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Development of nanotechnology-mediated
precision radiotherapy for anti-metastasis
and radioprotection
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Radiotherapy (RT), including external beam RT and internal radiation therapy, uses high-energy ionizing
radiation to kill tumor cells. However, ionizing radiation inevitably damages the surrounding normal
tissues. Therefore, it is imperative to develop precision RT for improving the treatment outcome and
reducing the adverse effects. Recent breakthroughs in nanotechnology have provided a variety of
strategies by which RT can precisely and efficiently eradicate local tumors. In this review, we would like
to summarize a series of nanotechnology-mediated strategies to achieve precision RT, including tumor-
targeted delivery, image-guided precision radiotherapy, and exo/endogenous stimuli-responsive
nanomedicines for enhanced tumor accumulation/penetration. In addition, this review will also discuss
two representative featured applications of precision RT: RT-induced immunotherapy against cancer
metastasis and radioprotection of the surrounding healthy tissues. Since RT is usually thought to be only
effective for treating local tumors, this review will interpret the unusual mechanisms of RT-mediated
systemic antitumor immunity for eliminating distant cancer metastasis as well as the abscopal effects of
RT in combination with other treatments (e.g., photodynamic therapy (PDT), chemodynamic therapy
(CDT), etc.). Furthermore, this review will discuss nanotechnology-mediated radioprotection strategies
for shielding healthy tissues from radiation damage. Finally, the current challenges and future prospects
of precision RT are also elucidated with the intention to accelerate its clinical translation.

1. Introduction
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Cancer remains one of the leading causes of death worldwide,
accounting for nearly 10 million deaths every year." As an
important anticancer treatment, radiotherapy (RT) is delivered
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Generally, RT takes effect by ionizing radiation (e.g., X-ray,
y-ray, etc.) and particle radiation (e.g., carbon ions, electrons,
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various clinical demands. In general, RT damages tumor tis-
sues through direct and indirect actions. Direct action refers to
biomolecule damage, especially double-strand breaks in DNA,
leading to necrosis or apoptosis. In indirect action, radiolysis of
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destroy biological molecules, such as DNA, proteins, and lipids,
to trigger cell apoptosis.®* Furthermore, RT is usually used in
combination with other treatments, including surgery, chemo-
therapy, and immunotherapy, to treat tumors. Therefore, RT
has always been a mainstay part of cancer treatment.

1.2 Precision RT

Precision medicine is an emerging field that considers indivi-
dual variations in genetics, the environment and lifestyle
factors for targeted therapy.'* The precision medicine of
cancer patients relies heavily on the development of next
generation sequencing and high-throughput data processing
technologies."> However, current RT cannot accurately distin-
guish tumor tissues from healthy ones, so patients usually
suffer from severe radiation damage, such as gastrointestinal
syndrome (GIS) and radiation-induced lung injury (RILI), which
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lowers the long-term life quality of patients and limits the
follow-up treatment.'®™® Therefore, precision RT is highly
desirable to maximize tumor control and minimize the toxic
effects on healthy tissues at the individual patient level.*

1.3 Emerging nanotechnologies for precision RT

For tumors, only a small proportion of X-ray photon energy can
be absorbed. Therefore, high dose radiation is usually required
to kill tumor cells, imposing a radiation-related side effect on
the surrounding normal tissues.>* Recently, the rapid develop-
ment of nanotechnology has shown its great value in achieving
precision RT. For example, owing to a high photoelectric
absorption cross-section, the Au nanoparticles (AuNPs) can
enhance local dose deposition in the kilovoltage range (500-
300 kvp), which causes the energy of X-ray photons absorbed by
AuNPs to be transferred to the surrounding water, resulting in
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ROS generation.”” In addition, the organic materials, such as
protoporphyrin IX (PpIX), were also reported to generate ROS
under X-ray irradiation instead of light.>*"** Nowadays, a wide
range of multifunctional nanomaterials have been designed for
tumor-targeted delivery and radiosensitization through a high-
Z element-induced Compton effect or regulation of radioresis-
tant tumor microenvironment (TME).*"*® These nanoradiosen-
sitizers accumulate in tumors via either passive targeting
(known as enhanced permeability and retention (EPR) effect)
or active targeting mechanisms, including ligand modification-
based targeting, biomimetic targeting, magnetic targeting, and
even subcellular organelle targeting, allowing for tumor-
specific precision RT.*”** Based on nanoradiosensitizers,
low-dose radiation is able to kill tumor cells effectively,
lowering side effect on normal tissues. In addition, these
nanoradiosensitizers can be endowed with multiple imaging
functionalities for image-guided precision RT, including mag-
netic resonance imaging (MRI), computed tomography (CT)
imaging, photoacoustic imaging (PAI), fluorescence imaging
(FLI), positron-emission tomography (PET) imaging,
single-photon-emission computed tomography (SPECT) ima-
ging, or combination of these imaging modalities.
These advanced imaging techniques can provide accurate
information of tumor location and track/monitor the pharma-
cokinetics of nanoradiosensitizers.***> Moreover, specific ima-
ging techniques can be used to monitor the TME and
tumor responses to therapy, thus beneficial in guiding
precision RT.**®  Furthermore, the exo/endogenous
stimuli responsive-nanotechnologies also play an important
role in realizing precision RT. For instance, pH-respon-
sive nanoradiosensitizers are able to self-regulate their parti-
cle sizes at different pH values for enhanced tumor
penetration.***°
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Besides destroying the local tumors, precision RT can also
suppress distant tumor metastasis. Generally, RT is thought to
be only effective in local tumor therapy; however, the
nanotechnology-mediated RT is able to elicit systemic antitu-
mor immunity against distant cancer metastasis.'’ Moreover,
the abscopal effect of RT can be further enhanced by combi-
nation with checkpoint blockade therapy or other treatment
protocols.”>"® In addition, minimizing the side effects of
ionizing radiation on normal healthy tissues is also an impor-
tant part of precision RT. Several types of ROS-scavenging
nanomaterials, including CeO,, fullerenes, graphdiyne, and
Bi,Se;, have been synthesized for radioprotection of normal
tissues.?*™*° Moreover, various nanocarriers have been utilized
to deliver molecular radioprotectors to improve their blood
circulation and biodistribution. Overall, rapidly advancing
nanotechnology enables precision RT to be extended to anti-
metastasis and radioprotection.

In this review, the current state-of-the-art strategies for
nanotechnology-mediated precision RT are summarized,
including tumor-targeted delivery, image-guided positioning,
and exo/endogenous stimuli-responsive tumor accumulation/
penetration. Besides, this review will also discuss two repre-
sentative featured applications of precision RT: RT-induced
systemic antitumor immunity against distant metastasis and
radioprotection of healthy tissues.

2. Tumor-targeted delivery strategies
for precision radiotherapy

Tumor-targeted delivery strategies enable nanoradiosensitizers
to precisely accumulate in tumor tissues for precision RT. This
section will discuss various advanced tumor-targeted nanome-
dicine delivery strategies for achieving precision RT (Fig. 1),
including EPR effect-mediated passive targeting, biological
or bioorthogonal ligand-mediated targeting, cell or cell
membrane-mediated homing targeting, magnetic targeting,
and subcellular organelle targeting (e.g., mitochondrial target-
ing, nucleus targeting, etc.) strategies.

2.1 Enhanced permeability and retention (EPR) effect-
mediated passive targeting strategy

When administered intravenously, drugs are usually too small
thus are easily excreted by the kidneys or too large thus are
easily recognized and cleared by the reticuloendothelial system
(RES), but nano-sized drugs can achieve long blood circulation
for enhanced tumor accumulation.”” Different from healthy
vasculatures in normal tissues, tumors have leaky vessels, so
nano-sized drugs featured with long blood circulation tend to
leak into tumor tissues via the leaky vessels and then stay
within the tumors.”®*® This phenomenon, known as the EPR
effect, is the primary pathway by which most radiosensitizers
accumulate in the tumors.**%°%

For example, Gao et al. used nitrosylated maytansinoid
DM1 with the NO releasing group, tert-butyl nitrite
(CH3);CONO, to prepare a prodrug DM1-NO. Considering
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Fig.1 Scheme of the various targeting strategies for precision RT.
Adapted with permission from ref. 31, 37 and 50-56 Copyright, American
Chemical Society, Wiley, Elsevier, Royal Society of Chemistry, American
Scientific Publishers.

that DM1-NO could not efficiently accumulate in tumors,®® it
was loaded into the poly(lactide-co-glycolic)-block-
ploy(ethylene glycol) (PLGA-b-PEG) nanocarrier (DM1-NO-
NPs) for efficient delivery to tumors through the EPR effect.
The elevated ROS induced by X-ray irradiation led to the
cleavage of the S-N bond for release of DM1 and NO. DM1
could arrest the cell cycle at the G2/M phase, sensitizing
cancer cells to RT. Moreover, NO could react with radiation-
induced ROS to generate more harmful radicals, such as
ONOO-, leading to lipid peroxidation and DNA damage. As
a result, DM1-NO-NPs plus X-ray irradiation could signifi-
cantly suppress tumor growth.

Furthermore, the EPR effect is quite heterogeneous within
and across tumors and is highly related with cancer type, tumor
volume, blood supply, and location.®”””*> For instance, Davis
and Lewis’s group synthesized star polymers (denoted as
nanostars). Then, the nanostars were modified with Gd*" for
MR imaging and labeled with *Zr or "’Lu for in vivo PET
imaging or internal RIT.*® In vivo PET imaging was performed
in two types of tumors with different EPR characteristics by
intravenous injection of *°Zr-functionalized nanostars. The
result revealed that the nanostars effectively accumulated
in CT26 xenografts (high EPR) at 3 days post-injection
(14.8 + 4.0% ID per g). However, the nanostars were observed
only at the periphery of BxPC3 xenografts (low EPR) with poor
penetration. BXPC3 pancreatic cancer is characterized by a
dense extracellular matrix, which might result in a low EPR
effect and poor penetration of nanodrugs.”” Finally, the *”"Lu-
labeled nanostars were utilized for the RT of CT26 tumor-
bearing mice. The result showed that the CT26 tumor growth
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was significantly inhibited when the imposed dose was
increased to 3.7 or 7.4 MBq.

2.1.1 Engineering the shapes of nanoradiosensitizers for
better EPR effect. It is well known that the EPR effect is
dependent on the physicochemical characteristics of NPs such
as shape and size. Both shape and size of radiosensitizers can
affect their biological processes, including cell uptake, vascu-
lature crossing, and tumor penetration/diffusion, thus further
influencing their blood circulation half-life, biodistribution,
and tumor accumulation.”*”> For the shape of NPs, non-
spherical NPs differ from the corresponding spherical NPs in
many biophysical processes, such as flow processes in blood,
processes of being recognized by RES, the ways of interaction
with cell membranes, the process of penetrating and diffusing
into tumor tissue, etc.”® It has been reported that spherical NPs
with an optimal size in the range of 50-100 nm could achieve
the best tumor accumulation owing to their good EPR
effect.”””” However, other studies showed that non-spherical
NPs, especially rod-shape ones, exhibited some advantages over
spherical NPs in cancer cell phagocytosis.”®”® This is because
the tumor accumulation of particles is affected by many factors,
such as tumor type, tumor location, and particle size.

For example, Xia and Liu’s group doped radioactive “®*Au
into the crystal lattices of PEGylated Au nanostructures with
four different shapes but similar size (~50 nm), including
nanospheres, nanodisks, nanorods, and cubic nanocages
(Fig. 2a-d).>° They investigated the biodistribution, tumor
accumulation, and intratumoral distribution of the four shapes
of *®Au-doped nanostructures in EMT6 breast tumor-bearing
mice. The v radiation of radioactive *®Au was adopted to
quantify the biodistribution of these Au nanostructures. How-
ever, in vivo tumor uptake was observed by the Cerenkov
luminescence derived from the B-emission of '°®Au. The auto-
radiography imaging of tumor slices was utilized to measure
the intratumoral distribution of these Au nanostructures. It was
observed that Au nanospheres exhibited the longest blood
circulation time and highest tumor accumulation of 23.2% ID
per g at 24 h post-injection (Fig. 2e). It is worth mentioning that
Au nanodisks could accumulate in the lung even at 24 h post-
injection (4.9% ID per g) due to their distinct shape, indicating
their potential application in lung theranostics. The in vivo
luminescence and X-ray imaging further confirmed the highest
tumor uptake of Au nanospheres (Fig. 2f). Interestingly, auto-
radiography imaging of tumor slices at 24 h post-injection
revealed that the Au nanocages and nanorods were able to
reach the tumor cores while Au nanospheres and nanodisks
only stayed at the periphery of tumors. In another similar study,
Ma et al. designed three types of PEG-modified Au nanostruc-
tures with similar size (about 50 nm) but various shapes, such
as Au NPs (GNPs), Au nanorods (GNRs), and Au nanospikes
(GNSs).% In vitro cell uptake experiments showed that GNPs
presented higher phagocytic efficiency than GNRs and GNSs at
24 h post-incubation. Owing to higher cellular uptake effi-
ciency, GNPs showed better RT enhancement with a sensitiza-
tion enhancement ratio (SER) of 1.62, much higher than that of
GNSs (1.37) and GNRs (1.21). These results suggested that the

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Engineering the shapes of nanoradiosensitizers for better EPR effect. (a—d) TEM images of Au nanospheres (a), Au nanodisks (b), AuNRs (c), and Au
cubic nanocages. (e) Biodistribution of various types of 198Au-doped Au nanostructures at 1 day after intravenous administration. Inset: the amount of Au
in tumor sites. (f) In vivo radioluminescence images of tumor-bearing mice at 1 day after administration of various types of *®Au-doped Au
nanostructures. Reproduced with permission from ref. 50. Copyright 2014, American Chemical Society.

shape was able to influence the cell uptake efficiency of Au
nanostructures and further affect their RT efficacy.

As another example, Wang et al. constructed three types of
PEGylated Au nanomaterials (i.e., Au nanohexapods, Au nanor-
ods, and Au nanocages) with similar sizes to investigate their
in vitro and in vivo cellular uptake efficiencies.”” The result
revealed that Au nanohexapods exhibited higher cellular
uptake than Au nanorods and Au nanocages. Moreover, Au
nanohexapods and Au nanorods exhibited relatively high
tumor accumulation of 7.2 £+ 1.2 and 8.4 + 2.2% ID per g at
24 h post-injection, respectively. However, Au nanocages
showed relatively poor accumulation in tumors (2.6 £ 0.8%
ID per g at 24 h post-injection).

A previous study reported that the targeting ability of AuNRs
could be better than that of Au nanospheres when modified
with active targeting ligands. Zhang et al. fabricated two shapes
(rod and sphere) of RGD-modified, radioisotope '*’I-labeled
and cisplatin-loaded Au nanostructures (RGD-'>’IPt-AuNRs
and RGD-'*’IPt-AuNPs) with similar sizes to evaluate their
in vivo biodistribution and chemotherapy/RT efficacy.®’ The
tumor accumulation of these Au nanostructures was attributed
to both the targeting peptides and the EPR effect. The scramble
peptide c(RADyC) was used to modify Au nanostructures
(RAD-">’IPt-AuNRs and RAD-'*’IPt-AuNPs) as the non-
targeting negative control. There was no significant difference
in tumor accumulation between RAD-'*’IPt-AuNRs and
RAD-'2°IPt-AuNPs. Nevertheless, RGD-"2°IPt-AuNRs exhibited
much richer tumor accumulation than RGD-'?’IPt-AuNPs,
suggesting that the shape of Au nanostructures modified
with active targeting ligands played a crucial role in their
tumor accumulation. The relative tumor volume in the

This journal is © The Royal Society of Chemistry 2022

RGD-"*’IPt-AuNRs plus X-ray group at 21 day post-treatment
was only 4.73 compared to 9.8 in the RGD-">’IPt-AuNPs plus
X-ray group.

2.1.2 Engineering the size of nanoradiosensitizers for bet-
ter EPR effect. Generally, large-sized (>100 nm) NPs are
easily recognized and cleared by the RES while small-sized
(<5 nm) NPs are directly excreted by the kidneys, both of
which result in their short circulation half-time and poor tumor
accumulation.”**? For the particle sizes within the range of 5
and 100 nm, smaller-sized NPs are able to rapidly enter and
penetrate deeply into tumors, but are more readily metaboli-
cally cleared from tumors. However, larger-sized NPs are able to
gradually enter into tumor and lead to higher accumulation
owing to better retention. Thus, an appropriate NP size requires
a balance between rich tumor accumulation and deep tumor
penetration.

The radiosensitizers with the most appropriate size can
achieve the richest tumor accumulation for precise RT with
very few adverse effects on the adjacent normal tissues.>"*?
Zhang et al. synthesized four different sizes (4.8, 12.1, 27.3, and
46.6 nm) of PEG-modified AuNPs to evaluate the size-
dependent radiosensitization in vitro and in vivo.®* They inves-
tigated the in vitro radiosensitization of AuNPs by measuring
the apoptosis and necrosis of HeLa cells after X-ray irradiation
(2 Gy) plus AuNPs with different sizes. The apoptosis ratios
induced by 4.8, 12.1, 27.3, and 46.6 nm AuNPs plus X-ray
irradiation were measured to be 7.65%, 21.86%, 11.19%, and
3.77%, respectively. Meanwhile, necrosis ratios of 6.13%,
15.59%, 6.93%, and 1.09% were induced by 4.8, 12.1, 27.3,
and 46.6 nm AuNPs plus X-ray irradiation, respectively. Next,
the biodistribution of PEG-modified AuNPs at 24 days after

Chem. Soc. Rev., 2022, 51, 9759-9830 | 9763
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intraperitoneal injection revealed that 12.1 nm and 27.3 nm
AuNPs mainly stayed in the liver and spleen, respectively, and
that 12.1 nm AuNPs exhibited the richest tumor concentration.
However, 4.8 nm or 46.6 nm AuNPs hardly remained in the
tumor. The tumor volumes at 24 days post-treatment of
12.1 nm AuNPs + RT and 27.3 nm AuNPs + RT were significantly
reduced to 37.1 and 130.3 mm®, respectively, compared to RT
alone (394.4 mm?®), 4.8 nm AuNPs + RT (349.6 mm?*), or 46.6 nm
AuNPs + RT (290.4 mm®).

In summary, the tumor accumulation of nanoradiosensiti-
zers through the EPR effect is influenced by various factors,
such as particle shape, size, surface modification, tumor type,
and location, etc. Therefore, to achieve precise RT, it is neces-
sary to comprehensively consider the above-mentioned factors
to design nanoradiosensitizers with optimized EPR effect and
maximized tumor accumulation.

2.2 Ligand-mediated active targeting

2.2.1 Biological ligand-mediated targeting. Although
nanoradiosensitizers can passively target tumor tissues via
the EPR effect, internalization of such nanoradiosensitizers
can be further enhanced through surface modification of
high-affinity biological ligands to bind with the specific recep-
tors on cancer cell membranes.

Folic acid (FA) is one of the most widely used targeting
ligands since the corresponding folate receptors are highly
expressed in various types of tumors, such as brain, lung,
breast, colon, and ovary tumors.®> As such, FA has been
commonly employed to engineer radiosensitizers with active
tumor targeting for precision RT.**"*° For example, Zhang et al.
loaded sorafenib (SOR, a multi-targeted drug for hepatocellular
carcinoma (HCC)) into bismuth-based mesoporous nanomater-
ials (NBOF) with surface modification of PEG-FA (P-FA)
to prepare the NBOF@SOR-P-FA NPs for actively targeted
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chemoradiotherapy of HCC (Fig. 3a).”" Owing to the P-FA
coating, NBOF@SOR-P-FA NPs were able to bind with folate
receptors overexpressed on cancer cell membranes. Thus,
NBOF@SOR-P-FA plus X-ray irradiation could effectively sup-
press in vitro HCC cell viability to 16.2% (77.2% for NBOF@
SOR-P-FA alone group) and increase the cell apoptosis propor-
tion to 51.7% (31.6% for NBOF@SOR-P-FA alone group). More-
over, in vivo treatment with NBOF@SOR-P-FA and X-ray
irradiation (6 Gy) could completely inhibit tumor growth,
whereas the average tumor volume in the X-ray alone group
reached over 500 mm® at 15 days after treatment.

Hyaluronic acid (HA), a natural high molecular weight
polysaccharide in the extracellular matrix and synovial fluid,
has been explored as a targeting ligand for nanomedicines.®>™**
The surface decoration of HA not only improves the dispersed
nature of radiosensitizers but also endows the radiosensitizers
with active targeting ability to bind with CD44 (a HA receptor)
overexpressed on cancer cells.’>>°® For example, Du et al.
loaded p-arginine (p-Arg) into MIL-100 (Fe) metal-organic fra-
meworks (MOFs) with surface modification of HA to prepare
HA@MOF/p-Arg NPs for radiosensitization of osteosarcoma
(Fig. 3b).”” After entering cancer cell via receptor-mediated
endocytosis, the released p-Arg could generate nitric oxide
(NO) and then decrease the expression level of hypoxia-
inducible factor-1 alpha (HIF-1a) for attenuating tumor
hypoxia. Moreover, the ferric ions were able to convert hydro-
gen peroxide into hydroxyl radicals (*OH) which could further
react with NO to produce peroxynitrite anions (ONOO™). Both
types of ROS could effectively kill cancer cells. The decreased
tumor hypoxia and increased ROS yield could sensitize cancer
cells to RT. As a result, the HA@MOF/p-Arg NPs plus X-ray
irradiation could significantly decrease the survival fraction of
K7M2 cells to about 10% under hypoxic conditions compared
to over 25% in the p-Arg + X-ray group. In addition, with the
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Fig. 3 Biological ligand (HA/FA)-based targeting strategies for precision RT. (a) A scheme showing the synthesis process of NBOF@SOR-P-FA and its
application for targeted RT/chemotherapy of HCC. Reproduced with permission from ref. 91. Copyright 2020, Wiley. (b) A scheme showing the synthesis
process of HA@MOF/p-Arg NPs and their application for targeted RT of osteosarcoma. Reproduced with permission from ref. 97. Copyright 2020,

Elsevier.
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modification of HA, HA@MOF/p-Arg plus 8 Gy of X-ray irradia-
tion could efficiently target tumors and completely eradicate
the tumor compared to the tumor volume of about 400 mm?
in the p-Arg + X-ray group 20 days after treatment. Furthermore,
the co-modification of two targeting ligands can further
improve the receptor-mediated endocytosis efficiency. For
instance, Askar et al. prepared a HA and FA dual ligand-
modified radiosensitizer (2DG@DCA@MgO, DDM) that con-
tained a magnesium oxide (MgO) core and a 2-deoxyglucose
(2DG) shell linked to a dichloroacetate (DCA) layer.”® The HA
and FA dual-ligand modified DDM could bind with both CD44
and folate receptors overexpressed in breast cancer, allowing
for selective tumor targeting/accumulation and effective RT/
chemotherapy of breast cancer.

Tripeptide arginine-glycine-aspartic acid (RGD) is a
structural recognition motif for o,f; and o,Bs integrins over-
expressed on cancer cells.”® The radiosensitizers or radionu-
clides conjugated with the RGD peptide can specifically
recognize the cancer cells that express integrins and then
efficiently accumulate in the tumors for precision RT.51007193
For example, Chen’s group coordinated iridium (Ir) complex on
the surface of black phosphorus (BP) nanosheets to construct a
powerful nanosystem (Ir@BP) for RT of nasopharyngeal
carcinoma.’® In this design, Ir complex was able to improve
the photoelectric properties, such as photoinduced carrier
dynamic and photocurrent responses, allowing BP to produce
more 'O, upon X-ray excitation. Then, the targeting RGD
peptide was successfully decorated onto the Ir complex in the
Ir@BP nanosystem, which was confirmed by the "THNMR spec-
trum. The western blot result showed that integrins were highly
expressed on CNE-2 cancer cells, one type of human nasophar-
yngeal carcinoma cells. After RGD decoration, the in vitro
endocytosis of RGD-Ir@BP in CNE-2 cells was increased from
4.92 pug/10° cells to 12.76 pg/10° cells. Due to high cell uptake,
RGD-Ir@BP could significantly inhibit tumor growth and result
in the tumor volume of 50 mm?® 30 days after treatment
compared to 450 mm?® in the untargeted group (BP + X-ray).
In addition to the above-mentioned commonly used biological
ligands, other ligands, such as prostate specific membrane
antigen,'® transferrin,>” chimeric L6 monoclonal antibody,"*®
epidermal growth factor,'” and low-density lipoprotein
receptor-related protein-1-targeting peptide,'®® have been also
used to modify radiosensitizers and radionuclides for tumor-
targeted precision RT.

2.2.2 Bioorthogonal ligand-based targeting. Although bio-
logical ligand-mediated active targeting strategy can improve
tumor accumulation of nanomedicines, the targeting efficiency
is often limited by the heterogenous distribution of targeted
receptors on cancer cell membranes, which may lead to poor
therapeutic efficacy."® """ Bertozzi and colleagues proposed
the concept of bioorthogonal chemistry in 2003,*** and since
then many researchers have been exploring the potential appli-
cations of bioorthogonal chemistry in the field of cancer
theranostics.">™''° For example, the bioorthogonal chemistry
can be combined with metabolic glycoengineering for tumor
targeting in a two-step strategy. First, some functional group-
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modified sugars, such as azide-sugar, were labeled onto the cell
membranes as artificial receptors via metabolic glycoengineer-
ing, and then followed by a bioorthogonal click reaction
between the artificial receptors and complementary groups as
the corresponding ligands labeled onto the theranostic
agents‘uo—uz

The bioorthogonal click reaction has also been applied to
engineer radiosensitizers for precision RT. For example, Liu
et al. designed a coordination polymer NP (Hf-AIE-PEG)
composed of hafnium tetrachloride (HfCl,) and 2,2-(((2-(4'-
(2,2-dicyano-1-phenylvinyl)-[1,1’-biphenyl]-4-yl)-2-phenyl-
ethene-1,1-diyl)bis(4,1-phenylene))bis(oxy)) diacetic acid
(TPEDC-DAC, a photosensitizer with aggregation-induced emis-
sion (AIE)) for radio- and radiodynamic therapy (RT-RDT)
(Fig. 4a).”* Hf'" could not only deposit X-ray energy as a high-
Z element to increase *OH generation but also convert X-ray
radiation into light for activating TPEDC-DAC to produce 'O,
for RDT. Moreover, bioorthogonal click reaction was applied for
improving tumor targeting and accumulation of NPs. Briefly, N-
azidoacetylmannosamine-tetraacylated (Ac;ManNAz), an azido-
containing metabolic glycoprotein labeling reagent, was first
used to label azide groups onto the cell membranes. Next, NPs
(Hf-AIE-PEG-DBCO) decorated with dibenzocyclooctyne
(DBCO, a bioorthogonal ligand) were added for bioorthogonal
click reaction with the azide groups on membranes (Fig. 4b).
In vitro confocal fluorescence images revealed that the fluores-
cence of Hf-AIE-PEG-DBCO was obviously observed at 1 h after
incubation with 4T1 cells prelabeled with Ac;ManNAz. More-
over, the fluorescence of Hf-~AIE-PEG-DBCO was co-localized
with the red fluorescence of the membrane tracker, indicating
that Hf-AIE-PEG-DBCO was labeled on the cancer cell
membrane via the bioorthogonal click reaction with azide
groups (Fig. 4c). However, 1 h of incubation was too short for
Hf-AIE-PEG to be uptaken by cells, leading to weaker fluores-
cence in cells. Then, the in vivo targeting efficiency of Hf-AIE-
PEG-DBCO was evaluated using a bilateral tumor-bearing
mouse model (Fig. 4d). The bilateral tumors were intratumo-
rally pretreated with Ac;ManNAz and PBS for 3 days, which
were denoted T2 and T1, respectively. Biodistribution analyses
through measuring the concentration of Hf ions revealed that
the accumulation of Hf-AIE-PEG-DBCO in T2 tumor was 1.83-
and 3.17-fold higher than that in T1 tumor at 1 and 3 days post-
injection, respectively (Fig. 4e). These results indicated that the
tumor accumulation and retention were remarkably enhanced
through bioorthogonal click reaction. Finally, with the help of
bioorthogonal ligand-mediated targeting, the tumor volume in
the Hf-AIE-PEG-DBCO + Ac,ManNAz + X-ray (8 Gy) group was
effectively inhibited and smaller than the initial volume
(Fig. 4f). However, the Hf-AIE-PEG + X-ray (8 Gy) group without
the bioorthogonal click reaction showed more than 2-fold
increase in the relative tumor volume after treatment. Further-
more, the bioorthogonal click reaction has also been applied
for radioimmunotherapy, a selective internal RT based on
radiolabeled antibodies.'**™**® Overall, the bioorthogonal click
reaction could be a promising targeting strategy for precision
RT owing to its highly specific recognition.
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Fig. 4 Bioorthogonal ligand-based targeting strategies for precision RT. (a) A scheme of the synthesis process of Hf—~AIE-PEG NPs. (b) Schematic
illustration of azide expression on tumor cell membrane glycan, and bioorthogonal labeling of Hf-AIE-PEG-DBCO. (c) Fluorescence images of
Ac4ManNAz pre-cultured 4T1 cells after Hf~AIE-PEG and Hf-AIE-PEG-DBCO bioorthogonal labeling for 1 h and CellMask Deep Red treatment.
(d) Schematic illustration of the experimental process for bioorthogonal design on mouse. T1: tumors without Ac4ManNAz pretreatment. T2: tumors with
Ac4ManNAz pretreatment. (e) Biodistribution of Hf—~AIE-PEG-DBCO in tumor bearing mice at 1 and 3 days after intravenous administration. (f) Tumor
growth curves of mice in different treatment groups. Black arrows indicate radiation time points. Reproduced with permission from ref. 53. Copyright

2021, Wiley.

2.3 Cell or cell membrane-mediated targeting

The synthetic nanomaterials, whether organic or inorganic,
have been found to be more or less immunogenic or toxic after
intravenous administration. Recent studies have explored the
possibility of utilizing natural cells or cell membrane-based
vesicles for the delivery of radiosensitizers, including cell
membrane camouflaged NPs, exosomes, and whole cells. These
vesicles with the natural membrane structure can be regarded
as the “self” and exhibit excellent biocompatibility, longer
blood circulation, and rich tumor accumulation. Moreover,
several types of cells or cell membranes possess inherent
homotypic binding ability, allowing particles or drugs to homo-
logously target tumors. In this section, the natural cell or cell
membrane-mediated targeting strategies for radiosensitizer
delivery will be introduced (Table 1).

2.3.1 Cell membrane camouflage-mediated tumor target-
ing. Cell membrane camouflage, proposed by the Zhang’s
group, has attracted wide attention and has been gradually
developed into a novel strategy for designing biomimetic
nanomedicines.’?”'?° To date, the membranes of cancer
cells,’®13%7133 erythrocytes,>*3**3% platelets,****3” mesenchy-
mal stem cells,"*® and even E. coli'*****' have been successfully
used for the preparation of biomimetic radiosensitizing
nanomedicines.

