Mn2+ was released after -Mn-O- cleavage,
whereas intracellular GSH was consumed simultaneously. GSH
consumption induced by MnMSN degradation inhibited the
activity of glutathione peroxidase 4 (GPx4), thereby decreasing

FIGURE 8 | (A) Schematic illustrations of the synthetic procedure for the DOX-loaded Au-mesoporous silica Janus NPs and application for synergetic
chemoradiotherapy and CT imaging in HCC theranostics. (B) pH-dependent drug-release profiles of FA-GSJNs-DOX. Cytotoxic profile of FA-GSJNs-DOX against (C)
SMMC-7721 cells and (D) HL-7702 cells for 24 h. In vivo chemoradiotherapy effect: (E) Tumor photographs, (F) volume, (G) weight, (H) body weight from mice in each
group over 23 days. Reprinted with permission from Wang et al. (2017d). Copyright (2017) American Chemical Society.
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the accumulation of lipid-free radicals to prevent the occurrence
and development of ferroptosis. Subsequently,
dihydroartemisinin (DHA) was loaded onto MnMSNs
(described as nanomissiles) to explore the efficiency of
ferroptotic therapy that combined ROS generation and GSH
depletion strategies (Figure 7A) (Fei et al., 2020a). Our
in vitro results showed that the nanomissiles were degraded
by GSH, leading to the release of DHA and the cleavage of -Mn-
O-. The released Mn2+ interacted with GSH to induce a Fenton
reaction. As a result, such degradation in the system led to GSH
exhaustion, whereas ROS generation was driven by DHA. As
shown in Figure 7B, the mean tumor volume in the nanomissile
group was significantly decreased (168.83 ± 110.50 mm3) and
the tumor inhibition rate was up to ∼92.56 wt%, showing better
antitumor effects than those in the saline, free DHA, MnMSN,
and MnMSNs@DHA groups. The ROS content was determined
in the fresh tumor tissue obtained from each group to explore
the ferroptotic effect of nanomissiles in vivo. As showed in
Figure 7C, the nanomissile group exhibited the highest ROS
generation in HCC tumors. Moreover, the nanomissiles
inhibited the activity of GPx4 the most compared with that
in other groups (Figure 7D). As an N-cyclohexyl compound,
Fer-1 acted as a lipophilic anchor within biological membranes
to prevent the accumulation of PL-PUFA-OOH, thereby
inhibiting the occurrence of ferroptosis induced by FaPEG-
MnMSNs@DHA (Figure 7D). These results suggested the
excellent ferroptosis-inducing effect of nanomissiles in vivo.
Moreover, the mice in the nanomissile group were still alive
after 41 days of treatment, whereas those in the control group
were dead (Figure 7E). In general, our studies demonstrated an
SNF-involved, ferroptosis-based therapeutic strategy that is
expected to be a candidate for the next generation of HCC
therapy. Apart from the Mn ion discussed here, iron or copper
ions that can act as Fenton or Fenton-like biocatalysts can be
used as tumor ferroptosis inducing agents (Peng et al., 2013; Shi
et al., 2016).

SNF-Based Radiotherapy
Radiotherapy (RT) is the standard clinical treatment based on
radiation. While high-energy radiation eradicates the tumor cells,
it also inevitably causes damage to normal tissues, resulting in
serious side effects such as gastric dysfunction and bone marrow
suppression. With the rapid development of nanotechnology,
new radiosensitizers combining radiotherapy and
nanotechnology may have high efficiency and safety for HCC
treatment. Among them, Au-mesoporous silica Janus
nanoparticles (GSJNs) were engineered by a modified sol-gel
method (Figure 8A) (Wang et al., 2017d). Tetraethoxysilane
(TEOS) was used as a silica source, cetrimonium bromide
(CTAB) was used as a template, and the AuNPs were used as
a substrate (Wang et al., 2015; Wang et al., 2016). The Janus NPs
were formed by combining Au NPs with silica NPs together
through one single unit. The modification of the framework
inside MSNs was different from that in metal-dopped MSNs.
While metal-doppedMSNs constitute a metal element doped into
the structure of -Si-O-Si-, Janus NPs constitute metal NPs
hybridized with silica NPs to form a single carrier. They are

two different ways of framework modification but they are both
useful to enable the synthesized SNFs with novel capacities such
as high drug-loading, biodegradability, and tumor targeting. In
this system, a Janus nanostructure representing an asymmetrical
shape was designed to increase radiation efficiency and have
sufficient surface area available for anticancer agent loading. Au
can be used as a radiosensitizer to improve the radiotherapeutic
effect for their high radiation absorption. Enhanced HCC
targeting was achieved by conjugating folic acid (FA) onto the
surface of GSJNs. After conjugation, the FA-GSJNs were
endocytosed accessibly by cancer cells more than normal cells
and smartly released drugs in acidic endo-lysosomes. Through
the protonation and dissociation of amine groups, DOX was
released from the GSJNs in a pH-responsive pattern (Figure 8B).
With the assistance of X-ray irradiation, the FA-GSJNs-DOX
exhibited more pronounced cell viability inhibition than the FA-
GSJNs-DOX or RT alone toward HCC cells after 24 h of
incubation (Figures 8C,D). Furthermore, the combination
between FA-GSJNs-DOX and X-ray irradiation resulted in the
highest tumor growth inhibition than in other groups after
23 days of treatment in nude mice bearing SMMC-7721
xenografts (Figures 8E–H). Notably, no obvious weight loss or
cardiotoxicity was observed in mice from this group as seen with
DOX treatment. In general, this novel nanosystem integrated
with dual functionalities turned out to be a promising treatment
for HCC therapy. In another study, tirapazamine (TPZ)-loaded
Janus gold triangle-MSNs (FA-GT-MSNs@TPZ) were
synthesized to improve the unsatisfactory therapeutic effects
caused by the hypoxic microenvironment inside HCC (Wang
et al., 2019). There was a silver triangular gold head connected to
an extended silicon connector. The gold nanotriangels integrated
RT and photothermal (PTT) as the dual-therapeutic agent. TPZ,
as a hypoxia-activated prodrug, generated oxidizing radicals in
low pH and low oxygen pressure conditions, which were usually
observed in the TME. After NIR and X-ray exposure, FA-GT-
MSNs@TPZ treatment killed almost all SMMC-7721 cells in
hypoxia. Notably, in the in vivo study, tumor growth was
completely inhibited when FA-GT-MSNs@TPZ with X-ray
and NIR were used in tumor-bearing mice. In general, metal-
silica Janus nanoplatforms were capable of transforming external
energy to antitumor effects. Although recent studies in radiated
and NIR energy are limited, more multifunctional metal-silica
Janus nanoplatforms using different kinds of energies such as
magnetic, electric, and sound energy are expected to be developed
for HCC therapy in the future. While recent studies focused on
the search for effective radiosensitizers, metal-silica hybridized
nanoparticles may realize the possibility of becoming self-
radiated emission agents, which exert radiotherapeutic effects
without X-ray radiation, thus minimizing the side effects
associated with radiation.

SNF-Based Phototherapy
SNF-Based Photodynamic Therapy
Photodynamic therapy (PDT) has become a promising clinical
therapy for patients with advanced cancers (Agostinis et al.,
2011). It combines light at appropriate wavelengths with light-
triggered photosensitizers to cause selective damage to the target
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tissue (Kwiatkowski et al., 2018). When applied to cancer
treatment, PDT excels as a minimally invasive therapy with
various benefits. To date, PDT has been successfully used to
treat HCC, cholangiocarcinoma, hepatoblastoma, and liver
metastases (Zou et al., 2020). The clinical outcomes (Bahng
et al., 2013; Muragaki et al., 2013; Yanovsky et al., 2019)
suggested that it would become an encouraging therapy to
prolong overall survival and enhance the quality of life for
patients with HCC. The biological mechanism of PDT in
killing tumor cells depends on the following ways (Hou et al.,
2020): 1) the direct necrosis effect on tumor cells, 2) apoptosis
caused by singlet oxygen (produced by photodynamic), and 3)
immunogenic cell death stimulated by photodynamic in dying or
dead cells. However, organic molecules are typically used as
photosensitizers, such as porphyrins, curcuminoids,
phenothiazines, and xanthene, which have disadvantages such
as off-targeting, instability in vivo, and π–π superposition-
induced quenching (Cai et al., 2018). These defects may
attenuate the therapeutic effects and generate side effects in
patients. Recent studies have shown that the integration of
photosensitizers with nanoparticles can enhance therapeutic
efficiency and also reduce their side effects (Guo et al., 2018;

Han et al., 2018). Many nanoparticulate vectors have been
suggested for PDT, particularly silica-based nanostructures
(Chatterjee et al., 2008; Cheng and Lo, 2011; Li et al., 2021b).
MSNs functionalized with photosensitizers have received
considerable attention for use in PDT since 2009 (Couleaud
et al., 2010). Integrating the photosensitizers inside the pores
or skeleton of the MSNs can improve the selectivity of PDT to
tumor cells and enhance its therapeutic effect. Core-shell and
finer nanostructure-basedMSNs have been synthesized for highly
efficient PDT for HCC treatment (Liu et al., 2014; Wong et al.,
2017).

Lan et al. constructed a black phosphorus quantum dot
(BPQDs)-hybridized mesoporous silica framework (BMSF)
that consisted of the aptamer “TLS11a”-decorated nanocatalyst
for HCC-specific targeting and self-compensate oxygen (O2) for
the hypoxic tumor microenvironment to improve the efficiency
of PDT (Figure 9A) (Lan et al., 2019). The remarkable
photocatalysis in PDT and the broad photoabsorption
property from UV to NIR of BPQDs has attracted attention
from researchers (Gui et al., 2018). However, the instability of
BPQDs in a water-oxygen coexistence environment hindered
their clinical use, since the consequent degradation would

FIGURE 9 | (A) Schematic illustration of Apt-BMSF@Pt and the photocatalysis mechanism for enhancing PDT. (B) In vivo fluorescence imaging of PEG-BMSF@Pt
and Apt-BMSF@Pt at different time points after intravenous injection. (C) The DCFH-DA detection of intracellular ROS in HepG2 cells after indicated treatment. (D) In vivo
response to PBS, BMSF-NH2, PEG-BMSF@Pt, and Apt-BMSF@Pt with or without laser irradiation. (E) The average tumor weight of mice after indicated treatments (n �
5); (F) Mean body weight of mice during indicated treatments. Reprinted with permission from Lan et al. (2019). Copyright (2019) American Chemical Society.
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reduce the PDT efficacy. Therefore, the BMSF was developed for
more efficient PDT. These results suggested that the designed
BMSF could not only take advantage of the photocatalysis
capacity of BPQDs but also gain the extra ability to protect
BPQDs from oxidation and degradation. The PDT effect can
be compromised when hypoxia and hydrogen peroxide
accumulated in the tumor microenvironment, especially in
solid tumors like HCC (Liu et al., 2018a). Considerable
efforts have been made to alleviate hypoxia by
nanotechnology. Generating oxygen in situ may be one of
the feasible methods to relieve hypoxia (Wang et al., 2017a;
Yu et al., 2018). In this case, the decomposition of H2O2 can
produce oxygen in the presence of catalase or catalase-like
materials. The BMSF was prepared with in situ-synthesized
Pt nanoparticles (Apt-BMSF@Pt) by a one-step method that
converted H2O2 into O2 for increasing the singlet state of O2

generation (Figure 9C) (Lan et al., 2019). As shown in
Figure 9B, by combining with the TLS11a aptamer, which

was a powerful molecular targeting element with promising
thermal stability and immunogenicity, the Apt-BMSF@Pts
were capable of HCC targeting in vivo specifically, and the
efficient tumor growth inhibition was achieved by enhanced
PDT (Figure 9D). More strikingly, the tumor growth at day 12
was completely suppressed when the tumor-bearing mice were
treated with Apt-BMSF@Pt and laser irradiation (Figures
9E,F). In another study, Lv et al. developed GdOF: Ln@
SiO2-ZnPc-CDs-FA UCL microcapsules (UCMCs) (Lv et al.,
2015). It was core-shell, yolk-like microcapsules in which Ln
was used as cores and mesoporous silica layer as shells, and
there were large mesoporous pores between the core and shell.
These silica shells enabled the microcapsules with a large
surface area for DOX loading, good biocompatibility, and
easy modification with functional groups. When exposed to
NIR irradiation, the tumors in H22 mice treated with UCMCs
were inhibited remarkably and even stopped growing,
suggesting a synergy in the chemo-photodynamic treatment.

