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Abstract: Background: At present, radiotherapy (RT) is widely used in cancer treatment, but
traditional RT methods using ionizing radiation cannot avoid damage to normal tissues. Therefore, the
development of a more precise RT is an important research direction for relevant researchers.
Concurrently, research on radiosensitizers (RSs) using nanotechnology is developing rapidly, and RSs
that are selective for cancerous tissues or cancer cells may become an important part of future precision
RT. Methods: Using RSs and RT as keywords, the relevant papers in the PubMed database from 2013
to 2022 were summarized. Articles on RS with selectivity to cancer tissue were collected. Among the
selected articles, RSs were classified into “active selectivity”, “passive selectivity” and “others”
according to the different selectivity principles of RSs. Results: A total of 771 articles were retrieved
from PubMed. After screening, the research content of the remaining 79 articles was found to be related
to the selectivity of RSs to cancer tissues. Among them, 28 articles were classified as “active
selectivity”, and most of the sensitizers in this category could target specific targets in cancer tissues.
There were 30 papers classified as “passive selectivity” and the selectivity principles were mainly the
enhanced permeability and retention (EPR) effect, aggregation caused by pH sensitivity, and
aggregation in anoxic environments. There were 21 papers classified as “others”. The sensitizers in
these studies showed selectivity for cancer tissue, but the mechanism was not clear. This review
attempts to summarize studies on RSs that are selective for cancer tissues. Conclusions: We reviewed
nearly ten years of literature on selective RSs and classified the selectivity of different RSs into active
and passive selectivities.
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1. Introduction

Currently, 60—70% of cancer patients in Europe and the United States receive radiotherapy (RT)
during treatment, although the percentage varies by country [1]. RT is by far the most widely used and
effective antitumor therapy. However, although irradiation can destroy cancer cells, it cannot avoid
damaging healthy cells and tissues near the treatment area. Therefore, to reduce the damage to normal
tissues, precision RT has become an important trend in the development of RT technology.

In the development of precision RT, the use of radiosensitizers (RSs) is becoming an important
part in the treatment of precise RT using ionizing radiation. Radiosensitizers are drugs that are used to
make tumor cells more sensitive to radiation, make radiation more effective in killing tumor cells and
improve the control and cure rates. The main mechanisms involved are direct and indirect. Direct
radiation damages cancer cells by generating reactive oxygen species (ROS) through the
physicochemical reaction between ionizing radiation and RSs. The indirect mechanisms include: (I)
inhibiting the repair of radiation-induced DNA damage, aggravating the degree of DNA damage; (II)
disrupting the cell cycle and organelle function to increase cytotoxicity; and (III) inhibiting the
expression of radiation resistance genes or promoting the expression of radiation-sensitive genes [2].

Currently, research on RSs using nanotechnology is developing rapidly, and RSs that are selective
for cancerous tissues or cancer cells may become an important part of precision RT in the future. The
key to the study of such RSs is to explore their selectivity for cancer tissues. Therefore, we used the
PubMed database to search for papers related to RSs published from 2013 to 2022. RSs with selectivity
for cancer tissues or cancer cells were classified and summarized.

2. Materials and methods

Medline (via PubMed) was searched using the term “(Radiotherapy) AND (Radiosensitizer)”.
Only studies conducted between 2013 and 2022 were included in the meta-analysis. A total of 771
articles were obtained, followed by screening for the selectivity of the RSs in the study, and a total
of 79 articles where the RSs were selective were mentioned in the abstract were finally included. This
was followed by classification according to the principle of action of RS selectivity into active
selection (specific receptors on tumor cells, etc.) and passive selection (enhanced permeability and
retention (EPR) effects, etc.), yielding a total of 28 articles for “active” selection, 30 articles for
“passive” selection, and 21 articles for “others”.
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3. Results

Because the drugs studied by different investigators varied depending on the cancers they focused
on in their articles, we categorized them according to the RS-related cancers they studied. In addition,
since these RSs have various selectivity principles for cancer tissue or cancer cells, we divided them
into “active selectivity” and “passive selectivity” according to their selectivity principles.
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Figure 1. Diagram of the classification steps.

Active selectivity means that an RS can target a certain receptor in cancer cells or cancer tissue
and only has a radiosensitizing effect on the cancer tissue. The “receptor” may be a specific protein
overexpressed on the cancer cell membrane or specific enzymes or other substances in the tumor
microenvironment.

Passive selectivity refers to the use of the characteristics of the tumor microenvironment to
aggregate drug particles at the tumor location. For example, the EPR effect uses the special complex
vascular environment of tumor tissue to ensure the aggregation effect of specific size particles; some
pH-sensitive substances are present in the microenvironment and specific reactions occur in acidic
environments; and certain drugs specifically target the hypoxic environment inside cancer tissues.

However, there are still some studies on new sensitizers that are only at the initial stage, and
researchers have not yet identified their specific mechanism, so we classify these sensitizers as “others”.
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In addition, when we summarized the articles of these researchers, we found that those sensitizers
with passive selectivity are almost all targeted at the special environment of tumors, and do not have
an effect specific to a single type of cancer. Furthermore, among sensitizers with active selectivity,
some sensitizers are selective for certain types of cancer-specific targets, here named “cancer-specific”,
while sensitizers that only target overexpressed proteins are the same as those with passive selectivity,
here named ‘“non-cancer-specific”.

3.1. Active selectivity
Active selection of RSs for tumor cells is achieved primarily with specific receptors that are only
overexpressed on tumor cells, usually by surface modification of the RS in the form of nanoparticles

(NPs) to make it tumor-cell selective [3—30]. Some typical examples are listed in Table 1.