Cancer cell membrane camouflage endows biomimetic
nanomedicines with homologous adhesion, immune escaping,

9766 | Chem. Soc. Rev., 2022, 51, 9759-9830

and deep tumor penetration abilities.'** For example, Pan et al.

constructed glucose oxidase (GOx)-loaded TiO,@MnO, core-
shell nanoreactors that were further coated with B16-F10 cancer
cell membrane (TiO,@MnO,-GOx@C) via a co-extrusion
approach for homologous targeting and enhanced RT
(Fig. 5a).>* The GOx in these nanoreactors could catalyze the
oxidization of glucose in cancer cells to produce gluconic acid
and H,0,. Then, the MnO, shell could catalyze the decomposi-
tion of H,O, into O,. Moreover, the high-Z element of TiO, and
0O, generation could contribute to radiosensitization. The can-
cer cell membrane camouflage was able to improve homolo-
gous targeting abilities of TiO,@MnO,-GOx@C nanoreactors.
In vivo biodistribution showed that the Mn element in tumors
at 24 h post-injection of TiO,@MnO,-GOx@C was 4.5-fold
higher than that in tumor treated with TiO,@MnO,-GOX,
suggesting the great targeting capability of the biomimetic
nanoreactors (Fig. 5b). Next, X-ray irradiation at a dose of 4
Gy was imposed at 24 h after injection. The lung metastases of
melanoma (B16-F10) were completely eliminated 14 days after
treatment with TiO,@MnO,-GOx@C plus X-ray; however, the
metastatic tumors in other groups were still observed. In
addition, no mice in the TiO,@MnO,-GOx@C plus X-ray group
died even after 40 days, whereas the mice in the other groups all
died within 28 days (Fig. 5c).

Membranes of erythrocytes have also been used to camou-
flage radiosensitizers for prolonged blood circulation.'** For

This journal is © The Royal Society of Chemistry 2022


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1cs01145f

Open Access Article. Published on 10 November 2022. Downloaded on 1/14/2026 11:26:03 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chem Soc Rev

Table 1 Biomimetic targeting strategies for precision RT
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Targeting strategy Nanoparticles Cell/membrane type

Coating or loading

method Functions Ref.

Cell membrane
camouflage-based tumor

TiO,@MnO,-GOx@C B16-F10 cancer cell membrane

Co-stirring at a low
temperatures

Homologous targeting 54

targeting GNR@Mem Oral squamous KB cancer cell Co-extruding Homologous targeting, improving 131
membrane blood circulation
cQM 4T1 cancer cell membrane NA Homologous targeting 133
CMC 4T1 cancer cell membrane Co-extruding Homologous targeting, improving 130
blood circulation
Au@MC38 MC38 cancer cell membrane Biosynthesis Homologous targeting 30
TDSP-Exos CT26 cancer cell exosome Exocytosis Homologous targeting, immune 151
escaping
PFC@PLGA-RBCM  Red blood cell membrane Co-stirring at 4 °C  Improving blood circulation 29

F-RBC bismuth NPs
CM-EM-GNCs@DOX

PLT/CANS Platelet membrane

BMSNR@PM Platelet membrane

Cyp-PMAA-Fe@MSCs Mesenchymal stem cell

membrane
Carrier cell-based tumor  Au-Hb@PLT Platelet carrier
targeting Endo@GOx-ER Erythrocyte carrier
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Fig. 5 Cell membrane camouflage-based tumor targeting. (a) A scheme of synthesis process of TiO,@MnO,-GOx@C and its application in the RT of
cancer metastasis. (b) Biodistribution of Mn in major organs and tumors of mice after injection of TiO,@MnO, or TiIO,@MNnO,-GOx@C NPs. (c) Survival
curves of melanoma-bearing mice in different treatment groups. Reproduced with permission from ref. 54. Copyright 2020, Royal Society of Chemistry.

example, Liu’s group coated red blood cell (RBC) membrane on
perfluorocarbon (PFC)-loaded PLGA (PFC@PLGA-RBCM) to
prepare an artificial RBC nanosystem for hypoxia relief-
enhanced RT. Interestingly, PFC@PLGA-RBCM exhibited a
much longer blood circulation half-life of 13.93 h compared
to naked PFC@PLGA. However, the RBC membrane camou-
flage alone can only prolong circulation half-life while the

This journal is © The Royal Society of Chemistry 2022

tumor accumulation of NPs still relies on passive targeting. It
is worth noting that fusion of multiple cell membrane types can
integrate their respective strengths. For instance, Sun et al
utilized fusion membrane from both MCF-7 cancer cells and
erythrocytes to coat DOX-loaded gold nanocages (CM-EM-
GNCs@DOX) for PTT/RT/chemotherapy of breast cancer."**
Due to the hybrid membrane coating, the nanocages possessed
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both homologous targeting and improved immune-escape abil-
ities. Thus, the in vitro cell uptake of CM-GNCs and CM-EM-
GNCs in MCF-7 cells was about 3.9- and 4.1-fold higher than
those in MCF 10A cells, respectively, owing to the cancer cell
membrane-mediated targeting ability. Besides, due to the ery-
throcyte membrane-mediated immune-escape ability, the
in vitro macrophage uptake of both EM-GNCs and CM-EM-
GNCs was significantly lower than that in the CM-GNC group.
Finally, effective RT-based combination treatment significantly
suppressed the breast cancer growth in vivo. Similar to RBCs,
bone marrow mesenchymal stem cells (MSCs) with low immu-
nogenicity have also been utilized to camouflage NPs for
prolonging the blood circulation time and evading immune
surveillance. For example, Yin et al. decorated Fe(m) ions and
cypate co-loaded polymethacrylic acid (PMAA) NPs with the
MSC membrane to prepare Cyp-PMAA-Fe@MSCs for RT/PTT of
lung cancer.™®

Furthermore, platelet (PLT) membrane camouflage is
another strategy for preparing biomimetic radiosensitizers.
For example, Lyu et al. fabricated core-shell Au@AuPd nano-
spheres and then coated the nanospheres with the PLT
membrane (PLT/CANS) for brachytherapy (BT) of colon
cancer.””” The PLT membrane camouflage enables these NPs
to enhance immune evasion and actively target anomalous
vessels in tumors, leading to rich tumor accumulation of
PLT/CANS. Palladium (Pd)-based NPs could catalyze the decom-
position of H,0, into O, to alleviate hypoxic TME for radio-
sensitization. Moreover, high-Z element-based X-ray deposition
could also sensitize BT. The CANS NPs coated with the RBC
membrane (RBC/CANS) were regarded as the control group.
The in vivo circulation profiles of these NPs revealed that both
PLT/CANS and RBC/CANS NPs could prolong the blood circula-
tion time compared to naked CANS. Moreover, with the PLT

View Article Online
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membrane decoration, PLT/CANS could actively target tumor
and show a 1.9-fold richer tumor accumulation than that in
RBC/CANS group at 24 h post-injection, which was confirmed
by ICP-AES and in vivo FL imaging. Finally, the survival of colon
tumor-bearing mice in the PLT/CANS + BT group was 100% at
30 days after treatment compared to 20% and 40% of BT and
RBC/CANS + BT groups, respectively. In summary, the cell
membrane camouflage as a promising tumor-targeting strategy
can endow radiosensitizers with diverse excellent biological
capabilities for precision RT of cancer.

2.3.2 Carrier cell-mediated tumor targeting. Recently, car-
rier cells, such as leukocytes, platelets and erythrocytes, have
been widely used as innate carriers for drug delivery due to
their large loading capacity, high biocompatibility and pro-
longed blood circulation.'****° For example, Xia et al. devel-
oped a specific type of platelet containing Au-hemoglobin (Hb)
complex NPs (Au-Hb@PLT) for alleviating tumor hypoxia and
sensitizing RT (Fig. 6a)."*° First, the Au NPs were coated with
Hb to prepare Au-Hb NPs, which were then entrapped within
the PLTs through intermolecular disulfide conjugations. SEM
and TEM images of Au-Hb@PLT confirmed the distribution of
Au-Hb NPs inside Au-Hb@PLT. Next, Au-Hb@PLT could speci-
fically target cancer cells due to the specific binding between
the P-selectin on the PLT membrane and the overexpressed
CD44 receptors on the cancer cell surface. After targeting, the
Au-Hb@PLT could release Au-Hb NPs that further penetrated
into deep tumor tissues. In vivo FL imaging showed that strong
FL signal of Au-Hb@PLT in tumor sites could be observed at 1 h
and 2 h post-injection, whereas there was no FL signal of Au-Hb
NPs in the tumor. Richer tumor accumulation led to higher RT
efficacy at the same dose of X-ray radiation. Thus, the tumor
inhibition rate in mice treated with Au-Hb@PLT plus RT (2 Gy)
was similar to that in mice treated with RT (8 Gy) alone.
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Fig. 6 Carrier cell-based tumor targeting. (a) Schematic illustration of synthetic procedures of Au-Hb@PLT and its applications in targeting tumor vessel
and enhancing RT. Reproduced with permission from ref. 150. Copyright 2020, American Chemical Society. (b) Schematic illustration showing synthetic
procedures of Endo@GOx-ER and closed loop glucose-regulated release of Endo from Endo@GOx-ER. Endo is stored in the ER under euglycemic
conditions, whereas it is released during hyperglycemia. Reproduced with permission from ref. 37. Copyright 2020, American Chemical Society.
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Furthermore, Huang et al developed endostar (Endo)-
loaded GOx-modified erythrocytes (Endo@GOx-ER) for
glucose-regulated drug release.’”” The erythrocyte (ER) was
chosen as a carrier for the delivery of Endo, an inhibitor of
angiogenesis which could normalize tumor vasculature for
overcoming tumor hypoxia. The TEM and confocal images
showed that Endo@GOx-ER maintained normal size and
shape. In this nanosystem, the release rate could be controlled
by the blood glucose level (BGL). The Endo@GOx-ER could
function as a physiological ER (off-state) under normoglycemia
where the Endo was kept inside, reducing immune clearance.
However, during hyperglycemia, GOx could effectively catalyze
the decomposition of glucose to generate H,O, for promoting
ER membrane perforation, allowing Endo release (on-state)
(Fig. 6b). In addition, naked Endo could be cleared from the
body at 10 h post intravenous injection, but the Endo@GOx-ER
significantly prolonged the serum circulation time of Endo to
over 24 h. Overall, the Endo@GOx-ER could result in the
normalization of tumor vessel and long-term alleviation of
TME hypoxia, which could potentiate repeated RT. The PA
imaging of 4T1 tumor-bearing mice displayed that the oxygena-
tion levels were significantly increased even at 6 and 12 days
after intravenous injection of Endo@GOx-ER, much higher
than those in mice treated with free Endo. With the strategy
of overcoming long-term tumor hypoxia, the survival of tumor-
bearing mice in the Endo@GOx-ER + RT group was 90% at
45 days after treatment, whereas all the mice in the PBS + RT
group died by day 40.

2.4 Magnetic targeting

Magnetic targeting is a promising targeting strategy based on
drug-loaded magnetic materials under an external magnetic
field (MF).">>'>® The magnetic field could guide the magnetic
materials to the target tumors or organs where the materials
could release drug, nuclear acid, or bioactive molecules for
cancer therapy.'® This strategy is able to largely avoid
unwanted distribution of drugs in normal organs and thus
remarkably lower side effects. For example, Lyu et al. prepared
core-shell nanozymes, Fe;0,@Mn0O,, for magnetic targeting
and RT.*! The Fe;0,@MnO, NPs were used in combination
with GOx for enhanced RT. In this design, GOx could catalyze
the oxidation of intratumoral glucose to generate H,0, which
then reacted with the MnO, shell to produce O, for alleviating
tumor hypoxia. Meanwhile, the MnO, shell could also deplete
the overexpressed GSH to generate Mn>" for Ty-weighted MRL
Besides, the GSH depletion could greatly enhance RT efficacy
by reducing ROS consumption. Importantly, the Fe;O, core
could be utilized for magnetic targeting and 7,-weighted MRI.
As a result, the brighter or darker signals in the tumor regions
of T;- or T,-weighted MR images were observed at 6 h after
intravenous administration of Fe;O,@MnO, NPs under the
assistance of MF, indicating successful tumor accumulation
of Fe;0,@MnO, NPs. However, in the absence of MF, only a
slight contrast change in the tumor site was observed after
intravenous administration of Fe;O,@MnO, NPs. With the
MF-mediated targeting, the average tumor volume in the
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Fe;0,@MnO, NPs + GOx + RT + MF group was remarkably
suppressed and smaller than the initial volume at 18 days after
treatment, whereas the average tumor volume of mice more
than tripled in the Fe;0,@MnO, NPs + RT group. Besides, the
magnetic targeting strategy has also been applied in radio-
isotope therapy.'>>°

2.5 Subcellular organelle targeting

Subcellular organelles (e.g., mitochondria, nucleus, endoplas-
mic reticulum, lysosome, etc.) play an important role in main-
taining normal cellular physiological processes.'®® In recent
years, a lot of radiosensitizers that specifically target various
subcellular organelles have been explored. Selective delivery of
radiosensitizers to subcellular organelles is able to induce cell
death through different signaling pathways, reduce radioresis-
tance of tumors and significantly enhance the RT efficacy.

2.5.1 Nucleus targeting. The nucleus contains lots of
genetic materials which control the life activity of cells, includ-
ing cell proliferation, differentiation, growth, and apoptosis. As
we know, cancer cells are completely killed only when the DNA
is seriously damaged. X-ray irradiation is able to break down
the DNA of cancer cells. Nevertheless, most radiosensitizers are
only delivered into the cytoplasm of cancer cells, and only a few
radiosensitizers are able to passively diffuse into the nucleus,
thus leading to poor RT efficacy. As such, the nucleus-targeted
delivery of radiosensitizers is a promising strategy to substan-
tially enhance the RT efficacy.

The type 1 human immunodeficiency virus (HIV-1) transac-
tivator of transcription protein (TAT) has been evidenced to
function as a nucleus-targeting molecule.’® Shi and Bu
proposed a novel “intranuclear biophotonics” strategy by the
smart design of silicon phthalocyanine dihydroxide (SPCD) and
PpIX co-loaded upconversion NPs modified with PEG and a
nuclear targeting peptide TAT (UCSPs-PEG/TAT) (Fig. 7a).>
Based on the fluorescence resonance energy transfer (FRET),
the UCNP core was able to convert NIR light into visible light
which further activated both two photosensitizers (SPCD and
PpIX) to produce singlet oxygen (*O,). Moreover, PpIX could act
as a radiosensitizer to convert water into superoxide radicals
(0,7) and *OH upon X-ray radiation. High-resolution and 2D/
3D CLSM images revealed that UCSPs-PEG/TAT (green and red
luminescence emitted by the UCNP core) could co-localize with
the nucleus stained with DAPI (blue) while UCSP-PEG without
the conjugation of TAT could not enter the nucleus (Fig. 7b).
Due to nucleus-targeting ability, the generated ROS from PDT
and RT was able to remarkably induce DNA breakage and
further trigger substantial cell death. Therefore, the nuclear-
targeting synergistic RT/PDT strategy (UCSPs-PEG/TAT + NIR +
X-ray) decreased the relative tumor volume to around 0.5 com-
pared to over 3.5 in the RT alone group.

Furthermore, several studies proposed a dual-targeting strat-
egy in which cancer cell-targeting moieties and TAT were co-
used to modify radiosensitizers for enhanced tumor cell
nucleus-targeting RT.'*>"'®* For example, Pan et al. loaded 7-
ethyl-10-hydroxy-camptothecin (SN-38) into mesoporous TiO,
NPs (MTiO,(SN-38) NPs). The NPs were then anchored with TAT
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Fig. 7 Nuclear-targeting. (a) A scheme of synthetic process of UCSPs-
PEG/TAT and its application in nuclear-targeted RT/PDT of tumors.
(b) Bio-TEM images of HT-1080 cells at 24 h after treatment with
UCSPs-PEG (b1) and UCSPs-PEG/TAT (b2). Reproduced with permission
from ref. 55. Copyright 2015, Elsevier.

and RGD peptide (MTiO,(SN-38)-TAT-RGD NPs) for nucleus-
targeted RT.'®* The RGD peptide allowed the MTiO,(SN-38)-
TAT-RGD NPs to bind with the o,f; integrin overexpressed in
several types of cancer cells. Next, the MTiO,(SN-38)-TAT-RGD
NPs could further target the nucleus of cancer cells thanks to
the decoration of TAT. SN-38 could selectively target topoisome-
rase I in the nucleus and control the cell cycle of 4T1-Luc cells
in the radiosensitive G2/M phase. The in vivo anticancer
experiments revealed that the average tumor volume in the
MTiO,(SN-38)-TAT-RGD + X-ray group 21 days after treatment
was about half of that in the MTiO,(SN-38)-TAT + X-ray or
MTiO,(SN-38)-RGD + X-ray group. Overall, this strategy of
cancer cell nucleus-targeted delivery of radiosensitizers is able
to remarkably enhance the RT efficacy and reduce the side
effect by lowering X-ray irradiation doses and reducing the
irradiation time.

2.5.2 Mitochondria targeting. Mitochondria play a crucial
role in cellular metabolism, programmed cell death, and endo-
genous ROS production. The imbalance of ROS potentially
causes mitochondria dysfunction, leading to cell apoptosis.
The ROS generated from radiosensitizers in the mitochondria
can much more easily trigger cancer cell death. Therefore,
mitochondria-targeting radiosensitizers show great promise
in the RT of cancer.

Triphenylphosphonium (TPP), a moiety able to selectively
target the inner mitochondrial membrane owing to its excellent
cationic and lipophilic properties, has been widely used to
engineer NPs for mitochondria-targeted delivery."®>% For
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example, Tang and colleagues modified Gd-doped titanium
dioxide NPs (TiO,(Gd) NPs) with TPP to construct a
mitochondria-targeting radiosensitizer.”® The confocal images
revealed that IR806-labeled TiO,(Gd)-TPP NPs could effectively
target the mitochondria and co-localize with Mito-Tracker
Green stained mitochondria of MCF-7 cells compared to
TiO,(Gd) NPs. Moreover, TiO,(Gd)-TPP NPs were able to gen-
erate a great deal of ROS upon X-ray irradiation, resulting in
mitochondrial collapse and irreversible cell apoptosis. More-
over, antitumor evaluation revealed that TiO,(Gd)-TPP NPs plus
X-ray irradiation (6 Gy) completely eliminated MCF-7 xenograft
tumors at 14 days post-treatment; however, the tumor volume
was still over 30 mm? after treatment with TiO,(Gd) plus X-ray.
Besides, other mitochondria-targeting moieties have also
been used to modify radiosensitizers. For instance, Fang et al.
fabricated peptide-templated Au nanoclusters (AuNCs) for
mitochondria-targeting radiosensitization.>®  Briefly, they
synthesized a new peptide (CCYKFR) containing two domains
Cys-Cys-Tyr (CCY) and Dmt-p-Arg-Phe-Lys-NH2 (KFR) for
peptide-templated AuNC synthesis. In the new peptide, the
CCY peptide segment could reduce the Au ions into nanoclus-
ters by the phenolic group of Tyr (Y) as well as stabilize these
nanoclusters through the sulfhydryl groups of Cys (C). More-
over, the KFR peptide segment could function as a
mitochondria-targeting moiety, which has been reported in
other studies."”"

Recently, cationic ruthenium (Ru)-based complexes have
shown mitochondria-targeting capability without coupling exo-
genous targeting molecules like TPP."”>'”® On the basis of Ru,
Lin’s group designed a mitochondria-targeted nanoscale
metal-organic framework (nMOF) for radiotherapy-radio-
dynamic therapy (RT-RDT).'”* They conformed Ru(bpy);>" into
the nMOF to synthesize Hf-DBB-Ru [DBB-Ru = bis(2,2'-
bipyridine)(5,5’-di(4-benzoato)-2,2’-bipyridine)ruthenium ()
chloride] with excellent mitochondria-targeting ability.
Hf,SBUs could effectively deposit X-ray energy to produce
H,0, for enhanced RT and transfer energy to Ru(bpy);>*-
based bridging ligands to produce 'O, for RDT. Owing to the
presence of cationic [DBB-Ru]**, Hf-DBB-Ru displayed a strong
positive potential (38.9 £ 3.1 mV). The mitochondria uptake of
positively charged Hf-DBB-Ru and neutral nMOF (Hf-DBA) was
evaluated. The mitochondria of MC38 cells incubated with Hf-
DBB-Ru or Hf-DBA were extracted for quantitative analyses via
ICP-MS. The result showed that Hf-DBB-Ru rapidly accumu-
lated in the mitochondria and reached the maximum (more
than 90%) at 4 h post-incubation. However, only 18% of Hf-DBA
was internalized into the mitochondria at 4 h post-incubation.
The in vivo antitumor evaluation demonstrated that the treat-
ment/control (T/C) ratios in MC38 tumor-bearing mice treated
with Hf-DBB-Ru plus X-ray (6 Gy) irradiation was 3.0% at day 22
after treatment, much lower than 42.1% of the Hf-DBA + X-ray
groups.

2.5.3 Endoplasmic reticulum targeting. The endoplasmic
reticulum (ER) plays a crucial role in Ca>" storage, glycosyla-
tion, synthesis of lipids and several functional proteins, as well
as transportation of freshly prepared membrane and secreted

This journal is © The Royal Society of Chemistry 2022
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proteins."”®> Many studies have reported that perturbation of
these processes may result in ER stress and cell apoptosis.’”®
X-ray irradiation causes the accumulation of misfolded and
unfolded proteins in the ER to trigger ER stress and activate
unfolded protein response (UPR), leading to cell death invol-
ving autophagy and apoptosis.’””"'”®

Several studies have reported the use of increased ER stress
to sensitize cancer cells to RT. For example, tunicamycin (TM)
was utilized to trigger ER stress in human esophageal cancer
cell line EC109."”° The combination treatment of TM and RT
effectively arrested the G2/M phase and induced cancer cell
apoptosis. The in vitro and in vivo experiment results showed
that TM could significantly sensitize cancer cells to RT via
apoptosis and autophagy. Besides, ER-targeting radiosensiti-
zers have also been designed for enhanced RT. Klein et al.
proposed that ultrasmall aminosilanized oxidized silicon NPs
(NH,-SiNPs) with positive potential could accumulate in the
membranes of ER and mitochondria of 3T3 cells.*®® Moreover,
NH,-SiNPs and SiNPs could serve as radiosensitizers. Due to ER
targeting, the ROS concentrations of 3T3 and MCF-7 cells
incubated with NH,-SiNPs could increase to 120% and 180%
after X-ray irradiation, whereas X-ray irradiation showed almost
no impact on the ROS level of3T3 and MCF-7 cells incubated
with SiNPs.

In addition, ER targeting is also a promising strategy
to amplify the effects of ICD. Chen et al. loaded an ER-
targeting photosensitizer TCPP-T™® (4,4/,4” 4""'-(porphyrin-
5,10,15,20-tetrayl)tetrakis(N-(2-(methylphenyl)sulfonamido)-ethyl)
benzamide) into GSH-responsive Ds-sP (PEG-s-s-1,2-distearoyl-
sn-glycero-3-phosphoethanolamine-N-Jamino-(polyethylene gly-
col)-2000]) NPs for ER-targeting PDT which was able to effec-
tively induce ER stress and amplify ICD, resulting in enhanced
cancer immunotherapy efficacy."®"

2.5.4 Lysosome targeting. Lysosome, known as a digestive
organelle, consists of acid lumen and a lysosomal membrane
constructed by the phospholipid layer, and plays an important
role in degradation, nutrient sensing, and immunity.'®* Lyso-
some as a regulator of cellular homeostasis has been shown to
be involved in several important biological processes."®?
Recently, a growing number of studies have implicated that
lysosomes exhibit resistance to RT and are regarded as a
potential target for radiosensitization.'®* First, the cysteine
cathepsin proteases that promote the radioresistance of cancer
cells are deposited in lysosomes. Second, autophagy triggered
by X-ray irradiation is a lysosome-dependent degradation and
cell survival process. Third, the mammalian target of rapamy-
cin (mTOR), a crucial regulator of autophagy, has been reported
to be activated by lysosomes. Hence, lysosomes play a vital
role in regulating radioresistance, and lysosome targeting
is a promising strategy for overcoming radioresistance and
enabling precision RT.

For example, Simonet et al. fabricated a class of gadolinium-
based NPs (GBNs), AGulX® (Activation and Guidance of Irra-
diation by X-ray), for the radiosensitization of head and neck
squamous cell carcinoma (HNSCC).'® Interestingly, the
AGulX® preferred to accumulate into lysosomes rather than
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mitochondria or nucleus after the uptake by SQ20B J.L. cells.
The cancer cells pre-treated with AGuIX® could enhance RT
efficacy, leading to severe damage of DNA and autophagic cell
death. Likewise, other high-Z metallic NPs have also shown
lysosome-targeting ability. Hullo et al. evaluated the radio-
enhancement effect of platinum NPs (PtNPs) in breast cancer
cell lines."®® They found that the PtNPs were able to accumulate
in lysosomes and multivesicular bodies after internalization.
The lysosome-localized PtNPs could deposit X-ray energy to
effectively damage DNA and Kkill cancer cells. In another study,
Lacombe and colleagues fabricated label-free GBNs for radio-
sensitization of U87 glioblastoma cells.'®” The bio-TEM and
CLSM images found that GBNs were internalized into the cells
and then accumulated in the lysosomes rather than nucleus or
mitochondria. In addition, clonogenic assay measurements
revealed that the incubation of GBNs (0.5 mM) could signifi-
cantly improve irradiation-induced cell killing effects with 23%
of enhancing factor. The RT enhancement based on lysosome-
targeting radiosensitizers was attributed to radiation-induced
lysosomal perturbations (e.g., lysosomal overload, phospholipi-
dosis, etc.) that further induced autophagy.

3. Exo/endogenous stimuli-responsive
strategies for precision radiotherapy

Endogenous stimuli (e.g., pH, GSH, H,0,, hypoxia, enzyme,
etc.) and/or exogenous stimuli (e.g., X-ray, NIR irradiation,
ultrasound, efc.) can cause size or shape change, chemical
degradation, surface property change, and heating up of
responsive NPs, resulting in enhanced tumor accumulation/
penetration and controllable drug release. This section will
discuss exo/endogenous stimuli-responsive strategies for preci-
sion RT, including exogenous stimuli, endogenous stimuli in
the tumor microenvironment, and a combination of these
stimuli (Table 2).

3.1 Endogenous stimuli-responsive strategies

Endogenous stimuli, such as pH, GSH, H,0,, hypoxia, enzyme,
etc., have gradually become tumor-specific biotargets to trigger
drug release, size/shape transformation, chemical degradation,
or surface chemical/physical property change, which may con-
tribute to enhanced tumor accumulation/penetration of radio-
sensitizers for precision RT.

3.1.1 pH responsiveness. Typical ranges of pH are 7.0-7.5
in normal tissues/blood and 6.5-6.9 in extracellular environ-
ment of solid tumors.'®®*%° However, the pH value inside
tumor cells, such as lysosome, is around 5.5."°° The slight
difference of pH values between tumor and healthy tissues has
been utilized to design smart acidic pH-responsive radiosensi-
tizers for precision RT. For example, acid-responsive radio-
sensitizers could degrade into smaller NPs under acidic
conditions, thus enhancing tumor penetration and reducing
systemic toxicity through rapid renal-clearance.*’

Yuan’s group constructed an intelligent targeting system on
the basis of pH-responsive self-assembly and disassembly of
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Stimuli Nanoparticles ~ Responsiveness Outcomes Treatment Sensitive part Ref.
pH Au-NNP(RTX) Size transformation, drug  Disassemble into ultrasmall AnNPs to  Enhance RT and N,N-Dibutylethyle- 39
release enhance tumor penetration, enhance  chemotherapy nediamine, 1-(2-
RTX delivery efficiency aminoethyl)
pyrrolidine
pH Se@SiO,@Bi Se NP release Enhance tumor accumulation of Se NPs Enhance RT and Bi NPs 300
NCs PTT, reduce side
effect of radiation
pH Pt@HSA/CA NPs Drug release Enhance CA delivery efficiency Enhance RT and pH-responsive 193
chemotherapy imine bond
pH mTa,05-PEG/  Drug release Enhance DOX delivery efficiency Enhance RT and Surface polymer 301
DOX chemotherapy
GSH MNPs Drug release Enhance TPE-Pt and PPy delivery Enhance RT and RGD-POEGMA-b- 201
efficiency chemotherapy PAZMB
GSH Bi,Se; HNC-s-s- Drug release Enhance GA delivery efficiency Enhance RT and S-S bond 202
HA/GA PTT
GSH GdW,;,@CSsirna Gene delivery GSH depletion, enhance gene delivery Enhance RT and Polyoxometalates 302
nanospheres efficiency genetherapy
ROS ACF@MnO, NPs O, generation, drug release Hypoxia relief, enhance ACF delivery Enhance RT and MnO, 216
efficiency immunotherapy
ROS Au@SA-QBA Drug release Enhance 8HQ delivery efficiency Enhance RT QBA 217
Enzyme  Au@Tat-R-EK  Tat peptide exposure Enhance nuclear targeting of AuNPs Enhance RT Cathepsin B 227
responsive peptide
(CFLG)
Enzyme Bac@BNP Bi,S; NPs release Enhance tumor accumulation of Bi,S; Enhance RT MMP-2 responsive 228
NPs peptide (PLGVR)
Hypoxia  ALP-(MIs),/DOX Drug release Enhance DOX delivery efficiency Enhance RT and P-(MIs), 255
chemotherapy
PH/GSH  PLGA-SS- Size expansion and surface- Enhance tumor cell uptake, enhance Enhance RT Amide linkages of 103
D@BPQDs charge-switching (pH), tumor accumulation of BPQDs DMMA (pH), S-S
BPQDs release (GSH) bond (GSH)
GSH/ Ce6-Leu@Mn>"  Size transformation Enhance tumor accumulation and Enhance RT and S-S bond (GSH), 257
enzyme penetration PDT leucine motif
(LAP)
GSH/ HA-Fe-NIs-DOX Drug and radiosensitizer =~ Enhance DOX delivery efficiency, Enhance RT and Ferrocenium ion 256
hypoxia release enhance radiosensitization chemotherapy (GSH), NIs
(hypoxia)
X-ray BIHSA Upregulation of Caveolin-1 Improve the cancer cell uptake of *'I-  Enhance RT Cancer cells 264
HSA NPs
X-ray mPEG-b-P(LG-  Drug release Enhance DOX delivery efficiency Enhance RT and Se-Se bond 277
c0-CELG) chemotherapy
Light Ir@liposome NIR light controllable Alleviate tumor hypoxia Enhance RT Ir nanocrystals 284
catalases
Light CuS/""I-PEGDA/ In situ gelation Enhance tumor retention, reduce leak- Enhance RT AIPH 285
ATIPH age to the surrounding blood or tissues
Light dAuNP-FA In situ crosslinking Enhance tumor accumulation and Enhance RT DA group 303
retention
Ultrasound Nano-PFC Oxygen release Alleviate tumor hypoxia Enhance RT PFC 291
pH/light  Cs-Au-ICG Size-transformation Assemble into larger-sized aggregates  Enhance RT and Surface charge 292
(pH) for enhancing tumor accumulation, PTT (pH), AuNCs
disassemble into ultrasmall AuNCs (light)
(light) for deep tumor penetration
PH/ROS/  M/H-D Degrade to release ultra-  Enhance HfO, delivery efficiency, Enhance RT and MoS, nanosheets 293
light small HfO, NPs enhance tumor accumulation and PTT

penetration

AuNPs. In this system, the targeting ligands could be protected
inside the assembled AuNPs at the physiological pH level (pH =
7.4), but exposed when the self-assembled AuNPs disassembled
at the tumor extracellular pH level (pH = 6.8), which resulted in
prolonged blood circulation, reduced RES clearance and
enhanced tumor accumulation.™'®? In another study by
Yuan’s group, they decorated small-sized AuNPs with PEG
linked raltitrexed (RTX, chemotherapeutics and targeting
ligand) and two small tertiary amine molecules (N,N-
dibutylethylenediamine and 1-(2-aminoethyl) pyrrolidine

9772 | Chem. Soc. Rev., 2022, 51, 9759-9830

denoted as NR; and NR,) via lipoic acid (LA) to prepare self-
assembled AuNPs (Au-NNP(RTX), Fig. 8a). The Au-NNP(RTX)
was relatively stable with a large size of 160 nm at pH 7.4-7.0
but rapidly disassembled into ultrasmall AuNPs with a size of
6 nm under pH 6.8 conditions (Fig. 8b). After pH-responsive
disassembly, the emerging ultrasmall AuNPs were able to
penetrate into deeper tumor tissues. Simultaneously, the
exposed RTX could target the FA receptor on the tumor cell
surface and serve as a chemotherapeutic drug (Fig. 8c). Due to
the excellent penetration and targeting abilities of small-sized

This journal is © The Royal Society of Chemistry 2022
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Fig. 8 pH responsiveness. (a) A scheme of Au-NNP(RTX) nanoassembly.
(b) A scheme showing pH-responsive disassembly of Au-NNP(RTX). (c) A
scheme showing RT/chemotherapy of tumor based on Au-NNP(RTX)
nanoassembly. Reproduced with permission from ref. 39. Copyright
2021, Elsevier.