FIGURE 10 | (A) Morphology of a silica–carbon hollow sphere. (B) Thermogravimetric analysis (TGA) curve showing the thermal decomposition of SCHSs in air.
Approximately 82% mass of silica (SiO2) remains at a temperature of 800°C. (C) Temperature-time curves for media under NIR illumination for various concentrations
(100–1,500 μg ml−1) of SCHSs. (D) Cell viability of chemo-photothermal treatment on in vitro 3D MCTSs, representative fluorescence images of calcein AM and EthD-1
co-stained Huh-7 cells. Reprinted with permission from Chen et al. (2018). Copyright (2018) Royal Society of Chemistry.
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SNF-mediated targeted drug-delivery system is a novel PDT
approach that increases the tumor specificity of
photosensitizers and decreases their cytotoxicity. On the
other hand, the combination of PDT and chemotherapy
through the new SNF system could offer a promising
direction for the use of PDT in HCC treatment.

SNF-Based Photothermal Therapy
Recently, the potential application of MSN-based photothermal
therapy (PTT) and their combinational therapy in treating HCC
have been explored (Chen et al., 2015c; Li et al., 2021a; Yang et al.,
2021). PTT uses the deep tissue penetration and good
biocompatibility of near-infrared light (NIR 700–2500 nm) to
irradiate the pathological tissue, and the photothermal material
converts the light energy into heat, leading to a localized increase
in temperature. The photothermal damage of tumor cells usually
begins when the local temperature reaches 41°C (Xie et al., 2011).

Relying on the precise irradiation of near-infrared light and the
efficient photothermal conversion ability of nanomaterials, PTT
is expected to become a minimally invasive or even noninvasive
cancer treatment. Chen et al. synthesized silica-carbon hollow
spheres (SCHSs) via a surface activation method (Chen et al.,
2015c). Carbon black absorbs NIR to generate heat in the area of
concern and the silica skeleton constructs hollow spherical
nanostructures that can effectively prevent heat loss; so,
nanoparticles can be maintained at high temperature for a
relatively long time, thereby inducing enhanced PTT efficacy.
In this study, nanoscale ConA-SCHSs (nearly 300 nm) with a
shell thickness of about 15–20 nm selectively induced
considerable necrosis and apoptosis in HCC cells (ML-1 and
Huh-7) after 808 nm NIR irradiation. The biocompatible and
highly concentrated water-based dispersions of SCHSs were ideal
photothermal nanotherapeutics. Furthermore, Chen et al.
continued to embed the antitumor compound DOX into

FIGURE 11 | (A) Schematic illustration of the synthetic process of HMONs-PpIX-RGD and synergistic chemo-SDT against HCC tumor xenograft on nude mice. (B)
Schematic illustration of microstructure and corresponding biodegradation induced by breaking up of physiologically active disulfide bond within the framework of
HMONs-PpIX-RGD. (C) The corresponding amount of degraded Si component during 15 days observation. In vivo synergistic chemotherapy-SDT against HCC tumor-
bearing mice: (D) Ex vivo tumor images of different treated groups as indicated. (E) time-dependent tumor growth curves after different treatments and (F) tumor
weights of mice on the 15th day after the treatments. Reprinted with permission from Li et al. (2018). Copyright (2018) John Wiley and Sons.
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SCHSs by combining heat and vacuum to improve antitumor
efficacy (Chen et al., 2018). As shown in Figure 10A, the
synthesized DOX-loaded SCHSs were in a uniform and
narrow size distribution (≈300 nm) with a high surface area
(150 m2g−1), and DOX-encapsulation efficiency (87%). These
nanoparticles exhibited both superior heat-accumulation
ability after 808 nm NIR illumination and enhanced DOX
antitumor activity (Figures 10B,C). DOX-SCHSs-ConA was
further applied in an in vitro 3D tumor model (MCTS), which
was an intermediate assay between cell culture and animal
studies. The results (Figure 10D) indicated that NIR
irradiation caused considerable damage to MCTS with SCHSs,
and DOX-SCHSs-ConA inhibited tumor cells the most under all
the studied conditions. The SNFs integrated PTT and
chemotherapy in a single platform, and could make the best
use of the synergistic effects and reduce the side effects by
accurately targeting the chemotherapeutic agents and heat to
the tumor tissues. While novel photosensitizers are being
developed, SNFs integrating multiple modalities could improve
the therapeutic effect of PTT and be considered for practical
application in a clinic setting.

SNF-Based Sonodynamic Therapy
The underlying principle of sonodynamic therapy (SDT) is the
combination of US irradiation and sonosensitizers to generate

ROS like 1O2, which leads to cancer cell death depending on the
redox status. SDT not only inherits a high tissue penetration
depth of US but also enhances the sensitivity of tumor cells to
chemotherapy. Various sonosensitizers including organic and
inorganic molecules have been adopted for SDT, but some
issues such as low chemical/biological stability, poor tumor
targeting, and low biodegradation limit their transition to
clinical application (Son et al., 2020). Thus, novel
sonosensitizers with high biodegradability and chemical/
biological stability need urgent exploration. With specific
modifications inside the framework of MSNs, novel silica-
based nanoplatforms were developed with enhanced
biodegradability, biocompatibility, and higher drug-loading
capacity. Li et al. developed hollow mesoporous organosilica
nanoparticles (HMONs) with an organic-inorganic hybrid
framework (Li et al., 2018). These HMONs were developed
based on the chemical homology strategy using MSNs as the
hard template and mesoporous organosilica layer were coated on
the surface (Figure 11A). The organic groups referred to as
disulfide bonds in the framework facilitated easy
biodegradation behavior in the TME, thereby improving
biocompatibility and biosafety of the nanoparticles. The
inorganic mesoporous silica groups in the framework offered a
larger surface area, and sufficient surface chemistry enabled the
covalent anchoring of protoporphyrin (PpIX, HMONs-PpIX)

FIGURE 12 | (A) Schematic illustration of Gram-negative mimicking MSP-DOX-SP-LPS; (B)MSP-SP-LPS stimulate splenocytes to produce extracellular ROS; (C)
Schematic illustration of MSP-DOX-SP-LPS activating macrophages and subsequently stimulating T cells. The picture of tumors after different treatments at 0 and 15th
day and the location of the tumors was labeled by broken circles. (D) And the relative tumor volumes were treated with different samples. Reprinted with permission from
Dong et al. (2017). Copyright (2017) Elsevier.
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into the mesopore surface and noncovalent hydrophobic-
hydrophobic interaction with DOX. Furthermore, the surface
conjugated RGD enabled active tumor targeting in the case of
HCC and facilitated a stimuli-responsive release (Figures 11B,C).
The DOX@HMONs-PpIX-RGDs were used as effective
nanosonosensitizers and produced with efficient 1O2 when
triggered by the US, leading to the apoptosis of HCC cells. As
expected, when exposed to ultrasound irradiation, these
nanoparticles exhibited desirable sonotoxicity and
chemotoxicity toward SMMC-7721 cells. Moreover, a
synergistic therapeutic effect was observed when DOX@
HMONs-PpIX-RGD plus ultrasound irradiation were used to
treat nude mice bearing SMMC-7721 tumor cells (Figures
11D–F). The tumor inhibition rate was 84.7%. Thus, these
nanoparticles are expected to be a promising therapy for
HCC. Inorganic sonosensitizers, especially the SNFs, holds
immense potential for enhancing the stability, biodegradation,
and therapeutic effects of HCC treatment.

SNF-Based Immunotherapy
Immunotherapy has also made some progress in HCC treatment.
For example, in 2017, nivolumab and pembrolizumab were
approved by the FDA as the second-line treatment for
advanced HCC. In May 2020, the programmed cell death 1
ligand (PD-L1) antibody atelizumab combined with the
target drug bevacizumab was introduced as the first-line
treatment for advanced HCC, which reduced the risk of
death in these patients by 42% compared with the
traditional first-line treatment using sorafenib, thus bringing
new hope to the long-term survival of patients with HCC
(Casak et al., 2021). As one of the most widely investigated
nanocarriers, the immunological effect of mesoporous silica
nanoparticles in HCC treatment has been concerned and
investigated. A pathogen-mimicking system based on
detoxified lipopolysaccharide-modified mesoporous silica
nanoparticles was designed to deliver DOX for synergistic
chemo-immunotherapy of HCC (Figure 12A) (Dong et al.,
2017). The pathogen-mimicking nanosystem (MSP-DOX-SP-
LPS) recruited phagocytes such as neutrophils and
macrophages, when injected into the tumor sites, thus
simulating the pathogen infection. The recruited neutrophils
generated a vast amount of extracellular ROS (Figure 12B) to
trigger the loaded DOX release due to the boronic esters
between MSN and the lipopolysaccharide (LPS), which
could respond to the ROS, and thus, achieved the
chemotherapy of HCC. The recruited macrophages could be
activated by the MSN-SP-LPS to attack tumor cells directly by
secreting tumor necrosis factor-α (TNF-α) or subsequently
activating T cells for initiating the antitumor immune response
(Figure 12C). This chemo-immunotherapy combination
strategy showed an obvious synergistic therapeutic effect
with inconspicuous side effects in the HCC mice model.
The mice treated with MSP-DOX-SP-LPS produced a
significant immune memory, showing lower recurrence of
the primary tumor and lower growth rate of reinoculated
tumor (Figure 12D) (Dong et al., 2017). In summary, SNF-
mediated immunotherapy is effective for HCC treatment. The

rapid advancement of immunotherapy based on nanoparticles
holds potential for recent new approaches such as antitumor
vaccines, immune checkpoint blockade, and immunogenic cell
death (Liu et al., 2019b). On the other hand, the concept of
realizing chemo-free treatment for cancer therapy is emerging
(Zhu, 2020).

CONCLUSION AND PERSPECTIVES

Recently, several nanopharmaceuticals are undergoing further
clinical trials for HCC treatment, and numerous products are
being developed that are expected to benefit patients at different
stages of HCC (van der Meel et al., 2017). Nanotechnology, by
overcoming existing problems, has made considerable progress in
the diagnosis and treatment of HCC. Nanomaterials such as
liposomes, organic microspheres, and silica-based nanocarriers
have been extensively investigated and have immense potential
for clinical use, owing to their good biocompatibility and
biodegradability. Since 2011, research on the concept of silica-
based nanomaterials for the diagnosis and treatment of HCC has
increased. Compared with other drug carriers, large specific
surface areas and pore volumes make silica-based
nanomaterials stellar nanovehicles in the field of drug delivery.
Inorganic small-molecule drugs, organic drugs, and gene
fragments can all be loaded by the mesoporous structure of
silica-based nanomaterials. The sustained and controlled
release features of MSNs could stabilize the drug concentration
in the body and extend the dosing intervals. In addition, easy
surface modification of MSNs can promote the development of
active targeting and tumor-specific, drug-release nanoagents
against HCC. Scientists have summarized the advantages of
MSNs as drug carriers against HCC (including therapeutic and
diagnostic agents) (Tao et al., 2020). However, the attractiveness of
silica-based nanomaterials is not limited to the field of drug
delivery (Kumar et al., 2018; Živojević et al., 2021). Skeleton
structure modification of the ordinary MSNs will confer novel
characteristics for the diagnosis and treatment of HCC.