Table 1. Typical RSs with active selectivity.

Selectivity RS Condition Published Ref
Mechanism Date
Folic acid (FA) a biodegradable nanocomposite BiPt-folic breast cancer 2020 [3]
receptor acid-modified amphiphilic polyethylene

glycol (BiPt-PFA)
FA receptor a dual functional mesoporous silica glioblastoma 2017 [4]

nanoparticle (MSN) formulation of the
valproic acid (VPA)

FA receptor FA-BSANP cervical cancer 2014 [5]
FA receptor Au@Fe203 NPs modified with FA KB cells(papilloma) 2019 [6]
FA receptor albumin coated bismuth sulfide NPs breast cancer 2019 [7]
Photosensitizer benzoporphyrin derivative (BPD) head and neck 2021 [8]
(BPD) squamous cell
carcinoma (HNSCC)

avp3 integrin  ultrasmall iridium nanocrystals (Ir-RGD- breast cancer 2019 [9]

TAT (Ir-R/T) NCs)
avP3 integrin  GNP-PEG-cRGDfK glioma 2018 [10]
Photosensitizer hyaluronic acid (HA), polyaniline (PANI), breast cancer 2017 [11]
(Ceb) WS2 nanodots (WS2), and chlorin e6

(Ce6) into a single nanoplatform (HA-
WS2@PANI/Ceb)

Photosensitizer Hafnium (Hfs+) and tetrakis (4- breast cancer 2016 [12]
(TCPP) carboxyphenyl) porphyrin (TCPP)

Photosensitizer gallium phthalocyanine chloride (GaPcCl) breast cancer 2020 [13]
(GaPcCl)

Photosensitizer Mitoxantrone (MTX) melanoma 2013 [14]
(MTX)

Continued on next page
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Selectivity RS Condition Published Ref
Mechanism Date
Photosensitizer 5-aminolevulinic acid (5-ALA) prostate cancer 2019 [15]
(5-ALA)
PARA Talazoparib small cell lung 2018 [17]
cancer (SCLC)
avP3 integrin  nucleus-targeting MTiO2 NPs (MTiO2(SN- breast cancer 2019 [21]
38)-TAT-RGD)
avp3 integrin  antiEGFRIRGD gastric cancer 2018 [22]
avp3 integrin  RGD peptide has been covalently liver cancer 2018 [23]
conjugated to selenadiazole derivative
(RGD-SeD)
avP3 integrin ~ Gold NP prostate cancer 2020 [24]
EGFR lapatinib breast cancer 2016 [25]
EGFR silibinin prostate cancer 2015 [26]
EGFR C-siPLK1 NPs non-small cell lung 2019 [27]
cancer (NSCLC)
PSMA PSMA-targeted DTX-loaded Au NPs prostate cancer(Pca) 2021 [28]
PSMA AUNPs prostate cancer 2020 [29]
PSMA gold-based radiation sensitizer prostate cancer 2019 [30]

3.1.1. Tumor-nonspecific

Among the widely used RSs with active selectivity, there are some without tumor-specific
properties. These RSs exploit the typical characteristics of tumor cells, thus achieving selectivity for
active cancer cells. Among these agents, the folate receptor and avp3 integrin, which are overexpressed
in many cancer cells, are the most commonly used. The realization of selectivity for these two receptors
will be the focus of this review.

Folic acid (FA) is a non-immunogenic small molecule, and many cancer cells overexpress FA
receptors that can bind specifically to FA. Therefore, folate receptors allow FA-functionalized NPs to
realize specific recognition of cancer cells, which provides a way for the active selectivity of RSs.
Several studies have been conducted on FA receptors, and Zhang et al. proposed biodegradable
nanocomplexes of bi-folate-modified amphiphilic polyethylene glycols (BiPt-PFA NPs) as the RSs.
BiPt-PFA is an FA receptor overexpressed on the surface of a variety of cancer cells, such as breast
cancer cells, and is, thus. ideal for tumor targeting. BiPt-PFA NPs can act as enzymes to catalyze the
breakdown of hydrogen peroxide in the tumor environment, generating oxygen to improve the hypoxic
environment, and can absorb near-infrared light energy, converting it into heat, thus producing a
thermal effect and enhancing the therapeutic effect of radiation [3]. To target folate receptors that are
specifically overexpressed in glioblastoma cells, Zhang et al. synthesized mesoporous silica
nanoparticle (MSNs) surfaces modified by a folate ligand that selectively binds to folate receptors. The
expression of FA receptors in cancer cells represents an attractive therapeutic target for novel tumor-
specific agents. Based on pH-responsive nanocarriers, highly efficient targeted delivery of sensitizers
to tumors through the expression of tumor cell microenvironment, using pH and irradiation to activate
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the effect of sensitizers, is a novel and efficient method that can be applied to other cancers [4]. In
addition to the studies described above, Huang et al. chose FA as the targeting ligand to create
formulations of bovine serum albumin nanoparticles (BSANPs) targeting cancer cells as a drug
delivery system for organoselenium compounds (PSeD) [5]. Mirrahimi et al. used folic acid to modify
Au@Fe203 NPs to make them selective for tumor cells [6], and Nosrati et al. used albumin coated
bismuth sulfide NPs as a selective RS [7].