AuNPs after pH-responsive disassembly, in vitro penetration
evaluation on CT26 tumor spheroids showed that Au-NNP(RTX)
could penetrate deep into the spheroids at pH 6.8 compared to
Au-NP(RTX) that could not disassemble. The in vivo tumor
accumulation/penetration investigation via CLSM of tumor
slices revealed that the fluorescence signals of Au-NP(RTX)
stayed around blood vasculatures at 12 h after intravenous
injection while the fluorescence signals of Au-P(RTX) were
partly around and away from vasculatures. However, the
fluorescence signals of Au-NNP(RTX) were found both around
and far away from the blood vasculatures, indicating that the
pH-responsive targeting strategy allowed for better penetration
into tumors. As a result, the tumor-bearing mice receiving X-ray
irradiation (4 Gy) at 2 h and 12 h after intravenous injection of
Au-NNP(RTX) demonstrated a much higher inhibition rate of
95.4% at 14 days after treatment, which is 24% higher than that
of the Au-NNP(RTX) group. Overall, the pH-responsive disas-
sembly strategy enhanced tumor retention/penetration of
radiosensitizers and targeted delivery of surviving gene, which
was beneficial to achieve precision RT/gene therapy of tumors.

The low pH-responsive drug release strategy has also been
used for precision RT. For example, Yu et al. designed a pH-
responsive platinum (Pt)-based radiosensitizer by loading cin-
namic aldehyde (CA) into Pt@human serum albumin NPs
(Pt@HSA/CA NPs) for enhanced RT of tumors.'® After the
Pt@HSA/CA NPs entered the tumor cells, CA was released due
to the break of pH-responsive imine bond at pH 5.5. The
released CA could break the intracellular redox homeostasis,
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reduce antioxidant contents, and increase the concentration of
H,0,. Pt could further catalyze the decomposition of H,0, into
O, for sensitizing the tumor cell to X-ray irradiation. In addi-
tion, the in vivo tumor inhibition rate of mice in the Pt@HSA/
CA + X-ray group was 91.2%, which was much higher than
74.3% in the Pt@HSA + X-ray group. Thus, this pH-responsive
precision RT strategy was able to enhance the RT efficacy
against tumors with negligible side effects on healthy tissues.

In addition, Bu’s group utilized 2-nitroimidazole, 1H-
imidazole-4-carbonitrile and Zn*" to construct pH-sensitive
ZIF-82 nanocrystals for hypoxic prostate cancer therapy.'** On
entering the cancer cells, the ZIF-82 nanocrystals can be
degraded into electrophilic ligands and Zn**. The low-energy
electrons generated by X-ray irradiation can be captured by
these electrophilic ligands to produce nitrite (NO, ™). The NO, ™~
is able to augment intratumoral nitrosative stress and inhibit
autophagy to enhance X-ray therapeutic efficacy. In addition,
the released Zn** can suppress migration and invasion of
prostate cancer cells via ion interference. Overall, the promis-
ing strategy of X-ray-induced nitrosative stress showed a sig-
nificant inhibitory effect on hypoxic prostate tumor.

3.1.2 GSH responsiveness. Generally, GSH plays an impor-
tant role in protecting cells against external damage.'®® Never-
theless, the concentration of GSH in tumor tissues is over 4-fold
higher than that in healthy tissues and is especially high in
multi-drug resistant tumors."”®'°® The overexpressed GSH in
tumor cells causes resistance to radiotherapy.'®®*°° Fortu-
nately, the overexpressed GSH in cancer cells can be used as
a specific endogenous stimulus to design GSH-responsive
radiosensitizers for precision RT. Since GSH is able to scavenge
ROS generated by RT and remarkably decrease the RT efficacy,
the GSH-responsive radiosensitizers can deplete GSH and
enhance precision RT efficacy.

Recently, Ding et al. synthesized an NIR discrete metalla-
cycle (M) using tetraphenylethylene-based di-Pt(u) organome-
tallic precursor (TPE-Pt) and perylene bisimide fluorophore
(PPy) (Fig. 9a) for the chemoradiotherapy of tumor.>*" Next,
they used a GSH-responsive copolymer (RGD-POEGMA-b-
PAZMB) to encapsulate M for the construction of M-loaded
NPs (MNPs) (Fig. 9b). Due to GSH-triggered elimination of
AZMB groups, the MNPs could rapidly release 51.5% and
86.4% of M at 48 h post-incubation with 1 mM and 10 mM
GSH, respectively (Fig. 9c). TPE-Pt in MNPs could serve as
both a chemotherapeutic drug and a radiosensitizer. Based
on GSH-responsive radiosensitization, MNPs plus X-ray irradia-
tion (6 Gy) showed the highest tumor inhibition rate (83.2%)
compared to 42.3% of the X-ray alone group (Fig. 9d).

Disulfide (S-S) bond has been used to prepare GSH-
responsive nanomedicines. For example, Song et al. decorated
HA onto Bi,Se; hollow nanocubes (HNCs) via the S-S bond,
followed by loading of gambogic acid (GA, a heat shock protein
inhibitor) for redox-responsive and tumor-targeted RT/PTT.>*?
The Bi,Se; HNC-s-s-HA/GA could actively target CD44-
overexpressed cancer cells due to HA modification. Moreover,
due to GSH-responsive cleavage of the S-S bond, the Bi,Se;
HNC-s-s-HA/GA could collapse in the presence of GSH and then
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release GA to downregulate the expression level of heat shock
protein for eliminating cancer cells’ resistance to PTT. Con-
sidering that the enhanced RT could kill deep tumor cells, the
synergistic low-temperature PTT and RT based on the GSH-
responsive Bi,Se; HNC-s-s-HA/GA decreased the relative tumor
volume to 0.2 at 14 days after treatment, much lower than 1.1 in
the non-responsive group (Bi,Se; HNC/GA + NIR +RT).

3.1.3 ROS responsiveness. ROS, including H,0,, *OH, 'O,
and O, ", are able to kill tumor cells by destroying biological
molecules such as DNA, proteins and lipids.?** %> Meanwhile,
the ROS level in tumor cells is higher than that in normal cells,
indicating that a delicate balance of intracellular ROS content
is necessary for normal functions of cancer cells.?**?*” The
elevation of ROS level in tumors has been utilized to design
ROS-responsive drug delivery systems for tumor-specific
theranostics.?% >

The ROS-responsive strategy has been applied in the design
of radiosensitizers for precision RT.>**7>'” For example, Meng
et al. designed a ROS-responsive nanoplatform by loading
acriflavine (ACF, a cationic and hydrophilic HIF-1 inhibitor)
into MnO, NPs (ACF@MnO, NPs) for enhanced RT against
primary and metastatic tumors (Fig. 10a and b).>'® The ACF was
loaded onto the basal template MnO, NPs (MnO,-ACF inter-
mediate) via electrostatic adsorption. Next, after additional
MnO, redeposition, an external shell was constructed onto
the MnO,-ACF intermediate to obtain final ACF@MnO, NPs.
After arriving in the lysosomes of tumor cells, ACF@MnO, NPs
could react with acidic H,O, to generate O, and Mn>" for
alleviating tumor hypoxia and increasing T;-weighted MR ima-
ging contrast, which could be used for radiosensitization and
MR-guided RT, respectively. The UV absorption of ACF@MnO,
NP solution ([MnO, = 400 pM]) at 400 nm was gradually
reduced when the H,0O, concentration was increased from
0 to 400 uM, indicating the rapid ROS-responsiveness of
ACF@MnO, (Fig. 10c). The H,O,responsive degradation of
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MnO, enabled the rapid release of ACF (Fig. 10d), which could
suppress the transcription of HIF-1 to inhibit downstream
signaling molecules. They found that alleviating tumor hypoxia
and inhibiting transcription of HIF-1 could downregulate the
PD-L1 expression level and then relieve T-cell exhaustion.
Excitingly, the infiltration of CD8+ T cells in tumors treated
with ACF@MnO, plus RT was similar to that in tumors treated
with anti-PD-L1 plus RT. The bilateral CT26 tumor-bearing
mice treated with ACF@MnO, plus RT showed excellent tumor
inhibition rates of both primary tumors (88.72%) and distant
tumors (78.9%), much better than those in the anti-PD-L1 plus
RT group (65.66% for primary tumors and 67.59% for distant
tumors) (Fig. 10e and f). Furthermore, the ACF@MnO, plus RT
could also inhibit the metastases of the lung and liver of 4T1
breast tumor-bearing mice. All these results suggest that ROS-
responsive ACF@MnO, in combination with X-ray irradiation
could effectively suppress the growth of primary tumors and
activate immune responses against abscopal tumors through
alleviation of tumor hypoxia and HIF-1 functional suppression.

3.1.4 Enzyme responsiveness. Several types of enzymes,
such as lipase, protease, and glycosidase, were found to upre-
gulate in various cancer types, such as breast, prostate, lung,
and brain cancers, etc.”"*?*° Recently, these overexpressed
enzymes have been used as endogenous stimuli to
design enzyme-responsive nanomaterials for specific cancer
therapy.ml_zzs

The radiosensitizers in response to diverse types of enzymes
have been reported to specifically enhance RT and reduce
adverse effects on healthy tissues for precision RT.***>*® For
example, Ding et al. designed multifunctional responsive
peptide-modified AuNPs (Au@Tat-R-EK) for tumor-specific tar-
geted RT (Fig. 11a).>”” The peptide was composed of three
building blocks. A Tat peptide section (GRKKRRQRRRPQ) as
the first unit acquired from HIV-1 transactivator of transcrip-
tion, was directly decorated onto the AuNPs through the Au-S

This journal is © The Royal Society of Chemistry 2022
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bonds for cell penetration and nucleus targeting.>*>**° The
second unit was a cathepsin B-cleavable peptide (GFLG).>*' >3
The outer peptide, a zwitterionic peptide (EKEKEKEKEK),
endowed the NPs with outstanding biocompatibility and pas-
sive tumor targeting capability.”****> Cathepsin B, one of the
lysosomal proteases, is significantly upregulated in the TME of
various cancers, and the enzyme is secreted and bound to the
cell surface.”****” The peptide (CFLG) of Au@Tat-R-EK could be
selectively cleaved in response to cathepsin B in the TME. After
specific split, the Tat peptide section was exposed, which
adjusted the surface charge of AuNPs (Au@Tat) to be positive
(Fig. 11b), suggesting successful enzyme responsiveness. More-
over, the Au@Tat NPs were able to enter cancer cells and target
the nucleus, realizing nuclear accumulation of AuNPs. To
evaluate the enzyme-responsive cell uptake, the cathepsin B-
irresponsive peptide was used to prepare Au@Tat-I-EK as a
counterpart of Au@Tat-R-EK. The in vitro cellular uptake results
showed that the intracellular content of Au@Tat-I-EK was quite
low even with additional cathepsin B. Addition of cathepsin B
to culture medium significantly increased LM3 cell endocytosis
of Au@Tat-R-EK. However, after adding GM6001, an inhibitor
of cathepsin B, into the medium, the cellular uptake of
Au@Tat-R-EK was remarkably inhibited. As a result, Au@Tat-

This journal is © The Royal Society of Chemistry 2022

R-EK exhibited great cytotoxicity in vitro, which could be
enhanced or declined after adding cathepsin B or GM6001,
respectively. In addition, the biodistribution of AuNPs by ICP-
MS revealed that the tumor-bearing mice treated with Au@Tat-
R-EK showed a higher tumor accumulation of 9.6% ID per g at
24 h post-injection than those in the Au@Tat-I-EK group (2.7%
ID per g) (Fig. 11c). Finally, the tumor inhibition rate caused by
Au@Tat-I-EK-mediated radiosensitization was 5.3 times that of
the RT alone group.

Matrix metalloproteinases (MMPs), enzymes secreted by
cancer cells, were reported to be extracellularly overexpressed
in various malignant tumors, such as colon, breast, and brain
cancers.”*®>*! Accordingly, the elevated expression of MMPs
has been widely used to design enzyme-responsive nanosys-
tems for cancer theranostics.>**>** For example, the Zhang’s
group developed a smart biomimetic nanosystem composed of
engineered bacteria (eBac) and Bi,S; NPs (BNPs) for enhanced
RT of breast carcinoma (Fig. 11d).>*® Concretely, the Escherichia
coli MG1655 was first transferred with pBAD18-ClyA plasmid
for upregulation of the ClyA protein. Next, the matrix
metalloproteinases-2 (MMP-2)-responsive peptide (PLGVR)-
modified BNPs were chemically conjugated onto the eBac sur-
face to construct Bac@BNP. The Bac@BNP was able to target

Chem. Soc. Rev., 2022, 51, 9759-9830 | 9775
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the tumors owing to the tropism of bacteria. When Bac@BNP
accumulated at the tumor sites, BNPs with a high-Z element
were released to deposit X-ray energy, and the upregulated ClyA
in Bac was secreted to arrest the cell cycle for radiosensitization
(Fig. 11e). The in vitro cell cycle analyses via flow cytometry
showed that the incubation of 4T1 cells with Bac and
L-arabinose (an activator for ClyA expression) could signifi-
cantly increase the G2/M phase from 21.06% to 45.23% and
reduce the S phase from 36.89% to 3.04%. However, the cell
cycles of 4T1 cells incubated with plasmid-transferred Bac
(pBac) or Bac without r-arabinose showed no significant
change. The in vitro drug release result revealed that Bac@BNP
could rapidly release the BNPs in the presence of MMP-2,
whereas the addition of MMP-2 inhibitor could significantly
inhibit the BNP release. Moreover, the in vivo biodistribution
evaluation via ICP-MS analyses of the Bi element showed that
the tumor accumulation of BNPs at 48 h after intravenous
injection of Bac@BNP was almost 3 times that treated with
BNPs alone (Fig. 11f). Therefore, the 4T1-luc tumor-bearing
mice in the Bac@BNP + X-ray group showed 87.5% of survival
proportion even at 60 days after treatment, whereas the mice in
the X-ray alone group all died within 30 days (Fig. 11g). Overall,
the endogenous enzyme-responsive radiosensitizers can
improve the RT effectiveness. However, the presence of differ-
ent enzyme subtypes with a similar cleavage site should be
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considered during the design of enzyme-responsive radiosensi-
tizers to prevent off-target effect or serious side effect.

3.1.5 Hypoxia responsiveness. Hypoxia is characterized by
a low oxygen content due to imperfect vessel structures.>*®
Additionally, hypoxia has been reported to be related to resis-
tance to RT and chemotherapy, tumor invasiveness, and
metastasis.”*® However, hypoxia is rarely present in normal
tissues, making it a promising target in the design of nano-
medicines for cancer theranostics.>”’>** The hypoxia-
responsive strategy has been used to design radiosensitizers
for precisely sensitizing cancer cells to RT.>*®

For instance, Hua et al. developed a hypoxia-responsive
angiopep-2-lipid-poly(metronidazoles),, (ALP-(MlIs),,) to specifi-
cally sensitize hypoxic tumor cells to RT.>*> The ALP-(MIs), NPs
were composed of three ingredients: (1) the inner side was the
hydrophobic poly(metronidazoles), (P-(MlIs),) core which could
load with small molecule drugs; (2) the nitro groups in P-(MIs),
could be transformed into hydrophilic amino groups in
response to hypoxia, leading to drug release; (3) the outer side
was a lipid layer modified with angiopep-2 (Fig. 12a-c). They
also prepared AL-PLGA and AL-PLGA/DOX as negative controls.
Then, ALP-(MIs),, (n = 25, 48) NPs were loaded with DOX for
hypoxia-responsive RT/chemotherapy of glioma. ALP-(MIs)25
with uniform spherical morphology under normoxic conditions
was decomposed in response to hypoxic conditions, whereas

This journal is © The Royal Society of Chemistry 2022
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the AL-PLGA NPs showed no change under hypoxic conditions
(Fig. 12d). Moreover, ALP-(MIs)25/DOX and ALP-(MIs)48/DOX
were stable under normoxic conditions but precipitated under
hypoxic conditions since the nitro groups transformed into
amino groups in response to hypoxia. With the hypoxia respon-
siveness, ALP-(MIs)25/DOX and ALP-(MIs)48/DOX could rapidly
release most DOX within 4 h of incubation with hypoxic PBS.
Besides, the angiopep-2, a ligand for low density lipoprotein
receptor-related protein 1 (LRP-1) expressed in brain microvas-
cular endothelial cells, enabled ALP-(MIs),, to cross the blood-
brain barrier (BBB) and then accumulate in the glioma. In vivo
DOX accumulation investigation revealed that the DOX con-
centrations in brain tissues of mice treated with ALP-(MIs)25/
DOX and ALP-(MIs)48/DOX were significantly higher than those
treated with LP-(MIs),/DOX (without angiopep-2 modification)
or AL-PLGA/DOX (without hypoxia-responsiveness) (Fig. 12e).
Due to higher glioma accumulation and hypoxia-responsive
DOX release, the orthotopic C6-GFP-Luci glioma-bearing mice
receiving 2 Gy of RT after injection of ALP-(MIs)25/DOX (57
days) or ALP-(MIs)48/DOX (59 days) exhibited a longer median
survival time than those in LP-(MIs)25/DOX + RT (49 days) and
LP-(MIs)48/DOX + RT groups (49.5 days). Overall, the design of
endogenous stimuli-responsive radiosensitizers based on
hypoxia, a distinctive feature of tumor tissues, is a promising
strategy for precision RT. In further research, the stronger
tumor penetration ability needs to be considered in radio-
sensitizer design since the degree of hypoxia in deep tumor
tissues is much higher.

3.1.6 Dual endogenous stimuli responsiveness. In addition
to single endogenous stimulus-responsive radiosensitization,

This journal is © The Royal Society of Chemistry 2022

radiosensitizers that can respond to two endogenous stimuli,
such as pH/GSH," GSH/hypoxia,>®® pH/enzyme,**”**® pH/
hypoxia,**® GSH/ROS,****° etc., are also trending. These dual
endogenous stimuli-responsive radiosensitizers can yield a
better radiosensitizing effect and improve the accuracy of
radiosensitizer delivery for more precise cancer RT.

For example, Chan et al. designed a sequentially pH/GSH-
responsive delivery nanosystem (PLGA-SS-D@BPQDs) based on
black phosphorus quantum dots (BPQDs) and poly(lactic-co-
glycolic acid) (PLGA) for precise RT of tumors. The NPs were
coated with several shells of polymers, including polyethyleni-
mine (PEI), 2,3-dimethylmaleic anhydride (DMMA), and RGD
polypeptide, for sequential pH/GSH-responsive delivery
(Fig. 13a)."%® First, the conjugation of RGD polypeptide
endowed the PLGA-SS-D@BPQD NPs with active tumor-
targeting capability. Next, after reaching the TME, the NPs
could gradually expand in response to acidic conditions
(pH = 6.8) due to the hydrolyzation of amide linkages of DMMA,
which changed the surface potential of NPs from —7.8 mV to
+35.5 mV due to the exposure of the PEI layer. The positive
charges potentiated tumor cell uptake of the NPs. Moreover, the
average size of the NPs expanded from 157 nm to over 2500 nm
in both pH 6.8 solution and tumor homogenate. Then, the
disulfide bonds between the PEI layers and the PLGA were
broken by intracellular GSH, which decreased the size of
expanded NPs to 139 nm and released the ultrasmall BPQDs
that sensitized tumor cells to X-ray irradiation. For antitumor
efficacy investigation, the tumor inhibition rate of the PLGA-SS-
D@BPQDs + X-ray group was 2.8 times that of the BPQDs +
X-ray group.
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In addition to the sequential dual-responsive strategy, syner-
gistic dual-responsive strategy has been also reported to
enhance precision RT. For example, Mao et al. fabricated
amphiphilic ferrocenium-hexane-nitroimidazoles (Fe-NIs) as a
GSH/hypoxia dual-responsive nanocarrier for chemoradiother-
apy (Fig. 13b).>*® The Fe-NI micelles were loaded with DOX to
construct HA-Fe-NIs-DOX micelles for chemotherapy and deco-
rated with HA via electrostatic interactions for active tumor
targeting. It is worth mentioning that the HA-Fe-NIs-DOX
micelles were able to dissociate and release DOX in response
to dual endogenous GSH/hypoxia stimuli (Fig. 13c). On the one
hand, the hydrophilic ferrocenium ion was converted into
hydrophobic ferrocene with effective antitumor effect under
GSH conditions.?®* On the other hand, NIs could function as a
radiosensitizer, and the hydrophobic NIs in the micelles could
be selectively reduced to hydrophilic aminoimidazoles in the
presence of hypoxia.>***** HI-Fe-DOX micelles without radio-
sensitization were prepared as the negative control. The TEM
images showed a well-dispersed micelle structure of HA-Fe-NIs-
DOX. Then, the in vitro GSH/hypoxia dual-responsiveness of
HA-Fe-NIs micelles was investigated by TEM imaging. The
HAase was first used to degrade the HA shell to expose the
Fe-NI micelles. After incubation under GSH (10 mM), HAase
and hypoxic conditions, the HA-Fe-NI micelles were rapidly
disassembled and the yellow precipitates were observed. The
in vitro drug release experiments revealed that more than 80%
DOX was released from the HA-Fe-NIs-DOX micelles within 6 h
of incubation with hypoxia, GSH, or hypoxia plus GSH while
only 37% DOX was released even after 12 h in pH 7.4 PBS
buffer. Finally, due to excellent chemotherapeutic efficacy and
radiosensitive effect, HA-Fe-NIs-DOX plus X-ray irradiation
effectively inhibited the tumors with 0.89 of relative tumor
volume at 20 days after treatment, much lower than that in

9778 | Chem. Soc. Rev,, 2022, 51, 9759-9830

the HA-Fe-DOX + X-ray group (4.03) without a hypoxic
radiosensitizer.

Overall, dual endogenous stimuli-responsive strategy may
indeed realize the precise delivery of radiosensitizers and
lessen the side effect on healthy tissues, but it may also result
in poor RT efficacy due to the complicated response process. In
addition, the strength of endogenous stimuli varies spatiotem-
porally since it is affected by various factors in the body,
including tumor type, progression, location, and individual
differences between patients, resulting in unpredictable and
uncontrollable antitumor effects. Furthermore, the cost of
making endogenous stimuli-responsive radiosensitizers,
including synthesis of specific cleavable peptide and other
responsive small-molecules, also need to be considered to
promote the translational use of these radiosensitizers.

3.2 Exogenous stimuli-responsive strategies

Exogenous stimuli, such as X-ray, light, ultrasound, etc., have
attracted extensive interest as a remote switch to spatially and
temporally trigger morphology transformation of nanostruc-
tures or drug release. With exogenous stimuli, the location,
timing, radiosensitizer dosage and tumor accumulation/reten-
tion can be controlled for precision RT. Moreover, these exo-
genous stimuli can also endow radiosensitizers with multiple
functions beyond RT or radiosensitizer delivery, such as PA
imaging, ultrasound imaging, CT imaging and photothermal
therapy.

3.2.1 X-ray responsiveness. X-Ray, one type of ionizing
radiation, has been widely used in clinical treatment and
diagnosis. X-Ray can not only be used for RT to damage the
DNA of cancer cells but also serve as an external stimulus with
nearly unlimited tissue penetration depth to increase the cell

This journal is © The Royal Society of Chemistry 2022
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uptake of radiosensitizers or to trigger drug release for further
enhanced RT.

X-Ray irradiation on the tumor site can significantly
enhance the tumor accumulation/retention of many different
types of radiosensitizers and meanwhile reduce their efflux
through various mechanisms, thus leading to precision
RT.>**°® For example, Yang’s group proposed an X-ray-
optimized delivery strategy by enhancing tumor accumula-
tion/retention of radionuclide-labeled human serum albumin
(HSA) NPs upon X-ray irradiation (Fig. 14a).>** First, the expres-
sion levels of Caveolin-1 in various cancer cells were upregu-
lated at 24 h after X-ray irradiation. Previous studies reported
that the upregulated expression levels of Caveolin-1 in cancer
cells could increase the uptake of HSA-based NPs.>¢”?% The
flow cytometry of Cy5.5-labeled HSA revealed that the cell
uptake of HSA NPs was remarkably increased after 6 Gy of
X-ray irradiation. Next, the HSA NPs were labeled with **'1 (**'I-
HSA) to evaluate their in vivo tumor accumulation using y
imaging. The bilateral CT26 tumor-bearing mice were intrave-
nously injected with *'I-HSA NPs, followed by y imaging. The v
images showed that the radioactivity in the tumor pre-exposed
to X-rays was still detectable at 72 h post-injection while the
radioactivity in the control tumor could not be detected after 48
h, indicating enhanced tumor retention of '*'I-HSA under X-ray
irradiation (Fig. 14b). In addition, the prolonged tumor reten-
tion time after X-ray exposure could potentiate the radionuclide
therapy of "*'I-HSA. The in vivo antitumor efficacy evaluation
revealed that the tumor inhibition rate of CT26 tumor-bearing
mice injected with "*'I-HSA at 24 h after X-ray irradiation was
1.5 times that of mice receiving X-ray irradiation at 24 h post-
injection of "*'I-HSA, further suggesting that X-ray-optimized
tumor retention could improve the radiosensitizing effect.

Furthermore, X-ray-responsive drug release is another strat-
egy to sensitize cancer cells to RT.**”*”" For example, Du et al.
developed an X-ray-triggered peroxynitrite (ONOO™) production
nanoplatform for improved radiosensitizing effect (Fig. 14c).>”>
First, the Ce-doped LiLuF, was chosen as scintillating NPs
(SCNPs) to be conjugated with tocopheryl polyethylene glycol
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1000 succinate (TPGS) through electrostatic interaction. Next,
the as-prepared T-SCNPs were loaded with Roussin’s black salt
(RBS, a photo-responsive NO donor) via electrostatic attraction
to produce RBS-T-SCNPs. The LiLuF,:Ce*" in the RBS-T-SCNPs
could function as a radiosensitizer to generate ROS, such as
0,°", upon X-ray irradiation. In addition, the SCNPs were able
to convert X-ray into UV light to trigger the decomposition of
RBS to generate NO. Thus, the X-ray-triggered generation of
0,°” and NO resulted in the production of ONOO™. The
ONOO™ could contribute to radiosensitization by effectively
aggravating DNA damage and downregulating DNA-repair
enzyme. The in vitro NO release under X-ray irradiation pre-
sented an “on/off” profile, suggesting X-ray-responsive NO
release. Flow cytometry revealed that the fluorescence intensity
of 3-amino-4-aminomethyl-2’,7’-difluorescein, diacetate (DAF-
FM, a NO fluorescence indicator) in the A549 cells treated with
RBAS-T-SCNPs plus X-ray irradiation was much higher than those
treated with RBAS-T-SCNPs or X-ray alone. Therefore, RBAS-T-
SCNPs exhibited almost no cytotoxicity whereas effectively
decreased in vitro cell viability to only 5.9% compared to 52.1%
in the X-ray alone group. Besides, the in vivo tumor inhibition rate
of the RBAS-T-SCNPs + X-ray group after 20 days of treatment was
more than 4 times higher than that of X-ray alone group. These
results indicate that the X-ray-triggered sufficient release of ONOO™
from RBS-T-SCNPs could significantly enhance RT efficacy.
Recently, various X-ray-responsive nanoplatforms based on
the intrinsic weakness of certain chemical bonds have been
designed for precision RT. For instance, S-S (240 k] mol ') and
diselenide (Se-Se, 172 kJ mol ") bonds have been harnessed to
construct X-ray-responsive nanosystems for controllable drug
release due to X-ray-induced cleavage of the S-S or Se-Se
bonds.>”>*’® Wang et al. synthesized an X-ray responsive
DOX-loaded polypeptide nanogel (PNG/DOX) for on-demand
controllable DOX release and synergistic RT/chemotherapy of
human non-small-cell lung carcinoma (NSCLC).>”” The PNG
was prepared by crosslinking poly(ethylene glycol)-block-poly(v-
glutamic acid-co-y-2-chloroethyl-i-glutamate) (mPEG-b-P(LG-co-
CELG)) with an X-ray responsive Se-Se bond, which was further

T-SCNP

b,

Ligand-Free SCNP

'A fe—]
M LiLuFa:Ce3*

Fig. 14 X-ray stimuli responsiveness. (a) Schematic illustration showing the mechanism of HSA delivery under X-ray irradiation. (b) In vivo y imaging of
mice bearing bilateral CT26 tumors at various time points after intravenous administration of **-HSA. The tumor 1 (left) was preirradiated. Reproduced
with permission from ref. 264. Copyright 2020, Elsevier. (c) Schematic illustration of synthetic procedures of RBS-T-SCNPs and its application in X-ray-
controlled ONOO™ generation for tumor RT. Reproduced with permission from ref. 272. Copyright 2018, Wiley.
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loaded with DOX as a model drug. The in vitro drug release
result showed that DOX was rapidly released due to the Se-Se
bond break upon X-ray irradiation and the released DOX
amount was increased with the elevated X-ray dose. The X-ray
triggered rapid release of DOX could improve the radiosensitiz-
ing effect and result in 2.4 of relative tumor volume after 24
days of treatment compared to 3.6 in the DOX + X-ray group
(negative group).