During the past decades, rapid progress in materials science
has further promoted the development of silica-based
nanomaterials. Scientists in the field of nanomaterials add
inorganic metal ions or small organic molecules in the
development process of MSNs starting from crystal nuclei into
nanosized particles, which can increase the porosity of MSNs,
accelerate their degradation in the body, and reduce
accumulation toxicity. These metal- or small molecule-doped
silica-based nanomaterials can exhibit special antitumor effects
without loading antitumor drugs. Surface chemists have
synthesized silica-based Janus nanomaterials through the
directional growth of silica sources on the surface of other
materials. These nanomaterials often exhibit special physical
and chemical properties against HCC, such as strong
photothermal- and radiation-conversion abilities. Importantly,
these novel silica-based nanomaterials still have highly ordered
mesoporous structures that can efficiently load and sustain the
release of drugs in HCC treatment. Therefore, the novel silica-
based nanomaterials summarized in this review often have
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multiple therapeutic effects against HCC. To reflect the
diversified functions of silica-based nanomaterials in addition
to drug delivery, in this review, we outlined silica-based
nanoframeworks involved in the diagnosis and treatment of
HCC. Compared with ordinary MSNs loaded with diagnostic
and therapeutic agents, new silica-based nanodrugs have
obvious advantages in the HCC theranostics. Despite the
enthusiasm for the efficiency and potential clinical
applications of new silica-based nanoframeworks, the
following points need to be noted:

First, the doping theory of silica-based nanomaterials has not
yet been finalized. Small molecules that can be doped into the
framework of MSNs are still in the exploratory stage. Therapeutic
drugs or diagnostic agents with appropriate molecular structures
and sizes can be doped into the framework structure of
mesoporous silica, thereby enriching the functions of silica-
based nanomaterials. However, the release of small molecules
from the framework should be investigated because most drugs
only exert their effects after dissolution.

Second, the function of metal-doped or metal-hybrid MSNs in
HCC therapy needs further development, and studies should
focus on the synergistic therapeutic effect of the combined use of
novel silica-nanoplatforms and the loaded antitumor drugs.
Many metal-doped MSNs have been designed and synthesized
but few studies have explored their role in the diagnosis and
treatment of HCC. For instance, calcium-doped MSNs can be
rapidly degraded in an acidic microenvironment (Hao et al.,
2015). The fragmentation of calcium-doped MSNs releases the
loaded drugs and calcium ions. The released calcium is expected
to cause calcification in HCC tissues. Thus, calcium-doped MSN-
based nanodrugs could play multiple roles in cancer therapy.
However, there is a lack of research to verify its role in the
treatment of HCC. Iron-doped MSNs can release iron ions in the
acidic tumor microenvironment (Peng et al., 2013; Shi et al.,
2016), and iron ions can act as Fenton catalysts to induce
ferroptosis in tumor cells (Huo et al., 2019). Furthermore, the
free iron ions can act as MRI agents for tumor diagnosis (Liu
et al., 2018b). However, the diagnostic and therapeutic effects of
the iron-doped MSNs on HCC also lack verification. Other novel
silica-based nanomaterials such as metal-silica hybrid
nanomaterials are formed by the directional growth of silica
sources on the metal surface. A few studies have reported
metal-silica hybrid nanomaterials, mainly including gold- and

silver-silica Janus nanomaterials. With extensive studies in the
future, more cost-effective and efficient energy conversion
materials, such as metal sulfides and metal oxides, can be
combined with MSNs so that they can play a more powerful
role in the treatment of HCC.

Third, the biocompatibility of the novel silica-based framework
should be explored further, and the degradation feature and
toxicity of its metabolites need to be investigated. Researchers
should investigate the effects of metal elements or molecules on the
biocompatibility of novel silica-based nanomaterials to avoid
undesirable harm to normal tissues. The -Si-O-Si-skeleton
structure in traditional MSNs is stable and degrades very slowly
in the body (more than 3 weeks) (Alexis et al., 2008; Shi et al.,
2016), and is likely to accumulate in important organs like the liver,
kidneys, lungs, and bladder (He and Shi, 2011; Huang et al., 2011),
thereby causing severe inflammation, oxidative damage, organ
fibrosis, and other adverse reactions (Nabeshi et al., 2011a;
Nabeshi et al., 2011b). Therefore, the degradation and metabolic
properties of novel silica-based nanomaterials in the body should
be explored. Thus, silica-based nanodrugs can help achieve high
precision serum molecular biology and HCC imaging results, and
assist in individualized management. We believe that more
upcoming novel silica-based nanomaterials can build new
strategies for HCC therapy.

AUTHOR CONTRIBUTIONS

YL, YC, WF, MZ, and FW conceptualized the research project.
YL, YC, WF, and MZ drafted the manuscript. CZ, YZ, MT, YQ,
and XZ reviewed and modified the manuscript. WF, MZ, and FW
supervised the research and led the discussion. MeZ, YL made
substantial amendments to the manuscript. All authors
contributed to manuscript revision, read and approved the
final version of the manuscript.

FUNDING

This study was financially supported by the National Natural
Science Foundation of China (No. 81873838, No. 82071616) and
the Natural Science Foundation of Zhejiang Province
(LQ20H300002, LYY21H300006, LY19H040011).

REFERENCES

Agostinis, P., Berg, K., Cengel, K. A., Foster, T. H., Girotti, A. W., Gollnick, S. O.,
et al. (2011). Photodynamic Therapy of Cancer: an Update. CA: A Cancer
J. Clinicians 61 (4), 250–281. doi:10.3322/caac.20114

Alexis, F., Pridgen, E., Molnar, L. K., and Farokhzad, O. C. (2008). Factors Affecting
the Clearance and Biodistribution of Polymeric Nanoparticles. Mol.
Pharmaceutics 5 (4), 505–515. doi:10.1021/mp800051m

Ayuso, C., Rimola, J., Vilana, R., Burrel, M., Darnell, A., García-Criado, Á., et al.
(2018). Diagnosis and Staging of Hepatocellular Carcinoma (HCC): Current
Guidelines. Eur. J. Radiol. 101, 72–81. doi:10.1016/j.ejrad.2018.01.025

Bahng, S., Yoo, B. C., Paik, S. W., Koh, K. C., Lee, K. T., Lee, J. K., et al. (2013).
Photodynamic Therapy for Bile Duct Invasion of Hepatocellular

Carcinoma. Photochem. Photobiol. Sci. 12 (3), 439–445. doi:10.1039/
c2pp25265a

Barkat, A., Beg, S., Panda, S. K., S Alharbi, K., Rahman, M., and Ahmed, F. J. (2021).
Functionalized Mesoporous Silica Nanoparticles in Anticancer Therapeutics.
Semin. Cancer Biol. 69, 365–375. doi:10.1016/j.semcancer.2019.08.022

Barui, S., and Cauda, V. (2020). Multimodal Decorations of Mesoporous Silica
Nanoparticles for Improved Cancer Therapy. Pharmaceutics 12 (6), 527.
doi:10.3390/pharmaceutics12060527

Cai, Y., Si, W., Huang, W., Chen, P., Shao, J., and Dong, X. (2018). Organic Dye
Based Nanoparticles for Cancer Phototheranostics. Small 14 (25), 1704247.
doi:10.1002/smll.201704247

Canavese, C., Mereu, M. C., Aime, S., Lazzarich, E., Fenoglio, R., Quaglia, M., et al.
(2008). Gadolinium-associated Nephrogenic Systemic Fibrosis: the Need for
Nephrologists’ Awareness. J. Nephrol. 21 (3), 324–336.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org September 2021 | Volume 9 | Article 73379219

Liu et al. Silica Nanoframeworks Involved HCC Theranostic

https://doi.org/10.3322/caac.20114
https://doi.org/10.1021/mp800051m
https://doi.org/10.1016/j.ejrad.2018.01.025
https://doi.org/10.1039/c2pp25265a
https://doi.org/10.1039/c2pp25265a
https://doi.org/10.1016/j.semcancer.2019.08.022
https://doi.org/10.3390/pharmaceutics12060527
https://doi.org/10.1002/smll.201704247
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Casak, S. J., Donoghue, M., Fashoyin-Aje, L., Jiang, X., Rodriguez, L., Shen, Y.-L.,
et al. (2021). FDA Approval Summary: Atezolizumab Plus Bevacizumab for the
Treatment of Patients with Advanced Unresectable or Metastatic
Hepatocellular Carcinoma. Clin. Cancer Res. 27 (7), 1836–1841. doi:10.1158/
1078-0432.CCR-20-3407

Chatterjee, D. K., Fong, L. S., and Zhang, Y. (2008). Nanoparticles in
Photodynamic Therapy: an Emerging Paradigm. Adv. Drug Deliv. Rev. 60
(15), 1627–1637. doi:10.1016/j.addr.2008.08.003

Chen, F., Goel, S., Valdovinos, H. F., Luo, H., Hernandez, R., Barnhart, T. E., et al.
(2015a). In Vivo Integrity and Biological Fate of Chelator-free Zirconium-89-
Labeled Mesoporous Silica Nanoparticles. ACS Nano 9 (8), 7950–7959.
doi:10.1021/acsnano.5b00526

Chen, J., Zhang, W.-J., Guo, Z., Wang, H.-B., Wang, D.-D., Zhou, J.-J., et al.
(2015b). pH-responsive Iron Manganese Silicate Nanoparticles as T1-T2*
Dual-Modal Imaging Probes for Tumor Diagnosis. ACS Appl. Mater. Inter.
7 (9), 5373–5383. doi:10.1021/acsami.5b00727

Chen, M.-Y., Chen, Z.-Z., Wang, W., Zhu, L., Tang, H.-W., and Pang, D.-W.
(2014). Preparation of RuBpy-Doped Silica Fluorescent Nanoprobes and Their
Applications to the Recognition of Liver Cancer Cells. Chin. J. Anal. Chem. 42
(3), 326–331. doi:10.1016/s1872-2040(13)60715-x

Chen, Q.-Y., Tao, G.-P., Liu, Y.-Q., and Yang, X. (2012). Synthesis,
Characterization, Cell Imaging and Anti-tumor Activity of Multifunctional
Nanoparticles. Spectrochimica Acta A: Mol. Biomol. Spectrosc. 96, 284–288.
doi:10.1016/j.saa.2012.05.033

Chen, Y.-C., Chiu, W.-T., Chang, C., Wu, P.-C., Tu, T.-Y., Lin, H.-P., et al. (2018).
Chemo-photothermal Effects of Doxorubicin/silica-Carbon Hollow Spheres on
Liver Cancer. RSC Adv. 8 (64), 36775–36784. doi:10.1039/c8ra08538b

Chen, Y.-C., Chiu, W.-T., Chen, J.-C., Chang, C.-S., Hui-Ching Wang, L., Lin, H.-
P., et al. (2015c). The Photothermal Effect of Silica-Carbon Hollow Sphere-
Concanavalin A on Liver Cancer Cells. J. Mater. Chem. B 3 (12), 2447–2454.
doi:10.1039/C5TB00056D