In addition to the use of folic acid receptors, the application of avp3 integrin, which is
overexpressed on the surface of tumor cells, is also an important way to achieve tumor selectivity.
Many studies have reported that malignant tumors, such as breast, malignant melanoma, ovarian, and
lung tumors, characteristically overexpress avp3 integrins in the cell membrane compared to normal
cells. This feature presents an attractive basis for the design of targeting peptides for active tumor cell
vectorization, and some related studies have been published. One of the hot spots of current research
is the unique targeting effect of arginylglycylaspartic acid (RGD) peptide, a tumor-targeting peptide,
which is a new target for the treatment of tumors. avB3 integrin is overexpressed in various cancer
cells. Due to its selective binding to vp33 integrin, the RGD peptide is regarded as an ideal targeting
molecule for modifying anticancer/antitumor drugs and NP delivery systems. To further improve the
selectivity of selenazole derivatives for cancer cells in RT, a new selenazole derivative (SeD) was
modified with a cyclic RGD peptide. After modification, both in vivo and in vitro experiments proved
that RGD-SeD significantly improved the selectivity compared with SeD alone, and enhanced the
anticancer effect in HepG2 hepatoma cells overexpressing aVP3 integrin, but it had no toxicity in
normal hepatocytes. Similarly, the nonspecific restriction of cell-penetrating peptides (CPP) can be
solved by combining it with the RGD peptide [8]. Wang et al. used ultra-small iridium nanocrystals
(Ir-RGD-TAT (Ir-R/T) NCs) as RSs, which may confer significant tumor targeting by attaching both
RGD and TAT peptides to the surface of the designed nanosensitizers [9]. In this way, RSs may be
made to have attractive tumor cell nuclear targeting properties, facilitating sensitization for tumor RT
in vitro and in vivo. It can completely eradicate mouse mammary 4T1 tumors, offering the potential
for highly efficacious and bio-safe multimodal tumor therapy. In addition, Enferadi et al. found that
integrin avB3 is a transmembrane glycoprotein o/f receptor that participates in inflammation, tumor
metastasis and angiogenesis, and can therefore be considered as a notable target for the delivery of
therapeutic agents to cancer cells. The cyclic RGD peptide, as a functionalized NP, targets avp3 and
causes vascular damage specifically to tumor tissues. In addition, ultra-small gold nanoparticles (GNPs)
are less likely to accumulate in the blood and ensure lower GNP uptake in the liver and spleen with a
higher dose enhancement [10]. Receptor proteins exist in tumor tissues and can directly act on tumor
tissue and cause vascular damage.

A selective photosensitizer is a substance that selectively accumulates in cancer cells and reacts
with electromagnetic wave energy. Radiation sensitizers using such photosensitizers have been studied,
and the mechanism of tumor selectivity differs depending on the type of photosensitizer used. The
mechanisms by which Chlorin e6 (Ce6), benzoporphyrin derivative (BPD), tetrakis (4-carboxyphenyl)
porphyrin (TCPP) and other porphyrin-derivative photosensitizers work are not yet fully elucidated,
but are thought to be mediated by the LDL receptor, and are being investigated as RSs using this as a
tumor-selective carrier. Hyaluronic acid (HA), polyaniline (PANI), WS2 nanodots (WS2) and chlorin
e6 (Ce6) were synthesized as single nanoRSs (HA-WS2@PANI/Ce6) to exploit the tumor selectivity
of Ce6, because the cell-damaging effect of light irradiation enhances the therapeutic effect of
X-rays [11]. The administration of a BPD followed by light irradiation enhances the subsequent
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radiation effects [8]. Nanoscale metal organic frameworks composed of hathium (Hf4+) and (TCPP)
are RSs designed with TCPP as a carrier. Moreover, hafnium has a sensitizing effect upon exposure to
radiation [12]. In contrast, gallium phthalocyanine chloride (GaPcCl) induced apoptosis by X-ray
irradiation alone, and the effect of its combined use with light irradiation has been verified [13].
Anticancer drug mitoxantrone (MTX) is known to have a photosensitizing ability. Sazgarnia et al.
showed that MTX alone functions as a radiation sensitizer and has further cell-damaging effects when
exposed to X-rays and light [14]. The compound 5-aminolevulinic acid (5-ALA) utilizes the metabolic
mechanism of cancer cells to accumulate protoporphyrin IX (PpIX) in a cancer cell-specific manner.
It has already been used clinically as an agent for photodynamic diagnosis and therapy, and data on
the selective accumulation of PpIX in various tumors have been accumulated. In addition, 5-ALA has
been tested for its efficacy as an RS in various types of cancers. Miyake et al. examined the
radioprotective ability against normal tissues, as well as the ability to radiosensitize tumor cells [15].
Moreover, the radiosensitizing action of PpIX has been verified to generate ROS upon exposure to
radiation [16].

3.1.2. Tumor-specific

In addition to the selective RSs described above, which are universally applicable to most cancer
cells, other studies have focused on exploiting the unique qualities of certain tumor cells to achieve
specific selectivity of RSs for a particular tumor cell, which is in line with the need for targeted therapy.

In small cell lung cancer (SCLC), poly ADP-ribose polymerase 1 (PARP1) is a promising
molecular target, and clinical trials of its inhibitors are currently underway. A study by Laird et al.
suggested that PARP trapping might be particularly important in SCLC, as PARP is only expressed at
high levels in SCLC and is captured by the PARP1 enzyme [17]. However, the specific clinical
applications require further study. With regard to U87 glioma cells, Li et al. recently developed several
aptamers which can bind tightly to U87 glioma cells. Among these aptamers, GMTS has the highest
affinity for U87 cells; therefore, it can be used as a good targeting ligand to deliver NPs to glioma
cells [18]. Metal NPs modified by the GMTS8 aptamer and with a poly(ethylene glycol) (PEG) surface
enable passive accumulation of PEGylated NPs at tumor sites through the EPR effect, in addition to
their targeting properties.

