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Abstract: Nanoparticle-based radiosensitization of cancerous cells is evolving as a favorable modality
for enhancing radiotherapeutic ratio, and as an effective tool for increasing the outcome of concomitant
chemoradiotherapy. Nevertheless, delivery of sufficient concentrations of nanoparticles (NPs) or
nanoparticle-based radiosensitizers (NBRs) to the targeted tumor without or with limited systemic
side effects on healthy tissues/organs remains a challenge that many investigators continue to explore.
With current systemic intravenous delivery of a drug, even targeted nanoparticles with great prospect
of reaching targeted distant tumor sites, only a portion of the administered NPs/drug dosage can
reach the tumor, despite the enhanced permeability and retention (EPR) effect. The rest of the targeted
NPs/drug remain in systemic circulation, resulting in systemic toxicity, which can decrease the general
health of patients. However, the dose from ionizing radiation is generally delivered across normal
tissues to the tumor cells (especially external beam radiotherapy), which limits dose escalation, making
radiotherapy (RT) somewhat unsafe for some diseased sites despite the emerging development in
RT equipment and technologies. Since radiation cannot discriminate healthy tissue from diseased
tissue, the radiation doses delivered across healthy tissues (even with nanoparticles delivered via
systemic administration) are likely to increase injury to normal tissues by accelerating DNA damage,
thereby creating free radicals that can result in secondary tumors. As a result, other delivery
routes, such as inhalation of nanoparticles (for lung cancers), localized delivery via intratumoral
injection, and implants loaded with nanoparticles for local radiosensitization, have been studied.
Herein, we review the current NP delivery techniques; precise systemic delivery (injection/infusion
and inhalation), and localized delivery (intratumoral injection and local implants) of NBRs/NPs.
The current challenges, opportunities, and future prospects for delivery of nanoparticle-based
radiosensitizers are also discussed.

Keywords: nanoparticles; radiosensitizers; radiotherapy; brachytherapy; smart radiotherapy
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1. Introduction

Nanotechnology has unlocked and broadened cancer diagnostics and the therapeutic window of
radiotherapy, resulting in the prospect of nanoparticle-based radiotherapy with the aim of increasing
radiotherapeutic efficacy [1-3]. Current radiotherapy (RT) modalities used in cancer treatment are
employed in over 50% of cancer patients, and RT may be combined with other treatments such as
surgery or chemotherapy [4-7]. Damage to tumor cells is relative to the energy (dose) delivered [3].
However, since RT consists of delivery of high intensity ionizing radiation to the tumor for the purpose
of killing tumor cells, this can lead to damage of the surrounding healthy tissues [8-10]. Most RT
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procedures (especially, external beam RT) can damage or injure (break DNA of healthy cells), or cause
cell death (kill healthy cells). The damaged or injured cells can recover (repair, and function as normal
cells), die (cell death), or be unable to repair properly, resulting in DNA mutation and potential cancers.
For instance, it has been reported that some patients undergoing RT treatment are likely to have
radiation-related risks, such as cardiovascular complications, radiation pneumonitis, development
of secondary cancers, and lymphedema [11,12]. If the RT dose delivered does not kill all the cancer
cells, they will regrow in the future. Distant cancer cells or any cancerous cell that received a low
dose (a nonlethal dose) of radiation can develop resistance to radiation, which subsequently require
elevated doses; which, in the end, results in death of the surrounding normal tissue [8].

Despite advancements in RT modalities over the past decades due to the progress in engineering
and computing, tumor radiation resistance and toxicity to healthy tissues, among other inherent flaws in
RT, still make it necessary to consider the advantages and disadvantages of RT [4,8,13]. Many attempts
to increase RT efficiency while decreasing the physiological disadvantages have been investigated,
including radiosensitizing tumor cells via nanoparticles (NPs) [3,8], enhancing the radiation resistance
of normal tissues, and reversing the radiation resistance of tumor cells [8,14]. The approach of using
NBRs/NPs for radiosensitization of cancerous tumors to enhance the radiotherapeutic ratio is very
important. However, challenges, such as the choice of NBRs/NPs, the route of delivery of the NPs, and
lowering the negative side effects on normal tissues, need to be overcome [2,4,15].