Cheng, S. H., and Lo, L. W. (2011). Inorganic Nanoparticles for Enhanced
Photodynamic Cancer Therapy. Curr. Drug Discov. Technol. 8 (3), 250–268.
doi:10.2174/157016311796798982

Cheng, Z., and Li, Y. (2007). What Is Responsible for the Initiating Chemistry of
Iron-Mediated Lipid Peroxidation: An Update. Chem. Rev. 107 (3), 748–766.
doi:10.1021/cr040077w

Chi, X., Liu, K., Luo, X., Yin, Z., Lin, H., and Gao, J. (2020). Recent Advances of
Nanomedicines for Liver Cancer Therapy. J. Mater. Chem. B 8 (17), 3747–3771.
doi:10.1039/c9tb02871d

Couleaud, P., Morosini, V., Frochot, C., Richeter, S., Raehm, L., and Durand, J.-O.
(2010). Silica-based Nanoparticles for Photodynamic Therapy Applications.
Nanoscale 2 (7), 1083–1095. doi:10.1039/c0nr00096e

Dela Rosa, M. A. C., Chen, W.-C., Chen, Y.-J., Obena, R. P., Chang, C.-H.,
Capangpangan, R. Y., et al. (2017). One-Pot Two-Nanoprobe Assay Uncovers
Targeted Glycoprotein Biosignature. Anal. Chem. 89 (7), 3973–3980.
doi:10.1021/acs.analchem.6b04396

Deng, Y., Wang, Y., Jia, F., Liu, W., Zhou, D., Jin, Q., et al. (2021). Tailoring
Supramolecular Prodrug Nanoassemblies for Reactive Nitrogen Species-
Potentiated Chemotherapy of Liver Cancer. ACS nano 15 (5), 8663–8675.
doi:10.1021/acsnano.1c00698

Di Paola, M., Quarta, A., Conversano, F., Sbenaglia, E. A., Bettini, S., Valli, L., et al.
(2017). Human Hepatocarcinoma Cell Targeting by Glypican-3 Ligand Peptide
Functionalized Silica Nanoparticles: Implications for Ultrasound Molecular
Imaging. Langmuir 33 (18), 4490–4499. doi:10.1021/acs.langmuir.7b00327

Dimitroulis, D., Damaskos, C., Valsami, S., Davakis, S., Garmpis, N., Spartalis, E.,
et al. (2017). From Diagnosis to Treatment of Hepatocellular Carcinoma: An
Epidemic Problem for Both Developed and Developing World. World.
J. Gastroentrol. 23 (29), 5282–5294. doi:10.3748/wjg.v23.i29.5282

Dong, K., Li, Z., Sun, H., Ju, E., Ren, J., and Qu, X. (2017). Pathogen-mimicking
Nanocomplexes: Self-Stimulating Oxidative Stress in Tumor
Microenvironment for Chemo-Immunotherapy. Mater. Today 20 (7),
346–353. doi:10.1016/j.mattod.2017.06.003

Ensor, C. M., Holtsberg, F. W., Bomalaski, J. S., and Clark, M. A. (2002). Pegylated
Arginine Deiminase (ADI-SS PEG20,000 Mw) Inhibits Human Melanomas and
Hepatocellular Carcinomas In Vitro and In Vivo. Cancer Res. 62 (19), 5443–5450.

Etzioni, R., Urban, N., Ramsey, S., McIntosh,M., Schwartz, S., Reid, B., et al. (2003). The
Case for Early Detection. Nat. Rev. Cancer 3 (4), 243–252. doi:10.1038/nrc1041

Falzone, L., Salomone, S., and Libra, M. (2018). Evolution of Cancer
Pharmacological Treatments at the Turn of the Third Millennium. Front.
Pharmacol. 9, 1300. doi:10.3389/fphar.2018.01300

Fan, L., Zhao, S., Jin, X., Zhang, Y., Song, C., and Wu, H. (2018). Synergistic
Chemo-Photodynamic Therapy by "big & Small Combo Nanoparticles"
Sequential Release System. Nanomedicine: Nanotechnology, Biol. Med. 14
(1), 109–121. doi:10.1016/j.nano.2017.09.002

Farina, N. H., Zingiryan, A., Vrolijk, M. A., Perrapato, S. D., Ades, S., Stein, G. S.,
et al. (2018). Nanoparticle-based Targeted Cancer Strategies for Non-invasive
Prostate Cancer Intervention. J. Cel Physiol 233 (9), 6408–6417. doi:10.1002/
jcp.26593

Fei, W., Chen, D., Tang, H., Li, C., Zheng, W., Chen, F., et al. (2020a). Targeted
GSH-Exhausting and Hydroxyl Radical Self-Producing Manganese-Silica
Nanomissiles for MRI Guided Ferroptotic Cancer Therapy. Nanoscale 12
(32), 16738–16754. doi:10.1039/d0nr02396e

Fei, W., Zhang, Y., Han, S., Tao, J., Zheng, H., Wei, Y., et al. (2017). RGD
Conjugated Liposome-Hollow Silica Hybrid Nanovehicles for Targeted and
Controlled Delivery of Arsenic Trioxide against Hepatic Carcinoma. Int.
J. Pharmaceutics 519 (1-2), 250–262. doi:10.1016/j.ijpharm.2017.01.031

Fei, W., Zhang, Y., Ye, Y., Li, C., Yao, Y., Zhang, M., et al. (2020b). Bioactive Metal-
Containing Nanomaterials for Ferroptotic Cancer Therapy. J. Mater. Chem. B 8
(46), 10461–10473. doi:10.1039/d0tb02138e

Gao, Y., Gao, D., Shen, J., and Wang, Q. (2020). A Review of Mesoporous Silica
Nanoparticle Delivery Systems in Chemo-Based Combination Cancer
Therapies. Front. Chem. 8, 598722. doi:10.3389/fchem.2020.598722

Gómez-Ruiz, S., García-Peñas, A., Prashar, S., Rodríguez-Diéguez, A., and Fischer-
Fodor, E. (2018). Anticancer Applications of Nanostructured Silica-Based
Materials Functionalized with Titanocene Derivatives: Induction of Cell
Death Mechanism through TNFR1 Modulation. Materials 11 (2), 224.
doi:10.3390/ma11020224

Gong, J.-L., Liang, Y., Huang, Y., Chen, J.-W., Jiang, J.-H., Shen, G.-L., et al. (2007).
Ag/SiO2 Core-Shell Nanoparticle-Based Surface-Enhanced Raman Probes for
Immunoassay of Cancer Marker Using Silica-Coated Magnetic Nanoparticles
as Separation Tools. Biosens. Bioelectron. 22 (7), 1501–1507. doi:10.1016/
j.bios.2006.07.004

Gui, R., Jin, H., Wang, Z., and Li, J. (2018). Black Phosphorus Quantum Dots:
Synthesis, Properties, Functionalized Modification and Applications. Chem.
Soc. Rev. 47 (17), 6795–6823. doi:10.1039/c8cs00387d

Guo, T., Wu, Y., Lin, Y., Xu, X., Lian, H., Huang, G., et al. (2018). Black Phosphorus
Quantum Dots with Renal Clearance Property for Efficient Photodynamic
Therapy. Small 14 (4), 1702815. doi:10.1002/smll.201702815

Hailing, Y., Xiufang, L., Lili, W., Baoqiang, L., Kaichen, H., Yongquan, H., et al.
(2020). Doxorubicin-loaded Fluorescent Carbon Dots with PEI Passivation as a
Drug Delivery System for Cancer Therapy. Nanoscale 12 (33), 17222–17237.
doi:10.1039/d0nr01236j

Halimani, M., Chandran, S. P., Kashyap, S., Jadhav, V. M., Prasad, B. L. V., Hotha,
S., et al. (2009). Dendritic Effect of Ligand-Coated Nanoparticles: Enhanced
Apoptotic Activity of Silica−Berberine Nanoconjugates. Langmuir 25 (4),
2339–2347. doi:10.1021/la802761b

Han, Y., An, Y., Jia, G., Wang, X., He, C., Ding, Y., et al. (2018). Theranostic
Micelles Based on Upconversion Nanoparticles for Dual-Modality Imaging and
Photodynamic Therapy in Hepatocellular Carcinoma. Nanoscale 10 (14),
6511–6523. doi:10.1039/c7nr09717d

Hao, X., Hu, X., Zhang, C., Chen, S., Li, Z., Yang, X., et al. (2015). Hybrid
Mesoporous Silica-Based Drug Carrier Nanostructures with Improved
Degradability by Hydroxyapatite. Acs Nano 9 (10), 9614–9625. doi:10.1021/
nn507485j

He, Q., and Shi, J. (2011). Mesoporous Silica Nanoparticle Based Nano Drug
Delivery Systems: Synthesis, Controlled Drug Release and Delivery,
Pharmacokinetics and Biocompatibility. J. Mater. Chem. 21 (16), 5845–5855.
doi:10.1039/c0jm03851b

Hou, Y.-J., Yang, X.-X., Liu, R.-Q., Zhao, D., Guo, C.-n., Zhu, A.-C., et al. (2020).
Pathological Mechanism of Photodynamic Therapy and Photothermal Therapy
Based on Nanoparticles. Int. J. Nanomed. Vol. 15, 6827–6838. doi:10.2147/
IJN.S269321

Hu, J., Wu, W., Qin, Y., Liu, C., Wei, P., Hu, J., et al. (2020). Fabrication of
Glyco-Metal-Organic Frameworks for Targeted Interventional
Photodynamic/Chemotherapy for Hepatocellular Carcinoma through

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org September 2021 | Volume 9 | Article 73379220

Liu et al. Silica Nanoframeworks Involved HCC Theranostic

https://doi.org/10.1158/1078-0432.CCR-20-3407
https://doi.org/10.1158/1078-0432.CCR-20-3407
https://doi.org/10.1016/j.addr.2008.08.003
https://doi.org/10.1021/acsnano.5b00526
https://doi.org/10.1021/acsami.5b00727
https://doi.org/10.1016/s1872-2040(13)60715-x
https://doi.org/10.1016/j.saa.2012.05.033
https://doi.org/10.1039/c8ra08538b
https://doi.org/10.1039/C5TB00056D
https://doi.org/10.2174/157016311796798982
https://doi.org/10.1021/cr040077w
https://doi.org/10.1039/c9tb02871d
https://doi.org/10.1039/c0nr00096e
https://doi.org/10.1021/acs.analchem.6b04396
https://doi.org/10.1021/acsnano.1c00698
https://doi.org/10.1021/acs.langmuir.7b00327
https://doi.org/10.3748/wjg.v23.i29.5282
https://doi.org/10.1016/j.mattod.2017.06.003
https://doi.org/10.1038/nrc1041
https://doi.org/10.3389/fphar.2018.01300
https://doi.org/10.1016/j.nano.2017.09.002
https://doi.org/10.1002/jcp.26593
https://doi.org/10.1002/jcp.26593
https://doi.org/10.1039/d0nr02396e
https://doi.org/10.1016/j.ijpharm.2017.01.031
https://doi.org/10.1039/d0tb02138e
https://doi.org/10.3389/fchem.2020.598722
https://doi.org/10.3390/ma11020224
https://doi.org/10.1016/j.bios.2006.07.004
https://doi.org/10.1016/j.bios.2006.07.004
https://doi.org/10.1039/c8cs00387d
https://doi.org/10.1002/smll.201702815
https://doi.org/10.1039/d0nr01236j
https://doi.org/10.1021/la802761b
https://doi.org/10.1039/c7nr09717d
https://doi.org/10.1021/nn507485j
https://doi.org/10.1021/nn507485j
https://doi.org/10.1039/c0jm03851b
https://doi.org/10.2147/IJN.S269321
https://doi.org/10.2147/IJN.S269321
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Percutaneous Transperitoneal Puncture. Adv. Funct. Mater. 30 (19),
1910084. doi:10.1002/adfm.201910084