Although the use of the tumor microenvironment can also enhance the effect of RS, Jiao et al.
found that low-density lipoprotein receptor-related protein-1 (LRPI) is overexpressed in brain
capillary endothelial cells and glioma cells, and Angiopep-2 can target LRP1 [19]. Since matrix
metalloproteinase 2 (MMP-2) is highly expressed in the tumor microenvironment, angiopep-2 was
conjugated using an MMP-2-responsive peptide as an enzymatically cleavable linker. Angiopep-2
penetrates the blood-brain barrier and accumulates at tumor sites, where the linker is cleaved by
MMP-2, eliminating its shielding effect. The exposed CPPs then internalize the delivery system into
tumor cells. FOXO3a is an important member of the transcription factor FOX protein family and is
considered a tumor suppressor gene. However, some studies have shown that FOXO3a can protect
tumor cells from oxidative stress and hypoxia. Therefore, FOXO3a may play different roles in different
conditions and environments. A study confirmed that the short-chain fatty acid, butyrate, significantly
enhanced radiation-induced cell death and therapeutic effects, and showed high specificity and
selective anticancer effects against Patient-derived organoids from colorectal cancer patients (CRC-
PDOs), which originated from colorectal cancer patients [20]. Specifically, butyrate increases the
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radiosensitivity of CRC-PDO via the Warburg effect. It induces cell cycle arrest regulated by p21, p57,
and GADDA45 by increasing FOXO3A transcription. At the same time, it does not increase cell death
induced by radiation in normal organs. However, owing to the high heterogeneity of tumors, it is not
an RS that can act effectively on most cancer cells.

3.2. Passive selectivity

The tumor microenvironment (TME) consists of tumor tissue and normal cells (blood vessels,
immune cells, fibroblasts, signaling molecules, extracellular matrix (ECM), etc.) and influences tumor
progression. Tumors influence the TME by promoting tumor angiogenesis and inducing peripheral
immune tolerance through extracellular signals. Some RSs can achieve the effects of targeted therapy
by changing the tumor microenvironment [31-60]. Typical examples of this type of RS are listed in
Table 2.

Table 2. Typical RSs with passive selectivity.

Selectivity RS Condition Publish Ref
Mechanism Date
EPR Effect multistage-responsive Cs—Au-ICG NPs  breast cancer 2021  [32]
EPR Effect gold nanoparticles (AuNP-PEG-HER2ab) human ovarian cancer 2019  [33]
EPR Effect hyaluronic acid modified Au nanocages breast cancer 2019  [34]
(AuNCs-HA)
EPR Effect dumbbell-like  Au-TiO2  nanoparticles breast cancer 2018  [35]
(DATS)
EPR Effect sub-2 nm gold nanoclusters cervical cancer 2014 [36]
EPR Effect Bi2Ses cervical cancer 2014  [37]
EPR Effect iridium nanocrystals (IrNCs) breast cancer 2018  [38]
EPR Effect DM1-NO PLGA NPs NSCLC 2020  [40]
EPR Effect cisdiamminedichloroplatinum(II) NSCLC 2015  [41]
(cisplatin, CDDP)
Hypoxic a hypoxic RS-prodrug liposome (MLP) glioma 2017  [42]
condition toxic
PH-Value stimuli-responsive core-shell NP system  lung cancer 2017  [43]
Sensitive
PH-Value Mn clusters breast cancer 2020  [45]
Sensitive
Hypoxic nitroimidazole alkylsulfonamides colorectal carcinoma 2018  [46]
condition toxic (2-nitroimidazole analogues,7 and 19 are
effective)

Continued on next page
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Selectivity RS Condition Publish Ref
Mechanism Date
EPR Effect bacteria: 1. Escherichia coli strain K-12,colon cancer 2018  [47]

Salmonella typhimurium AppGpp (S.t

AppGpp); 2. lipid mutants Salmonella

strains (Salmonella YS1456 and YS1646)

Nanoparticles:gold (Au), gadolinium (Gd),

iron (Fe), bismote (Bi), titanium (Ti), and

hafnium (Hf)
EPR Effect Au-Pt NPs HUEVC,; breast2021  [48]

cancer

EPR Effect BSA-Au-MnO2 composite NPs breast cancer 2017  [49]
EPR Effect Gd@cC-dots NSCLC 2021  [50]
EPR Effect cetuximab-functionalized gold NPs HNSCC 2018  [51]
Hypoxic UCHM (upconversion nanoparticle hela cells 2018  [51]
condition toxic (UCNP) core located within the hollow core

of an outer mesoporous silica (HMs) shells)
EPR Effect folic acid and BSA decorated goldintracranial  glioma2019 [52]

nanoclusters tumors
EPR Effect gold nanoparticles (GNPs) brain tumor 2013  [53]
EPR Effect ThermoDox or doxorubicin (DOX) human fibrosarcoma 2018  [54]
EPR Effect 2DG-grafted GQDs Osteosarcoma (OS) 2020  [55]
EPR Effect MnO2-HA@H:2PtCls (MHP) colon cancer 2020  [56]
PH-Value pharmacological ascorbate glioblastoma, lung2021  [57]
Sensitive cancer, pancreatic

cancer

Hypoxic integrated nanosystem (Bac@BNP) breast cancer 2022  [58]
condition toxic
Hypoxic CAC4A+AQ4N breast cancer 2022  [59]
condition toxic
Hypoxic Cull and Znll Complexes lung cancer 2020  [60]

condition toxic

3.2.1.