Nanoparticle-based radiosensitization is a technique of using nanoparticles (approximately 1-100
nm in size [16]) to increase the susceptibility of tumor cells to ionizing radiation to achieve a higher
radiotherapeuticratio. A radiosensitizer is an agent (e.g., drug, NP, etc.) that causes “radiosensitization”.
Thus, radiosensitizers are agents that increase the susceptibility of tumor tissue to injury/damage by
quickening DNA damage and creating free radicals when they are subjected to ionizing radiation [17].
In this review, nanoparticles used for radiosensitization are discussed. They can be either therapeutic
agents (e.g., drug-based nanoparticles, such as drug-encapsulated polymeric NPs, and platinum-based
nanoparticles) or inert therapeutic agents (e.g., gold nanoparticles) that increase the effects of ionizing
radiation [1,2,8,10,18-20]. The therapeutic NPs (e.g., cisplatin, oxaliplatin or carboplatin NPs) can
sensitize and kill cancerous cells without ionizing radiation. They can also act as radiosensitizers and
increase the therapeutic ratio when combined with ionizing radiation exposure due to their high atomic
numbers (Z) [3,21,22]. Therapeutic NPs can be made by encapsulating or attaching drugs to high-Z
nanoparticles such as GNPs [23]. In this case, the drugs become the therapeutic agent, while the high-Z
NPs interact with the ionizing radiation for dose enhancement. Meanwhile, interaction of ionizing
radiation with high-Z NPs, and the absorption of photoelectrons by high-Z NPs, can result in the
release of numerous Auger electrons that are important to the dose escalation of the radiotherapeutic
window [4,20,24]. Auger electrons have a lower energy with a shorter range (um), resulting in
deposition of energy in a small proximity within the tumor [25]. However, gold nanoparticles (GNPs),
like other high-Z metal-based NPs, are believed to be chemically inert on their own, but are very potent
when they interact with ionizing radiation [2,26]. Other studies suggest that the surfaces of GNPs are
electronically active and can catalyze chemical reactions, thereby increasing the generation of reactive
oxygen species (ROS) [25,27]. The mitochondrial membrane can be oxidized by ROS, disrupting its
strength and causing leakage of superoxide anions into the cytosol, resulting in hydrogen peroxide
(Hy0O,) generation [25]. They are then transported through membranes and damage DNA [25,28].
This process (i.e., biological mechanisms contributing to radiosensitization), combined with ionizing
radiation increases the radiosensitization of GNPs [25,28,29]. GNPs have surface properties that can
be engineered for specific applications, making GNPs one of the most promising radiosensitizers for
RT [17,23]. GNPs can be glycol (PEG)-coated or complexed with other targeting ligands/agents for
specific targeting purposes [30-32]. Studies have shown that PEG-coated GNPs have improved cellular
uptake compared to GNPs without any ligands [30,31]. Metallic nanoparticle-based radiosensitizers
are considered as novel enhancers for RT due to their radiosensitizing abilities and synergistic effects
on cancerous cells [33]. The high electron density of the metallic nanostructures or NPs plays an
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important role in attaining a high radiation dose during RT [3,21]. Invitro and in vivo studies,
as well as Monte Carlo simulation, have demonstrated increased dose enhancement effects via high-Z
NPs [3,18,19,21,34-36]. Radiation dose enhancement factor (DEF) increases with increasing NPs
concentration in the tumor, as illustrated in Figure 1 [21]. The research interest in nanoparticles and
other microparticles has increased rapidly. For instance, in the drug delivery field, dendrimers, micelles,
liposomes, nanocrystals, quantum dots, metallic NPs (e.g., gold, gadolinium, titanium, silver, platinum,
or hafnium nanoparticles), nanotubes, biodegradable polymeric NPs, lipid NPs, superparamagnetic
iron oxide NPs, and nonmetal NPs (e.g., silicon and fullerene) are used as carriers for different drugs
(including chemotherapy agents) and other bioactive molecules [8,10,37,38]. This is because NPs can
be designed to protect and stabilize the imbedded drug and improve drug delivery at targeted tumor
sites [37]. That is, drug efficiency can be increased, while decreasing the side effects [37].