3.2.2 Light responsiveness. Light as a particularly attract-
ing external stimulus has been widely applied in controllable
theranostics due to its non-invasiveness, ease of operation,
adjustable exposure time and position. Ultraviolet (UV), visible
(vis), and near-infrared (NIR) light are frequently utilized to
trigger drug release,””® morphology/size transformation of
nanomaterials,?”°2%! catalysis,*®*? and assembly/disassembly of
Nps.?®

The light stimulus has been shown to improve the radio-
sensitizing effect. For example, Feng et al. fabricated iridium
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nanocrystal (IrNC)-encapsulated liposomes (Ir@liposome) to
regulate tumor oxygenation for radiosensitization.”®* Concre-
tely, the Ir@liposome NPs could effectively catalyze oxygen
generation from H,0, to alleviate tumor hypoxia under NIR
light-triggered mild hyperthermia (Fig. 15a). Next, the Ir as a
high-Z element was able to deposit X-ray energy, which could
combine with tumor hypoxia relief to improve the radiosensi-
tizing effect. The as-prepared Ir@liposome NPs showed stron-
ger catalytic activity with elevated temperature in vitro, whereas
the activity of biological catalase showed almost no change
after heating (Fig. 15b and c). Moreover, the NIR light at 1 W
em ™2 could significantly improve the oxygen generation from
Ir@liposome due to the photothermal heating effect, indicating
the temperature-dependent catalytic activity of Ir@liposome
NPs (Fig. 15d). Since GSH could effectively inhibit the catalytic
activity of IrNCs, the Ir-GSH®@liposome was set as the negative
control. The ex vivo immunofluorescence staining of tumor
tissues collected from mice treated with Ir@liposome plus NIR
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Fig. 15 Light stimuli responsiveness. (a) A scheme of NIR light controllable theranostic nanozyme (Ir@liposome) and its application in PA imaging, NIR-
enhanced tumor oxygenation, and radiosensitization. (b) A scheme showing heating and NIR light controllable oxygenation through Ir@liposome
mediated H,O, decomposition. (c) Relative catalytic activities of catalase and Ir@liposome toward H,O, decomposition at various temperatures for 1 min.
(d) Oxygen generation profiles of H,O, solutions with or without Ir@liposome under 785 nm laser irradiation (1 W cm™2) or not. (e) Quantification analysis
of tumor hypoxia regions in tumor sections with different treatments. Reproduced with permission from ref. 284. Copyright 2018, Elsevier. (f) Schematic
illustration of localized synthesis of the CuS/*!I-PEGDA hydrogel at the tumor site. (g) Schematic illustration showing the dispersion of CuS/***I-PEGDA/
AIPH in the tumor region after local injection. (h) /n vivo y imaging of mice at different time points after local injection of various NPs with 915 nm laser
preirradiation for gelation or not. Reproduced with permission from ref. 285. Copyright 2018, American Chemical Society.
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light irradiation revealed that the hypoxia area in tumor slices
was significantly reduced, indicating the great catalase activity
of Ir@liposome (Fig. 15¢). However, the hypoxia area in tumors
treated with Ir-GSH@liposome did not change significantly
even with laser irradiation. Based on NIR light controllable
hypoxia relief and the high-Z element of Ir@liposome, tumors
receiving NIR light and X-ray irradiation post-injection of
Ir@liposome were remarkably eliminated, whereas the relative
tumor volume was almost 4 in the X-ray alone group after
2 weeks of treatment.

Besides, external light can trigger morphology/size transfor-
mation of nanomaterials to enrich their tumor accumulation/
retention for enhanced RT. For example, Liu’s group proposed
a light-triggered localized gelation strategy by making use of a
hybrid hydrogel system for repeated photothermal brachyther-
apy (Fig. 15f).>®> The hydrogel system (CuS/**'I-PEGDA/AIPH)
was fabricated by using "*'I-labeled copper sulfide (CuS/**'I)
NPs as both a radionuclide therapeutic drug and a photother-
mal agent, PEG double acrylates (PEGDAs) as a polymeric
matrix, and 2,2’-azobis[2-(2-imidazolin-2-yl)propane] dihy-
drochloride (AIPH) as a thermal activator. With great photo-
thermal conversion performance, the gelation of CuS-PEGDA
NPs could be formed in vitro when the temperature reached
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43 °C upon 915 nm laser (2.0 W em™?) irradiation in the
presence of AIPH (a thermal initiator). After local injection into
the tumor sites, CuS/**'I-PEGDA/AIPH could gradually diffuse
into the whole tumor area in 10 min, validated by in vivo PA
imaging (Fig. 15g). Next, the subcutaneous 4T1 tumors were
irradiated with 915 nm laser (1.0 W cm ™2, 12 min) for 10 min
post-injection of CuS/**'I-PEGDA and AIPH. Upon laser irradia-
tion, the tumor temperature increased to 43 °C which further
triggered gelation. The gelation could fix the CuS/**'I-PEGDA
NPs in the tumors with less leakage to the surrounding blood or
tissues. The in vivo y imaging of tumor-bearing mice revealed
that the tumors receiving laser irradiation after local injection
of CuS/"*'I-PEGDA/AIPH exhibited significantly higher reten-
tion of radioactivity even at 192 h post-injection, while the
radioactivity in tumors of other groups was almost undetect-
able at 96 h post-injection (Fig. 15h). The light-triggered
localized gelation enabled long-term tumor retention of
the CuS/"*'I-PEGDA/AIPH hydrogel system. Moreover, mild
hyperthermia has been reported to effectively improve the
blood supply of tumor for relieving tumor hypoxia.>****” The
immunofluorescence staining of tumor slices indicated that
the repeated mild PTT at 10 min, 48 h, and 96 h after a single
injection of CuS/"*'I-PEGDA/AIPH remarkably reduced the

o
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3 4
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Fig. 16 Ultrasound stimuli responsiveness. (a) Schematic illustration showing the mechanism of US-triggered tumor oxygenation and enhanced RT/PDT
using nano-PFC as the oxygen shuttle. (b) In vitro oxygen concentration in water or PFC@O, solution with or without US treatment. (c) In vivo PA imaging
of Hb/HbO, (ex = 750/850 nm) tumors before and 30 min after various treatments. (d) Quantification analysis of oxygen concentration in the tumor
before and after various treatments. (e and f) Tumor growth curves (e) and tumor weight (f) of mice in different treatment groups. Reproduced with
permission from ref. 291. Copyright 2016, American Chemical Society.
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tumor hypoxic area compared to single hypothermia heating at
10 min post-injection. Furthermore, the long-term tumor
hypoxia relief would significantly augment the radiosensitizing
effect. The 4T1 tumors receiving multiple rounds of mild PTT
after in situ gelation of CuS/"*'I-PEGDA/AIPH were rapidly
regressed in 10 days, leading to mouse survival even at 60 days
after treatment. However, all the mice in the CuS/**'I-PEGDA/
AIPH + single round of mild PTT were dead within 26 days.

3.2.3 Ultrasound responsiveness. Ultrasound (US) has
been commonly used in clinical diagnosis due to its non-
invasiveness, deep tissue penetration depth, and
cost.?®*?% The micro/nanobubbles, as one type of US-
responsive carriers, have been extensively applied for US-
responsive delivery of gases, such as oxygen, nitrogen.>*® For
example, Song et al. proposed a US-triggered in situ tumor
oxygenation strategy by using HSA-stabilized PFC nanodroplets
(nano-PFC) to alleviate tumor hypoxia for improving the radio-
sensitizing effect (Fig. 16a).>°" The prepared PFC nanoemulsion
was stabilized by HSA to form a nano-PFC nanoemulsion. After
adding the oxygen-saturated nano-PFC nanoemulsion into
deoxygenated water, the dissolved oxygen concentration of
water could rapidly increase and saturate within the first 100 s,
and then exhibited a slow decrease over time. However, the
nano-PFC nanoemulsion exhibited a burst release profile and
rapidly increased the dissolved oxygen concentration of water
upon stimulation of low power/frequency US (3.5 W, 1.0 MHz),
suggesting excellent US-responsive oxygen release performance
of nano-PFC (Fig. 16b). For in vivo oxygen delivery, the tumor-
bearing mice breathing pure oxygen were intravenously admi-
nistered with nano-PFC. Then, a US transducer was placed on
the tumor sites to trigger burst oxygen release from nano-PFC
for tumor hypoxia relief. It is worth mentioning that the nano-
PFC could reach the lung through blood circulation, be reox-
ygenated, and then return to the tumor again. Thus, these
repeated cycles of deoxygenation and reoxygenation signifi-
cantly improved oxygen levels in tumors from 17% to 49% after
30 min of treatment with nano-PFC and US, validated by the
in vivo PA imaging (Fig. 16c and d). After the 4T1 tumors were
treated with US for 30 min post-injection of nano-PFC under
hyperoxic inhalation, 6 Gy of X-ray irradiation outstandingly
caused nearly 3 times the inhibition rate compared to that of
the nano-PFC + RT + O, group (Fig. 16e and f). In addition, this
US-triggered tumor oxygenation strategy may also be beneficial
to other types of cancer therapies, such as PDT, immunother-
apy, sonodynamic therapy, and chemotherapy, etc.

low

3.3 Exo/endogenous dual stimuli-responsive strategies

Beside single exogenous or endogenous stimulus-responsive
strategy, exo/endogenous dual stimuli-responsive strategies are
also trending. The exo/endogenous dual stimuli-responsive
strategies are able to integrate the merits of auto-response to
TME and remote “on-off” switchable control, thus improving
the precision of responsiveness. In addition, the complemen-
tarity of endogenous and exogenous stimuli can significantly
enhance the treatment efficacy and reduce the adverse effect on
healthy tissues to enable precision RT.
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3.3.1 pH/light responsiveness. Until now, combining pH/
light as endo/exogenous stimuli to control drug release or
regulate size/shape of NPs has been one of the most appealing
strategies for enhanced RT. For example, Hua et al. proposed a
pH/light-induced size-transformation strategy to enhance RT/
PTT.>®> Concretely, the Au nanoclusters (AuNCs) were modified
with carboxymethyl chitosan (CS) and loaded with indocyanine
green (ICG) to fabricate Cs-Au-ICG NPs with an average size of
about 50 nm. The Cs-Au-ICG NPs could self-assemble into
larger-sized aggregates (>1000 nm) in response to the acidic
TME for enhanced tumor retention. Then, NIR laser-induced
photothermal heating could disassemble the aggregates into
ultrasmall AuNCs for deep tumor penetration. Thus, the pH-
responsive tumor accumulation/retention as well as NIR laser-
triggered tumor penetration of AuNCs could significantly aug-
ment the radiosensitizing effect. The in vivo antitumor efficacy
evaluation indicated that synergistic RT/PTT based on the pH/
light-triggered size-transformation of Cs-Au-ICG NPs could
effectively cause more than 2.5 times the inhibition rate com-
pared to the ICG + RT/PTT group.

3.3.2 pH/ROS/light responsiveness. Recently, Fu et al. fab-
ricated pH/ROS/light stimuli-responsive disassembled nano-
composites for enhanced tumor penetration and
radiosensitization (Fig. 17a).>> The molybdenum disulfide
(MoS;) nanosheets were loaded with hafnium dioxide (HfO,)
NPs and then modified with dextran (M/H-D). The M/H-D
nanocomposites were incubated for 5 d and 10 d with physio-
logical H,O0,-pretreated simulated body fluid (SBF, pH = 7.4),
simulated tumor microenvironment (STME, pH = 6.0), and
simulated lysosomal fluid (SLF, pH = 4.5), respectively. The
TEM images showed that the M/H-D nanocomposites under
SLF + H,0, conditions degraded more significantly compared
to those treated with SBF + H,0, or STME + H,0,. Moreover,
more obvious degradation of M/H-D nanocomposites could be
observed after NIR laser irradiation, indicating that the M/H-D
nanocomposites could degrade and release ultrasmall HfO,
NPs in response to both exogenous (NIR laser) and endogenous
stimuli (acid pH and H,0,). The in vivo fluorescence staining of
tumor slices revealed that the M/H-D nanocomposites in laser-
irradiated tumors showed deeper diffusion and penetration
due to the responsive release of small-sized HfO, NPs. The
permeation area of tumor slices in the M/H-D plus laser group
was over two-fold that of those treated with M/H-D alone.
Thanks to the great photothermal conversion efficiency and
peroxidase-like catalytic ability of MoS, nanosheets, the M/H-D
nanocomposites could heat up the tumor upon NIR laser
irradiation and catalyze intratumoral H,0, to generate *OH.
Simultaneously, in situ tumor heating was able to increase
tumor oxygenation to attenuate tumor hypoxia and further
sensitize RT. Therefore, these exogenous and endogenous dual
stimuli-responsive nanoradiosensitizers could completely
regress the SMMC-7721 tumors upon X-ray and NIR laser
irradiation.

3.3.3 ROS/X-ray responsiveness. Zhang et al. developed a
novel exogenous (X-ray) and endogenous (ROS) dual stimuli-
responsive nanoradiosensitizer (Cu,(OH)PO,@PAAS NCs) by

This journal is © The Royal Society of Chemistry 2022
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Fig. 17 Exo/endogenous dual stimuli-responsive strategies. (a) Schematic illustration of the synthetic procedures of M/H-D and its disassembly in TME
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showing the mechanism of Cu,(OH)PO4@PAAS NCs for enhanced RT via X-ray-triggered Fenton reaction. Reproduced with permission from ref. 294.

Copyright 2019, American Chemical Society.

using poly(acrylic acid) sodium (PAAS) to decorate Cu,(OH)PO,
nanocrystals (NCs) for precision RT (Fig. 17b).>** The TEM
images showed that Cu,(OH)PO,@PAAS NCs with an average
diameter of 5 + 2 nm had a spherical morphology. Conven-
tional Fenton reaction is always spontaneous, which cannot be
spatiotemporally controlled by external stimuli. However,
photon-induced Fenton reaction occurs only in the presence
of both photon (X-ray or light) and H,0, stimuli.>**°® The
Cu,(OH)PO,@PAAS NCs could generate Cu' active sites upon
X-ray irradiation, which was detected by the selective seques-
tering agent neocuproine. Moreover, the rapid photocurrent
responses of Cu,(OH)PO,@PAAS NCs were clearly detected
upon X-ray irradiation due to production of electron-hole pairs.
With the effective generation of Cu' active sites, the Cu,(OH)-
PO,@PAAS NCs upon X-ray irradiation could catalyze the
decomposition of H,0O, into °*OH, which was detected by
terephthalate (TA). However, there was almost no *OH genera-
tion when the Cu,(OH)PO,@PAAS NCs were treated with X-ray
or H,0, alone, indicating that the Fenton-like reaction could
only happen in the presence of both X-ray and H,0,. The
generated *OH was able to strengthen the DNA damage
of cancer cells and further sensitize RT. The in vitro clonogenic
assay revealed that the survival fraction of HeLa -cells
treated with Cu,(OH)PO,@PAAS NCs plus X-ray was 24.03%
compared to 66.44% of HeLa cells treated with X-ray alone.
In addition, Cu,(OH)PO,@PAAS NCs plus X-ray irradiation
could almost eliminate subcutaneous HeLa tumors, whereas
the relative tumor volume was still over 5-20 days after
treatment.

Overall, the exo/endogenous dual stimuli-responsive radio-
sensitizers were able to integrate the merits of remote controll-
ability and flexibility of auto-response to TME, thereby
improving precision of responsiveness. However, the multi
stimuli-responsive strategy for precision RT is currently too
complicated for clinical translation.>*

This journal is © The Royal Society of Chemistry 2022

4. Image-guided techniques for
precision RT

Multifunctional imaging techniques, including MRI, SPECT,
CT, PET, FLI, and PAI, can provide important information on
tumor location, boundaries and responses to RT. Diverse
image-guided precision RT techniques, such as FL image-
guided RT, MR image-guided RT, PA image-guided RT, US
image-guided RT, CT image-guided RT, and nuclear image-
guided RT, will be discussed in this section (Table 3). In
addition, bimodal and multimodal imaging can compensate
for the drawbacks of each single imaging modality and take
advantage of each imaging technique.

4.1 Fluorescence (FL) image-guided precision RT

Featuring the advantages of high sensitivity, non-invasiveness,
real-time detection, short imaging acquisition time, and mini-
mal toxicity to normal tissues, FL imaging has become one of
the most commonly used imaging modalities. Nevertheless, the
in vivo application of FL imaging is restricted by strong light-
tissue interaction (e.g., absorption, autofluorescence, scatter-
ing, etc.) within the UV-vis range.’**?% Thus, to overcome
these limitations, fluorescence probes within the near-
infrared (NIR) window have been developed to enhance tissue
penetration and reduce background noise. Besides, FL
imaging has been used to provide precise information of
biodistribution and accumulation of NPs to guide precision
radiotherapy.34,61,136,3077312

For example, Wang et al. doped Mn(u) ions into Ag,Se QDs
with NIR-II fluorescence to fabricate a novel nanoprobe (Mn-
doped Ag,Se QDs) for NIR-II FL imaging-guided RT (Fig. 18a).*
The nanoprobe was then conjugated with the RGD peptide for
tumor-targeted delivery. The well-prepared Mn-doped Ag,Se-
RGD-PEG nanoprobes could catalyze the decomposition of
H,0, into O, to alleviate hypoxic TME for radiosensitization.
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Table 3 Representative image-guided nanotechnologies for precision RT
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Imaging Imaging
modality Nanoparticles component Source Tumor models Guiding strategy Ref.
FL CAT-SAHA@PLGA- IR775 IVIS imaging system (Ex = CT26 subcutaneous tumor- Determine peak concen- 34
imaging  IR775 745 nm, Em = 820 nm) bearing mice tration in tumor (24 h) for RT
Dil/Au-DOX@PO-ANG  Dil IVIS imaging system U87MG orthotopic Determine peak concen- 312
NPs glioblastoma-bearing mice tration in tumor (24 h) for RT
Mn-doped Ag,Se-RGD- Ag,Se QDs NIR-II small animal ima-  4T1 subcutaneous tumor- Determine peak concen- 35
PEG ging system (Ex = 808 nm, bearing mice tration in tumor (2 h) for RT
980 nm long-pass filter)
CPPDA-Hf@Poloxamer CPPDA NIR-II small animal ima- 4T1 subcutaneous tumor- Determine peak concen- 317
ging system (Ex = 808 nm) bearing mice tration in tumor (24 h) for RT
R-AIE-Au Au cluster IVIS imaging system (Ex = U87MG subcutaneous Determine peak concen- 38
570 nm, Em = 585 nm) tumor-bearing mice tration in tumor (24 h) for RT
MR CDs Gd MRI scanner Heps subcutaneous tumor- Locate tumor (7; MR 322
imaging bearing mice imaging)
NSC@Si0,-SNO NA 3.0 T MRI scanner 4T1 subcutaneous tumor- Monitor oxygen level and 36
bearing mice radiosensitivity of tumor
(BOLD/DWI fMRI)
Hb-Lipo NA 3.0 T MRI scanner CT26 subcutaneous tumor- Monitor the tumor oxygena- 396
bearing mice tion (BOLD fMRI)
MR-CA Mn** 7.0 T MRI scanner Ultrasmall subcutaneous  Stratify the degree of tumor 335
BxXPC3 pancreatic tumor-  hypoxia for precision RT (T
bearing mice, spontaneous MR imaging)
BxPC3 pancreatic tumor-
bearing mice
Us NDr(Au + PFOB + O,) PFOB US machine with a sector EMT-6 subcutaneous Determine peak oxygen 338
imaging transducer tumor-bearing mice concentration in tumor
(12 h) for RT
PA Ir-R/T NCs Ir NCs PA imaging system 4T1 subcutaneous tumor- Determine peak concen- 230
imaging bearing mice tration in tumor (4 h) for RT
Au-TiO,@Zn$S Au NRs PA imaging system MC38 orthotopic liver Determine peak concen- 342
cancer-bearing mice tration in tumor (24 h) for RT
PFC@PLGA-RBCM HbO, PA imaging system 4T1 subcutaneous tumor- Determine peak oxygen 29
bearing mice concentration in tumor
(24 h) for RT
Cu,_,Se@PtSe HbO, PA imaging system 4T1 subcutaneous tumor- Determine peak oxygen 343
bearing mice concentration in tumor (5 h)
for RT
CT BNTs Bi CT scanner Huh-7 subcutaneous Determine peak concen- 40
imaging tumor-bearing mice tration in tumor (9 h) for RT
dAuNP-FA AuNP CT scanner 4T1 subcutaneous tumor- Determine peak concen- 352
bearing mice tration in tumor (8 h) for RT
Nuclear  ®*Cu-Eu/VBBO lipo %Cu (PET) PET scanner FaDu subcutaneous tumor- Monitor biodistribution of 370
medicine bearing mice radioisotope
imaging  "*'I-AuNFs 1311 (SPECT) Infinia GE SPECT 4T1 subcutaneous tumor- Determine peak concen- 364
bearing mice tration in tumor (24 h)
BSO/GA- 99MTc** (SPECT)  Animal SPECT imaging 4T1 subcutaneous tumor- Determine peak concen- 370
(°°™Tc)Fe(n)@liposome system bearing mice tration in tumor (24 h)
89Zr-TiO,-Tf NPs 897r (PET) Inveon small-animal PET/ MM1.S bearing SCID mice Monitor biodistribution of 380
CT scanner radioisotope
MR/CT NSC@mSi0,-SNO/ICG Eu**-doped 3.0 T MRI scanner, CT 4T1 subcutaneous tumor- Determine peak concen- 64
imaging  NPs NaGdF, scintillat- scanner bearing mice tration in tumor (24 h)
ing nanocrystal
MR/FL Cyp-PMAA-Fe@MSCs  Fe (T, MRI), Optical and X-ray small LLC1 subcutaneous tumor- Determine peak concen- 138
imaging Cypate (FL) imaging system (Ex = bearing mice tration in tumor (28 h)
780 nm, Em = 845 nm),
7.0 T MRI scanner
MR/PA Biomimetic CMC Mn*(T; MRI), 4.7 T MRI scanner, PA 4T1 subcutaneous tumor- Monitor tumor concen- 130
imaging  nanoplatform HbO, (PA) imaging system bearing mice tration of NPs and oxygen
PA/CT WS, QDs WS, (PA/CT) PA imaging system, CT BEL-7402 tumor-bearing  Determine peak concen- 382
imaging scanner mice tration in tumor (2 h)
Ti,C;@Au Au (PA/CT) PA imaging system, CT 4T1 subcutaneous tumor- Determine peak concen- 397
scanner bearing mice tration in tumor (24 h)
PA/FL Lf-Liposome-DiR DiR (FL), HbO,  PA imaging system, IVIS  4T1 subcutaneous tumor- Determine peak concen- 383
imaging (PA) imaging system (Ex = bearing mice tration of NPs and oxygen in
748 nm, Em = 780 nm) tumor (24 h)
Cv@CaP ChlorophyII (FL/  PA imaging system, IVIS  4T1 subcutaneous tumor- Determine peak concen- 384
PA), HbO, (PA)  imaging system bearing mice tration of NPs and oxygen in
tumor (4 h)
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Table 3 (continued)
Imaging Imaging
modality Nanoparticles component Source Tumor models Guiding strategy Ref.
CT/PA/ 99MTe-Bi,Se; nanodots Bi,Se; (CT/PA), PA imaging system, SPECT 4T1 subcutaneous tumor- Determine peak concen- 384
SPECT 99Mret* (SPECT)  imaging system, CT bearing mice tration in tumor (12 h)
imaging scanner
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Fig. 18 FL imaging-guided precision RT. (a) A scheme showing the NIR-Il FL imaging-guided RT of tumors and elicitation of antitumor immunity based
on Mn-doped nanoprobes. (b) In vivo FL imaging of tumor-bearing mice at different time points after intravenous administration of Mn-doped
nanoprobes. Scale bars = 10 mm. (c) The corresponding T/NT signal ratio curve after intravenous administration of Mn-doped nanoprobes. Reproduced
with permission from ref. 35. Copyright 2021, Wiley. (d) Schematic illustration of synthetic procedures of R-AIE-Au. (e) TEM images of GCs and AIE-GCs.
(f) Luminescence spectra of GCs and AIE-GCs. (g) /n vivo FL imaging of tumor-bearing mice at different time points after intravenous administration of R-

AIE-Au. Reproduced with permission from ref. 38. Copyright 2020, Wiley.

After intravenous injection of the Mn-doped Ag,Se-RGD-PEG
nanoprobes, the high-resolution NIR-II FL images revealed that
the nanoprobes could selectively accumulate inside tumor
boundaries (Fig. 18b). The tumor-to-normal tissue (T/NT) signal
ratios gradually increased to the maximum (1.5-1.6) at 2 h post-
injection (Fig. 18c). Assisted by the FL imaging guidance, 12 Gy
of X-ray irradiation at 2 h post-injection of Mn-doped Ag,Se-
RGD-PEG nanoprobes completely eradicated tumors in 2
weeks. However, the tumor volume in the X-ray alone group
was still above 350 mm? 2 weeks after treatment.

Featuring unique modifiability and photoelectric properties,
semiconducting polymer NPs (SPNs) have been developed
as biosensors or bioimaging agents.?***'* NIR-absorbing SPNs
can even emit NIR-II fluorescence for NIR-II FL imaging.?'>>'®
Dai and colleagues designed a metal-polyphenolic nanosystem
(CPPDA-Hf@Poloxamer) for NIR-II FL image-guided synerg-
istic RT and photothermal therapy (PTT). Specifically, the
dopamine-modified semiconducting polymer (CPPDA) was che-
lated with hafnium (Hf) ions and then coated with an amphi-
philic polymer (Poloxamer).?’” CPPDA with broad NIR
absorption could be used for FL imaging and PTT. The Hf as
a high-Z element was able to promote X-ray deposition for

This journal is © The Royal Society of Chemistry 2022

radiosensitization. The CPPDA-Hf@Poloxamer presented
strong NIR-II emission under both 808 nm and 1064 nm laser
excitation. The in vivo NIR-II FL imaging under 808 nm irradia-
tion revealed that CPPDA-Hf@Poloxamer gradually accumu-
lated in the tumor over time and peaked at 24 h post-
injection. Finally, the combined irradiation of X-ray and a
1064 nm laser at 24 h post-injection of CPPDA-Hf@Poloxamer
effectively eliminated subcutaneous tumors, whereas the tumor
volume in the X-ray alone group was about 400 mm® at 15 days
post-treatment.

Unfortunately, many organic dyes suffer from the
aggregation-caused quenching (ACQ) effect, which seriously
attenuates the FL imaging performance. To overcome this
issue, Sun et al. developed aggregation-induced emission
(AIE) gold clustoluminogens (AIE-Au) for FL image-guided RT
and PDT.*® First, glutathione-protected gold clusters were self-
assembled into AIE-GCs through a cationic polymer-mediated
approach (Fig. 18e). Moreover, the X-ray-excited optical lumi-
nescence (XEOL) peak of AIE-GCs was 5.2-fold stronger than
that of GCs (Fig. 18f). Next, the rose bengal (RB, a clinically used
photosensitizer) conjugated GCs were self-assembled into AIE-
Au and then modified with a tumor-targeting RGD peptide
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(R-AIE-Au) (Fig. 18d). The in vivo FL imaging showed that the
fluorescence signals in tumors increased over time and reached
the maximum at 24 h post-injection (Fig. 18g). Guided by FL
imaging, low-dose X-rays (0.5 Gy) were used to irradiate the
tumor-bearing mice at 24 h post-injection and resulted in a
much higher tumor inhibition rate of 97.1% compared to
~30% in the X-ray alone group.

Despite the superiority of FL imaging in guiding RT, the
penetration depth and spatial resolution are still much poorer
compared to other imaging techniques, such as MRI, CT,
or PET.

4.2 MR image-guided precision RT

MR imaging has been extensively utilized in clinic for diagnosis
due to the advantages of unlimited penetration, non-
invasiveness, lack of ionizing radiation, and high spatial reso-
lution. In vivo MR imaging can be used to monitor the concen-
tration of contrast agents in various organs or tumor.*'®
Furthermore, MR imaging can also show the accurate tumor
location and adjacent tissues.

Wang et al. modified self-assembled Mn-Zn ferrite magnetic
NPs with hyaluronic acid (HA) to construct a block copolymer
micelle (MZF-HA) for MR image-guided RT/hyperthermia ther-
apy (HT).>*> MZF-HA could target CD44-overexpressing tumor
cells due to the selective recognition of CD44 receptors by HA.
Besides, MZF-HA could heat up tumor under an alternating
magnetic field (AMF) for HT. HT could also improve tumor
oxygen levels and contribute to radiosensitization (Fig. 19a).
Moreover, MZF-HA could be used for MRI as a T,-weighted
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contrast agent with an r, value of 331 mM ™' s~". After intrave-
nous injection, MR imaging showed gradually darkening sig-
nals in A459 xenograft tumor at 24 h and 48 h after iv.
injection, suggesting the tumor accumulation of MZF-HA
(Fig. 19b). Guided by MR imaging, RT/HT remarkably reduced
the relative tumor ratio to 49.6% by day 13, much lower than
~70% in the RT alone group.