Hu, Z., Tan, J., Lai, Z., Zheng, R., Zhong, J., Wang, Y., et al. (2017). Aptamer
Combined with Fluorescent Silica Nanoparticles for Detection of
Hepatoma Cells. Nanoscale Res. Lett. 12 (1), 96. doi:10.1186/s11671-
017-1890-6

Huang, X., Li, L., Liu, T., Hao, N., Liu, H., Chen, D., et al. (2011). The Shape Effect
of Mesoporous Silica Nanoparticles on Biodistribution, Clearance, and
Biocompatibility In Vivo. Acs Nano 5 (7), 5390–5399. doi:10.1021/nn200365a

Hunt, D., and Romero, J. (2017). Contrast-Enhanced Ultrasound. Magn. Reson.
Imaging Clin. North America 25 (4), 725–736. doi:10.1016/j.mric.2017.06.004

Huo, M., Wang, L., Wang, Y., Chen, Y., and Shi, J. (2019). Nanocatalytic Tumor
Therapy by Single-Atom Catalysts. ACS Nano 13 (2), 2643–2653. doi:10.1021/
acsnano.9b00457

Jemal, A., Ward, E. M., Johnson, C. J., Cronin, K. A., Ma, J., Ryerson, A. B., et al.
(2017). Annual Report to the Nation on the Status of Cancer, 1975-2014,
Featuring Survival. Jnci-Journal Natl. Cancer Inst. 109 (9), 22. doi:10.1093/jnci/
djx030

Jin, Q., Lin, C.-Y., Kang, S.-T., Chang, Y.-C., Zheng, H., Yang, C.-M., et al. (2017).
Superhydrophobic Silica Nanoparticles as Ultrasound Contrast Agents.
Ultrason. Sonochem. 36, 262–269. doi:10.1016/j.ultsonch.2016.12.001

Johnson, S. P., Ogunlade, O., Lythgoe, M. F., Beard, P., and Pedley, R. B. (2019).
Longitudinal Photoacoustic Imaging of the Pharmacodynamic Effect of
Vascular Targeted Therapy on Tumors. Clin. Cancer Res. 25 (24),
7436–7447. doi:10.1158/1078-0432.Ccr-19-0360

Kianamiri, S., Dinari, A., Sadeghizadeh, M., Rezaei, M., Daraei, B., Bahsoun, N. E.-
H., et al. (2020). Mitochondria-Targeted Polyamidoamine Dendrimer-
Curcumin Construct for Hepatocellular Cancer Treatment. Mol.
Pharmaceutics 17 (12), 4483–4498. doi:10.1021/acs.molpharmaceut.0c00566

Kim, H.-K., Lee, G. H., and Chang, Y. (2018). Gadolinium as an MRI Contrast
Agent. Future Med. Chem. 10 (6), 639–661. doi:10.4155/fmc-2017-0215

Kim, S. M., Im, G. H., Lee, D.-G., Lee, J. H., Lee, W. J., and Lee, I. S. (2013). Mn2+-
doped Silica Nanoparticles for Hepatocyte-Targeted Detection of Liver Cancer
in T1-Weighted MRI. Biomaterials 34 (35), 8941–8948. doi:10.1016/
j.biomaterials.2013.08.009

Kong, F.-H., Miao, X.-Y., Zou, H., Xiong, L., Wen, Y., Chen, B., et al. (2019a). End-
stage Liver Disease Score and Future Liver Remnant Volume Predict post-
hepatectomy Liver Failure in Hepatocellular Carcinoma. Wjcc 7 (22),
3734–3741. doi:10.12998/wjcc.v7.i22.3734

Kong, F.-H., Ye, Q.-F., Miao, X.-Y., Liu, X., Huang, S.-Q., Xiong, L., et al. (2021).
Current Status of Sorafenib Nanoparticle Delivery Systems in the Treatment of
Hepatocellular Carcinoma. Theranostics 11 (11), 5464–5490. doi:10.7150/
thno.54822

Kong, Z.-L., Kuo, H.-P., Johnson, A., Wu, L.-C., and Chang, K. L. B. (2019b).
Curcumin-Loaded Mesoporous Silica Nanoparticles Markedly Enhanced
Cytotoxicity in Hepatocellular Carcinoma Cells. Int. J. Mol. Sci. 20 (12),
2918. doi:10.3390/ijms20122918

Kumar, P., Tambe, P., Paknikar, K. M., and Gajbhiye, V. (2018). Mesoporous Silica
Nanoparticles as Cutting-Edge Theranostics: Advancement from Merely a
Carrier to Tailor-Made Smart Delivery Platform. J. Controlled Release 287,
35–57. doi:10.1016/j.jconrel.2018.08.024

Kurihara, Y., Takama, M., Sekiya, T., Yoshihara, Y., Ooya, T., and Takeuchi, T.
(2012). Fabrication of Carboxylated Silicon Nitride Sensor Chips for Detection
of Antigen-Antibody Reaction Using Microfluidic Reflectometric Interference
Spectroscopy. Langmuir 28 (38), 13609–13615. doi:10.1021/la302221y

Kwiatkowski, S., Knap, B., Przystupski, D., Saczko, J., Kędzierska, E., Knap-Czop,
K., et al. (2018). Photodynamic Therapy - Mechanisms, Photosensitizers and
Combinations. Biomed. Pharmacother. 106, 1098–1107. doi:10.1016/
j.biopha.2018.07.049

Lan, S., Lin, Z., Zhang, D., Zeng, Y., and Liu, X. (2019). Photocatalysis
Enhancement for Programmable Killing of Hepatocellular Carcinoma
through Self-Compensation Mechanisms Based on Black Phosphorus
Quantum-Dot-Hybridized Nanocatalysts. ACS Appl. Mater. Inter. 11 (10),
9804–9813. doi:10.1021/acsami.8b21820

Lee, D., Beack, S., Yoo, J., Kim, S.-K., Lee, C., Kwon, W., et al. (2018). In Vivo
Photoacoustic Imaging of Livers Using Biodegradable Hyaluronic Acid-
Conjugated Silica Nanoparticles. Adv. Funct. Mater. 28 (22), 1800941.
doi:10.1002/adfm.201800941

Li, S., Cao, C., Gao, J., Li, K., Kang, J., Wu, D., et al. (2021a). Dual Stimuli-
Responsive Nanoplatform Based on Core-Shell Structured Graphene Oxide/
mesoporous Silica@alginate. Int. J. Biol. Macromolecules 175, 209–216.
doi:10.1016/j.ijbiomac.2021.02.021

Li, T., Shi, S., Goel, S., Shen, X., Xie, X., Chen, Z., et al. (2019a). Recent
Advancements in Mesoporous Silica Nanoparticles towards Therapeutic
Applications for Cancer. Acta Biomater. 89, 1–13. doi:10.1016/
j.actbio.2019.02.031

Li, W.-P., Yen, C.-J., Wu, B.-S., and Wong, T.-W. (2021b). Recent Advances in
Photodynamic Therapy for Deep-Seated Tumors with the Aid of
Nanomedicine. Biomedicines 9 (1), 69. doi:10.3390/biomedicines9010069

Li, X.-D., Wang, Z., Wang, X.-R., Shao, D., Zhang, X., Li, L., et al. (2019b).
Berberine-loaded Janus Gold Mesoporous Silica Nanocarriers for
Chemo/radio/photothermal Therapy of Liver Cancer and Radiation-
Induced Injury Inhibition. Ijn Vol. 14, 3967–3982. doi:10.2147/
ijn.S206044

Li, Z., Han, J., Yu, L., Qian, X., Xing, H., Lin, H., et al. (2018). Synergistic
Sonodynamic/Chemotherapeutic Suppression of Hepatocellular Carcinoma
by Targeted Biodegradable Mesoporous Nanosonosensitizers. Adv. Funct.
Mater. 28 (26), 1800145. doi:10.1002/adfm.201800145

Liang, J., Wang, J., Zhang, L., Wang, S., Yao, C., and Zhang, Z. (2018).
Conductometric Immunoassay of Alpha-Fetoprotein in Sera of Liver Cancer
Patients Using Bienzyme-Functionalized Nanometer-Sized Silica Beads.
Analyst 144 (1), 265–273. doi:10.1039/c8an01791c

Liao, J., Zhang, H., and Wang, X. (2020). Polydopamine-doped Virus-like
Mesoporous Silica Coated Reduced Graphene Oxide Nanosheets for
Chemo-Photothermal Synergetic Therapy. J. Biomater. Appl. 35 (1), 28–38.
doi:10.1177/0885328220916968

Lin, L.-S., Huang, T., Song, J., Ou, X.-Y., Wang, Z., Deng, H., et al. (2019). Synthesis
of Copper Peroxide Nanodots for H2O2 Self-Supplying Chemodynamic
Therapy. J. Am. Chem. Soc. 141 (25), 9937–9945. doi:10.1021/jacs.9b03457

Liu, G., Zhu, J., Guo, H., Sun, A., Chen, P., Xi, L., et al. (2019a). Mo 2 C-Derived
Polyoxometalate for NIR-II Photoacoustic Imaging-Guided Chemodynamic/
Photothermal Synergistic Therapy. Angew. Chem. Int. Ed. 58 (51),
18641–18646. doi:10.1002/anie.201910815

Liu, H., Chen, D., Li, L., Liu, T., Tan, L., Wu, X., et al. (2011). Multifunctional Gold
Nanoshells on Silica Nanorattles: a Platform for the Combination of
Photothermal Therapy and Chemotherapy with Low Systemic Toxicity.
Angew. Chem. Int. Ed. 50 (4), 891–895. doi:10.1002/anie.201002820

Liu, J., Levine, A. L., Mattoon, J. S., Yamaguchi, M., Lee, R. J., Pan, X., et al. (2006).
Nanoparticles as Image Enhancing Agents for Ultrasonography. Phys. Med.
Biol. 51 (9), 2179–2189. doi:10.1088/0031-9155/51/9/004

Liu, J., Zhang, R., and Xu, Z. P. (2019b). Nanoparticle-Based Nanomedicines to
Promote Cancer Immunotherapy: Recent Advances and Future Directions.
Small 15 (32), 1900262. doi:10.1002/smll.201900262

Liu, M., Tu, J., Feng, Y., Zhang, J., and Wu, J. (2020). Synergistic Co-delivery of
Diacid Metabolite of Norcantharidin and ABT-737 Based on Folate-Modified
Lipid Bilayer-Coated Mesoporous Silica Nanoparticle against Hepatic
Carcinoma. J. Nanobiotechnol 18 (1), 8. doi:10.1186/s12951-020-00677-4

Liu, M., Wang, L., Zheng, X., Liu, S., and Xie, Z. (2018a). Hypoxia-Triggered
Nanoscale Metal-Organic Frameworks for Enhanced Anticancer Activity. ACS
Appl. Mater. Inter. 10 (29), 24638–24647. doi:10.1021/acsami.8b07570

Liu, R., Zhang, H., Zhang, F., Wang, X., Liu, X., and Zhang, Y. (2019c).
Polydopamine Doped Reduced Graphene Oxide/mesoporous Silica
Nanosheets for Chemo-Photothermal and Enhanced Photothermal Therapy.
Mater. Sci. Eng. C 96, 138–145. doi:10.1016/j.msec.2018.10.093