Figure 1. Schematic diagram for current routes of delivery of nanoparticles (NPs). (A) Delivery
of NPs via implantation (NP-loaded implants such as smart radiotherapy biomaterials (SRBs), e.g.,
GNP-loaded spacer of length 5 mm and diameter 0.8 mm, similar to current spacers used in RT); (B)
Delivery of NPs via inhalation (e.g., lung cancer); (C) Delivery of NPs via systemic injection (e.g., lung
cancer); and (D) Delivery of NPs via intratumoral injection (e.g., lung cancer).

However, despite the significant advancement in the design of NBRs/NPs for RT, delivery of these
NPs while avoiding unacceptable side effects of the encapsulated drug as a result of NP interaction
with biological systems or cells is of great concern. The potential side effects of radiosensitizing drugs
may occur depending on the design/formulation, the technique of NPs delivery, the amount delivered,
and the individual patient’s response to the drug [39]. That is, the side effects of the drug and their
severity varies from person to person and with drug type. The route of NP delivery can have a
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substantial impact on its therapeutic or radiosensitizing efficiency. For instance, repeated systemic
administration (intravenous injection or infusion) of conventional drug can lead to drug accumulation
and thus side effects [39,40]. Therefore, several attempts have been made to employ nanotechnology to
enhance the delivery efficiency, increase patient compliance, reduce side effect of drugs, and reduce
the frequency of drug dosing required to achieve the desired therapeutic outcomes [15,40,41]. Hence,
in-depth understanding of current NP delivery techniques (e.g., systemic or localized delivery) to
overcome conventional drug delivery limitations constitutes the major focus of this review.

The goal of this review was to discuss the delivery techniques of nanoparticle-based radiosensitizers
in RT; namely, systemic delivery via injection/infusion and inhalation, as well as localized delivery
via NP-implants and intratumoral injection, as shown in Figure 1. The challenges, opportunities, and
future prospects of nanoparticle-based radiosensitization (NBR) are highlighted. The enhancement of
radiotherapeutic efficacy through NBRs in RT is vital for the killing/control of localized tumors [3,42,43].
However, the efficacy of RT is still restricted by the tolerance of NRBs and radiation dose of healthy
tissues surrounding the tumor cells, despite significant improvement in tumor tracking and targeted
delivery of both NRBs and radiation to cancerous tissues [3,4,20].

2. Delivery Routes of NBRs for RT Applications

Radiosensitizers should be designed to have sensitivity to tumor environment and specific stimuli,
such as temperature, pH, magnetic field, light or radiation, and ultrasound intensity. Therefore,
delivery techniques/routes of nanoparticle-based radiosensitizers (NBRs) for RT applications play very
important roles in tumor sensitization, resulting in radiotherapeutic dose ratio enhancement. Hence,
when combining NPs/NBRs with radiotherapy, the therapeutic treatment window should be carefully
evaluated to avoid toxicity to healthy tissues [3]. The possible delivery routes discussed here are
systemic routes via injection or infusion of NPs, and inhalation route, as well as localized routes via
intratumoral delivery, and implantable devices such as implants loaded with NPs or anticancer agents,
as shown in Figure 1.

As illustrated in Figure 1, nanoparticles or NBRs can be administered systemically or
locally, depending on the selected route and the tumor site. Figure 1 illustrates PEGylation of
nanoparticles, which are further conjugated with Alexa Fluor 647 (AF647) carboxylic acid [31].
Poly (ethylene glycol) (PEG) molecules form a layer (indicated by spiral shapes) around the NP
(with red blobs indicating an encapsulated drug/agent), which are then bound by AF647 (cross/plus
symbol). Local delivery via NP-loaded implants are made from biodegradable polymers (e.g., poly
(e-caprolactone), poly (d,l-lactide-co-glycolide) (PLGA), chitosan, etc.), or bioerodable polymers (e.g.,
polyanhydride) [2,15,44-46]. An example of NP-loaded SRBs is a smart spacer specifically designed to
release the embedded NPs inside the tumor, and they are meant to replace the inert spacers currently
used in RT procedures [2,15,44,47,48]. Several NBRs for enhancing RT have been reported, both in vitro
and in vivo, with optimistic outcomes [3]. The choice of delivery route and the interactions of NPs with
biological systems (including tumor and normal cells), which depends on the physical and chemical
characteristics of NPs [3], contribute to the level of radiosensitization.