Nowadays, the clinical translation of T,-weighted contrast
agents has been hampered by several limitations. For instance,
the dark images based on T,-weighted contrast agents are not
preferred for observation.”> With the bright tumor images, T-
weighted contrast agents have attracted wide attention for
guiding precision RT.**?9732% Gd-chelator complexes are the
most commonly used T; contrast agents in the clinic even
though they have several shortcomings, such as nephrogenic
toxicity and low longitudinal relaxivity. Additionally, even small
amount of Gd has been reported to remarkably improve the RT
efficacy.”®* For example, Du et al. designed Gd-doped carbon
dots (CDs) with high longitudinal relaxivity and a long circula-
tion time for MR image-guided RT (Fig. 19¢).>** The r, value of
Gd-doped CDs (6.45 mM ™' s™') was much larger than that of
clinically used Magnevist (4.05 mM ™' s™'). In vivo MR imaging
revealed that Gd-doped CDs could significantly brighten the
tumor (Fig. 19d). The values of SNRos/SNRpe in the tumor
region reached 1.74 and 1.93 with transverse and coronal
scanning, respectively (Fig. 19e). Finally, guided by T;-
weighted MR imaging, the relative tumor volume in the Gd-
doped CDs + X-ray group after 7 days of treatment was about
half of that in the X-ray alone group (Fig. 19f).
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MR imaging-guided precision RT. (a) Schematic illustration of the synthetic process of MZF-HA and its application in MR imaging-guided RT and

hyperthermia. (b) In vivo T;-weighted MR imaging of tumor-bearing mice before and after administration of MZF-HA. Reproduced with permission from
ref. 52. Copyright 2020, American Chemical Society. (c) Schematic illustration of the synthetic process of Gd-doped CDs. (d) In vivo T;-weighted MR
imaging of subcutaneous tumor-bearing mice before and after intravenous administration of Gd-doped CDs (10 mg kg™™). (e) The SNRpost/SNRpre ratio
of tumor region before and after intravenous administration. (f) Tumor growth curves of tumor-bearing mice in different treatment groups. Reproduced

with permission from ref. 322. Copyright 2020, Wiley.
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As opposed to structural imaging, functional imaging is a
medical imaging technique that detects physiological activities
within a specific tissue or organ, such as blood supply, meta-
bolism, chemical composition, etc.*** The functional imaging
techniques include CT perfusion imaging, functional MR ima-
ging (fMRI), PET, magnetoencephalography (MEG), magnetic
source imaging (MSI), near infrared spectroscopy (NIRS),
etc.***?% fMRI can provide biological molecular information
based on the anatomical structure and has attracted wide
attention from basic and clinical researchers.**® A lot of fMRI
techniques have been used for in vivo evaluation of various
biological processes in tissues, thus allowing for the presenta-
tion of spatiotemporal variations in tumor biological response
to RT.****' Diffusion-weighted imaging (DWI) is an fMRI
technique that does not require a contrast agent. DWI can
detect the random motion water protons (water diffusion). The
water diffusion is closely related to tissue cellularity and cell
membranes’ integrity.>*" The apparent diffusion coefficient
(ADC) can be used to characterize the diffusion. Compared to
normal tissues with low cellularity, most tumors are hypercel-
lular and contain lots of intact cell membranes, which restrict

water diffusion and show a high signal. Since effective
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treatments can decrease cell density in tumor, the therapeutic
effects can be monitored and evaluated in real time by DWIL.*
Blood-oxygen-level-dependent (BOLD) fMRI is a noninvasive
technique for the assessment of tissue hypoxia based on
endogenous paramagnetic deoxyhemoglobin levels.***>*** An
increased level of deoxyhemoglobin in hypoxic tumors leads
to decreased T3 signal. Therefore, BOLD fMRI can be used to
monitor and assess the dynamic changes of tumor oxygen
levels in real time.

For example, Dou et al. proposed a dual fMRI (BOLD/DWI
imaging) strategy for noninvasive monitoring of tumor hypoxia
and radiosensitization efficacy (Fig. 20a).>® The NaGdF,:Eu*"
NPs were coated with a mesoporous silica layer and then loaded
with S-nitrosothiol (SNO, a nitric oxide (NO) donor)
(NSC@Si0,-SNO). NSC@Si0,-SNO could release a great deal
of NO upon X-ray irradiation. The released NO was able to
effectively alleviate tumor hypoxia. Next, in vivo BOLD/DWI
imaging was used to dynamically monitor tumor oxygen levels
and radiosensitivity during treatment by measuring the tumor
R; and ADC values. T,-weighted MRI showed that RT plus the
NSC@Si0,-SNO could effectively inhibit tumor growth com-
pared to the control or RT group (Fig. 20b). The tumor R} value
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Fig. 20 Functional MR imaging-guided precision RT. (a) Schematic illustration of NO-induced tumor oxygenation and radiosensitization via a radiation-
activated NP under real-time monitoring of BOLD/DW!I imaging. (b) /n vivo T,-weighted, R5-mapping, and ADC-mapping images before and after
different treatments. Reproduced with permission from ref. 36. Copyright 2021, American Chemical Society. (c) A scheme of MR-CA nanoprobes for MR
imaging of pancreatic tumors and tumor hypoxia to realize the prediction of tumor responses to RT and immunotherapy. (d) In vivo T;-weighted MR
imaging of subcutaneous BxPC3 pancreatic tumor-bearing mice after intravenous administration of MR-CA nanoprobes to sort tumor according to
signal intensities. (e) Corresponding T/N ratios of the MR images. (f) Quantitative measurement of the hypoxia area from the immunofluorescence
staining images of tumors. Reproduced with permission from ref. 335. Copyright 2021, American Chemical Society.
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of both the control and RT alone groups increased slightly
overtime, indicating that rapid tumor growth might lead to
insufficiency of tumor blood supply and decrease of oxygen
levels. However, the NSC@SiO,-SNO-mediated RT could
remarkably decrease the tumor R} value from 40.25 s~ " at the
beginning to 33.39 and 21.06 s~ " at day 7 and day 14, respec-
tively, suggesting significant hypoxia relief. In addition, the
tumor ADC value in the NSC@SiO,-SNO + RT group signifi-
cantly increased from the initial 0.973 x 107° mm?* s™' to
2.325 x 107° mm?® s~ ' at day 14, indicating that NSC®
SiO,-SNO-mediated radiosensitization could effectively kill
tumor cells and decrease cell density. However, the tumor
ADC value in the RT alone group only increased from 0.898 x
107° mm® s~ to 1.095 x 10> mm?* s~ .

Besides fMRI, nanotechnology-based MR imaging can also
be utilized to monitor tumor response. Mi and co-workers
designed MR contrast amplification (MR-CA) nanoprobes for
the early diagnosis of pancreatic tumor and prediction of tumor
sensitivity to RT (Fig. 20c).>*> The MR-CA nanoprobes were
fabricated based on PEGylated polyanions and self-assembly of
Mn”*"-doped CaP NPs. The nanoprobes could degrade in
response to the low pH value of TME and rapidly release
Mn®>" to boost higher molecular relaxivity (r;) via binding with
surrounding proteins.**® Owing to acid-responsive Mn**
release, the MR-CA nanoprobe was able to sensitively and
selectively image ultrasmall, orthotopic, and spontaneous pan-
creatic tumors compared to the clinically applied Gd-DOTA
(Fig. 20d). Besides, the tumor-to-normal tissue (T/N) contrast
ratio in the MR-CA group was much higher than that in the Gd-
DOTA group (Fig. 20e). The precise MR imaging of ultrasmall
pancreatic tumors allowed early detection and precision ther-
apy of the tumors. In addition, MR-CA nanoprobe-based MR
imaging could stratify the degree of tumor hypoxia so as to
predict the tumor response to RT and tumor prognosis. Iso-
proterenol hydrochloride was injected intraperitoneally into
BxPC3 tumor-bearing mice in order to establish hypoxic
tumors as the positive control (denoted as isop-hypoxia).
Based on T/N contrast ratios, the other BXPC3 tumors were
divided into two groups: MRI-normal (normoxic tumors
with the ratios lower than 160%) and MRI-hypoxia (hypoxic
tumors with the ratios higher than 160%). The immuno-
fluorescence staining of these tumors showed that MRI-
hypoxic tumors exhibited around 43% hypoxic area in
tumor regions compared to 3.5% and 70% in MRI-normal
tumors and the positive group (isop-hypoxia), respectively
(Fig. 20f). For in vivo anti-tumor evaluation, the MRI-hypoxic
tumor showed lower sensitivity to RT and over 600 mm?® of
tumor volume after treatment, whereas the RT showed
effective inhibition of tumor growth in MRI-normal
tumors with nearly 200 mm?® of tumor volume. In short,
MR imaging can be used to guide RT by providing anato-
mical structure information, tumor accumulation of radio-
sensitizers, and molecular biological information of
TME.**” However, MR imaging is limited by high concen-
tration of contrast agents and relatively long acquisition
time required for imaging. Therefore, future research needs
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to focus on substantially improving the MR imaging sensi-
tivity based on the contrast agents.

4.3 US image-guided precision RT

US imaging has been commonly used in clinical practice due to
the advantages of low cost, real-time imaging, and noninva-
siveness. US can be applied to guide precision RT by dynami-
cally monitoring the tumor accumulation of NPs. For
example, Jiang et al. encapsulated ultrasmall AuNPs and a
liquid perfluorooctyl bromide (PFOB) core to construct a nano-
droplet (NDr) for US image-guided precision RT. The NDr
was then oxygenated to generate hierarchical multiplex-
ing NDr(Au + PFOB + O,) (Fig. 21a).>*® Next, the NDr(Au +
PFOB + O,) was doped with N,N-bis(2-hydroxyethyl)-N-methyl-
N-(2-cholesteryloxycarbonyl aminoethyllammonium bromide
(BHEM-Chol) for a slightly positive charge, thus allowing the
NDrs to target the tumor vessel and accumulate in the tumor.
Moreover, the AuNPs inside the NDrs could deposit X-ray
energy for radiosensitization. Furthermore, under US stimula-
tion, the NDrs could break and rapidly release a lot of O, for
enhanced RT (Fig. 21b and c). In addition, the US imaging
could real-time track the NDrs. The in vivo US imaging showed
that echo signals in tumor regions gradually increased over
time and peaked at 12 h after intravenous injection (Fig. 21d-f),
indicating that the 12 h post-injection could be the optimal
time point for further RT. Finally, the NDr(Au + PFOB + O,) +
US + RT group displayed the highest tumor inhibition rate of
93.04% after 20 days of treatment compared to 49.62% of the
RT alone group (Fig. 21g). In this study, the US served as both
an imaging modality for real-time tracking and a trigger for O,
release, realizing precision oxygen-elevated RT.

4.4 PA image-guided precision RT

PAI as a hybrid imaging technique integrates high spatial
resolution of US imaging and high contrast and sensitivity of
optical imaging.**° PA imaging contrast agents, including Au
nanostars, Au nanorods, AuNPs, ICG, methylene blue, and
transition-metal chalcogenides, etc., have been extensively
applied for tumor visualization and image-guided therapy.**°
Besides, several studies have utilized PA imaging to real-time
track the tumor accumulation of radiosensitizers and monitor
tumor oxygen levels for guiding precision RT.>%?7:230:3417344
Wang et al. fabricated dual targeting peptide (RGD and
TAT)-modified ultrasmall iridium (Ir) nanocrystals (Ir-R/T
NCs) for PA imaging-guided RT (Fig. 21h).>** Ir in the nano-
crystals as a high-Z element could deposit X-ray energy for
radiosensitization. Moreover, based on the dual targeting pep-
tides, the Ir-R/T NCs could target 4T1 tumor cells and subse-
quently target the nucleus. The intrinsic NIR absorption of Ir-R/
T NCs enabled PA imaging and photothermal capability. The
in vivo PA imaging of 4T1 tumor-bearing mice displayed that
the PA signals of Ir-R/T NCs in the tumor region reach the
maximum at 4 h after intravenous administration (Fig. 21i).
Guided by PA imaging, the X-ray and NIR irradiations were
imposed on subcutaneous tumors at 4 h post-injection for
synergistic RT/PTT, resulting in complete tumor eradication

This journal is © The Royal Society of Chemistry 2022
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Fig. 21 US or PA imaging-guided precision RT. (a) A scheme of synthetic procedures of hierarchical multiplexing NDrs. (b) TEM images of NDr(Au),
NDr(Au + PFOB), and NDr(Au + PFOB + O,) under US (130 W, 20 kHz, 5 min). (c) In vitro O, release profiles of NDr(Au), NDr(Au + PFOB), and NDr(Au +
PFOB + O2) treated with US. (d) US imaging schedule of EMT-6 tumor-bearing mice. (e) US images of tumor-bearing mice at different time points after
intravenous administration of NDr(Au + PFOB + O2). Yellow dash circles: tumor regions. (f) Relative US intensities in the tumor region at different time
points after intravenous administration of NDr(Au + PFOB + O2). (g) Tumor growth curves of mice in different treatment groups. Reproduced with
permission from ref. 338. Copyright 2018, American Chemical Society. (h) A scheme of synthetic procedures of Ir-R/T NCs. (i) In vivo PA imaging of
tumors at different time points after administration of Ir-R/T NCs (8 mg kg™?). (j) Treatment schedule of in vivo RT/PTT of tumors. Reproduced with
permission from ref. 230. Copyright 2019, Wiley. (k) A scheme of synthetic procedures of PFC@QPLGA-RBCM NPs. (1) /In vivo PA imaging of tumors at
different time points after administration of PFC@QPLGA and PFC@PLGA-RBCM NPs. (m) Quantification of oxyhemoglobin saturation concentrations
based on PA images of tumors. Reproduced with permission from ref. 29. Copyright 2017, Wiley.

(Fig. 21j). However, the tumor volume in the X-ray alone group
was still 520 mm? after 15 days of treatment.

Besides tracking tumor accumulation of radiosensitizers,
the PA imaging has also been utilized to determine the tumor
oxygenation status by taking advantages of the difference in the
optical absorption spectrum of deoxygenated haemoglobin (4 =
750 nm) and oxygenated hemoglobin (2 = 850 nm).*** Impor-
tantly, hypoxic TME in many types of solid tumors is closely
related to radioresistance and severely hampers RT efficacy. Liu
and co-workers encapsulated PFC into poly(p,.-lactide-co-
glycolide) (PFC@PLGA) and then coated the PFC@PLGA
with a red blood cell membrane (PFC@PLGA-RBCM NPs)
(Fig. 21k).>° The PFC@PLGA-RBCM NPs with excellent blood

This journal is © The Royal Society of Chemistry 2022

circulation could accumulate in the interior region of solid
tumors. Moreover, PFC@PLGA-RBCM NPs with high oxygen
carrying capability could effectively alleviate tumor hypoxia.
In vivo PA imaging revealed that the total oxygenation levels
within the whole tumor region (sO, Tot) increased from 1.6% of
pre-injection to 24% at 24 h post-injection (Fig. 211 and m),
which were further confirmed by immunofluorescence staining
of tumor slices with hypoxyprobe and anti-HIF-1a. Finally,
guided by PA imaging, the X-ray radiation (8 Gy) was given to
the 4T1 tumor-bearing mice at 24 h post-injection of
PFC@PLGA-RBCM for precision RT, resulting in tumor weight
about half that of the X-ray alone group after 2 weeks of
treatment.
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4.5 CT image-guided precision RT

As a noninvasive medical imaging test, CT imaging has advan-
tages of short acquisition time, deep penetration and low cost.
Nevertheless, the clinically used iodinated compound-based CT
contrast agents have shown limited success due to their extre-
mely short blood circulation half-life.>*® Furthermore, patients
need to be injected with a large amount of iodine-based
contrast agents owing to the low X-ray attenuation effect of
iodine.*"” Inorganic nanomaterials with high X-ray attenuation
coefficients have been regarded as potential alternative CT
contrast agents, such as bismuth (Bi), gold (Au), tantalum
(Ta), and platinum (Pt).>***>! In addition, these high-Z metallic
nanomaterials can not only serve as CT contrast agents but also
deposit X-ray energy for radiosensitization.”**>73%°

The U.S. Food and Drug Administration (FDA) claims that
renal clearance of injected metal nanomaterials is essential to
avoid side effects associated with their long-term retention.>>®
However, the renal-clearable nanomaterials with ultrasmall
sizes cannot effectively accumulate in tumor site due to their
rapid clearance in vivo. To address this issue, Hu et al. proposed
a controlled assembly strategy by assembling ultrasmall
(Bi0),CO3 nanoclusters (BNCs, 1.5 nm) into hollow (BiO),CO3
nanotubes (BNTs) (Fig. 22a)."° Due to the higher X-ray attenua-
tion coefficient of Bi, the in vitro CT values (Hounsfield unit,
HU) of BNTs were significantly higher than those of iohexol at
equal molar concentrations. The in vivo reconstructed 3D CT
imaging of tumor-bearing mice showed that the CT value in the
tumor region increased over time and peaked at 9 h post-
injection of BNT (Fig. 22b and c). However, the BNC group
displayed a relatively low enhancement signal at the tumor site
(Fig. 22b and c). Importantly, the BNTs could be disassembled
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Fig. 22 CT image-guided precision RT. (a) A scheme of synthetic proce-
dures of BNTSs. (b) In vivo reconstructed 3D CT imaging of tumor-bearing
mice at various time points after intravenous administration of BNTs and
BNCs. (c) In vivo CT value of tumor sites at various time points after
intravenous administration of BNTs and BNCs. (d) Tumor growth curves of
mice received different treatments. Reproduced with permission from
ref. 40. Copyright 2018, American Chemical Society.
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into nanoclusters under acidic TME and then cleared via
kidneys. In addition, the BNTs were loaded with DOX (loading
efficiency of ~53%) for CT image-guided synergistic RT/che-
motherapy. Guided by CT imaging, BNTs/DOX plus RT
achieved a tumor suppression rate of ~83.5%, much higher
than that of the BNTs plus RT group (42.4%) and BNTs/DOX
alone group (32.2%) (Fig. 22d).

4.6 Radionuclide image-guided precision RT

SPECT and PET, two major molecular imaging modalities in
nuclear medicine, can detect radioactive signals from radio-
isotopes and offer functional imaging, thus allowing clinical
diagnosis, delivery of targeted therapeutics, and assessment of
response to treatment. For PET imaging, the positrons emitted
by radionuclides interact with the nearby electrons to produce
annihilation and then release energy in the form of two gamma
ray photons in the opposite directions. The gamma ray photons
can be detected by PET. SPECT can detect the gamma ray
photons emitted by radioisotopes during radioactive decay.**”
SPECT/PET imaging can play multiple roles in cancer manage-
ment, such as determining tumor volume, providing metabolic
information of TME, and offering biodistribution information
of radiolabeling drugs.*>**>%

A lot of studies have utilized SPECT imaging based on
various radioisotopes (e.g., **'I, **"Tc, and '"’Lu) to observe
pharmacokinetics and  biodistribution of radioactive
drugs.*®'% For instance, Cheng et al. designed radioisotope
'-labeled Au nanoframeworks (“*'I-AuNFs) for synergistic
RIT/PTT of breast cancer.*** Specifically, the AuNFs were coated
with polydopamine (PDA) and further chelated with "*'I to
construct "*'I-AuNFs (Fig. 23a). **'I with the advantages of long
half-period and suitable radiation energy was used for SPECT
imaging and RIT. The as-prepared "*'I-AuNFs exhibited steady
radioactivity and great photothermal conversion efficiency. The
in vivo SPECT imaging was used to observe the biodistribution
of ™' in 4T1 tumor-bearing mice, showing that the radio-
signals in the tumor regions of “*'I-AuNF groups gradually
increased and peaked at 24 h post-injection (Fig. 23b). Guided
by in vivo SPECT imaging, the NIR-II laser (1 W cm™2, 10 min)
was irradiated on subcutaneous 4T1 tumor at 24 h post-
injection for PTT. The in vivo SPECT imaging-guided RIT/PTT
strategy showed a tumor inhibition rate of 100%, much higher
than 57.8% of the AuNFs plus the NIR-II laser group.

PDT as an effective antitumor treatment is hampered by
limited tissue penetration depth of light and poor tumor-
targeting ability of photosensitizer (PS).>**> To overcome these
limitations, the scintillating materials (e.g., terbium (Tb), euro-
pium (Eu), etc.) can convert ionizing radiation into visible light
to trigger PS to generate ROS (X-ray-induced PDT).>”>3603¢7
Likewise, instead of X-ray irradiation, the Cerenkov lumines-
cence emitted by RIT can also be used to induce PDT.**3%° Lee
et al. designed a **Cu-labeled Eu-diethylenetriaminepentaacetic
acid (Eu-DTPA)/Victoria blue-BO (VBBO, a PS) co-loaded lipo-
some (**Cu-Eu/VBBO lipo) for in vivo PET imaging and
radioisotope-mediated PDT.*”® The efficiency of luminescence
resonance energy transfer between Eu-DTPA and VBBO was

This journal is © The Royal Society of Chemistry 2022
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time points after intravenous administration of free ***| and **3|I-AuNFs. Reproduced with permission from ref. 364. Copyright 2021, Royal Society of
Chemistry. (c) In vivo PET imaging of FaDu tumor-bearing mice at various time points after intravenous administration of 8*Cu-Eu/VBBO lipo (upper
panel: maximal intensity projection (MIP); middle panel: coronal view; lower panel: surface plot for the tumor region from the coronal image).
Reproduced with permission from ref. 370. Copyright 2020, American Chemical Society.

6-fold higher than that in Cerenkov luminescence energy
transfer (CLET). Moreover, in vivo PET imaging was used to
track ®*Cu-Eu/VBBO lipo in mice and revealed that the ®*Cu-Eu/
VBBO lipo with 20.15 h of circulation half-life showed a high
tumor uptake of up to 19.29% ID per g at 48 h post-injection
(Fig. 23c). Furthermore, guided by PET imaging, **Cu-Eu/VBBO
lipo could effectively eliminate the FaDu tumors. The tumor
volume ratio in the **Cu-Eu/VBBO lipo group was about half of
that in the ®*Cu-VBBO lipo group. In addition, other radio-
isotopes, such as *zr, ®°y, and ®*Cu, have also been used for
PET image-guided RT.>"*7*

Although PET and SPECT can provide functional informa-
tion with high sensitivity and specificity at the molecular level,
PET or SPECT alone is not the most proper imaging technique
for cancer diagnosis due to the lack of anatomical information.
Therefore, the PET or SPECT is usually combined with a high-
resolution anatomic imaging modality (CT or MRI) to provide
both functional and anatomical information.””**”® Liu and co-
workers encapsulated ultrasmall gallic acid-ferrous (GA-Fe(u))
nanocomplexes and r-buthionine sulfoximine (BSO, an inhibi-
tor of GSH) into a liposome (BSO/GA-Fe(n)@liposome).*”” Next,
the BSO/GA-Fe(n)@liposome was chelated with **™Tc¢** radio-
isotope with a high radiolabeling efficiency and steady radio-
activity for SPECT/CT image-guided RT/chemotherapy. The
in vivo SPECT/CT imaging revealed that the BSO/GA-
Fe(u)@liposome could effectively accumulate at the tumor site
and reach the maximum at 24 h post-injection. Therefore, the
24 h post-injection was considered as the optimal time-
point for RT of tumors. Besides, the PET/CT imaging based
on various radionuclides, such as %¢Zr and ®!Cu, was also
utilized to guide precision RT.*’*7%' For example, Achilefu
and colleagues coated titanium dioxide NPs (TiO, NPs) with
transferrin (Tf) and further labeled the NPs with radionuclide

This journal is © The Royal Society of Chemistry 2022

897r (**Zr-TiO,-Tf NPs) for bone targeting and PET/CT imaging-
guided Cerenkov radiation-induced therapy (CRIT) of multiple
myeloma (MM, a type of bone-related tumor).>*°

In summary, after radiolabeling, the nuclear medicine ima-
ging can monitor the distribution of drugs in tumors or organs
and further guide precision RT. However, the PET imaging is
costly while the SPECT imaging is much cheaper but the latter
produces images with lower resolution. Besides, both the
imaging techniques present radiation hazard, which may ham-

per their wide applications.

4.7 Dual-modal imaging-guided RT

Each imaging method has its own advantages and disadvan-
tages. Nowadays, more and more nanomedicines have been
designed to incorporate two or more imaging modalities, which
allows for integration of merits of various imaging techniques.

4.7.1 MRI-based dual-modal imaging-guided RT. Several
radiosensitizers with high-Z elements are able to act as CT or
MR imaging contrast agents. Dou et al. designed radiation-
responsive scintillating NPs (NSC@mSiO,-SNO/ICG NPs) for
MR/CT bimodal imaging-guided enhanced RT (Fig. 24a).**
The Eu**-doped NaGdF, scintillating nanocrystals (NSC) were
coated with mesoporous silica and then loaded with SNO
and ICG. TEM images showed core-shell structure of
NSC@mSiO,-SNO/ICG NPs (Fig. 24b). The high-Z elements in
the NSC@mSiO,-SNO/ICG NPs could deposit X-ray radiation
energy for radiosensitization. Moreover, the X-ray-induced PDT
based on the NPs could generate ROS. In addition, the radia-
tion could break the S-N bond and promote NO release. The
released NO was able to kill tumor cells and dilate tumor blood
vessels for alleviating tumor hypoxia. In addition, the
NSC@mSiO,-SNO/ICG NPs possessed excellent CT and MR
imaging performance. The in vivo CT and MR imaging
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Reproduced with permission from ref. 138. Copyright 2021, Springer Nature.

displayed that both CT and T;-weighted MR signals in the
tumor regions increased overtime and reached the maximum
24 h post-injection (Fig. 24c and d). For in vivo antitumor
assessment, the 4T1 tumor-bearing mice received X-ray radia-
tion (4 Gy) at 24 h post-injection. Guided by MR/CT imaging,
the NSC@mSiO,-SNO/ICG NPs plus RT completely eradicated
the tumor, whereas the tumor volume in the RT alone group
was more than 5 cm?® 14 days after treatment.

Furthermore, the NPs with bimodal MR and FL imaging
capabilities have also been designed to guide precision RT. Yin
et al. coordinated cypate (Cyp, a derivative of ICG with bis-
carboxyl groups) with Fe(m)-loaded polymethacrylic acid
(PMAA) NPs (Cyp-PMAA-Fe NPs). Then, the Cyp-PMAA-Fe NPs
were coated with mesenchymal stem cell membranes (Cyp-
PMAA-Fe@MSCs NPs) for MR/FL image-guided RT/PTT of
non-small cell lung cancer (NSCLC) (Fig. 24e)."*® To assess
the advantages of MSC cell membrane in inducing immune
escape and prolonging circulation time, the Cyp-PMAA-Fe NPs
were coated with red blood cell membranes (RBCs) to construct
Cyp-PMAA-Fe@RBCs as negative control. The in vivo FL ima-
ging of LLC1 tumor-bearing mice revealed that the FL signals of
tumors at 28 h post-injection of Cyp-PMAA-Fe@MSCs were 21%

9792 | Chem. Soc. Rev., 2022, 51, 9759-9830

higher than those in the Cyp-PMAA-Fe@RBC group, suggesting
more effective tumor targeting and accumulation of Cyp-PMAA-
Fe@MSCs owing to the MSC membranes. Likewise, the Tj-
weighted MR imaging showed a 30.01% decrease of the T,
signal at the tumor sites at 28 h after intravenous injection of
Cyp-PMAA-Fe@MSCs. Guided by the MR/FL imaging, the mice
were irradiated with NIR laser and X-rays at 28 h post-injection
of Cyp-PMAA-Fe@MSCs for synergistic RT/PTT. The relative
tumor volume in the Cyp-PMAA-Fe@MSCs + NIR + RT group
was 0.63, much lower than 3.32 in the RT alone group.

4.7.2 PAl-based dual-modal imaging-guided RT. Dual-
modal PA/CT imaging can achieve high sensitivity and spatial
resolution. Yong et al. constructed multifunctional tungsten
sulfide quantum dots (WS, QDs) for PA/CT imaging-guided RT/
PTT of tumors.*®> The WS, QDs could be used as an out-
standing PTT agent with relatively high photothermal conver-
sion efficiency (n = 44.3%). Also, these QDs with high-Z
elements could function as radiosensitizers. In addition, the
WS, QDs could also be utilized as a CT and PA imaging agent.
The in vivo PA imaging of the BEL-7402 tumor-bearing BALB/c
nude mice showed that the PA signals in tumor site remarkably
increased to the maximum (665 a.u.) at 2 h after intravenous

This journal is © The Royal Society of Chemistry 2022
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injection and gradually decreased later. Moreover, the in vivo
CT imaging revealed that the CT value in the tumor regions also
gradually increased at 2 h and peaked at 5 h post-injection.
Guided by the in vivo PA/CT imaging, the BEL-7402 tumor-
bearing mice were exposed to 808 nm laser irradiation
(1 W em™?) for 10 min at 1.5 h after intravenous injection of
WS, QDs. Next, the mice received X-ray irradiation at 30 min
after laser irradiation. The dual-modal PA/CT imaging-guided
synergistic PTT/RT could totally suppress tumor growth 5 days
after treatment without recurrence in the following 17 days.
However, the tumor growth inhibition rate in the RT alone
group was only 37.64%.

4.7.3 Dual-modal optical imaging-guided RT. Several
researchers have also employed dual-modal optical imaging
techniques to guide precision RT.***7*% For instance, Zhang
et al. loaded both holo-lactoferrin (holo-Lf, a ligand of trans-
ferrin receptor (TfR)) and Dox into liposomes (Lf-Liposome-Dox
nanocomposites) for dual-modal PA/FL imaging-guided
radiochemotherapy.®®® First, the nanocomposites were able to
target tumor cells owing to ligand (Lf)-receptor (TfR) recogni-
tion. The Lf-Liposome-Dox nanocomposites were labeled with
1,1’-dioctadecyl-3,3,3’,3'-tetramethylindotricarbocyanine
iodide (DIR) for observation of their biodistribution via in vivo
FL imaging. The in vivo FL images showed that FL signals in
tumors gradually increased over time and strongly elevated at
24 h post-injection of Lf-Liposome-Dox. Moreover, holo-Lf
could also catalyze the decomposition of H,O, into O, for
relieving tumor hypoxia. Besides, the in vivo PA imaging con-
firmed that the oxygen levels in tumor sites were rapidly
increased over time and became the highest at 24 h post-
injection of Lf-Liposome-Dox. Guided by the PA/FL imaging,
the 4T1 tumors were exposed to 4 Gy of X-ray at 24 h post-
injection of Lf-Liposome-Dox, resulting in ~ 7 of relative tumor
volume compared to ~17 in the X-ray alone group. Taken
together, the dual-modal PA/FL imaging technique can guide
precision RT by providing images with high sensitivity, deep
penetration, and high spatial resolution.

4.8 Tri- and tetra-modal imaging-guided RT

Tri-modal imaging-based techniques, such as CT/MRI/
PAL>#%3%7 CT/FLI/PAI**® MRI/PAI/PET,*®*° MRI/PAI/SPECT,**°
PAI/US/PET,**' CT/PA/SPECT,****% and CT/MRI/FLL>*** have
also been reported to guide RT. For example, Li and colleagues
constructed biocompatible Bi,Se; nanodots for CT/PA/SPECT
tri-modal imaging-guided synergistic RT/PTT of tumor.**?
These Bi,Se; nanodots with relatively high photothermal con-
version efficiency (1 = 50.7%) could function as theranostic
agents for PTT and PA imaging. Besides, these nanodots could
also deposit X-ray energy and serve as a radiosensitizer. The
in vivo PA imaging of 4T1 tumor-bearing mice revealed that the
PA signals at the tumor sites were enhanced over time and
reached the peak at 12 h post-injection of Bi,Se; nanodots.
Then the tumoral CT value increased gradually from the initial
50 HU to the peak of 94 HU at 12 h after intravenous injection
of the nanodots, which was consistent with the PA imaging
results. In addition, these nanodots were chelated with
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radioactive **™Tc for evaluation of their biodistribution via
SPECT. The SPECT/CT images showed remarkable tumor accu-
mulation of Bi,Se; nanodots within 24 h of intravenous injec-
tion. Guided by the tri-modal imaging, the tumor-bearing mice
received X-ray (6 Gy) and 808 nm laser (1 W cm 2, 10 min)
irradiations at 12 h post-injection of Bi,Se; nanodots, resulting
in a survival rate of 100% even at 36 days after treatment.
However, all the mice in the RT alone group died within
32 days.