A key concern when using radiation sensitizers for RT is how to achieve radiation sensitization

EPR effect

by accumulating radiation sensitizing NPs in large numbers near the tumor tissue. Compared with

normal tissues, tumor-selective or tumor-specific properties, including EPR effects, are still poorly

understood. Most solid tumors exhibit a unique pathology called the EPR effect, which includes
extensive angiogenesis, resulting in hyper-vasculature, defective vasculature, impaired lymphatic
drainage/recovery systems and increased production of permeable mediators [31]. The EPR effect has
been used by many drugs or drug delivery methods, and is an important mechanism for the delivery
of anticancer drugs.

AIMS Bioengineering
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There are many metallic nanoparticle RSs that use the EPR effect to accumulate in tumor tissue.
Hua et al. developed tunable size photothermal therapy (PTT)/RT/polyamide (PA)/near-infrared
fluorescence (NIRF) reagent Cs-Au-ICG NPs by combining indocyanine green (ICG) with
carboxymethyl chitosan (CS)-modified size-tunable Au NCs system (Cs-Au NCs). The combination
of the EPR effect, which allows for the accumulation in large numbers around the tumor, with
photothermal treatment achieves the desired therapeutic effect [32]. Hatoyama et al. conducted a
quantitative study on gold NPs. Polyethylene glycol-modified gold NPs were used to enhance the EPR
effect. The production of ROS around gold NPs aggregated in tumor tissue is accelerated by the
photoelectric and/or Compton effects, which enhances the RT effect [33]. Xu et al. found that
nanoplatform based on HA modified Au nanocages (AuNCs-HA) can be used as a RS for RT,
photosensitizer for photodynamic therapy, and therapeutic agent for PTT. HA is a natural polymer
material that aggregates near tumors owing to the EPR effect and has shown the ability to target cd44-
overexpressed breast cancers [34]. Cheng et al. investigated a hybrid anisotropic nanostructure of gold
(Au) and titanium dioxide (TiO2) as an RS for the RT of triple-negative breast cancer. Owing to the
EPR effect, the radiodensity effect of dumbbell-like Au-TiO2 nanoparticles (DATs) on tumor tissues is
significantly enhanced, even at lower concentrations [35]. Bismuth is a high-atomic-number element
that effectively enhances radiosensitization, while selenium is a non-metallic element with anticancer
activity. Zhang et al. creatively combined Bi2Ses3, a compound of the two, with 54-nm-wide nanoplates
to synthesize metabolizable radiosensitizing nanoplates [36], the principle of which is to enhance
damage to cancer cell tissue by enhancing permeability and retention; after 90 days of treatment, the
nanoplates achieved a 93% clearance rate. Finally, it is noteworthy that bismuth has a higher
photoelectric absorption coefficient than Au and Pt; therefore, Bi2Ses nanoplates can also be used as
X-ray contrast agents. Interestingly, the Sub-2 nm gold nanoclusters developed by Zhang et al. are also
a typical example of the EPR effect [37]. The developed gold nanoclusters are made up of Au cores,
which have a strong radiosensitizing effect, and glutathione shells, which have good biocompatibility.
To make more effective use of the EPR effect and improve the efficiency of nanogold accumulation
and effective post-treatment renal clearance, while minimizing the toxic side effects, the authors chose
ultra-small sub-2 nm nanogold particles, which could improve the enhancement of cancer RT through
better penetration and retention.

Some metallic nanoparticle RSs not only have an EPR effect, but can also break down hydrogen
peroxide in the tumor environment into oxygen, improving the effect of the hypoxic environment on
RT. Feng et al. were the first to successfully synthesize very large iridium nanocrystals (IrNCs) with a
uniform particle size distribution and encapsulated them in invisible liposomal carriers to obtain
catalytically active Ir@liposomes [38]. Hua et al. proposed the fabrication of smart multifunctional
NPs using biocompatible and biodegradable components for RT. These particles gradually degrade
into small 10 nm particles once inside the tumor, resulting in good intra-tumor penetration. Simple
Au4-I0 NP-cRGD assemblies based on aggregation-induced emission (AIE) enhance the Fenton
reaction at RT [39]. These NPs not only aggregate around tumors due to the EPR effect but also
catalyze the breakdown of oxygen by hydrogen peroxide in the tumor surroundings, further enhancing
the effectiveness of RT.

In addition, some non-metallic NPs can be used as RS and accumulate in cancer tissues owing to
the EPR effect. Gao et al. presented their study on Nanoparticles Encapsulating Nitrosylated
Maytansine and reported that once delivered to tumors, external irradiation cleaves the NP S—N bond
within the tumor, releasing DM1 as an antimitotic agent [40]. Jung et al. investigated cisplatin-
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incorporated liposomes targeting the epidermal growth factor receptor and showed that they enhanced
the efficacy of RT without nephrotoxicity [41]. Size-controlled liposomes deliver drugs to tumors via
the EPR effect and protect them from metabolic processes that clear them from the body too early [41].

Doxorubicin (DOX), which is often used as a chemotherapeutic agent, can also act as a RS to
cure human fibrosarcoma [42]. Currently, to reduce its toxicity and increase its efficacy, a
thermosensitive liposome containing DOX (ThermoDox) is used for tumor delivery by liposomes,
allowing it to act as a nanomedicine [42]. Thus, DOX selectively targets fibrosarcoma cells. However,
ThermoDox at 37 °C did not induce radiosensitization. For radio sensitization to be realized, the
temperature should be increased to 43 °C, which requires local hyperthermia [42].