Liu, T., Liu, W., Zhang, M., Yu, W., Gao, F., Li, C., et al. (2018b). Ferrous-Supply-
Regeneration Nanoengineering for Cancer-cell-specific Ferroptosis in
Combination with Imaging-Guided Photodynamic Therapy. ACS Nano 12,
12181–12192. doi:10.1021/acsnano.8b05860

Liu, Z.-T., Xiong, L., Liu, Z.-P., Miao, X.-Y., Lin, L.-W., andWen, Y. (2014). In Vivo
and In Vitro Evaluation of the Cytotoxic Effects of Photosan-Loaded Hollow
Silica Nanoparticles on Liver Cancer. Nanoscale Res. Lett. 9 (1), 319.
doi:10.1186/1556-276x-9-319

Lu, R.-C., She, B., Gao, W.-T., Ji, Y.-H., Xu, D.-D., Wang, Q.-S., et al. (2019).
Positron-emission Tomography for Hepatocellular Carcinoma: Current Status
and Future Prospects. World. J. Gsatroentrol. 25 (32), 4682–4695. doi:10.3748/
wjg.v25.i32.4682

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org September 2021 | Volume 9 | Article 73379221

Liu et al. Silica Nanoframeworks Involved HCC Theranostic

https://doi.org/10.1002/adfm.201910084
https://doi.org/10.1186/s11671-017-1890-6
https://doi.org/10.1186/s11671-017-1890-6
https://doi.org/10.1021/nn200365a
https://doi.org/10.1016/j.mric.2017.06.004
https://doi.org/10.1021/acsnano.9b00457
https://doi.org/10.1021/acsnano.9b00457
https://doi.org/10.1093/jnci/djx030
https://doi.org/10.1093/jnci/djx030
https://doi.org/10.1016/j.ultsonch.2016.12.001
https://doi.org/10.1158/1078-0432.Ccr-19-0360
https://doi.org/10.1021/acs.molpharmaceut.0c00566
https://doi.org/10.4155/fmc-2017-0215
https://doi.org/10.1016/j.biomaterials.2013.08.009
https://doi.org/10.1016/j.biomaterials.2013.08.009
https://doi.org/10.12998/wjcc.v7.i22.3734
https://doi.org/10.7150/thno.54822
https://doi.org/10.7150/thno.54822
https://doi.org/10.3390/ijms20122918
https://doi.org/10.1016/j.jconrel.2018.08.024
https://doi.org/10.1021/la302221y
https://doi.org/10.1016/j.biopha.2018.07.049
https://doi.org/10.1016/j.biopha.2018.07.049
https://doi.org/10.1021/acsami.8b21820
https://doi.org/10.1002/adfm.201800941
https://doi.org/10.1016/j.ijbiomac.2021.02.021
https://doi.org/10.1016/j.actbio.2019.02.031
https://doi.org/10.1016/j.actbio.2019.02.031
https://doi.org/10.3390/biomedicines9010069
https://doi.org/10.2147/ijn.S206044
https://doi.org/10.2147/ijn.S206044
https://doi.org/10.1002/adfm.201800145
https://doi.org/10.1039/c8an01791c
https://doi.org/10.1177/0885328220916968
https://doi.org/10.1021/jacs.9b03457
https://doi.org/10.1002/anie.201910815
https://doi.org/10.1002/anie.201002820
https://doi.org/10.1088/0031-9155/51/9/004
https://doi.org/10.1002/smll.201900262
https://doi.org/10.1186/s12951-020-00677-4
https://doi.org/10.1021/acsami.8b07570
https://doi.org/10.1016/j.msec.2018.10.093
https://doi.org/10.1021/acsnano.8b05860
https://doi.org/10.1186/1556-276x-9-319
https://doi.org/10.3748/wjg.v25.i32.4682
https://doi.org/10.3748/wjg.v25.i32.4682
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Lv, R., Yang, P., He, F., Gai, S., Li, C., Dai, Y., et al. (2015). A Yolk-like
Multifunctional Platform for Multimodal Imaging and Synergistic Therapy
Triggered by a Single Near-Infrared Light. ACS Nano 9 (2), 1630–1647.
doi:10.1021/nn5063613

Lyon, P. C., Griffiths, L. F., Lee, J., Chung, D., Carlisle, R., Wu, F., et al. (2017).
Clinical Trial Protocol for TARDOX: a Phase I Study to Investigate the
Feasibility of Targeted Release of Lyso-Thermosensitive Liposomal
Doxorubicin (ThermoDox) Using Focused Ultrasound in Patients with
Liver Tumours. J. Ther. Ultrasound 5, 28. doi:10.1186/s40349-017-0104-0

Madav, Y., Barve, K., and Prabhakar, B. (2020). Current Trends in Theranostics for
Rheumatoid Arthritis. Eur. J. Pharm. Sci. 145, 105240. doi:10.1016/
j.ejps.2020.105240

Mochizuki, C., Nakamura, J., and Nakamura, M. (2021). Development of Non-
porous Silica Nanoparticles towards Cancer Photo-Theranostics. Biomedicines
9 (1), 73. doi:10.3390/biomedicines9010073

Mohamed Isa, E. D., Ahmad, H., Abdul Rahman, M. B., and Gill, M. R. (2021).
Progress in Mesoporous Silica Nanoparticles as Drug Delivery Agents for
Cancer Treatment. Pharmaceutics 13 (2), 152. doi:10.3390/
pharmaceutics13020152

Muragaki, Y., Akimoto, J., Maruyama, T., Iseki, H., Ikuta, S., Nitta, M., et al. (2013).
Phase II Clinical Study on Intraoperative Photodynamic Therapy with
Talaporfin Sodium and Semiconductor Laser in Patients with Malignant
Brain Tumors. Jns 119 (4), 845–852. doi:10.3171/2013.7.Jns13415

Nabeshi, H., Yoshikawa, T., Matsuyama, K., Nakazato, Y., Matsuo, K., Arimori, A.,
et al. (2011a). Systemic Distribution, Nuclear Entry and Cytotoxicity of
Amorphous Nanosilica Following Topical Application. Biomaterials 32 (11),
2713–2724. doi:10.1016/j.biomaterials.2010.12.042

Nabeshi, H., Yoshikawa, T., Matsuyama, K., Nakazato, Y., Tochigi, S., Kondoh, S.,
et al. (2011b). Amorphous Nanosilica Induce Endocytosis-dependent ROS
Generation and DNA Damage in Human Keratinocytes. Part. Fibre Toxicol.
8, 1. doi:10.1186/1743-8977-8-1

Nam, L., Coll, C., Erthal, L., de la Torre, C., Serrano, D., Martínez-Máñez, R., et al.
(2018). Drug Delivery Nanosystems for the Localized Treatment of
Glioblastoma Multiforme. Materials 11 (5), 779. doi:10.3390/ma11050779

Ou, C., Na, W., Ge, W., Huang, H., Gao, F., Zhong, L., et al. (2021).
Biodegradable Charge-Transfer Complexes for Glutathione Depletion
Induced Ferroptosis and NIR-II Photoacoustic Imaging Guided Cancer
Photothermal Therapy. Angew. Chem. Int. Ed. 60, 8157–8163. doi:10.1002/
anie.202014852

Paris, J. L., and Vallet-Regí, M. (2020). Mesoporous Silica Nanoparticles for Co-
delivery of Drugs and Nucleic Acids in Oncology: A Review. Pharmaceutics 12
(6), 526. doi:10.3390/pharmaceutics12060526

Pei, Y., Li, M., Hou, Y., Hu, Y., Chu, G., Dai, L., et al. (2018). An Autonomous
Tumor-Targeted Nanoprodrug for Reactive Oxygen Species-Activatable Dual-
Cytochrome C/doxorubicin Antitumor Therapy. Nanoscale 10 (24),
11418–11429. doi:10.1039/c8nr02358a

Peng, Y.-K., Liu, C.-L., Chen, H.-C., Chou, S.-W., Tseng, W.-H., Tseng, Y.-J., et al.
(2013). Antiferromagnetic Iron Nanocolloids: A New Generation In Vivo T1
MRI Contrast Agent. J. Am. Chem. Soc. 135 (49), 18621–18628. doi:10.1021/
ja409490q

Piñero, F., Dirchwolf, M., and Pessôa, M. G. (2020). Biomarkers in Hepatocellular
Carcinoma: Diagnosis, Prognosis and Treatment Response Assessment. Cells 9
(6), 1370. doi:10.3390/cells9061370

Pinyol, R., Montal, R., Bassaganyas, L., Sia, D., Takayama, T., Chau, G.-Y., et al.
(2019). Molecular Predictors of Prevention of Recurrence in HCC with
Sorafenib as Adjuvant Treatment and Prognostic Factors in the Phase 3
STORM Trial. Gut 68 (6), 1065–1075. doi:10.1136/gutjnl-2018-316408

Poonia, N., Lather, V., and Pandita, D. (2018). Mesoporous Silica Nanoparticles: a
Smart Nanosystem for Management of Breast Cancer. Drug Discov. Today 23
(2), 315–332. doi:10.1016/j.drudis.2017.10.022

Quadros, M., Momin, M., and Verma, G. (2021). Design Strategies and Evolving
Role of Biomaterial Assisted Treatment of Osteosarcoma. Mater. Sci. Eng. C
121, 111875. doi:10.1016/j.msec.2021.111875

Renne, S. L., Woo, H. Y., Allegra, S., Rudini, N., Yano, H., Donadon, M., et al.
(2020). Vessels Encapsulating Tumor Clusters (VETC) Is a Powerful Predictor
of Aggressive Hepatocellular Carcinoma. Hepatology 71 (1), 183–195.
doi:10.1002/hep.30814

Rudalska, R., Dauch, D., Longerich, T., McJunkin, K., Wuestefeld, T., Kang, T.-W.,
et al. (2014). In Vivo RNAi Screening Identifies a Mechanism of Sorafenib
Resistance in Liver Cancer.Nat. Med. 20 (10), 1138–1146. doi:10.1038/nm.3679

Sauzay, C., Petit, A., Bourgeois, A.-M., Barbare, J.-C., Chauffert, B., Galmiche, A.,
et al. (2016). Alpha-foetoprotein (AFP): A Multi-Purpose Marker in
Hepatocellular Carcinoma. Clinica Chim. Acta 463, 39–44. doi:10.1016/
j.cca.2016.10.006

Seiler, A., Schneider, M., Förster, H., Roth, S., Wirth, E. K., Culmsee, C., et al.
(2008). Glutathione Peroxidase 4 Senses and Translates Oxidative Stress into
12/15-lipoxygenase Dependent- and AIF-Mediated Cell Death. Cel Metab. 8
(3), 237–248. doi:10.1016/j.cmet.2008.07.005

Sha, X., Dai, Y., Song, X., Liu, S., Zhang, S., and Li, J. (2021). The Opportunities and
Challenges of Silica Nanomaterial for Atherosclerosis. Ijn Vol. 16, 701–714.
doi:10.2147/ijn.S290537

Shi, M., Chen, Z., Farnaghi, S., Friis, T., Mao, X., Xiao, Y., et al. (2016). Copper-
Doped Mesoporous Silica Nanospheres, a Promising Immunomodulatory
Agent for Inducing Osteogenesis. Acta Biomater. 30, 334–344. doi:10.1016/
j.actbio.2015.11.033