Besides, Kang et al. even integrated four imaging modalities
(MRI/CT/PAI/FLI) into one nanoplatform for tetra-modal
imaging-guided RT/chemotherapy.’®® They encapsulated
rare-earth down-conversion (DC) NPs, copper bismuth sulfide
(CBS) NPs, and DOX into =zeolitic imidazolate frame-
work-8 (ZIF8) to construct multifunctional nanocomposites
(CBS@DC-ZIFS@DOX). After intratumoral injection of
CBS@DC-ZIF8@DOX nanocomposites, the in vivo CT and MR
images showed significant contrast enhancement. Moreover,
the PA imaging at both wavelengths of 700 nm and 808 nm
revealed remarkably increased PA signals in tumors after
intratumoral injection. Likewise, the FL imaging of tumors
after intratumoral injection of the CBS@DC-ZIF8 nanocompo-
sites displayed a strong FL signal under 808 nm laser irradia-
tion. For the anticancer evaluation, the 4T1 tumor-bearing mice
were intratumorally administered with CBS@DC-ZIF8@DOX
nanocomposites and then received X-ray radiation (6 Gy),
resulting in a ~1.4 of relative tumor volume at day 20. How-
ever, the relative tumor volume in the X-ray alone group was
7.5. These multi-modal imaging techniques can integrate the
advantages of each imaging modality and provide a compre-
hensive information for guiding precision RT.

5. Feature application of precision RT
for anti-metastasis

Precision treatment of tumors includes not only primary (local)
tumors, but also distant tumors and metastasis. RT has
been mainly utilized to treat local tumors rather than distant
metastasis. Previous studies have revealed that RT is able to
produce a certain level of abscopal effects; however, they are far
from meeting clinical demands and only rare clinical cases
have been reported over the years.>*®*°> Even with the help of
immune checkpoint blockades, therapeutic efficacies of RT for
distant and metastatic tumors are still unsatisfactory.****”
The reasons why conventional RT cannot induce systemic
antitumor immunity against metastasis include inefficient
induction of immunogenic cell death (ICD), immunosuppres-
sive TME, poor presentation efficiency of tumor-specific anti-
gens, etc.’® Recently, the rapidly evolving nanotechnologies
enable RT to induce potent systemic immunity through various
mechanisms, thereby extending the application of RT in the
treatment of metastases.’”® Besides, multifunctional NPs
enable RT to be combined with other therapies (e.g., ICB
therapy, immunoadjuvant, PTT, PDT, CDT, efc.) to activate
systemic antitumor immune responses against distant
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Table 4 Representative nanotechnologies for abscopal effect of precision RT

Mechanisms of RT-

Local mediated abscopal ICB/
Nanoparticles treatment effects immunoadjuvant Cancer type Tumor models Ref.
DBP-Hf nMOF RT-RDT ICD IDOi Primary, distant, and re- SQ20B/U87MG/PC-3/CT26/TUBO 507
challenged tumors tumor-bearing mice
Hb@HTf-Ce6 RT-RDT ICD, reverse the immu- Anti-PD-1 Primary and distant tumors, 4T1 tumor-bearing mice 505
nosuppressive TME antibody lung metastasis
4PI-Zn@CaCO; RT Reverse the immuno- IDO-1 inhibitor Primary, distant, and re- CT26 tumor-bearing mice 533
NPs suppressive TME challenged tumors
PLGA/ RT Promote DC maturation STING agonist  Primary tumor, lung B16-OVA/TC1/4T1 tumor-bearing 132
STING@EPBM and antigen metastasis mice
presentation
PSeR NPs RT/ Enhance the NK cell NA Primary tumor, lung MDA-MB-231 tumor-bearing mice 270
chemotherapy functions metastasis
PLGA- RT ICD, reverse the immu- R837, anti-CTLA4 Primary, distant, metastatic ~CT26 tumor-bearing mice, 4T1 432
R837@Cat NPs nosuppressive TME antibody and re-challenged tumors orthotopic breast tumor
metastasis
ALG-ATP- RT or ICD CpG, anti-PD-1  Primary, distant, and re- CT26 tumor-bearing mice, ortho- 517
Aptamer/CpG-  chemotherapy antibody challenged tumors, lung topic 4T1 breast tumor-bearing
cAptamer metastasis mice
BI-Cat/ALG RIT ICD CpG, anti-CTLA4 Primary, distant, metastatic 4T1/CT26 tumor-bearing mice, 42
antibody and re-challenged tumors metastatic orthotopic 4T1 breast
tumor-bearing mice, VX2 tumor-
bearing rabbits, and patients’
prostate tumor bearing mice
WO, o-WSe,- RT/PTT ICD Anti-PD-L1 Primary, distant, and re- 4T1 tumor-bearing mice 528
PEG NPs antibody challenged tumors, lung
metastasis
Au@MC38 RT ICD Anti-PD-1 Primary and distant tumors, MC38 tumor-bearing mice 30
antibody lung metastasis
CpG@Au NPs  RT ICD, repolarize TAMs  CpG, anti-PD-1  Primary and distant tumors GL261 tumor-bearing mice 458
antibody
ZGd-NRs RT ICD, deplete TAMs Anti-PD-L1 Primary and distant tumors, 4T1/CT26 tumor-bearing mice 459
antibody lung metastasis
H®@Gd-NCPs  RT ICD Anti-PD-L1 Primary and distant tumors, 4T1/CT26 tumor-bearing mice 41
antibody lung metastasis
Cu-NCPs RT/CDT ICD Anti-PD-L1 Primary and distant tumors, 4T1/CT26 tumor-bearing mice 532
antibody lung metastasis
PLGA AC-NP RT Deliver antigen to DCs  Anti-PD-1 Primary and distant tumors B16-F10 tumor-bearing mice 486
antibody

metastasis. The representative nanotechnologies for inducing
abscopal effects of RT are summarized in Table 4.

5.1 Mechanisms of RT-mediated abscopal effect by advanced
nanotechnologies

In this section, the mechanisms of RT-mediated abscopal effect
by advanced nanotechnologies will be introduced, including
ICD induction, repolarizing or depleting tumor-associated
macrophages (TAMs), enhancing NK cell function, enhancing
antigen presentation of dendritic cells, reprograming periph-
eral neutrophils as antigen-presenting cells, etc.

5.1.1 Inducing ICD. ICD is a specific death modality trig-
gered by various physical (e.g., hyperthermia, PDT, RT, etc.),*"**'®
chemical (e.g., chemotherapeutics, etc.),"***'® and biological
(e.g., bacteria, virus etc.) agents.*”*™*** ICD can induce the
release of tumor antigens and damage-associated molecular
patterns (DAMPs), including cell surface exposure of calreticu-
lin (CRT),*** high mobility group protein B1 (HMGB1),*** heat
shock protein 90 (HSP90),"*® HSP70,*”**® and extracellular
release of adenosine triphosphate (ATP).**° Various antigen
presenting cells (APCs), such as dendritic cells (DCs), can be
activated by these antigens and then migrate to lymph nodes to
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elicit strong antitumor immune responses.**>**" However, RT
alone fails to induce sufficient ICD for abscopal effect due to
insufficient ROS generation attributed to several reasons, such
as low energy deposition in tumor tissues, immunosuppressive
TME (e.g., GSH, hypoxia, etc.), etc.”**3>7*3*

A higher ROS yield by tumor accumulation of high-Z ele-
ments can induce a stronger ICD to elicit potent immune
responses. For example, Qin et al. designed a tumor cell-
reactor to produce biogenetic gold NPs (Au@MC38) for radio-
sensitization and abscopal effect.*® Coated with the MC38 cell
membrane, the Au@MC38 NPs could effectively target and stay
in tumors for more than 72 h after injection. Moreover,
Au@MC38 containing a high-Z element could significantly
enhance radiosensitizing effect on tumors and thereby induce
a high tumor inhibition rate of 87.7% under X-ray irradiation
compared to 66.5% in the RT alone group. In addition, the
Au@MC38-mediated radiosensitization was able to induce
potent ICD of tumor cells and further elicit systematic immune
responses, resulting in a higher lung metastasis inhibition rate
(53.5%) compared to 34.9% in the RT alone group.

GSH depletion could also augment RT-induced ROS genera-
tion and induce more potent ICD for antitumor immunity

This journal is © The Royal Society of Chemistry 2022
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activation. Huang et al used 5’-guanosine monophosphate
(5"-GMP) and gadolinium to form nanoscale coordination
polymers (NCPs) and further loaded Hemin into the NCPs
(H®Gd-NCPs) for boosting RT-induced ICD.*! The H@Gd-
NCPs could effectively deposit X-ray energy to elevate the
intracellular ROS level due to the high-Z element. Moreover,
Hemin could function as peroxidase to deplete GSH in TME
and thereby augment RT-induced oxidative stress. The immu-
nofluorescence signal of CRT in CT26 cells treated with H@Gd-
NCPs plus RT (8 Gy) was significantly stronger than that in Gd-
NCPs + RT and RT alone groups. Western blot assay of CT26
tumor tissues indicated that in vivo treatment of H@Gd-NCPs +
RT (6 Gy) could remarkably upregulate HMGB1 expression.
Furthermore, flow cytometry analysis revealed that the tumor-
draining lymph nodes (TDLNs) of mice in the H@Gd-NCPs +
RT group showed a higher percentage (57.85%) of mature DCs
than those in the RT alone (37.42%) and Gd-NCPs + RT groups
(43.45%), suggesting that H@Gd-NCP-mediated radiosensitiza-
tion was able to induce potent ICD and DC maturation. Due to
high immunogenicity, the H@Gd-NCP-mediated RT would
potentiate checkpoint blockade immunotherapy. The treat-
ment of H@Gd-NCPs + RT could remarkably eliminate the
primary tumors with or without «PD-L1. Moreover, the H@Gd-
NCPs + RT + oPD-L1 could also eradicate the distant tumors,
whereas the average tumor volume in RT + oPD-L1 was over
800 mm?® 21 days after treatment. Further mechanism study
revealed that RT + oPD-L1 could enhance the ratios of CD4"/
CD8" T cells to 2.65%/0.91% and 2.64%/1.04% in irradiated
and unirradiated tumors, respectively; however, the ratios in
the H@Gd-NCPs + RT + oPD-L1 group were 5.95%/1.94% and
5.98%/2.31%. In addition, IFN-y and infiltrating memory T
cells were increased in bilateral tumors of mice treated with
H®@Gd-NCPs plus RT.

Furthermore, Wang et al. loaded FDA-approved physcion
(Phy, an inhibitor of the pentose phosphate pathway (PPP))
onto PEG-decorated layered gadolinium hydroxide (PLGdH)
nanosheets to prepare Phy@PLGdH nanosheets for boosting
RT-mediated ICD (Fig. 25a).*>> The Phy was reported to inhibit
6-phosphogluconate dehydrogenase (6PGD) and further reduce
two main products of PPP: nicotinamide adenine dinucleotide
phosphate (NADPH) and ribose 5-phosphate (ribose 5-P), lead-
ing to reduced intracellular antioxidants and imbalance of
nucleotide homeostasis (Fig. 25b).**¢**° As such, both Phy
and high-Z elements could enhance the radiosensitizing effect
of Phy@PLGdH nanosheets on tumors and thereby induce
stronger ICD. The CT26 cancer cells treated with Phy@PLGdH
+ RT rapidly exposed CRT and released HMGB1/ATP compared
to the RT, PLGdH + RT, or Phy@PLGdH group. To evaluate the
activation of antitumor immunity, the CT26 cancer cells treated
with Phy@PLGdH with or without RT were inoculated subcu-
taneously in the left flank of mice. Then, these mice were
rechallenged with CT26 cancer cells on the right flank for
observation of tumor growth. Interestingly, vaccination with
CT26 cancer cells (Phy@PLGdH + RT) could significantly inhi-
bit the growth of rechallenged tumors and led to a 70% cancer-
free state over 50 days compared to 20% in the RT alone group.

This journal is © The Royal Society of Chemistry 2022
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Nevertheless, the vaccination of CT26 cancer cells showed no
significant inhibition effect on other cancer types, such as
breast cancer and renal cancer, indicating that the antitumor
immunity induced by Phy@PLGdH-mediated RT was tumor-
specific. Besides, Phy@PLGdH + RT + oPD-L1 could signifi-
cantly eliminate lung metastasis, whereas the counts of lung
foci were over 40 in the RT alone group.

5.1.2 Repolarizing or depleting TAMs. Generally, TAMs,
the major population of infiltrating immune cells in tumors,
are classified into activated M1 (tumor-fighting) phenotype and
alternatively activated M2 (tumor-promoting) phenotype with
diametrically opposed effects on tumors.***"*** During tumor
progression, the TAMs are gradually converted into M2 pheno-
type which promotes angiogenesis, tumor growth, invasion,
and metastasis.**® Moreover, M2 phenotype TAMs are also able
to enhance immunosuppressive TME by boosting the genera-
tion of regulatory T cells (Treg cells).*****” It is worth mention-
ing that TAMs, M2 phenotype in particular, have been reported
to produce a large number of antioxidants during RT and lead
to radioresistance of tumors.**® Seifert et al. revealed that the
high-dose radiation (12 Gy) was able to downregulate the
expression levels of Irf5, iNOS, and H2eb1 as well as upregulate
the Arg1 expression in pancreatic tumors, indicating induction
of M2 phenotype TAMs.**’ In addition, several studies have
reported that depletion of TAMs could reverse immunosup-
pressive effects and enhance the RT efficacy of tumors.*>>*>!

So far, lots of nanomedicines have been designed for TAM
repolarization. For example, Ma et al. revealed that graphene
oxide (GO) promoted the polarization of M1 TAMs by inter-
action with toll-like receptors (TLRs) of macrophages and
activation of NF-kB pathways.***> Zanganeh et al. reported that
FDA-approved iron oxide NPs (Ferumoxytol) were able to
improve the proportion of M1 phenotype TAMs in tumor
tissues after intravenous administration.*>* Kim’s group devel-
oped M1 macrophage-derived exosome-mimetic nanovesicles
to re-educate M2 phenotype TAM to M1 macrophages in vitro
and in vivo.”>* Shi et al. utilized NP-based ROS photogeneration
to repolarize TAMs to M1 phenotype.**’

Recently, several nanoradiosensitizers have been designed
to regulate TAMs and further elicit antitumor immunity for
suppression of distant, metastatic, and recurrent tumors.*>**>’
For example, Cao et al. modified AuNPs with CpG (an agonist of
TLR9) to form CpG@Au NPs as a TAM repolarizing nanosystem
for enhanced radioimmunotherapy (Fig. 26a and b).*>® Bone
marrow-derived macrophages (BMDMs) treated with CpG@Au
NPs showed significant upregulation of M1 type markers (iNOS
and CD86) and downregulation of M2 marker CD206. The
reeducating TAMs could reduce radioresistance, and AuNPs
as a high-Z element could enhance RT efficacy. The GL261
tumor-bearing mice were intratumorally injected with CpG@Au
NPs, followed by X-ray irradiation (2 Gy). Immunohistochem-
istry (IHC) and flow cytometry analyses showed that CpG@Au +
RT treatment could significantly downregulate CD206 and
upregulate CD86 expression in tumors (Fig. 26¢). As a result,
the relative tumor volume in the CpG@Au + RT group was over
2 compared to 6 in the RT alone group (Fig. 26d). In addition,
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the immune checkpoint blockade (ICB) was introduced into the
TAM reeducation-mediated RT to investigate whether the eli-
cited systemic immunity was able to induce the abscopal effect
of RT. The bilateral GL261 tumor model was used to evaluate
the abscopal effect of RT (Fig. 26¢e). The results displayed that
the CpG@Au + RT + anti-PD-1 treatment was able to signifi-
cantly suppress the growth of both primary and distant tumors
(Fig. 26f and g). However, anti-PD-1+ RT treatment showed
almost no inhibition effect on distant tumors. Overall, the TAM
repolarization could trigger potent systemic antitumor immu-
nity and improve the abscopal effect of RT in cooperation
with ICB.

Besides, Huang et al. combined TAM depletion with ICD
induction to boost RT-induced antitumor immunity.**® They
constructed bifunctional coordination polymer nanorods (ZGd-
NRs) through self-assembly of zoledronic acid (Zol) and gado-
linium. With the high-Z element, ZGd-NRs could improve the
radiosensitizing effect and thereby induce strong ICD in CT26
tumor cells. Meanwhile, the percentage of mature DCs in TDLN
of mice treated with ZGd-NR plus RT was increased to 33.6%,
much higher than 14.1% of the RT alone group. In addition, Zol
was able to inhibit the mevalonate pathway and thereby induce
apoptosis of macrophages.*®® The treatment of ZGd-NRs + RT

9796 | Chem. Soc. Rev., 2022, 51, 9759-9830

could reprogram immunosuppressive TME by depleting intra-
tumoral F4/80'CD11b* TAMs and decreasing secretion of IL-10,
TGF-B1, and VEGFA. Therefore, the ZGd-NR-mediated RT could
remarkably suppress distant tumor growth while RT alone had
a negligible inhibitory effect on distant tumors. Besides, the
distant tumors could be completely eradicated in the ZGd-NR +
RT + oPD-L1 group. Further mechanism experiments showed
that ZGd-NR-mediated RT could increase the levels of infil-
trated CD4"/CD8" T cells to 3.97%/1.37% and 4.14%/1.41% in
primary and distant tumors, respectively, much higher than
those in the RT alone group (1.46%/0.28% and 1.75%/0.29% for
primary and distant tumors). These results indicated that ZGd-
NR-mediated RT could activate systemic antitumor immune
responses by TAM depletion and ICD induction.

5.1.3 Enhancing NK cell function. Natural killer (NK) cells,
an important type in the innate immune system, serve as the
first line of defense.*®"**> NK cells were known for their ability
to kill cancer cells without priming or prior activation, which is
distinct from adaptive immune cells, such as T cells and B
cells.*®®>™*%° The natural killer group 2A (NKG2A, an inhibitory
checkpoint receptor of NK cells) can bind human leukocyte
antigen-E (HLA-E). Therefore, cancer cells expressing HLA-E
can avoid being killed by NKG2A-positive NK cells.***™*%® In

This journal is © The Royal Society of Chemistry 2022
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addition, ionizing radiation was reported to upregulate the
expression levels of several ligands (e.g., NKG2D, CD112, etc.)
on cancer cell membrane to enhance the susceptibilities of
cancer cells to NK cell attack.*®*4¢%7°

A previous study found that inorganic selenium compound
selenite (SeO;>”) was able to block the HLA-E expression of
tumors at the posttranscriptional level and thereby improve
sensitization of tumor cells to CD94/NKG2A-positive NK cells,
suggesting that selenite could enhance NK cell-based
immunotherapy.*”" Recently, organic seleninic acid was also
reported to activate NK cells for immunotherapy.”’>*”* In
addition, the diselenide bond can be oxidized into seleninic
acid upon y-ray irradiation.””*"*”> Li et al. assembled cytosine-
containing diselenides (Cyt-SeSe-Cyt) with pemetrexed (a clini-
cally used chemotherapeutics) through hydrogen bonds to
construct diselenide-pemetrexed (Pem/Se) assemblies for RT/
chemotherapy/immunotherapy.*’> Upon y-ray irradiation, the
diselenide bonds and hydrogen bonds were cleaved, resulting
in the disassembly of Pem/Se assemblies and pemetrexed
release. The MDA-MB-231 cells treated with Pem/Se assemblies
and y-ray irradiation (5 Gy) showed significant downregulation
of HLA-E due to the generation of seleninic acid. The tumor
inhibition rate of MDA-MB-231 tumor-bearing mice in the Pem/
Se + y-ray radiation group was about 1.5 times that of the Pem +
y-ray radiation group. The immunofluorescence staining of
tumor slices revealed that the Pem/Se + y-ray radiation treat-
ment significantly reduced HLA-E expression and upregulated
the expression levels of IFN-y and CD49b, suggesting elevated

This journal is © The Royal Society of Chemistry 2022

immunoactivity of NK cells in tumor tissues. In addition, the
NK cells in metastases were also activated after the Pem/Se + y-
ray radiation treatment, and the induced systemic immune
response could inhibit lung metastases.

In another similar study, Gao et al. proposed a NK cell-based
immunotherapy strategy using radiation-sensitive NPs (PSeR
NPs).””° The PSeR NPs were loaded with DOX and then deco-
rated with RGD-modified PEG (Fig. 27a). The TEM images
further showed that the PSeR NPs with spherical morphology
gradually collapsed into irregular structures upon elevated
doses of y-ray irradiation owing to the oxidation of diselenide
bonds (Fig. 27b). Due to structural collapse, DOX could be
rapidly released from PSeR NPs. Moreover, they found that
seleninic acid (RSeO(OH), oxidation products of diselenides)
could react with intracellular GSH to affect the redox balance in
cancer cells. The GSH/GSSG ratio and expression levels of
glutathione peroxidase (GPx) and GSH-transferase (GST) were
remarkably decreased in MDA-MB-231 cells treated with PSeR
NPs + y-ray radiation (5 Gy). Whereas, CAT was upregulated
after treatment of PSeR NPs + y-ray radiation. These intracel-
lular alterations could potentiate efficacy of RT and chemother-
apy. Besides, the PSeR NPs + y-ray radiation (5 Gy) treatment
could induce the NK cell-mediated cytotoxicity through block-
ing HLA-E expression and releasing Granzyme B (GZB)/IFN-y.
Next, the MDA-MB-231 tumor-bearing nude mice with normal
NK cell but defective CD8" T cells were used to evaluate the
efficacy of NK cell-based immunotherapy induced by PSeR/DOX
and RT. The results showed that the tumor inhibition rate in
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the PSeR/Dox + RT group was almost 2-fold higher than that in
the DOX + RT group (Fig. 27¢c). The confocal images of tumor
tissues displayed upregulated HLA-E expression after combined
treatment (Fig. 27d). Simultaneously, GZB and IFN-y were
significantly increased in serum and tumors (Fig. 27e and f).
These results suggested that the excellent antitumor efficacy
was attributed to synergistic RT/chemotherapy and NK cell-
mediated immunotherapy. Furthermore, to evaluate the in vivo
anti-metastasis efficacy of NK cell-mediated immunotherapy,
the MDA-MB-231 cells treated with or without PSeR + radiation
were intravenously injected into nude mice to establish the
human breast cancer lung metastasis model. The mice receiv-
ing MDA-MB-231 cells treated with PSeR + radiation showed
almost no metastatic foci in lung tissues compared to the
control groups.

5.1.4 Enhancing antigen presentation of dendritic cells.
RT can induce the release of cancer-specific antigens and
generation of pro-inflammatory proteins while killing cancer
cells.”’®*”° These tumor-derived protein antigens (TDPAs)
would be delivered to APCs, such as DCs, and elicit antitumor
immune response. Therefore, with the rapid development and
application of nanotechnologies, enhancing antigen presenta-
tion has been a promising strategy to improve the abscopal
effect.*80~18°

Min et al. designed antigen-capturing NPs (AC-NPs) to
enhance antigen presentation of DCs for augmenting the
abscopal effect of RT.*®® They utilized PLGA to form a polymer
and then decorated the polymer with various molecules to bind
the TDPAs, including methoxypolyethylene glycol (mPEG
AC-NPs, negative control), 1,2-dioleoyl-3-trimethylammoni-
opropane (DOTAP AC-NPs), amine polyethylene glycol (NH,
AC-NPs), and maleimide polyethylene glycol (Mal AC-NPs).

View Article Online
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After incubating with irradiated B16F10 melanoma cell lysates,
the unmodified PLGA AC-NPs and DOTAP AC-NPs captured
most proteins compared to other types of AC-NPs. Further
experiments indicated that all the AC-NPs except for mPEG
AC-NPs were able to capture neoantigens and damage-
associated molecular pattern proteins (DAMPs, a series of
pro-inflammatory proteins). The AC-NPs could deliver these
antigens toward DCs to enhance antigen presentation and
thereby induce potent immune responses. Next, to evaluate
the enhanced immunotherapy of AC-NPs, bilateral B16F10
melanoma-bearing mice treated with oPD-1 were utilized.
Interestingly, the PLGA AC-NPs and Mal AC-NPs produced
significant abscopal effects on the secondary tumors, whereas
the RT alone showed negligible inhibition effect on the sec-
ondary tumors. Further mechanism study revealed that the
PLGA AC-NPs and Mal AC-NPs were transported to the adjacent
lymph nodes and mainly accumulated in CD11c¢" DCs, F4/80"
macrophages, and B220" B-cells at 16 h after intratumoral
injection into the irradiated tumors. Moreover, the increased
CD8" T cells and decreased immunosuppressive CD4 FOXP3"
Treg cells were shown in secondary tumors treated with PLGA
AC-NPs or Mal AC-NPs, indicating potent antitumor immune
responses in these secondary tumors. More importantly, unlike
traditional immunotherapy strategies by using several ‘“cho-
sen” antigens to elicit immune responses, these AC-NPs could
realize personalized treatment by delivering patient-specific
tumor antigens to DCs, which could facilitate the abscopal
effect of RT and extend RT from local tumors to metastasis
treatment.

5.1.5 Reprograming peripheral neutrophils as antigen-
presenting cells. APCs are a set of immune cells that present
tumor antigens for recognition by lymphocytes and further
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Fig. 27 Enhancing NK cell function. (a) A scheme of the synthetic process of PSeR NPs and its application in synergistic RT/chemotherapy and inducing
NK cell-mediated immunotherapy. (b) TEM images of PSeR NPs under various doses of y-ray irradiation. (c) Tumor growth curves of mice in different
treatment groups. (d) Quantification analysis of HLA-E fluorescence intensities in tumors of different treatment groups. (e and f) The serum IFN-y (e) and
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modulate cellular immune response.*®” Traditional APCs
include DCs, M1 phenotype macrophages, and B cells.*®
However, the antigen presenting capability of these main
types of APCs was significantly limited or disabled by
the immunosuppressive TME.*®*"**! Neutrophils, the most
abundant peripheral leukocyte generally phenotyped as
CD11b'Ly6G'CD11c¢™, are generated in the bone marrow and
differentiate into mature neutrophils as the first line of defense
against foreign pathogens, such as bacteria and fungus.******
Interestingly, growing evidence has shown that neutrophils are
able to function as non-canonical APCs to present tumor
antigen and thereby regulate antigen-specific T cell immune
responses.*9>747

For example, Guo et al. proposed an nMOF-mediated RT-
RDT strategy to reprogram peripheral neutrophils as non-
canonical APCs for enhancing antitumor immune
responses.*®® They metalated the porphyrin center with Pt(u)
to construct Hf-DBP-Pt (Hf-Pt-5,15-di(p-benzoato)porphyrin) as
a nanoradiosensitizer for effective RT-RDT. The in vitro clono-
genic assays showed that Hf-DBP-Pt exhibited stronger radio-
therapeutic effects on MC38, HepG2, CT26, AsPC-1, and Panc02
cells compared to Hf-DBP, which might be attributed to stron-
ger energy deposition and radiodynamic effect through facil-
itating intersystem crossing. To investigate the in vivo
antitumor efficacy of RT-RDT, MC38 or CT26 tumor-bearing
mice were intratumorally administered with Hf-DBP or Hf-DBP-
Pt, followed by X-ray radiation. The results showed that both
Hf-DBP and Hf-DBP-Pt could significantly inhibit tumor growth
under X-ray irradiation. Further flow cytometry analysis of
treated MC38 tumors indicated that Hf-DBP-Pt plus RT could
recruit CD11b'Ly6G" neutrophils into the tumors. The pheno-
type analysis revealed that these recruited neutrophils were
reprogrammed to hybrid neu-DC characterized by upregulation
of CD11c. Hf-DBP-Pt + RT elevated the proportion of neu-DC in
the whole CD11b'Ly6G" neutrophils to 36.4%, which was 10-
fold higher than that in the RT alone group. In addition, the
hybrid neu-DC exhibited elevated expression levels of co-
stimulatory CD86, CD80, and MHC II markers, indicating
that neu-DC could function as APC to present tumor antigen.
In addition, the hybrid neu-DC induced by RT-RDT could
remarkably augment cross-presentation of tumor antigens
and enhance both innate and adaptive antitumor immune
responses.

5.2 Strategies for synergistic induction of abscopal effect by
RT and other therapies

This section will introduce strategies for synergistic induction
of abscopal effect by RT and other therapies, including ICB
therapy, immunoadjuvant, and other therapies.

5.2.1 Combination of RT and ICB therapy. Clinical studies
have indicated that RT is important for ICB therapy through
augmenting tumor-specific immunity.**® In addition, RT has
been shown to upregulate the PD-L1 expression of tumor cells
in patients or mouse models.***°" Victor et al initiated a
phase I clinical trial of patients with melanoma metastases to
examine the efficacy of RT combined with anti-CTLA4 blockade

This journal is © The Royal Society of Chemistry 2022
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treatment.’*> The results showed that only 18% patients had
partial immune response, 18% had stable disease, and 64%
had progressive disease. They uncovered that overexpression of
PD-L1 on the surface of tumor cells after RT and anti-CTLA4
treatment led to T-cell exhaustion and clinical failure. There-
fore, addition of PD-L1/PD-1 blockade could antagonize resis-
tance to RT + anti-CTLA4 and thereby result in long-term
immunity. Interestingly, they found that RT is necessary to
trigger an optimal response to checkpoint blockade since
RT plus dual checkpoint blockade showed superior survival
over dual checkpoint blockade. Thus, ICB therapy and RT
can complement each other to elicit tumor-specific
immunity.***°0°9273%" Recently, several studies have intro-
duced nanotechnologies to enhance the abscopal effect of the
synergistic RT/ICB therapy.**>%>~°

For example, Dai and colleagues combined RT-RDT with ICB
therapy to trigger systemic antitumor immunity against pri-
mary tumors and distant metastasis (Fig. 28a).”° First, chlorin
e6 (Ce6) and catechol were conjugated onto PEG to form Ce6-
PEG-polyphenols. The Ce6-PEG-polyphenols could self-
assemble with Hf and were further loaded with Hb (Hb@Hf-
Ce6 NPs). The Hf, a high-Z metal, could not only act as a
radiosensitizer to enhance RT but also play a scintillator role in
efficient radioluminescence. Moreover, Hb in the nanoplatform
could deliver oxygen to alleviate tumor hypoxia and reverse the
immunosuppressive TME (Fig. 28a). The bilateral 4T1 tumor-
bearing mice were utilized to investigate the treatment efficacy
of RT-RDT and immunotherapy (Fig. 28b). Hb@Hf-Ce6 NP-
mediated RT-RDT could significantly inhibit the growth of both
primary and distant tumors (Fig. 28c and d). Notably, the
primary and distant tumor volumes in the Hb@Hf-Ce6 NP-
mediated RT-RDT + oPD-1 group were about 1/6 and 1/2 of
those in the RT + aPD-1 group, respectively. Next, the immune
mechanism study revealed that combination of Hb@Hf-Ce6
NP-mediated RT-RDT and oPD-1 therapy could remarkably
reduce M2 phenotype TAMs, regulatory T cells, and immuno-
suppressive IL-10 secretion as well as increase effector T cells,
memory T cells, and cytokines (e.g., IL-6, IL-12, IFN-y, TNF-o,
etc.) (Fig. 28e). In addition, Hb@Hf-Ce6 NP-mediated RT-RDT
plus aPD-1 could also inhibit lung metastases with a mouse
survival rate of 100%, 20 days after treatment compared to 50%
in the RT + oPD-1 group (Fig. 28f).