3.2.2. PH-value sensitive

In addition to environmental factors of vascular structure, the pH value can also be exploited for
the development of RSs with cancer tissue selectivity due to the different pH values of the tumor tissue.
Menon et al. developed a combination of chemotherapy and RT using core-shell nano particles for
lung cancer treatment [43]. This NP system controls the release of RS (NU7441) and the
chemotherapeutic drug (gemcitabine hydrochloride) by a poly(lactic-co-glycolic acid) (PLGA) core in
response to the acidic tumor environment. Another strategy employed was a “double-key” response
strategy, which was used to construct a transglutaminase (TGase)/pH-responsive RS (Au@TAcoGal).
When it reaches the tumor site, it can be incorporated into hepatoma cells via phenylboronic acid (PBA)
and can aggregate based on cell acidity levels and overexpression of TGase [44].

The Mn clusters developed by Lv et al. also effectively utilize the pH value of the tumor
tissue [45]. The Mn clusters not only utilize the pH of the tumor microenvironment to enhance
radiation damage to cancer cells, but also show reducibility and free radical scavenging ability in a
neutral environment, which protects normal tissue cells from radiation damage. Mn clusters increase
radiation-induced production of ROS through catalytic oxidation in acidic environments. In contrast,
in a neutral environment, Mn clusters have a strong ability to remove ROS and relieve and repair
radiation damage to the hematopoietic system. Mn clusters can be rapidly excreted from the body
without causing long-term toxic effects.

3.2.3. Hypoxic

Furthermore, targeting the hypoxic tumor environment is also one of the means to improve tumor
therapy. In experiments on colorectal cancer cells, the characteristics of hypoxia selectivity and
radiosensitization were tested in vitro. The results showed that 2-nitroimidazole with neutral and basic
side chains showed considerable hypoxia selectivity (HCR 40-96), while the example with acidic side
chains showed lower hypoxia selectivity. Simultaneously, two new RSs, 7(N-(2-Hydroxyethyl) (2-
nitro-1H-imidazol-1-yl) methane sulfonamide) and 19(N-(2-Hydroxyethyl) (5-nitro-1H-imidazol-1-yl)
methane sulfonamide), were identified. When delivered as phosphate precursor drugs, 39(2-(((2-Nitro-
1H-imidazol-1-yl) methyl) sulfonamide) ethyl Dihydrogen Phosphate) and 41(2-(((5-Nitro-1H-
imidazol-1-yl) methyl) sulfonamide) ethyl Dihydrogen Phosphate), the peak concentration of tumor
drugs increased due to the improvement of water solubility and drug delivery efficiency. Moreover, 2-
nitroimidazole 7, with high electron affinity, also showed hypoxia-selective cytotoxicity. Therefore,
they are more suitable for SBRT environments [46]. At present, many bacteria have been used for
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cancer treatment, such as Escherichia coli strain K-12, Salmonella typhimurium AppGpp (S.t AppGpp),
and lipid mutant Salmonella strains (Salmonella YS1456 and YS1646), which have been applied to in
vivo experiments to verify their therapeutic effects on colon cancer and melanoma cancer. Anaerobic
bacteria that grow selectively in the hypoxic region of the tumor can destroy cancer cells by releasing
proteases, lipases, hydrolases, or protein toxins, such as Pseudomonas exotoxin, diphtheria toxin and
ricin [47].

3.3. Others

There were 21 papers where the RS were classified as “other” [61-81]. As it was difficult to
describe them systematically, we selected anticancer drugs, microRNAs, and natural substances as
topics. In addition, there is a special example of RS from Park et al. which we classified as “others”,
because the RS they investigated shows the characteristics of both active and passive RSs, which
belongs to neither “active” nor “passive”. Table 3 shows examples of “others”.

3.3.1. Anticancer drugs

One of the categories available is that of anticancer agents. Minea et al. based their previous
research on temozolomide (TMZ), followed by chemical derivatization of TMZ at other positions
(other than the alkyl group), and generated NEO212 by derivatizing TMZ with the natural
monoterpene perillyl alcohol. NEO212 crosses the blood-brain barrier more efficiently than TMZ, and
its selective accumulation in tumors has been verified using mouse models. Furthermore, NEO212 was
shown to possess potent cytotoxic and RS activities in an in vitro evaluation using a glioblastoma cell
line containing a TMZ-resistant isogenic variant [32,61]. In addition, DOX is widely used in
chemotherapy and acts on DNA. Chastagner et al. attempted to reduce toxicity and increase
permeability using a liposomal encapsulated form. Liposome encapsulation of pegylated forms has
been shown to significantly improve penetration across the blood-tumor barrier and preferential
deposition in tumoral tissue compared to free DOX in animal tumor models. These studies
demonstrated that nanocarriers targeting brain tumors are effective in combination with anthracyclines
and RT [62].

3.3.2. MicroRNAs

MicroRNAs (miRNAs) are 21-25 base-long single-stranded RNA molecules involved in the post-
transcriptional regulation of gene expression in eukaryotes. Several attempts have been made to use
miRNAs as RSs. MiR-29a is downregulated in radioresistant nasopharyngeal carcinoma (NPC) cells
and tissues. Introduction of miR-29a can suppress COLIA1 gene expression and render NPC cells
radiosensitive. miR-29a is a determinant of the radiation response in NPC patients, and its induction
is considered a therapeutic option to enhance radiosensitivity [63]. MiR-365 has been suggested to be
associated with the malignancy of non-small cell lung cancer (NSCLC), and high expression of
miR-365 suppresses the development of NSCLC. MiR-365 was confirmed to be positively correlated
with the radiosensitivity of NSCLC cells and to target CDC25A to enhance radiosensitivity in vitro
and in vivo. This suggests that miR-365 can be used as a radiosensitizer for NSCLC treatment [64].
Jab1/CSNS functions as an oncoprotein in human cancers and miR-24 inhibits its translation. Analysis
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of NPC tissue from a patient with NPC showed that miR-24 levels were significantly reduced in
recurrent NPCs, and levels of the target Jabl/CSNS5 were higher than those of primary NPCs. In
addition, miR-24 enhances radiosensitivity and may be useful for treating radioresistant NPCs [65].