Singh, G., Yoshida, E. M., Rathi, S., Marquez, V., Kim, P., Erb, S. R., et al. (2020).
Biomarkers for Hepatocellular Cancer. Wjh 12 (9), 558–573. doi:10.4254/
wjh.v12.i9.558

Smith, J. E., Medley, C. D., Tang, Z., Shangguan, D., Lofton, C., and Tan,W. (2007).
Aptamer-conjugated Nanoparticles for the Collection and Detection of
Multiple Cancer Cells. Anal. Chem. 79 (8), 3075–3082. doi:10.1021/ac062151b

Soldatkina, O. V., Soldatkin, O. O., Velychko, T. P., Prilipko, V. O., Kuibida, M. A.,
and Dzyadevych, S. V. (2018). Conductometric Biosensor for Arginine
Determination in Pharmaceutics. Bioelectrochemistry 124, 40–46.
doi:10.1016/j.bioelechem.2018.07.002

Son, S., Kim, J. H., Wang, X., Zhang, C., Yoon, S. A., Shin, J., et al. (2020).
Multifunctional Sonosensitizers in Sonodynamic Cancer Therapy. Chem. Soc.
Rev. 49 (11), 3244–3261. doi:10.1039/c9cs00648f

Sung, H., Ferlay, J., Siegel, R. L., Laversanne, M., Soerjomataram, I., Jemal, A., et al.
(2021). Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and
Mortality Worldwide for 36 Cancers in 185 Countries. CA A. Cancer J. Clin. 71
(3), 209–249. doi:10.3322/caac.21660

Tabernero, J., Shapiro, G. I., LoRusso, P. M., Cervantes, A., Schwartz, G. K., Weiss,
G. J., et al. (2013). First-in-humans Trial of an RNA Interference Therapeutic
Targeting VEGF and KSP in Cancer Patients with Liver Involvement. Cancer
Discov. 3 (4), 406–417. doi:10.1158/2159-8290.Cd-12-0429

Tan, J., Yang, N., Hu, Z., Su, J., Zhong, J., Yang, Y., et al. (2016). Aptamer-
Functionalized Fluorescent Silica Nanoparticles for Highly Sensitive Detection
of Leukemia Cells. Nanoscale Res. Lett. 11 (1), 298. doi:10.1186/s11671-016-
1512-8

Tang, H., Chen, D., Li, C., Zheng, C., Wu, X., Zhang, Y., et al. (2019). Dual GSH-
Exhausting Sorafenib Loaded Manganese-Silica Nanodrugs for Inducing the
Ferroptosis of Hepatocellular Carcinoma Cells. Int. J. Pharmaceutics 572,
118782. doi:10.1016/j.ijpharm.2019.118782

Tang, J., Shao, X., Gao, F., Jin, H., Zhou, J., Du, L., et al. (2011). Effect ofHyperthermia
on Invasion Ability and TGF-B1 Expression of Breast Carcinoma MCF-7 Cells.
Oncol. Rep. 25 (6), 1573–1579. doi:10.3892/or.2011.1240

Tao, Y., Wang, J., and Xu, X. (2020). Emerging and Innovative Theranostic
Approaches for Mesoporous Silica Nanoparticles in Hepatocellular
Carcinoma: Current Status and Advances. Front. Bioeng. Biotechnol. 8, 184.
doi:10.3389/fbioe.2020.00184

Teufel, M., Seidel, H., Köchert, K., Meinhardt, G., Finn, R. S., Llovet, J. M., et al.
(2019). Biomarkers Associated with Response to Regorafenib in Patients with
Hepatocellular Carcinoma. Gastroenterology 156 (6), 1731–1741. doi:10.1053/
j.gastro.2019.01.261

van der Meel, R., Lammers, T., and Hennink,W. E. (2017). Cancer Nanomedicines:
Oversold or Underappreciated? Expert Opin. Drug Deliv. 14 (1), 1–5.
doi:10.1080/17425247.2017.1262346

Villanueva, A. (2019). Hepatocellular Carcinoma. N. Engl. J. Med. 380 (15),
1450–1462. doi:10.1056/NEJMra1713263

Wall, M. A., Shaffer, T. M., Harmsen, S., Tschaharganeh, D.-F., Huang, C.-H.,
Lowe, S. W., et al. (2017). Chelator-Free Radiolabeling of SERRS Nanoparticles
for Whole-Body PET and Intraoperative Raman Imaging. Theranostics 7 (12),
3068–3077. doi:10.7150/thno.18019

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org September 2021 | Volume 9 | Article 73379222

Liu et al. Silica Nanoframeworks Involved HCC Theranostic

https://doi.org/10.1021/nn5063613
https://doi.org/10.1186/s40349-017-0104-0
https://doi.org/10.1016/j.ejps.2020.105240
https://doi.org/10.1016/j.ejps.2020.105240
https://doi.org/10.3390/biomedicines9010073
https://doi.org/10.3390/pharmaceutics13020152
https://doi.org/10.3390/pharmaceutics13020152
https://doi.org/10.3171/2013.7.Jns13415
https://doi.org/10.1016/j.biomaterials.2010.12.042
https://doi.org/10.1186/1743-8977-8-1
https://doi.org/10.3390/ma11050779
https://doi.org/10.1002/anie.202014852
https://doi.org/10.1002/anie.202014852
https://doi.org/10.3390/pharmaceutics12060526
https://doi.org/10.1039/c8nr02358a
https://doi.org/10.1021/ja409490q
https://doi.org/10.1021/ja409490q
https://doi.org/10.3390/cells9061370
https://doi.org/10.1136/gutjnl-2018-316408
https://doi.org/10.1016/j.drudis.2017.10.022
https://doi.org/10.1016/j.msec.2021.111875
https://doi.org/10.1002/hep.30814
https://doi.org/10.1038/nm.3679
https://doi.org/10.1016/j.cca.2016.10.006
https://doi.org/10.1016/j.cca.2016.10.006
https://doi.org/10.1016/j.cmet.2008.07.005
https://doi.org/10.2147/ijn.S290537
https://doi.org/10.1016/j.actbio.2015.11.033
https://doi.org/10.1016/j.actbio.2015.11.033
https://doi.org/10.4254/wjh.v12.i9.558
https://doi.org/10.4254/wjh.v12.i9.558
https://doi.org/10.1021/ac062151b
https://doi.org/10.1016/j.bioelechem.2018.07.002
https://doi.org/10.1039/c9cs00648f
https://doi.org/10.3322/caac.21660
https://doi.org/10.1158/2159-8290.Cd-12-0429
https://doi.org/10.1186/s11671-016-1512-8
https://doi.org/10.1186/s11671-016-1512-8
https://doi.org/10.1016/j.ijpharm.2019.118782
https://doi.org/10.3892/or.2011.1240
https://doi.org/10.3389/fbioe.2020.00184
https://doi.org/10.1053/j.gastro.2019.01.261
https://doi.org/10.1053/j.gastro.2019.01.261
https://doi.org/10.1080/17425247.2017.1262346
https://doi.org/10.1056/NEJMra1713263
https://doi.org/10.7150/thno.18019
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


Wang, H., Wang, J., Wang, Y., Liu, Y., Liu, R., Wang, X., et al. (2020a). Oriented
Boronate Affinity-Imprinted Inverse Opal Hydrogel for Glycoprotein Assay via
Colorimetry. Microchim Acta 187 (6), 348. doi:10.1007/s00604-020-04320-9

Wang, K., He, X., Yang, X., and Shi, H. (2013). Functionalized Silica Nanoparticles:
a Platform for Fluorescence Imaging at the Cell and Small Animal Levels. Acc.
Chem. Res. 46 (7), 1367–1376. doi:10.1021/ar3001525

Wang, P., Li, X., Yao, C., Wang, W., Zhao, M., El-Toni, A. M., et al. (2017a).
Orthogonal Near-Infrared Upconversion Co-regulated Site-specific O 2 Delivery
and Photodynamic Therapy for Hypoxia Tumor by Using Red Blood Cell
Microcarriers. Biomaterials 125, 90–100. doi:10.1016/j.biomaterials.2017.02.017

Wang, S., Li, F., Qiao, R., Hu, X., Liao, H., Chen, L., et al. (2018). Arginine-Rich
Manganese Silicate Nanobubbles as a Ferroptosis-Inducing Agent for Tumor-
Targeted Theranostics. ACS Nano 12 (12), 12380–12392. doi:10.1021/
acsnano.8b06399

Wang, W., Wang, P., Tang, X., Elzatahry, A. A., Wang, S., Al-Dahyan, D., et al.
(2017b). Facile Synthesis of Uniform Virus-like Mesoporous Silica
Nanoparticles for Enhanced Cellular Internalization. ACS Cent. Sci. 3 (8),
839–846. doi:10.1021/acscentsci.7b00257

Wang, Y.-S., Shao, D., Zhang, L., Zhang, X.-L., Li, J., Feng, J., et al. (2015). Gold
Nanorods-Silica Janus Nanoparticles for Theranostics. Appl. Phys. Lett. 106
(17), 173705. doi:10.1063/1.4919454

Wang, Z., Chang, Z.-m., Shao, D., Zhang, F., Chen, F., Li, L., et al. (2019). Janus
Gold Triangle-Mesoporous Silica Nanoplatforms for Hypoxia-Activated
Radio-Chemo-Photothermal Therapy of Liver Cancer. ACS Appl. Mater.
Inter. 11 (38), 34755–34765. doi:10.1021/acsami.9b12879

Wang, Z., Chang, Z., Lu, M., Shao, D., Yue, J., Yang, D., et al. (2017c). Janus Silver/Silica
Nanoplatforms for Light-Activated Liver Cancer Chemo/Photothermal Therapy.
ACS Appl. Mater. Inter. 9 (36), 30306–30317. doi:10.1021/acsami.7b06446

Wang, Z., Fang, X., Sun, N., and Deng, C. (2020b). A Rational Route to Hybrid
Aptamer-Molecularly Imprinted Magnetic Nanoprobe for Recognition of
Protein Biomarkers in Human Serum. Analytica Chim. Acta 1128, 1–10.
doi:10.1016/j.aca.2020.06.036

Wang, Z., Shao, D., Chang, Z., Lu, M., Wang, Y., Yue, J., et al. (2017d). Janus Gold
Nanoplatform for Synergetic Chemoradiotherapy and Computed Tomography
Imaging of Hepatocellular Carcinoma. ACS Nano 11 (12), 12732–12741.
doi:10.1021/acsnano.7b07486

Wang, Z., Wang, Y., Lu, M., Li, L., Zhang, Y., Zheng, X., et al. (2016). Janus Au-
Mesoporous Silica Nanocarriers for Chemo-Photothermal Treatment of Liver
Cancer Cells. RSC Adv. 6 (50), 44498–44505. doi:10.1039/c6ra04183c

Wang, Z., Wu, P., He, Z., He, H., Rong, W., Li, J., et al. (2017e). Mesoporous Silica
Nanoparticles with Lactose-Mediated Targeting Effect to Deliver Platinum(iv)
Prodrug for Liver Cancer Therapy. J. Mater. Chem. B 5 (36), 7591–7597.
doi:10.1039/c7tb01704a

Wong, R. C. H., Ng, D. K. P., Fong, W.-P., and Lo, P.-C. (2017). Encapsulating pH-
Responsive Doxorubicin-Phthalocyanine Conjugates in Mesoporous Silica
Nanoparticles for Combined Photodynamic Therapy and Controlled
Chemotherapy. Chem. Eur. J. 23 (65), 16505–16515. doi:10.1002/chem.201703188