In addition, checkpoint blockade antibody could also be
encapsulated into NPs. Choi et al. developed snowflake-like Au
nanocarriers (S-AuNC) and loaded oPD-L1 into the S-AuNC for
RT/ICB therapy of tumors.””" The S-AuNC could be decom-
posed under radiation to release «PD-L1. Moreover, the S-AuNC
with high-Z elements could enhance the radiosenstizing effect
and thereby induce strong ICD after intratumoral injection.
This radiation-responsive in situ oPD-L1 release strategy
enabled a controllable spatiotemporal combination of RT and
ICB immunotherapy, leading to activation of potent antitumor
immunity against tumor growth.

5.2.2 Combination of RT and immunoadjuvant. Cancer
vaccines are generally composed of antigens (e.g:, tumor-
specific antigens, nucleic acids encoding antigens, etc.) and
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received different treatments. (f) Representative photos of lung metastases
permission from ref. 505. Copyright 2020, Wiley.

adjuvants (e.g,, immunoadjuvants, immunologic adjuvants,
etc.).>°®%% RT of tumors is able to produce tumor-specific
antigens. Adjuvant refers to any material that improves the
cellular or humoral response to antigens.’>'° Thus, immunoad-
juvants, such as CpG and imiquimod, can increase the immu-
nogenicity of these tumor-specific antigens through various
mechanisms, which is potential to enhance the ‘“cancer vac-
cine” effect of RT.>'* However, free immunoadjuvants always
exhibit lower bioavailability and poor tumor uptake.*'*”"?
Advances in nanotechnology enable the improvement of tumor
delivery and uptake. Recently, various immunoadjuvant-loaded
NPs have been developed to enhance the abscopal effect of
RT.42’432’514_517

For example, Patel et al. designed bacterial membrane-
coated NPs (BNPs) to promote RT to elicit systemic antitumor
immunity against local tumors and metastatic relapse.>® The
BNPs were composed of four components. The inner polyplex
core contained two immunological adjuvants: CpG (a TLR-9
agonist) and acid-responsive PC7A polymer for endosomal
escape of antigens (Fig. 29a). The core was then coated with
bacterial membranes that could activate innate immunity and
DCs. Furthermore, the Mal groups were modified onto the
bacterial membranes for tumor antigen capturing. The neoan-
tigen released by irradiated tumors could be captured by BNPs
(Fig. 29b and c). The neoantigen-carrying BNPs could further
enhance the DC uptake owing to the bacterial membranes.
After internalization by DCs, the BNPs could escape from the
endosomes owing to the pH-responsive PC7A polymer. The
PC7A could activate the stimulator of the interferon gene
(STING) pathway to increase mature DCs, NK cells and T
cells.’*®**° Furthermore, the released adjuvant CpG could
activate TLR-9 on the inner membrane of endosomes and
further promote DC maturation. Moreover, the intracellular

9800 | Chem. Soc. Rev., 2022, 51, 9759-9830

in 4T1 tumor metastasis mice received different treatments. Reproduced with

neoantigens were degraded into antigen peptides for antigen
presentation. Then, mature DCs could present antigens to T
cells and thereby activate antitumor immunity (Fig. 29b and c).
The combined treatment of RT and BNPs could completely
eliminate tumors in both “cold” B78 melanoma and ‘“hot”
NXS2 neuroblastoma mouse models. In addition, the mice with
complete regression of tumors were inoculated with the same
cancer cells to evaluate immune memory. All the mice pre-
viously treated with RT + BNPs in the B78 tumor group
eradiated the re-challenged tumors. Moreover, 75% of the
NXS2 mice in the RT + BNP group eradiated the re-challenged
tumor, compared to 50% in mice receiving BNPs alone and
15% in the control group. Further immune mechanism experi-
ments indicated that the treatment of RT + BNPs could increase
tumor infiltrating levels of CD4"/CD8" T cells and secretion of
IFN-y. Therefore, the treatment of BNPs and RT could induce
strong tumor-specific immune responses and long-term
immune memory against primary and re-challenged tumors.
Indoleamine 2,3-dioxygenase (IDO, an immunoregulatory
enzyme) is able to catalyze the conversion of Trp into Kyn
and thereby cause T cell apoptosis and tumor immune escape,
thus resulting in immunosuppression.®>>* IDO inhibitors
have been widely recognized as immunometabolic adjuvants
to augment antitumor immunity.****” Lu et al. designed 5,15-
di(p-benzoato)porphyrin-Hf (DBP-Hf) based nMOFs for RT-RDT
of tumor.”®” Hf clusters could absorb X-ray photons to generate
*OH radicals for RT and to excite porphyrin-based photosensi-
tizer ligands for RDT. The nMOF-mediated RT-RDT could
effectively inhibit tumor growth and induce ICD upon low-
dose X-ray irradiation. Then, the nMOFs were loaded with IDOi
(9.4 wt%) to prepare IDOi@DBP-Hf for yielding abscopal
effects. The bilateral CT26 tumor-bearing mice were utilized
to evaluate antitumor efficacy. The local administration of

This journal is © The Royal Society of Chemistry 2022
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IDOi@DBP-Hf and X-ray radiation could significantly eradicate
both irradiated and unirradiated tumors. However, both
IDOi@DBP-Hf alone and IDOi + RT showed negligible inhibi-
tion effect on the untreated tumors. In addition, to investigate
the immune memory, the tumors on the right flanks of mice
were first treated with IDOi@DBP-Hf and X-ray irradiation.
Then, new TUBO tumor cells were inoculated on the left flanks
of these treated mice to establish re-challenged tumors. The
mice in the IDOi@DBP-Hf + X-ray irradiation group exhibited
no growth of the re-challenged tumors for 2 months, suggesting
a potent antitumor immune memory. In contrast, the mice in
the PBS group showed no suppressive effect on the re-
challenged tumors.

5.2.3 Combination of RT and other treatments. RT is able
to trigger ICD and induce immune responses; however, RT-
activated antitumor immunity is too weak to produce the
abscopal effect.**® Thus, several studies have adopted the
synergy of RT and other treatments (e.g., PTT, PDT, CDT, gas
therapy, etc.) to elicit stronger systemic immunity for yielding
stronger abscopal effect.**3%87>3?

CDT is an emerging therapy modality that converts intracel-
lular H,0, into more harmful *OH to kill cancer cells.**® For

This journal is © The Royal Society of Chemistry 2022

example, Wang et al combined RT with CDT to activate
systemic antitumor immunity against primary and metastatic
tumors.’*? They self-assembled 5-GMP and Cu*" to prepare Cu-
based NCPs (Cu-NCPs). The Cu-NCPs contained mixed valence
(Cu*/Cu*") since part of Cu** was reduced to Cu’. Cu*" in the
Cu-NCPs could deplete GSH to reduce ROS scavenging, and the
Cu'-mediated Fenton-like reaction could convert H,O, to *OH
for CDT of tumors. With these capabilities, the Cu-NCPs could
potentiate RT-induced oxidative stress. Cu-NCP-mediated
synergistic RT/CDT could induce strong ICD. The flow cytome-
try analysis revealed that the synergistic RT/CDT triggered
significant DC maturation (35.1%) in TDLNs, much higher
than that in the RT alone (19.7%) or Cu-NCPs alone (23.1%)
group. Unsurprisingly, RT alone showed almost no inhibition
effect on distant tumors of bilateral CT26 tumor-bearing mice.
However, Cu-NCP-mediated synergistic RT/CDT could suppress
both primary and distant tumor growth, resulting in 25%
complete regression of distant tumors. After combination with
PD-L1 checkpoint blockade, the rate of complete regression of
distant tumors was elevated to 62.5%. The infiltrating CD4"/
CD8" T cell and IFN-y secretion were significantly increased in
both primary and distant tumors of the Cu-NCP-mediated RT/
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CDT group. In addition, the Cu-NCP-mediated RT/CDT plus
PD-L1 checkpoint blockade showed a significant inhibition
effect on lung metastases of 4T1 tumors and resulted in a
90% survival rate after 100 days. However, all the mice in the
RT + PD-L1 group died within 75 days. Consequently, these
results indicated that synergistic RT/CDT could activate potent
systemic antitumor immunity and potentiate ICB against pri-
mary tumors and distant metastases.

Phototherapy has been also used to enhance the abscopal
effect of RT. Dong et al. constructed the semiconductor hetero-
junction WO, o-WSe,-PEG NPs (WSP NPs) for local RT/PTT of
tumor.’*® The WSP NPs could effectively deposit X-ray energy to
enhance the radiosensitizing effect of tumors owing to the
high-Z element. Moreover, the heterojunction structure could
promote the separation of electrons and holes, which further
increased ROS production. Furthermore, the WSP NPs could
also be used for PTT under NIR laser irradiation, which would
directly induce ICD and increase tumor blood supply to sensi-
tize RT. Consequently, the WSP NP-mediated RT/PTT could
trigger potent ICD and potentiate checkpoint blockade
immunotherapy. WSP NPs + NIR laser + X-ray + oPD-L1 could
significantly inhibit both primary and distant tumor growth,
leading to 80% complete regression of distant tumors. How-
ever, RT alone showed almost no suppressive effect on distant
tumors. Further flow cytometry analysis indicated that syner-
gistic RT/PTT/aPD-L1 remarkably elevated infiltrating levels of
CD4'/CD8" T cells in distant tumors, indicating that the
combined treatment was able to elicit systemic antitumor
immune responses. Besides, the WSP NP-mediated synergistic
RT/PTT/aPD-L1 could also induce long-term immune memory
to eradicate re-challenged tumors.

6. Feature application of precision
radiotherapy for radioprotection

RT based on high energy ionizing radiation can not only kill
cancer cells but also simultaneously damage surrounding
normal tissues, including direct damage caused by interaction
between radiation and DNA as well as ROS-mediated indirect
damage through interaction of radiation and water
molecules.'>******> Maximizing the radiosensitizing effect of
tumors while minimizing side effects of ionizing radiation on
healthy tissues is one aim of precision RT. Hence, a lot of
radioprotectors have been designed to reduce the ionizing
radiation-induced damages to healthy tissues.’**>*® Until
now, most radioprotectors are organic molecular agents,
such as naturally occurring compounds and chemical
compounds.*®%3**2 For example, amifostine (Ethyol®), the
only small-molecular chemical radioprotector approved by U.S.
Food and Drug Administration (FDA) so far, shows limited
clinical efficacy due to its high toxicity, short blood elimination
half-time (<10 min), rapid renal clearance from the body, and
narrow administration window.’*>>** With the rapid develop-
ment of nanotechnology, the nanomaterial-based radioprotec-
tors are expected to overcome these drawbacks of conventional

9802 | Chem. Soc. Rev,, 2022, 51, 9759-9830

View Article Online

Chem Soc Rev

radioprotection. This section will discuss nanotechnology-
mediated radioprotection of healthy tissues, including
nanoradioprotectors  (e.g., cerium-based nanomaterials,
transition-metal dichalcogenide, etc.) and delivery of molecular
radioprotectors.

6.1 Nanomaterials for radioprotection

Recent studies have reported that several types of nanomater-
ials, also known as nanoradioprotectors, possess the intrinsic
radioprotective activities to scavenge excessive ROS generated
from ionizing radiation. The nanoradioprotectors exhibit
longer blood circulation time and poorer RES clearance com-
pared to small-molecular radioprotectors. The nanoradiopro-
tectors can be divided into the following six categories: (1)
carbon-based nanoradioprotectors; (2) noble metal-based
nanoradioprotectors; (3) metal oxide-based nanoradioprotec-
tors; (4) transition-metal dichalcogenide (TMDC)-based nanor-
adioprotectors; (5) MXene-based nanoradioprotectors; and (6)
organic nanoradioprotectors (Fig. 30 and Table 5).

6.1.1 Carbon-based nanoradioprotectors. Carbon-based
materials composed of benzene moieties, such as fullerene,
graphene, graphdiyne, and carbon NP suspension injection
(CNSI), have attracted widespread attention as nanoradiopro-
tectors owing to their great biosafety, biocompatibility, and
ROS scavenging activity.

6.1.1.1 Fullerene-based nanoradioprotectors. Fullerenes are a
family of cage-like molecules that contain various numbers of
carbon atoms, including C,o, C40, Ce0, C70, and Cgy.”>*>>>” The
fullerenes are able to react with free radicals since they have a
large number of n-conjugated bonds and an unoccupied mole-
cular orbital with the lowest energy.>*® Thus, fullerenes can act
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Fig. 30 Scheme of general nanotechnology-mediated radioprotection.
Adapted with permission.>**=>>* Copyright, Wiley, American Chemical
Society, and Elsevier.
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Route of

Radiation type/

Type Nanoradioprotectors administration Timing of administration Experimental subject dose Ref.

Carbon-based Fullerenol Cgo(OH),4 Intraperitoneal 30 min before irradiation Adult Wister male rats X-ray (7 and 8 569
administration Gy)

Carbon-based F-NaHA External use on the 1 h before irradiation Adult BALB/c male mice NA 571
skin

Carbon-based DF-1 Co-incubation 5, 15, 30 min after Zebrafish embryos y-ray (0-40 Gy) 684

irradiation

Carbon-based M@Cs Intravenous 30 min before irradiation Adult C57BL/6 male mice y-ray (7.5 Gy) 585
administration

Carbon-based Graphdiyne-BSA Intravenous Before irradiation Adult BALB/c male mice X-ray (6.5 Gy) 594
administration

Carbon-based CNSI Oral administration Before irradiation Adult BALB/c male mice X-ray (4.5 Gy) 545

Noble metal-based PtPd nanocubes Intraperitoneal Before irradiation Adult C57BL/6 male mice y-ray (7.2 Gy) 609
administration

Noble metal-based PtPdMo nanocubes Intraperitoneal 30 min before irradiation Adult C57BL/6 male mice y-ray (7.2 Gy) 610
administration

Noble metal-based PtPdRh nanocubes Intraperitoneal 30 min before irradiation Adult C57BL/6 male mice y-ray (7.3 Gy) 546
administration

Noble metal-based Agy, clusterzymes  Intravenous 30 min before irradiation Adult BALB/c female mice y-ray (7 Gy) 685
administration

Metal oxide-based Ceria NPs Intravenous 1 d before irradiation, Adult C57BL/6 male mice X-ray (2.5, 5, and 623
administration weekly dose after irradia- 10 Gy)

tion for one month

Metal oxide-based CeO,/Mn;0, Intraperitoneal 1 h before irradiation Adult ICR mice y-ray (13 Gy) 547
administration

Metal oxide-based Mn;, Intraperitoneal 30 min before irradiation Adult BALB/c mice y-ray (6.5 Gy) 686
administration

TMDC-based PVP-Bi,Se;@Sec Intratumoral Before irradiation BEL-7402 tumor-bearing X-ray (6 Gy) 45
injection BALB/c nude mice

TMDC-based Bi,Se; Intraperitoneal 30 min before irradiation Adult C57BL/6 male mice y-ray (7.5 Gy) 648
administration

TMDC-based Cys-MoS, dots Intraperitoneal 30 min before irradiation Adult C57BL/6 male mice y-ray (7.5 Gy) 548
administration

TMDC-based Cys-WSe, dots Intravenous 30 min before irradiation Adult C57BL/6 male mice y-ray (7.5 Gy) 687
administration

TMDC-based Au-MoS, clusters Intraperitoneal 30 min before irradiation Adult C57BL/6 male mice y-ray (5 Gy) 688
administration

MXene-based Nb,C-PVP Intravenous 1 d before irradiation Adult BALB/c male mice y-ray (6.5 Gy) 549
administration

Organic PHA-L Intraperitoneal Once per day for 3 days ~ Adult C57BL/6 male mice y-ray (7.2 Gy) 683

nanoradioprotectors administration before and 7 days after

irradiation

as radioprotectors to scavenge ROS, including H,0,, *OH,
hydroperoxy radicals (HO,) and 0, .>>%7%*

Fullerenol (Cgo(OH),; n = 12-26, one type of Cg, fullerene
derivatives) was prepared by introducing hydroxyl groups into
the structure of fullerene.”®***® Fullerenol has attracted wide
attention in the radioprotection field owing to its excellent free
radical scavenging capability.”®” For example, Zhao et al. inves-
tigated the radioprotective effect of fullerenols on y-ray-
irradiated Stylonychia mytilus (S. mytilus) cells.’®® They found
that fullerenols exhibited great anti-oxidative and ROS scaven-
ging activities, thus increasing the survival fraction of y-ray-
irradiated S. mytilus. In addition, the radioprotective efficacy
was associated with both the irradiation dose and fullerenol
concentration. Trajkovi¢ et al revealed that intraperitoneal
administration of fullerenol Cgo(OH),,4 (100 mg kg™ ') into rats
exposed to X-ray irradiation (8 Gy) could provide a 60% survival
rate 30 days after treatment.’®® However, the irradiated rats in
the control group died within 30 days.

Radiodermatitis, one of the most common side effects of
cancer RT, not only reduces the life quality of patients, but

This journal is © The Royal Society of Chemistry 2022

also increases the risk of infection.”’® Zhao et al. systemati-
cally evaluated the radioprotective effect of fullerenols on
radiodermatitis.’”* They proposed an environmentally friendly
and gram-scale (>20 g) synthesis method for mass production
of fullerenols (Fig. 31a). Then the evaluation of free radical
scavenging capabilities showed that fullerenols presented
much higher 2,2’-azinobis(3-ethylbenzthiazoline-6-sulfonate)
(ABTS) and 1,1-diphenyl-2-picrylhydrazyl (DPPH) scavenging
performances than those of superoxide dismutase (SOD) at
the same concentrations. Besides the two model radicals, full-
erenols also exhibited great scavenging effects on *OH and O, .
Furthermore, fullerenols (25 pg per Ml) could provide a survival
fraction (56.34%) of human keratinocyte (HaCaT) cells under 8
Gy of X-ray irradiation, much higher than 33.95% in the X-ray
alone group. Moreover, the further mechanism exploration
indicated that fullerenols were able to decrease lipid peroxida-
tion and reduce mitochondrial dysfunction and DNA damage
(Fig. 31b). For in vivo protective effect evaluation, fullerenols
were utilized to construct fullerenol-sodium hyaluronate (F-
NaHA) hydrogels that could form a thin film on the skin surface

Chem. Soc. Rev., 2022, 51, 9759-9830 | 9803
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for radiation protection. The commercial SOD salves were used
as a positive control. The back skin of healthy BALB/c mice was
irradiated with X-rays to induce radiodermatitis. Compared to
X-ray alone and X-ray + SOD salve groups, the irradiated skin
pre-smeared with F-NaHA hydrogels presented an obviously
less inflammatory infiltration area at 4, 9, 16, and 25 d after
irradiation, suggesting that F-NaHA hydrogels possess excellent
radioprotective capacity for radiodermatitis in vivo.

6.1.1.2 Graphene-based nanoradioprotectors. Graphene and
its derivatives have been previously reported to scavenge free
ROS owing to their unique chemical structures, such as pristine
sp®> carbon domains.’”?”” For example, Nilewski et al. pre-
viously reported that graphene quantum dots (GQDs) possessed
the capability of SOD enzyme and could scavenge O,  and *OH
to protect bEnd.3 murine endothelioma cells against H,0,.>”®
Song et al. reported that carboxyl-decorated GO (GO-COOH)
possessed peroxidase-like nature and could catalyze the oxidi-
zation of peroxidase substrate 3,3,5,5-tetramethylbenzidine
(TMB) in the presence of H,0,.>”°

Graphene-encapsulated metal nanohybrids
reported to possess excellent catalytic activities of oxygen
evolution reaction (OER) and oxygen reduction reaction (ORR)
processes, indicating that these nanohybrids are able to sca-
venge oxygen free radicals.’®*®* Wang et al evaluated the
in vivo radioprotective efficiency of a series of single-layer
graphene-encapsulated metal nanoshields (M@Cs), including
graphene-encapsulated Fe and CoNi (denoted as Fe@C and
CoNi@C).>* The TEM images showed that the metal cores were
coated with a single layer of graphene (about 3.4 A). Next,
density functional theory (DFT) calculations were utilized to
interpret the ROS scavenging processes. Specifically, graphene
could adsorb *OH and then react with a proton to generate H,O
during process 1. The O,  could transfer an electron to the

have been
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surface of CoNi@C and be converted into O, during process 2.
The O, on the surface of Fe@C could be converted into H,O
during process 3. Moreover, the *O, *OOH, as well as the
formed *O and *OOH adsorbed on the surface could be con-
verted into H,0,. The pretreatment of Fe@C or CoNi@C
nanoshields at 30 min before irradiation could remarkably
rescue the ROS level and DNA damage, leading to a higher cell
survival proportion (over 70%). However, the survival fraction
of CHO cells in the RT alone group was about 50%. Addition-
ally, to evaluate the in vivo radioprotective effect, healthy male
C57BL/6 mice were intravenously administered with amifos-
tine, Fe@C or CoNi@C 30 min before receiving whole-body
y-ray (7.5 Gy). Pretreatment with CoNi@C or Fe@C could
significantly reduce the ROS level in irradiated organs and
further increase 3,4-methylenedioxyamphetamine (MDA)/SOD
contents in the lungs and liver. Therefore, the irradiated mice
in the control group showed a 10% survival rate for 30 days;
however, the mice pretreated with CoNi@C and Fe@C exhib-
ited great radioprotective efficacy with 80% and 90% survival
rates, respectively, which was even better than that in irradiated
mice treated with amifostine (80% survival rate).

6.1.1.3 Graphdiyne-based nanoradioprotectors. Graphdiyne, a
type of carbon network material, is composed of acetylenic and
benzene moieties. Due to its unique chemical and electronic
properties, graphdiyne has been widely applied in various
fields, including photocatalysis,>***®” solar cells,’®**>°" energy
storage,”**>%* etc.

Owing to its m-conjugated structure and diacetylenic lin-
kages, graphdiyne has also been reported to possess ROS
scavenging capability. Xie et al. fabricated bovine serum albu-
min (BSA)-decorated graphdiyne NPs (graphdiyne-BSA NPs) to
investigate their radiation protection effect.*** The graphdiyne-
BSA NPs could effectively scavenge two model free radicals

This journal is © The Royal Society of Chemistry 2022
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(DPPH and ABTS) in a dose-dependent manner. To investigate
the in vivo radioprotective effect, healthy BALB/c male mice
irradiated with X-rays (6.5 Gy) after intravenous injection of
graphdiyne-BSA NPs (200 pg each mouse) were collected for
SOD, MDA, and bone marrow DNA measurements. The DNA
content in bone marrow is an important indicator of ionizing
radiation damage. The bone marrow DNA detection assays
indicated that graphdiyne-BSA NPs were able to reduce the
severe DNA damage induced by X-ray irradiation at day 1, 3, and
7. Furthermore, MDA, lipoxidation products induced by ROS,
could be elevated in irradiated liver and lungs. Pretreatment
with graphdiyne-BSA NPs could significantly decrease the MDA
content to around normal levels. SOD, an antioxidant enzyme,
was able to convert O,  into H,0, or O,. X-ray irradiation on
mice could remarkably reduce the SOD contents in liver and
lungs, while graphdiyne-BSA NPs were able to obviously rescue
the SOD levels. These results suggested that graphdiyne-BSA
NPs could act as a promising nanoradioprotector with excellent
biocompatibility.

6.1.1.4 CNSI-based nanoradioprotectors. CNSI is the first
China Food and Drug Administration (CFDA)-approved carbon
NP for clinical application in lymph node mapping.>®> Recently,
CNSI is found to possess free radical scavenging activity due to
its delocalized m-conjugated structure. Moreover, CNSI shows
great chemical tolerance toward intestinal conditions, making
it possible for oral administration.

Wang et al. investigated the intestinal radioprotection per-
formance of CNSI via oral administration.>*> CNSI is a gra-
phene analog with 12 benzene rings conjugated and
carbonylated. The CNSI was decorated with polyvinylpyrroli-
done (PVP) to improve its biocompatibility and water solubility.
The CNSI showed broad-spectrum free radical scavenging
performance and great chemical stability. Specifically, the CNSI
presented better *OH and O,  scavenging abilities than ami-
fostine at the same concentration. The UV absorption of CNSI
showed no change under simulated gastric juice (pH = 1 acid
conditions), which further confirmed its potential for oral
administration.>®® The in vitro and in vivo radioprotection
investigation indicated that CNSI could obviously remove
intracellular ROS induced by X-ray irradiation and thereby
suppress the apoptosis of crypt stem cells and small intestinal
epithelial cells. In addition, CNSI could keep the balance of
intestinal flora. CNSI could decrease the damage of ROS to the
intestinal flora. Besides, CNSI was able to protect the intestinal
mechanical barrier from ROS damage to suppress proliferation
of pathogenic bacteria. Thus, CNSI as a CFDA-approved carbon
material could be a potential intestinal nanoradioprotector to
improve the quality of life of cancer patients.

6.1.2 Noble metal-based nanoradioprotectors. Recently,
several noble metal-based nanomaterials, including silver
(Ag),597 Pt’598—600 Au,601,602 Ir’603—605 and Pd NPS’606,607 have
been reported to possess free ROS scavenging properties,
endowing them with the potential as nanoradioprotectors.

For example, Xu et al. utilized ultrasmall Pt clusters to
scavenge free radicals induced by 7y-ray exposure. The Pt
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clusters could rescue the SOD and bone marrow DNA levels
as well as effectively improve the survival time of mice receiving
y-ray irradiation.®® Long et al. found that hollow PtPd bimetal
nanocubes could reduce the free radical levels and recover the
SOD/MDA levels in y-ray-irradiated mice.®®® Besides, Long et al.
further introduced Mo into the PtPd nanocubes to improve
their ROS scavenging ability.®'® The prepared ternary alloy
PtPdMo nanocubes could effectively protect healthy cells from
y-ray irradiation and improve the survival rate of irradiated
mice by 50%, which was higher than those pre-treated with Pt
(30%) and PtPd (40%) counterparts. In addition, Wang et al.
incorporated rhodium (Rh) into PtPd nanocubes to prepare
ternary PtPdRh nanocubes for investigation of their free radical
scavenging capability (Fig. 32a).>*® The energy dispersive
spectroscopy (EDS) mapping confirmed the distribution of
Pd, Pt, and Rh elements in the nanocubes. The atomic ratio
of Pd : Pt: Rh in PtPdRh nanocubes was 4: 2: 1. In this work, the
ternary PtPdRh nanocubes could not only clear excessive *OH,
but also serve as catalase and peroxidase to scavenge H,0, and
O, , respectively. Moreover, the free radical scavenging ability
of PtPdRh nanotubes was better than that of Pt or PtPd
nanotubes at the same concentration. The CHO cells pre-
treated with PtPdRh nanotubes (1.2 pug mL™ ") followed by
y-ray irradiation (4 Gy) showed significantly improved cell
viability (94%), much higher than that in the radiation alone
group (Fig. 32b). To investigate the in vivo radioprotection,
healthy C57BL/6 mice were intraperitoneally injected with Pt,
PtPd, or PtPdRh nanocubes (1 mg each mouse) 30 min before
y-ray irradiation (7.3 Gy). The results showed that pretreatment
of PtPdRh nanocubes remarkably improved the survival rate of
irradiated mice to 50% on the 30th day, compared to 30% and
40% in the Pt and PtPd groups, respectively (Fig. 32c).

Furthermore, Ag-based nanomaterials have also been shown
as one type of nanoradioprotectors. Chandrasekharan et al.
complexed silver NPs (SN) with glycyrrhizic acid (GLY) to form
the SN-GLY complex.®’® Oral administration of SN-GLY at
60 min before y-ray irradiation (8 Gy) could improve the
survival rate of irradiated mice to 40% on the 30th day.
However, all the irradiated mice in the control group died
within 9 days.

6.1.3 Metal oxide-based nanoradioprotectors. Recently,
metal oxide-based nanomaterials, including cerium oxide
(Ce0,),*">*"* manganese oxide,®>®'® and iron oxide,*'*®*°
have gained a lot of attention in the treatment of inflammatory
diseases due to their ROS scavenging abilities.

CeO, is the most commonly used antioxidant metal oxide
since its ability to reversibly shift between the two oxidation
states (Ce*" and Ce*") endows it with CAT and SOD mimetic
activities. CeO, can catalytically scavenge diverse free radicals,
including H,0,, O,~, and *OH.***%*" Therefore, several studies
have utilized CeO, NPs to protect radiation injury.®*>-62¢

To further strengthen the ROS scavenging capability, Han
et al. grew manganese ions onto CeO, nanocrystals to form
heterostructured CeO,/Mn;0, nanocrystals for enhanced radio-
protection (Fig. 33a).>*” The UV Raman spectroscopy results
revealed that the CeO,/Mn;0,4 nanocrystals had a higher oxygen
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Fig. 32 Noble metal-based nanoradioprotectors. (a) A scheme showing the synthesis and catalysis of hollow PtPdRh nancubes. (b) Survival proportion
of CHO-K1 cells under y-ray radiation with or without the treatment of hollow PtPdRh nancubes at various concentrations. (c) Survival rates of mice
receiving different treatments before y-ray irradiation (7.3 Gy). Pt, PtPd, and PtPdRh nancubes: 1 mg each mouse. Reproduced with permission from

ref. 546, 2018, Wiley.

vacancy level and stronger free radical scavenging ability than
CeO, nanocrystals. To further improve the biocompatibility and
dispersibility, the CeO,/Mn;O, nanocrystals were modified
with PEG. Next, a mouse intestinal organoid (mIO) model
constructed from leucine-rich repeat-containing G-protein
coupled receptor 5-green fluorescence protein (LGR5-GFP)
transgenic mice was used to evaluate the radioprotective effects
of CeO,/Mn;0, nanocrystals. The irradiated mIOs (8 Gy) pre-
treated with CeO,/Mn;0, nanocrystals showed more crypt
buds and Ki67 positive cells than those pretreated with CeO,
or Mn;O, alone (Fig. 33b). LGR5-positive intestinal stem
cells could recover the irradiation-induced intestinal struc-
ture damage and thus were regarded as an indicator of
radioprotection.®”” The fluorescence-activated cell sorting
(FACS) results showed around 14% LGR5 + mIOs under normal
conditions while the proportion dropped sharply to 0.17% post-
irradiation. Pretreatment with CeO,/Mn;0, nanocrystals could
recover the proportion of LGR5 + mIOs by 9.78%, much higher
than that in the CeO, (4.82%) or Mn;O, group (2.54%). To
investigate the in vivo radioprotective effect, healthy mice were
intraperitoneally administered with various radioprotectors at
1 h before receiving a lethal dose of total body irradiation (TBI,
13 Gy). All the mice in the radiation alone group died within
13 days. The mice pre-treated with amifostine at a dose of
250 mg kg~ showed an increased survival rate by 20% after
30 days post-TBI. However, 60% mice treated with a higher dose
of amifostine (400 mg kg™ ') died instantly due to relatively high
systemic toxicity. In addition, pretreatment with CeO,/Mnz;O,
nanocrystals (0.55 mg kg™ ') could significantly improve the
survival rate by 67% even at 150 days post-TBI compared to the
survival rate in the CeO, (20%) or Mn3;0, (30%) group (Fig. 33c).