3.3.3.  Natural products

Certain natural products have antioxidant properties and different effects on normal and tumor
cells where the radiosensitivity of tumor cells and radiotolerance of normal cells may be amplified.
Since the RS mechanism of a natural product with low toxicity and antioxidant effect is of interest, we
conducted a survey and included a paper; the radiosensitizing ability of natural substances was reported
in this survey [66,67]. These natural products mainly include polyphenols (curcumin, quercetin,
kaempferol, ellagic acid, etc.), polysaccharides (Ganoderma lucidum polysaccharides, Wyer, brown
algae sulfated dextran, ginseng polysaccharides, etc.), alkaloids (berberine, (—)-Agelamide D, Hamala
alkaloids, etc.) and other plant-derived extracts (ginsenoside and emodin) [68]. Radiation toxicity in
cancer cells can be selectively enhanced by the regulation of various molecular mechanisms. The direct
mechanism of action is that radiation causes an increase in ROS levels in tumors and induces cancer
cell death [69—71]. Higher endogenous ROS levels in cancer cells make them more vulnerable to ROS
induction therapy. Simultaneously, these natural products can also achieve antioxidant function and
reduce ROS levels in normal cells, thus achieving radiation protection [66,72]. The indirect
mechanisms mainly include (a) delaying DNA damage repair and inhibiting tumor cell
proliferation [73]; (b) regulating non-coding RNA, including miRNA and LNC RNA [66]; (¢)
regulating the expression of proteins related to radiation resistance, such as anti-apoptotic protein
Bcl-2 and pre-apoptotic protein Bax [73]; (d) effects on apoptotic pathways, such as PI3K/Akt, STAT3,
p38/ROS/caspase[74—76], and selective regulation of the NF-kB pathway and induction of autophagy
death [77,78]; and (e) regulation of key tumor suppressor genes and cytokines [79,80]. At present,
research has proven that these natural products can help overcome drug resistance, increase the
therapeutic index, and reduce side effects. However, considering that humans seldom absorb natural
products completely, there are still few clinical applications of RT. Further exploration is needed to
provide a basis for clinical trials of other combined therapies.

Table 3. List of material as “Others”.

Selectivity description ~ Material Condition Published Ref
Date
anticancer drug NE0212  (temozolomideglioblastoma 2020 [61]
derivative)

anticancer drug doxorubicin (DOX) brain tumor 2015 [62]

RNA target miR-29a nasopharyngeal carcinoma 2019 [63]
(NPC)

RNA target miR-365 NSCLC 2019 [64]

RNA target miR-24 NPC 2016 [65]

natural products bromelain (BL) Ehrlich ascites carcinoma2020 [66]
(EAC) cell

Continued on next page
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Selectivity description ~ Material Condition Published Ref
Date

natural products Ellagic Acid (EA) breast cancer 2017 [67]

natural products dimethoxycurcumin lung cancer 2016 [69]
(curcumin)

natural products resveratrol lung cancer 2013 [70]

natural products genistein NSCLC 2016 [72]

natural products quercetin keloid 2018 [74]

natural products luteolin NSCLC 2015 [76]

natural products epigallocatechin-3- breast cancer 2012 [78]
gallate(EGCG)

pH value sensitive andCD44 and folate receptor-breast cancer 2021 [81]

folate receptor targeting targeting multi-functional
dual drug-loaded NPs

4. Discussion
4.1. Features

Through the classification of RSs in the literature, we identified some features of RS selectivity.
We classified these sensitizers into active and passive selectivities, according to the principle of
selective action. Most passive selective sensitizers take advantage of the fact that particles of a certain
size range are easily retained in the tumor tissue structure, through the EPR effect. Active, selective
sensitizers achieve selectivity for cancer cells by targeting different proteins or RNAs that exist in the
tumor environment and are specifically expressed by the tumor cells.

For RSs with passive selectivity, their selectivity to tumors mainly depends on the pH of the tumor
environment, the excessively formed vascular structure, and the hypoxic environment in the tumor
center. Through the studies of Liu et al., and Menon et al., we noticed that the slightly acidic character
of the tumor environment is mainly used to control the release of functional drugs [42,43]. RS in
hypoxic environments uses a different approach [42,51,58—60]. Hou et al. studied a supramolecular
RT strategy that combined hypoxia-responsive macrocyclic drugs with small-molecule RSs [59]. The
selectivity of sensitizers relies on the selective reduction of azo functional groups in hypoxic
microenvironments to achieve high intertumoral accumulation, while Nandy et al. used 5-
nitroimidazole to exhibit activity in hypoxic environments, as hypoxic cytotoxins are considered to
target cancer cells in hypoxic environments. Finally, almost all metal NP composites exploit the
characteristics of overformed microvascular structures to achieve selective RS. These metal NPs are
sized at the time of synthesis and depend on enhanced permeability to maintain excellent retention in
tumor tissue caused by excessive vascularization to achieve tumor tissue selectivity.