Wong, R. C. H., Ng, D. K. P., Fong, W.-P., and Lo, P.-C. (2020). Glutathione- and
Light-Controlled Generation of Singlet Oxygen for Triggering Drug Release in
Mesoporous Silica Nanoparticles. J. Mater. Chem. B 8 (20), 4460–4468.
doi:10.1039/d0tb00636j

Wu, M., Lin, X., Tan, X., Li, J., Wei, Z., Zhang, D., et al. (2018). Photoresponsive
Nanovehicle for Two Independent Wavelength Light-Triggered Sequential
Release of P-Gp shRNA and Doxorubicin to Optimize and Enhance
Synergistic Therapy of Multidrug-Resistant Cancer. ACS Appl. Mater. Inter.
10 (23), 19416–19427. doi:10.1021/acsami.8b03823

Xiao, X., Liu, Y., Guo, M., Fei, W., Zheng, H., Zhang, R., et al. (2016). pH-triggered
Sustained Release of Arsenic Trioxide by Polyacrylic Acid Capped Mesoporous
Silica Nanoparticles for Solid Tumor Treatment In Vitro and In Vivo.
J. Biomater. Appl. 31 (1), 23–35. doi:10.1177/0885328216637211

Xue, H., Yu, Z., Liu, Y., Yuan, W., Yang, T., You, J., et al. (2017). Delivery of miR-
375 and Doxorubicin Hydrochloride by Lipid-Coated Hollow Mesoporous
Silica Nanoparticles to Overcome Multiple Drug Resistance in Hepatocellular
Carcinoma. Int. J. Nanomedicine. Vol. 12, 5271–5287. doi:10.2147/ijn.S135306

Yagoda, N., von Rechenberg, M., Zaganjor, E., Bauer, A. J., Yang, W. S., Fridman,
D. J., et al. (2007). RAS-RAF-MEK-dependent Oxidative Cell Death Involving

Voltage-dependent Anion Channels. Nature 447 (7146), 865–869. doi:10.1038/
nature05859

Yang, X., Li, M., Liang, J., Hou, X., He, X., and Wang, K. (2021). NIR-controlled
Treatment of Multidrug-Resistant Tumor Cells by Mesoporous Silica Capsules
Containing Gold Nanorods and Doxorubicin. ACS Appl. Mater. Inter. 13 (13),
14894–14910. doi:10.1021/acsami.0c23073

Yanovsky, R. L., Bartenstein, D. W., Rogers, G. S., Isakoff, S. J., and Chen, S. T.
(2019). Photodynamic Therapy for Solid Tumors: A Review of the Literature.
Photodermatol. Photoimmunol Photomed. 35 (5), 295–303. doi:10.1111/
phpp.12489

Ye, J., Zhang, R., Chai, W., and Du, X. (2018). Low-density Lipoprotein Decorated
Silica Nanoparticles Co-delivering Sorafenib and Doxorubicin for Effective
Treatment of Hepatocellular Carcinoma. Drug Deliv. 25 (1), 2007–2014.
doi:10.1080/10717544.2018.1531953

Yu, M., Xu, X., Cai, Y., Zou, L., and Shuai, X. (2018). Perfluorohexane-cored
Nanodroplets for Stimulations-Responsive Ultrasonography and O 2 -
potentiated Photodynamic Therapy. Biomaterials 175, 61–71. doi:10.1016/
j.biomaterials.2018.05.019

Zhao, Q., Piao, J., Peng, W., Wang, J., Gao, W., Wu, X., et al. (2018). A Metal
Chelator as a Plasmonic Signal-Generation Superregulator for Ultrasensitive
Colorimetric Bioassays of Disease Biomarkers. Adv. Sci. 5 (7), 1800295.
doi:10.1002/advs.201800295

Zhao, R., Li, T., Zheng, G., Jiang, K., Fan, L., and Shao, J. (2017). Simultaneous
Inhibition of Growth and Metastasis of Hepatocellular Carcinoma by Co-
delivery of Ursolic Acid and Sorafenib Using Lactobionic Acid Modified and
pH-Sensitive Chitosan-Conjugated Mesoporous Silica Nanocomplex.
Biomaterials 143, 1–16. doi:10.1016/j.biomaterials.2017.07.030

Zhao, W., Zhao, Y., Wang, Q., Liu, T., Sun, J., and Zhang, R. (2019). Remote Light-
Responsive Nanocarriers for Controlled Drug Delivery: Advances and
Perspectives. Small 15 (45), 1903060. doi:10.1002/smll.201903060

Zheng, R., Qu, C., Qu, C., Zhang, S., Zeng, H., Sun, K., et al. (2018). Liver
Cancer Incidence and Mortality in China: Temporal Trends and
Projections to 2030. Chin. J. Cancer Res. 30 (6), 571–579. doi:10.21147/
j.issn.1000-9604.2018.06.01

Zhong, L., Li, Y., Xiong, L., Wang, W., Wu, M., Yuan, T., et al. (2021). Small
Molecules in Targeted Cancer Therapy: Advances, Challenges, and Future
Perspectives. Sig Transduct Target. Ther. 6 (1), 201. doi:10.1038/s41392-021-
00572-w

Zhu, H.-H. (2020). The History of the Chemo-free Model in the Treatment of
Acute Promyelocytic Leukemia. Front. Oncol. 10, 592996. doi:10.3389/
fonc.2020.592996

Živojević, K., Mladenović, M., Djisalov, M., Mundzic, M., Ruiz-Hernandez, E.,
Gadjanski, I., et al. (2021). AdvancedMesoporous Silica Nanocarriers in Cancer
Theranostics and Gene Editing Applications. J. Controlled Release 337,
193–211. doi:10.1016/j.jconrel.2021.07.029

Zou, H., Wang, F., Zhou, J.-J., Liu, X., He, Q., Wang, C., et al. (2020). Application of
Photodynamic Therapy for Liver Malignancies. J. Gastrointest. Oncol. 11 (2),
431–442. doi:10.21037/jgo.2020.02.10

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

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

Copyright © 2021 Liu, Chen, Fei, Zheng, Zheng, Tang, Qian, Zhang, Zhao, Zhang
and Wang. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org September 2021 | Volume 9 | Article 73379223

Liu et al. Silica Nanoframeworks Involved HCC Theranostic

https://doi.org/10.1007/s00604-020-04320-9
https://doi.org/10.1021/ar3001525
https://doi.org/10.1016/j.biomaterials.2017.02.017
https://doi.org/10.1021/acsnano.8b06399
https://doi.org/10.1021/acsnano.8b06399
https://doi.org/10.1021/acscentsci.7b00257
https://doi.org/10.1063/1.4919454
https://doi.org/10.1021/acsami.9b12879
https://doi.org/10.1021/acsami.7b06446
https://doi.org/10.1016/j.aca.2020.06.036
https://doi.org/10.1021/acsnano.7b07486
https://doi.org/10.1039/c6ra04183c
https://doi.org/10.1039/c7tb01704a
https://doi.org/10.1002/chem.201703188
https://doi.org/10.1039/d0tb00636j
https://doi.org/10.1021/acsami.8b03823
https://doi.org/10.1177/0885328216637211
https://doi.org/10.2147/ijn.S135306
https://doi.org/10.1038/nature05859
https://doi.org/10.1038/nature05859
https://doi.org/10.1021/acsami.0c23073
https://doi.org/10.1111/phpp.12489
https://doi.org/10.1111/phpp.12489
https://doi.org/10.1080/10717544.2018.1531953
https://doi.org/10.1016/j.biomaterials.2018.05.019
https://doi.org/10.1016/j.biomaterials.2018.05.019
https://doi.org/10.1002/advs.201800295
https://doi.org/10.1016/j.biomaterials.2017.07.030
https://doi.org/10.1002/smll.201903060
https://doi.org/10.21147/j.issn.1000-9604.2018.06.01
https://doi.org/10.21147/j.issn.1000-9604.2018.06.01
https://doi.org/10.1038/s41392-021-00572-w
https://doi.org/10.1038/s41392-021-00572-w
https://doi.org/10.3389/fonc.2020.592996
https://doi.org/10.3389/fonc.2020.592996
https://doi.org/10.1016/j.jconrel.2021.07.029
https://doi.org/10.21037/jgo.2020.02.10
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles


GLOSSARY

HCC hepatocellular carcinoma

MDR multidrug resistance

MSNs mesoporous silica nanomaterials

RGD arginine-glycine-aspartic acid

TME tumor microenvironment

nDDS nano drug delivery systems

SNFs silica-based nanoplatforms

Mn manganese

MnMSNs Mn-doped mesoporous silica nanocarrierMn-doped MSNs

MRI magnetic resonance imaging

GSH glutathione

PET positron emission tomography

AFP alpha-fetoprotein

SERR surface-enhanced resonance Raman

SERRS SERR scatting

EDTA·2Na ethylenediaminetetraacetic acid disodium salt

AuNPs gold nanoparticles

SiO2 NPs silica nanoparticles

RIfS reflectometric interference spectroscopy

SiN silicon nitride

Mn-SiO2 Mn2+-doped SiO2 nanoparticles

AMSNs arginine-rich manganese silicate nanobubbles

TEM ransmission electron microscopy

Arg arginine

RES reticuloendothelial system

PAI photoacoustic imaging

NIR near infra-red

PVMSNs polydopamine-doped virus-like mesoporous nanoparticles

GO graphene oxide

rGO@PVMSNs PVMSNs coated reduced graphene oxide

PA photoacoustic

HA-SiNP hyaluronate-silica nanoparticle

FITC fluorescein isothiocyanate

FSNPs FITC-doped silica nanoparticles

SA streptavidin

SA-FSNPs FSNPs conjugated with SA

Bio-TLS11a biotin-labeled aptamer TLS11a

US ultrasound

GPC-3 glypican-3 protein

F-MSN perfluorodecyltriethoxysilane-modified MSNs

M-MSNs trimethylchlorosilane-modified MSNs

P-SS perfluorodecyltriethoxysilane-modified silica nanoparticles

INBs interfacial nanobubbles

DOX doxorubicin

Cyc c cytochrome c

YMSNs mesoporous silica nanoparticles

YMSN-NBC-Cyt-c-NBC-LA@DOX H2O2-responsive Cyt c/DOX
co-delivery system

YMSN-NBC-Cyc-c-NBC-LA H2O2-responsive Cyt c delivery system

ROS reactive oxygen species

ICG indocyanine green

FA-JNPs@ICG ICG-loaded Janus silver-mesoporous silica nanoparticles

PL-PUFA-OH polyunsaturated fatty acids

PL-PUFA-OOH lipid peroxides

Fe iron

GPx4 glutathione peroxidase 4

DHA dihydroartemisinin

RT radiotherapy

TEOS Tetraethoxysilane

CTAB cetrimonium bromide

GSJNs Au-mesoporous silica Janus nanoparticles

FA folic acid

TPZ tirapazamine

FA-GT-MSNs@TPZ TPZ-loaded Janus gold triangle-MSNs

PTT photothermal therapy

PDT photodynamic therapy

BPQDs black phosphorus quantum dots

BMSF BPQDs-hybridized mesoporous silica framework

Apt-BMSF@Pt BMSF with in situ synthesized Pt nanoparticles

UCMCs GdOF: Ln@SiO2-ZnPc-CDs-FA UCL microcapsules

SCHSs silica-carbon hollow spheres

MCTS 3D tumor model

SDT sonodynamic therapy

HMONs hollow mesoporous organosilica nanoparticles

PpIX protoporphrin

PD-L1 programmed cell death 1 ligand

LPS lipopolysaccharide

TNF-α tumor necrosis factor-α
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