6.1.4 TMDC-based nanoradioprotectors. TMDCs are semi-
conductors of the type MX,, where M represents a transition
metal from group 4-10 (W, Mo, Ti, or Ta) and X refers to a

9806 | Chem. Soc. Rev., 2022, 51, 9759-9830

chalcogen atom (Se, S, or Te).***"**! Linus Pauling first defined

the structure of TMDCs, dating back to 1923.°*> Due to their
unique chemical, physical, and structural properties, TMDCs
have been utilized in many fields, including electronics,®*
optoelectronics,** energy storage,®*>®® catalysis,**”"**° gas
sensors,®*° %% transistors,®**>*** and biomedicine.®*>%*®
Recently, several TMDCs were reported to exhibit high
catalytic activities, endowing them with potential radioprotec-
tive function. For instance, Zhang et al. found that Bi,Se; NPs
could be oxidized easily in air, PBS solution, and even blood.®*”
Inspired by this, they employed PVP-modified Bi,Se; NPs to
clear the ROS induced by y-ray radiation.®*® Healthy C57BL/6
mice were intraperitoneally administered with Bi,Se; NPs at
30 min after y-ray (a lethal dose of 7.5 Gy) irradiation. All the
mice in the radiation alone group died within two weeks.
Treatment with Bi,Se; NPs (0.2 and 1 mg each mouse) could
obviously improve the 30 day survival rate by 46% and 71%,
respectively. Moreover, administration of Bi,Se; NPs could also
recover the radiation-induced changes in the blood cell levels,
such as red blood cells, platelets, white blood cells, etc.
Ultrasmall nanoradioprotectors show rapid clearance
through urine excretion and lead to low systemic toxicity. For
example, Zhang’s group developed ultrasmall MoS, dots and
then modified the dots with a cysteine protection layer to
improve their water-solubility and biocompatibility.>*® The
prepared cysteine-protected MoS, dots at the concentration of
140 pg mL ™" showed no obvious cytotoxicity to 3T3/A31 cells.
The in vitro experiments revealed that the cysteine-protected
MoS, dots could effectively scavenge intracellular H,O, and
O, . Moreover, the in vivo radioprotection was evaluated on
high-dose (7.5 Gy) y-ray irradiated C57BL/6 mice. The cysteine-
protected MoS, dots could remarkably rescue radiation-
induced DNA damage as well as the SOD and MDA contents
in liver and lungs. All the mice receiving radiation alone died

This journal is © The Royal Society of Chemistry 2022
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within 14 days. However, pretreatment with various concentra-
tions (10, 20, and 50 mg kg™ ') of cysteine-protected MoS, dots
via intraperitoneal injection at 30 min before radiation could
significantly improve the 30 day survival rates to 7.1%, 42.9%,
and 78.6%, respectively. In addition, the in vivo pharmaco-
kinetics results indicated that the cysteine-protected MoS, dots
with a blood circulation half-time of 2.1 h could be removed
around 80% via renal clearance within 1 day owing to the
ultrasmall hydrodynamic size of 3.1 nm. The biodistribution
analysis showed almost no accumulation of MoS, dots in
various organs at 30 d post-injection. The rapid renal clearance
and great radioprotective effect make the ultrasmall MoS, dots
potential for clinical translation.

6.1.5 MXene-based nanoradioprotectors. First described in
2011, transition-metal nitrides and carbonitrides (MXenes, a
class of two-dimensional inorganic nanomaterials composed of
transition metal carbides, nitrides, or carbonitrides) have been
explored for application in various fields such as energy
storage,®*>%*° energy conversion,®®' water purification,®**%%?
electrochromic devices,* and gas sensors,®>>%° et %7038
Owing to their unique physiochemical properties, MXenes have
also been applied in biomedical fields, such as PTT,*>%%°

This journal is © The Royal Society of Chemistry 2022
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antibacteria antiviral,®®* bioimaging,®®® biosensors,®** tis-
sue engineering,®®’ etc.

Ren et al. designed ultrathin two-dimensional (2D) niobium
carbide (Nb,C) MXenes for radioprotection.”*® The prepared
Nb,C MXenes were decorated with PVP (denoted as Nb,C-PVP)
to improve their dispersibility and biocompatibility (Fig. 34a).
The DFT calculations suggested that the ROS scavenging cap-
ability of Nb,C-PVP nanosheets (NSs) was due to the contin-
uous *OH attack. The *OH attack resulted in the dehydration of
hydroxyl groups on the surface and formation of an oxygenic
layer above Nb nanosheets (NbO, species) (Fig. 34b and c). The
Nb,C-PVP NSs exhibited great antioxidant activities to scavenge
0, , H,0,, and *OH in a concentration-dependent manner.
The in vitro experiments revealed that Nb,C-PVP NSs showed no
cytotoxicity to the 3T3/A31 cells even at a concentration of
200 pg mL™Y, and that pretreatment with Nb,C-PVP NSs at
different concentrations (50 and 100 pg mL ') could remark-
ably reduce 3T3/A31 cell death induced by X-ray irradiation at
various doses (Fig. 34d). To evaluate the in vivo radioprotective
effect, healthy BALB/C mice were intravenously administered
with Nb,C-PVP NSs at 1 d before receiving y-ray TBI at a lethal
dose of 6.5 Gy. Pretreatment with 5, 10, and 20 mg kg™ of
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Nb,C-PVP NSs significantly improved the survival rate by 30%,
50%, and 81% at day 30. However, the mice in the TBI alone
group all died within 20 days. The bone marrow mononuclear cell
(BM-MNC) count was utilized to investigate the radioprotective
effect on the hematopoietic system. The results showed that the
BM-MNC count in irradiated mice pre-treated with Nb,C-PVP NSs
was obviously higher than that in the TBI only group (Fig. 34e).
Moreover, the BM-MNC count in the Nb,C-PVP NS-treated mice
was totally rescued to the normal level at 30 d after irradiation,
suggesting the great radioprotective effect of Nb,C-PVP NSs on the
hematopoietic system. In addition, the biodistribution analysis
showed that Nb,C-PVP NSs could be effectively metabolized
through kidneys and liver with almost no accumulation in the
organs at 14 d after intravenous injection (Fig. 34f).

6.1.6 Organic nanoradioprotectors. Increasing studies
have utilized organic NPs for radioprotection due to their
excellent biodegradability and ease of modification. For exam-
ple, the melanin NPs have been shown to possess free radical
scavenging properties.®®®®%® Several studies revealed that mel-
anin NPs could effectively clear the ROS induced by X-ray or
y-ray irradiation and rescue the bone marrow DNA damage,
SOD/MDA contents in liver and lungs, various organ injuries,
and survival rate of irradiated mice.***"®"*

Besides, protein NPs based on natural biomolecules have
gained considerable interest owing to their intrinsic biocom-
patibility, biodegradability, and low toxicity.®”>"®”* The protein
NPs can not only serve as drug carriers but also target the
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receptors on the cell membrane to activate intracellular signal-
ing pathways.®”>7¢7°

Previous studies have revealed that several -certain
proteins were able to function as protectors against radiation
damage.®®°"°®* Long et al. designed phytohemagglutinin (PHA-
L) protein NPs to activate toll-like receptor 5 (TLR5) for
radioprotection.®®® Due to spontaneous biocompatibility, the
PHA-L protein NPs showed no significant cytotoxicity to CHO-
K1 cells at a concentration of 100 pg mL~". The PHA-L protein
NPs could target the TLR5 receptor on the cell surface and then
activate the TLR5/NF-kB pathway to inhibit radiation-induced
CHO-K1 cell death. Moreover, the PHA-L protein NPs could also
induce the expression of TLR5 receptor on innate immune cells
to modulate immune responses. Then, to investigate the in vivo
radioprotective efficacy, the healthy C57BL/6 mice were intra-
peritoneally administered with PHA-L protein NPs before y-ray
TBI (7.2 Gy). The treatment of 5 and 10 mg PHA-L protein NPs
significantly improved the 30 day survival rate by 38% and 69%,
respectively. However, all the mice in the TBI alone group
died within 20 days. In addition, PHA-L protein NPs could
obviously rescue various radiation-induced injury parameters,
including bone marrow DNA content, hematopoietic system,
gastrointestinal tract injury, etc. To further confirm the protec-
tive mechanisms, the TLR5 '~ mice were used to evaluate the
radioprotection of the PHA-L protein NPs. The results showed
that the 30 day survival rate of irradiated TLR5 '~ mice pre-
treated with PHA-L protein NPs was 0%, suggesting that the
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Fig. 34 MXene-based nanoradioprotectors. (a) A scheme of synthesis process and exfoliation process of ultrathin Nb,C-PVP NSs. (b) Geometrically
optimized single-layer Nb,C nanostructure viewed from the orthogonal, front, and left sides. (c) Geometrically optimized full nanostructure of oxidized
Nb,C viewed from the orthogonal, front, and left sides. (d) Viability of 3T1/A31 cells treated with Nb,C-PVP NSs (50 and 100 ug mL™%) under various
radiation doses. (e) BM-MNC counts of irradiated mice (5 Gy) at 1, 7, and 30 days after treatment with Nb,C-PVP NSs (20 mg kg™). () Biodistribution of
Nb in various organs at 4 h, 12 h, 1, 2, 7, and 14 days after intravenous injection of Nb,C-PVP NSs (20 mg kg~?). Reproduced with permission from ref. 549,

2019, American Chemical Society.
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TLR5 receptor was necessary for the radioprotection of PHA-L
protein NPs. Furthermore, about 70% of PHA-L protein NPs
could be rapidly excreted from the organs via kidneys
within 48 h of injection. Overall, compared to those inorganic
nanoradioprotectors, the organic nanoradioprotectors with
superior biocompatibility and rapid renal-clearance exhibit
more potential for clinical translation.

6.2 Nanocarriers to deliver small molecular radioprotectors

So far, numerous small molecular radioprotectors of both
natural and synthetic origin have been developed to protect
normal tissues from radiation, such as amifostine, curcumin,
glycyrrhizic acid, melanin, caffeic acid, baicalein, dihydropyr-
idines, MnTnBuOE-2-PyP>", etc.®®*%%> However, these small
molecular radioprotectors exhibit poor bioavailability and short
blood circulation half-life, resulting in limited protective
efficacy.®”® Advanced nanotechnology promises to overcome
these challenges. Besides acting as nanoradioprotectors to
scavenge free ROS, the nanomaterials have also been utilized
as carriers to improve the protective efficacy of small molecular
radioprotectors. These nanocarriers are divided into the follow-
ing four categories: (1) inorganic nanocarriers; (2) organic
nanocarriers; (3) organic-inorganic hybrid nanocarriers; and
(4) assembled nanoradioprotectors.

6.2.1 Inorganic nanocarriers to deliver small molecular
radioprotectors. Inorganic nanocarriers, especially mesoporous
nanomaterials, have attracted wide interest for delivery of small
molecular radioprotectors owing to several advantages, such as
controllable shape and size, high surface area, potential ima-
ging capability, and facile surface modification.®®”"7*

For example, Dadachova’s group utilized silica NPs as
carriers to deliver melanin into the bone marrow for radio-
protection of the hematopoietic system.””> The intravenous
injection of MNs (50 mg kg™ ') at 3 h before TBI with "*’Cs
radiation (125 ¢Gy) could effectively rescue the hematopoietic
damage caused by TBI. Chandrasekharan et al. complexed
silver NPs (SN, <50 nm) with glycyrrhizic acid (SN-GLY, a
radioprotective molecule) to reduce radiation-induced injuries.
The in vivo experiments revealed that oral administration of SN-
GLY before y-ray TBI was able to rescue bone marrow DNA
damage and decrease peripheral blood cells.”*7%>

Curcumin, a hydrophobic polyphenol drug derived from
turmeric, has gained considerable interest in biomedicine,
including tumor therapy, antibacterial, antiviral, antioxidant,
etc.”%%713 Besides, curcumin is able to serve as both a radio-
sensitizer for various tumors and a radioprotector for healthy
tissues.”** However, the poor water solubility and biocompat-
ibility of curcumin result in short blood circulation half-time
and low tissue accumulation, thus limiting its biomedical
application.”*>”*® Various nanocarriers have been utilized to
load curcumin for longer blood circulation half-life and
better tissue distribution.”*””7>' For example, Xie et al. mod-
ified bamboo charcoal NPs (BCNPs) with p-o-tocopherol poly-
ethylene glycol succinate (TPGS) and then loaded curcumin
into the NPs (TPGS-BCNPs@curcumin) for both radiosensitiza-
tion and radioprotection.’®® The TPGS-BCNPs exhibited good
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biocompatibility and high tumor accumulation. With a large
surface area of 259.31 m> g™, curcumin could be efficiently
loaded into TPGS-BCNPs with a loading ratio of 36.15%. More-
over, the TPGS-BCNPs@curcumin possessed high photother-
mal conversion efficiency, and the curcumin could be released
on demand upon NIR laser stimulation. In addition, the TGPS,
a P-glycoprotein (P-gp) inhibitor, could suppress the efflux of
curcumin and further enhance chemotherapy efficacy. Besides,
the TPGS-BCNPs@curcumin could deliver considerable curcu-
min into normal cells. The curcumin exhibited radioprotective
effect by effectively clearing intracellular ROS content and
reducing radiation-generated DNA damage.

6.2.2 Organic nanocarriers to deliver small molecular
radioprotectors. Organic nanocarriers, including liposomes,
polymeric NPs, micelles, dendrimers, protein nanocarriers,
solid lipid NPs, and virus-like particles (VLPs), possess a lot
of advantages, such as low toxicity, drug loading capacity, and
easy modification of targeting moieties.”*>”">* Various organic
nanocarriers have been used to deliver small molecular radio-
protectors, such as WR-1065, curcumin, y-tocotrienol and
baicalein, to specific organs or tissues for higher accumulation
and longer retention time.”>>7*°

Gastrointestinal tract, one of the organs most vulnerable
to radiation, can progress to severe gastrointestinal
syndrome under radiation at a dose higher than 8-10
Gy.”*>7*! Thus, radioprotection of the gastrointestinal tract is
urgent and important. However, systemic administration of
radioprotectors causes poor distribution in the gastrointestinal
tract. Besides, conventional molecular radioprotectors admi-
nistered orally may fail in the specific environment of gastro-
intestinal tract, especially the gastric acid.”** In addition, the
radioprotective agents would be rapidly removed by the mucus
layer even if they reach to the gastrointestinal tract.”*’ To
overcome these challenges, Zhang et al. loaded molecular
radioprotectors into organic nanocarriers for small intestine
radioprotection.”®” Since a previous study revealed that defi-
ciency in Absent-In-Melanoma 2 (AIM2) protein could reduce
the radiation-induced gastrointestinal injury,”** in this work,
the arginine-chitosan (Arg-CS) polymer was loaded with thali-
domide (THA, an AIM2 inhibitor) and then coated with the
polydopamine layer (PDA@Arg-CS(THA) NPs) for water-
resistant adhesion in small intestine (Fig. 35a).”*’ Ex vivo
intestinal crypt 3D model was used to evaluate biocompatibility
and radioprotection efficacy. The results indicated that
PDA®@ATrg-CS(THA) showed no significant toxicity to the intest-
inal crypts and PDA@Arg-CS(THA) could effectively protect the
intestinal crypts from radiation. Next, the SEM, FT-IR, and DLS
analyses revealed that the morphology, chemical structure, and
hydrodynamic size of PDA@Arg-CS(THA) were stable in simu-
lated gastric acid and intestinal medium due to the acid-
resistance of the PDA layer (Fig. 35b). Moreover, the zeta
potential of PDA@Arg-CS(THA) was neutral in a simulated
intestinal medium, which could reduce the electrostatic inter-
actions with mucus and further enhance the diffusion of NPs
(Fig. 35c). Interestingly, PDA@Arg-CS(THA) exhibited a pH-
switchable release profile. The THA release was inhibited in
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the simulated gastric acid (pH 1.2) for the first 2 h, whereas the
THA was rapidly released in the next 48 h an a simulated
intestinal medium (pH 6.0) owing to the neutral surface charge
of PDA@Arg-CS(THA) in an intestinal environment (Fig. 35d).
Furthermore, the PDA@Arg-CS(THA) was labeled with Cy5.5 to
investigate the in vivo biodistribution, which showed that
Cy5.5-PDA@Arg-CS(THA) was mainly distributed in the small
intestine after oral administration (Fig. 35e). In addition, the
Cy5.5-PDA@Arg-CS(THA) showed a longer retention time than
Cy5.5-Arg-CS(THA) due to PDA coating (Fig. 35f). To evaluate
the in vivo radioprotective effect, the mice were orally adminis-
tered with vehicle, PDA@Arg-CS, free THA, and PDA@Arg-
CS(THA) 12 h before receiving whole abdominal irradiation at
a lethal dose. The results showed that PDA@Arg-CS(THA) could
effectively improve the survival rate by 45% compared to 15% in
the free THA group (Fig. 352).

6.2.3 Organic-inorganic hybrid nanocarriers to deliver
small molecular radioprotectors. Organic-inorganic hybrid
nanocarriers contain two or more organic and inorganic
components.”*¢7* The hybrid nanocarriers not only reserve
the physical and chemical properties of each component, but
also show advantages over each component.

MOFs, one type of hybrid materials composed of metal
centers and organic linkers, have gained considerable interest
in biomedical application due to their large surface areas,
tunable pore sizes, and great biodegradability.”>*”">* For exam-
ple, Cao et al. used PEGylated MIL-101(Cr) MOFs to load WR-
1065 (the major active metabolite of amifostine) (WR@PEG-
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surface area of over 1300 m” g~ ', the MOF NPs were loaded with
WR-1065 (47.2 wt%) to improve blood circulation and tissue
distribution. To investigate the in vivo radioprotective efficacy,
healthy C57/BL male mice were orally administered with radio-
protective agents at 1 h before y-ray TBI at a lethal dose of
8.0 Gy. Administration of 150 and 265 mg kg™ of WR@PEG-
MIL-101(Cr) significantly improved the 30 day survival rate by
50% and 80%, respectively, compared to 30% in the free WR-
1065 group (125 mg kg~ ') and 0% in the control group.

6.2.4 Assembled nanoradioprotectors by small molecular
radioprotectors. Most of small molecular radioprotectors need
to be administered intravenously in a relatively narrow time
window before radiation due to their rapid renal-clearance and
short circulation half-time. Several studies assembled these
molecular radioprotectors into nano-sized agents and thereby
improved the circulation and retention times.

4-Amino-2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPO), one
type of low-molecular-weight (LMW) nitroxide compound, is
able to serve as an antioxidant to scavenge oxidants. Previous
studies have reported that 4-amino-TEMPO could function as a
radioprotector in vitro. However, free TEMPO could lead to
severe off-target effects and disrupt the redox balance in normal
cells.”**””%* In addition, free TEMPO could be rapidly removed
from the body due to its extremely poor bioavailability.”>®
Nagasaki’s group conjugated 4-amino-TEMPO to PEG-b-
poly(chloromethylstyrene) (PEG-b-PCMS, a diblock copolymer)
to form PEG-b-PMNT. Then, the PEG-b-PMNT could self-
assemble into redox NPs (RNPs) (Fig. 36a).>>> The self-
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molecules but also increase blood circulation half-life and
tissue retention time. The RNPs were prepared to alleviate
excessive ROS in healthy tissues induced by indirect damage
of radiation (Fig. 36b and c). To evaluate the in vivo radio-
protective effect of RNPs, the tumor-bearing mice were sub-
cutaneously injected with RNPs (TEMPO = 200 mg kg ') at 1 d
before X-ray irradiation at various doses (10, 20, 25, and 30 Gy).
The tumor-bearing mice subcutaneously injected with amifos-
tine (500 mg kg™") at 2 h before radiation were used as a
positive control. The results showed that pre-administration of
RNPs could significantly prolong the median survival time of
mice receiving 10, 20, and 25 Gy of X-ray irradiation compared
to the amifostine group. Moreover, the treatment of RNPs
could also remarkably rescue the decline of body weight in
X-ray-irradiated tumor mice compared to the PBS or amifostine
group. In addition, both RNPs and amifostine could rescue the
abnormal changes of various hematological and biochemical
indicators, including RBC, white blood cells, PLT, creatinine
(CRE), blood urea nitrogen (BUN), alanine aminotransferase
(ALT), aspartate transaminase (AST), and total bilirubin (TBIL),
indicating that the RNPs were able to reduce off-target damage
of radiation to the hematopoietic system, kidneys, and liver.
Overall, both nanocarriers and self-assembled nanoradiopro-
tectors can effectively improve blood circulation and tissue
retention of small molecular radioprotectors, thus enhancing
radioprotective efficacy.

7. Prospects and challenges

In this review, we systematically summarized the strategies for
maximizing RT efficacy of tumors, including tumor-targeted
delivery, exo/endogenous stimuli-responsive strategies, and
imaging-guided precision RT. Besides, we also reviewed two
representative featured applications of precision RT: the
nanomaterial-mediated RT-induced abscopal effect against

This journal is © The Royal Society of Chemistry 2022
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distant metastasis, and nanomaterial-mediated radioprotec-
tion of the healthy tissues. However, there are a lot of chal-
lenges that still require to be overcome.

Various tumor-targeted strategies, including EPR effect-
based passive targeting, ligand-based targeting, biomimetic
targeting, magnetic targeting, and subcellular organelle target-
ing, were utilized to enhance the tumor accumulation of
nanoradiosensitizers. For the EPR effect, several studies have
revealed that the particle sizes and shapes are quite important
for tumor accumulation and retention. However, the specific
mechanism for this phenomenon has not been deeply dis-
cussed. Biological ligand-based modification is one of the most
common active targeting strategies for nanoradiosensitizers.
The density of targeting ligands on the surfaces of NPs needs to
be adjusted to balance targeting efficiency and potential
instability of NPs, especially in a complex biological environ-
ment. Due to the highly specific recognition, bioorthogonal
ligand-based targeting has been a promising strategy for tar-
geted theranostics. However, there are still some issues that
need to be considered in the future research. For example, the
antibodies cannot be completely eliminated from the body even
with administration of the clearing agents. Biomimetic target-
ing as an emerging strategy utilizes cells or cell membrane to
load or coat nanoradiosensitizers for targeted delivery. How-
ever, these biomimetic nanoradiosensitizers cannot be stored
for a long time, which may affect their potential for clinical
translation. Moreover, the efficiency of magnetic targeting is
mainly limited by the distance between the magnets and the
target sits. Future research needs to take the geometry of the
magnetic field into account. In addition, most current nano-
radiosensitizers act on traditional physical enhancement, such
as X-ray energy deposition by high-Z elements. However, the
toxicity of these heavy metals is unavoidable. Bu’s group
systematically reviewed the development of catalytic radiosen-
sitization on the basis of radio—nano interactions and catalysis-
biological interactions.”®” Catalytic radiosensitization refers to
the development of nanocatalysts to enhance X-ray radiation-
induced chemical reactions to produce active species or mole-
cules for treatment, thus improving RT efficacy. The catalytic
radiosensitization might provide more opportunities for biolo-
gical applications of different nanocatalysts.

Exogenous and/or endogenous stimuli-responsive strategies
are able to induce size/shape change, structural degradation,
and drug release, for precision RT. However, there are still
several challenges. First, the exogeneous stimuli, such as
X-rays, light, and US, can achieve spatiotemporally precise
control of responsive nanoradiosensitizers. However, the effi-
ciency of responsiveness may be limited. The endogenous
stimuli-based responsiveness may be more efficient but less
controllable. Therefore, combining exogenous and endogenous
stimuli is able to realize spatiotemporally controllable and
efficient responsiveness for precision RT. Second, endogenous
stimuli-responsive nanoradiosensitizers can respond to tumor
tissues based on the differences in biomarker levels (e.g., pH,
GSH, ROS, hypoxia, and enzymes, etc.), between tumors and
normal tissues. However, these nanoradiosensitizers will still
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exhibit a certain degree of off-target side effects owing to the
prevalence of these biomarkers in normal tissues. Third, there
are also several shortcomings of exogeneous stimuli in clinical
applications. For example, light stimuli do not work in deep
tumors due to poor tissue penetration. The US stimuli are more
suitable to superficial tumors rather than deep tissues. Thus,
considering the advantages and disadvantages of different
exogenous and/or endogenous stimuli, responsive strategies
will be proposed according to various clinical applications to
achieve precision RT in future studies. In addition, other
exogenous (e.g., magnetic field, hyperthermia, etc.) and endo-
genous stimuli (e.g., glucose, nucleic acids, ATP, etc.) can be
considered to develop responsive nanoradiosensitizers in
future research.

In clinical practice of RT, the imaging techniques, such as
MRI and CT, were commonly used for precise organ/tumor
delineation and thereby minimize the radiation dose to normal
tissues. For example, magnetic resonance-guided radiotherapy
(MRgRT) has become clinically available, which offers excellent
soft-tissue contrast for precise observation of interfractional
changes in tumor anatomy.”*®”>° The MRgRT allows for on-
table treatment adaptation that enables dose escalation and
reducing toxicity. So far, many types of imaging techniques,
including FLI, PAI, MRI, CT, US, PET, and SPECT, have been
applied to guide precision RT. However, these studies mainly
utilized imaging methods to monitor the biodistribution and
tumor accumulation of nanoradiosensitizers, which could help
select the optimal time point for RT. In addition, the imaging
methods could provide ample information of tumors, such as
TME, and tumor response to therapy. The functional imaging
techniques, including functional CT, fMRI, and PET, allow

visualizing various pathophysiological characteristics of
tumors, including perfusion, hypoxia, proliferation, and
metabolism.”®® Thus, functional imaging-based guidance can

provide more opportunities for individualized RT treatment.
For example, dynamic contrast enhanced CT (DCE-CT) as a
functional CT technique can be utilized to monitor tissue
perfusion.”® The BOLD/DWI fMRI was used to monitor tumor
radiosensitivity and oxygen concentration.*® Liu et al. devel-
oped a quantitative MRI-based diagnostic system to predict
tumors’ responses to RT. The system could stratify pancreatic
patients into resistant and sensitive groups.’*> Moreover, the
PA and US imaging could also be applied for monitoring tumor
oxygenation. Therefore, more future efforts are required to
extend various imaging techniques to provide information on
tumor location, boundary, response to therapy, and TME (e.g.,
hypoxia, GSH, etc.).

The antitumor immune responses induced by RT alone are
inefficient to inhibit distant and metastatic tumors. However,
nanomaterial-based RT is able to induce potent ICD and
thereby elicit systemic antitumor immunity against metastasis.
The anti-metastasis efficacy could be further improved in
combination with ICB therapy, immunoadjuvant, or other
treatment modalities, such as PTT, PDT, CDT, gas therapy,
chemotherapy, etc. Besides, nanoimmunotherapeutics could be
designed to exert immunotherapeutic action only in response
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to external stimuli, such as X-ray irradiation, resulting in more
precise anti-tumor immune activation and less incidence of
immune-related adverse events.”®> Animal models are crucial
for investigation of RT-mediated antitumor immune responses.
First, the tumors established with cancer cell lines are generally
homogenous, which makes it difficult to stimulate heteroge-
nous tumors of clinical patients. Second, most subcutaneous
tumors used in these studies, although easy to monitor and
operate, do not represent appropriate sites for human tumors.
Thus, the subcutaneous tumor model is less predictive when
used to test response to RT and immunotherapy. Third, the
human cancer cell lines or patient-derived xenograft can only
be inoculated into immunodeficiency animals, which makes it
difficult to measure systemic immune responses. Moreover,
immunocompetent tumor-bearing mice based on mouse can-
cer cell lines cannot stimulate human tumors well, since the
immune system in mice is quite different from that in human.
Therefore, more suitable animal models used for immunother-
apy evaluation need to developed in the future. In addition,
lung metastasis is the most common metastatic model in most
previous studies. However, the metastasis in clinical practice
can appear in various organs, such as liver, bones, lungs, brain,
and peritoneal cavity. The response of different organ metas-
tases to immunotherapy varies greatly. Therefore, various meta-
static models need to be considered in future studies.
Amifostine as a phosphorothioate is able to diffuse into cells
after being dephosphorylated by alkaline phosphatase and then
function as a free radical scavenger.”®® Previous studies have
revealed that amifostine could rapidly accumulate in normal
tissues rather than tumors, which is believed to result from
intratumoral blood flow, acidic tumor microenvironment, and
the low level of alkaline phosphatase in tumors.>*®”% Likewise,
the nanoradioprotectors can be designed to exert radioprotec-
tive effect only in response to specific intratumoral stimuli,
such as acidosis, hypoxia, high GSH, H,0, levels, etc., so that
the nanoradioprotectors can more concentrate in and protect
normal tissues rather than tumor tissues. In addition, targeting
strategies, such as ligand-based targeting and magnetic target-
ing, can also be used to enhance accumulation of normal
tissues. Moreover, the nanoradioprotectors are mainly admi-
nistered intraperitoneally or intravenously to protect healthy
tissues from whole body radiation, which might, however,
induce systemic toxicity. Typically, the RT only irradiates sur-
rounding tissues or organs when treating local tumors. Thus,
more future efforts need to be focused on other routes of
nanoradioprotector administration that are easier to be trans-
lated to the clinic. For example, the oral or rectal route can be
used for radioprotection of gastrointestinal tracts. Inhalation
(intratracheal) route is more suitable to protect lung from RILI.
External route may be suitable for radioprotection of skin.
Moreover, the intrathecal or topical route can be applied for
radioprotection of specific tissues, such as brain, spinal, eyes,
etc. In addition, most studies have been focused on the evalua-
tion of in vitro and in vivo radioprotective performance of
nanoradioprotectors. However, the specific radioprotective
mechanisms have not been explored in depth, which requires
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further investigation in future studies. Furthermore, the choice of
animal models to investigate the radioprotective performance is
important for clinical translation. Most studies utilized mouse
models to evaluate the radioprotective effect of nanomaterials.
Large animals can be considered as models for in vivo investigation
of protective efficacy of nanoradioprotectors.

Besides, a lot of challenges still remain before the clinical
translation of these nanoradiosensitizers. Nanoradiosensitizers
that can be produced in a large-scale have more potential for
clinical translation. Moreover, most studies have performed
in vivo biosafety evaluations of nanoradiosensitizers. However,
most evaluations were short-term rather than long-term. More-
over, these biosafety evaluations were focused on major organs
without considering that these nanoradiosensitizers could also
accumulate in other tissues, such as eyes, brain, and muscle.
Thus, more comprehensive and long-term biosafety evaluations
of the nanoradiosensitizers are required before clinical transla-
tion. In addition, the choice of nanomaterials directly affects
the time required for clinical translation. The nanoradiosensi-
tizers composed of FDA-approved drugs or materials could be
applied in clinical practice faster.
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