RSs with active selectivity mainly target microparticles, such as proteins that are specifically
expressed or overexpressed in cancer cells or in the tumor environment, to achieve selectivity to cancer
tissue. In the literature we searched, there are many kinds of targets introduced in articles involving
targeting receptors [3—30]; for example, the nanomaterials studied by Zhang et al., Huang et al., and
Mirrahimi et al. all target an FA receptor that is overexpressed on the surface of a majority of cancer
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cells, such as breast cancer cells. In addition, overexpression of avp3 integrin can act as a target in the
tumor cell membrane. Wang et al., Pan et al., and Enferadi et al. studied different drugs that target avp33
integrin. The RSs of avp3 integrins have been proven to have satisfactory cancer-destruction properties
and have certain application prospects [21-24]. For cancer cells with heterogeneous EGFR levels, such
as NSCLC, drugs that target EGFR can significantly reduce the cellular activity of such cancer cells.
In addition, for cancers with high expression of PARP enzymes, such as SCLC, drugs targeting PARP
enzymes can increase the radiosensitivity of cancer cells. For prostate cancer, prostate-specific
membrane antigen (PSMA) is an important target [28—30], and RSs that selectively target this receptor
can effectively arrest the cancer cell cycle in the G2/M phase, which increases the radioactivity of
prostate cancer cells. There is one special case that belongs to both “active” and “passive” at the same
time and has been classified as other [81].

4.2. Advantages

With selective RSs, the treatment effect of RT can be enhanced more effectively, and the effect of
RSs on normal tissue can be reduced. The main direct advantages that they can bring, whether they are
RSs with active or passive selectivity that rely on factors, such as EPR, are as follows:

The immediate advantage is that selective RSs can effectively increase the accumulation of RSs
in tumors, and achieve higher retention rates in tumors, thereby increasing the efficiency of RT. For
example, Ma et al. investigated the cumulative effect of 64Cu-DOTA-pPD-Gd@C-dots, where the
tumor uptake of this sensitizer showed minimal clearance within 24 h of injection and negligible uptake
in otherwise normal tissues, demonstrating that this sensitizer could be more suitable for RT.

For active RSs, selective RSs allow for more accurate delivery of RSs to cancer cells and less to
normal tissues, thus reducing the impact on normal cells. One of the most popular applications is the
use of FA receptors, which are poorly expressed in normal cells but significantly expressed in tumor
cells, to achieve the active selectivity of RSs for tumor cells. For example, Huang et al. chose FA as
the targeting ligand to create a formulation of cancer-targeting BSANPs as a drug delivery system for
PSeD, thus allowing NPs to target FA receptors and precisely select cancer cells. In addition, the most
important advantage of active RSs is their cancer-specific properties: RSs, such as the PARP1 enzyme,
can target the receptor on cancer cells, which provides a possible way for precise treatment of cancer.

For passive RSs, versatility is the biggest advantage of this type of RS. Since this kind of RS does
not target any receptor, and the selectivity of the RS is related to the condition of the tumor tissue,
these RSs can be used for the treatment of several types of cancers. In addition, most passive RSs are
NPs that can be combined with other drugs. This provides an opportunity to combine different drugs
with NPs, which provides great flexibility in treatment plan design.

4.3. Disadvantages

Although selective RSs have several advantages and may be very useful for cancer treatment,
there are some disadvantages that cannot be overlooked. For both active and passive RSs, some are
toxic to normal cells, which requires researchers to balance treatment efficacy and damage to normal
cells.

For active RSs, in addition to FA receptors, which are common to many cancer cells, drugs that
target specific receptors on certain cancer cells have a relatively limited treatment. For example,
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adotrastuzumab emtansine (T-DM1), in combination with IR, prolongs tumor control in HER2 +
target-expressing tumors, but not in target-negative tumors.

For passive RSs, the distribution of RS may affect the treatment efficacy, and this distribution
relies on the condition of the tumor tissue. Uneven distribution of RSs may lead to poor treatment
efficacy. In addition, the generation of some multi-functionalized NPs can be very complex, which
leads to high cost and low production.

4.4. Futural prospects

At present, the selectivity of RSs is mainly achieved by drug characteristics, external control and
corresponding targets.

Due to the increasing research on tumors and the tumor microenvironment in recent years, there
has been an increasing number of RSs that achieve selectivity through tumor characteristics. However,
these sensitizers are usually metal particles, which are expensive and can remain in the body after
treatment. Therefore, RSs that can be controlled externally or on a target are of increasing interest.

RSs that release drugs through external control can deliver other drugs while sensitizing or
performing image inspection and other operation, and are suitable for the combined treatment using
multiple methods. The main research direction of this kind of selective sensitizer in the future lies in
the selection of both the shell and the combined treatment methods.

Radiosensitizing drugs targeting tumor-specific genes are still in their infancy. Since there are not
enough studies on the specific effects of target genes, the effects and side effects of the corresponding
inhibitory drugs have not been clearly studied. The development direction of targeted drugs includes
the principle of action, the study of signaling pathways and the combination of different target genes.

No sophisticated radiological device has a cancer selection system at the cellular level. RSs with
tumor selectivity at the cellular level are desirable.

5. Conclusions

In conclusion, we reviewed nearly ten years of literature on selective RSs and classified the
selectivity of different RSs into active and passive selectivities. Among them, sensitizers with active
selectivity are characterized by targeting specific or overexpressed receptors in the environment of
cancer cells or cancer tissues, whereas sensitizers with passive selectivity use the unique pH
environment of cancer tissues, hypoxic environment and overgrown vascular structures to accumulate
in cancer tissue. Active selectivity mainly depends on the presence of specific receptors in cancer cells
or the tumor microenvironment, whereas passive selectivity mainly depends on factors, such as pH
sensitivity and molecular size of the drug itself. Such selective RSs have good prospects in the current
development of precision cancer therapy, but there is currently a lack of clinical trials, and their specific
practical value needs to be further studied by researchers.
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