2.1. Systemic Delivery Routes

NBR administration by systemic routes can have effects on healthy organs despite the concept of
“targeted delivery”, which tends to impact the general health of cancer patients, especially for localized
solid tumors where there is a need for local radiosensitization [3]. Generally, drugs/nanoparticles can
be administered systemically (into human body) via routes such as direct injection/infusion, oral intake,
oral inhalation (simply inhalation), and intranasal drug delivery [49-51]. In this review, intravenous
injection and inhalation delivery routes are discussed.

The best strategy to improve the systemic delivery of NBRs is by employing targeted NBRs (NPs
that precisely target anticancer drugs to cancerous cells) [52,53]. After administration, the NBRs reach
the desired tumor site with marginal loss in blood circulation, and the NBRs can act on the targeted
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tumor cells with reduced side effects on normal tissues [52,53]. The two main strategies, as shown
in Figure 2, that have been embraced by researchers for NP/drug targeting are passive targeting and
active targeting [52,53].
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Figure 2. Illustration of passive and active targeting of nanoparticles (NPs) for enhancing the therapeutic
efficacy of anticancer drugs (obtained permission from Weihong Tan, via email correspondence,
reference [53]); (A) Passive targeting of NPs taking advantage of the enhanced permeability and
retention (EPR) effect, and (B) Active targeting of NPs attached with ligands to enhance accumulation
and cellular uptake of NPs via receptor-facilitated endocytosis [53].

Passive targeting, as seen in Figure 2A, exploits the distinctive pathophysiological conditions of
the target tumor vessels, such as leaky vasculature [53].

Tumor vessels are usually extremely disordered and dilated with pores, causing gaps between
endothelial cells, and thereby compromising lymphatic drainage [53]. The “leaky” vascularization
is referred to as the enhanced permeability and retention (EPR) effect, allowing macromolecules of
diameter up to 400 nm into the neighboring tumor tissue [53-56]. Some researchers believe that
NPs can accumulate within tumors due to the EPR effect while avoiding most normal cells [41,56].
Passively targeted NPs can be specifically designed as a result of the EPR effect [20,37,57-59]. Although
the passive targeting technique is clinically accepted, it has numerous limitations, such as inefficient
NP/drug diffusion, the random nature of NP circulation in the blood prior to reaching the tumor
environment, and the fact that some tumors do not display an EPR effect, and the penetrability of
vessels are unlikely to be uniform in a single tumor [53,55,60,61].

On the other hand, active targeting of NPs is a technique that some scientists believe can overcome
the limitations of passive targeting [53]. In active targeting, illustrated in Figure 2B, the surfaces of
the NPs are attached with ligands (peptides, antibodies, aptamers, or other small molecules) by a
range of chemical conjugations that can bind specifically to receptors on the surface of cancerous
cells [53,55,62]. Nevertheless, actively targeted NPs are required to reach the targeted tumor site in
order to bind to the receptors and antigens on the cancerous cells [55]. The selected ligands meant to
bind to overexpressed/clustered receptors on the tumor cell surfaces are intended to increase the uptake
and retention by the targeted tumor cells [55,63]. To achieve optimum delivery of actively targeted
NPs, receptor and antigen must be abundantly present on the tumor surface, and the ligand—-antibody
pair must have a high affinity in order to bind to the overexpressed cell surface molecules [63]. While
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the active targeting approach has great potential, the NPs/drugs presently accepted for clinical use are
somewhat simple and are mostly incapable of activating drug release mechanisms [53].

Whereas passively targeted NPs utilize the EPR effect for targeting cancerous cells, actively
targeted NPs’ surfaces are attached with ligands in order for the NPs to bind to the receptors that are
overexpressed by endothelial cells or cancerous cells [53]. Some passively targeted NPs have been
accepted for clinical use; however, no actively targeted NPs have successfully passed clinical trials for
clinical use [55].

2.1.1. Delivery of NBR via Intravenous Routes

In the traditional intravenous routes (injection or infusion) of delivery of NPs, the NPs have to
navigate through physiological barriers before some portion of the NPs reaches the tumor site [1].
Studies have shown that of the NPs delivered (including targeted drug and nanoparticles) via systemic
routes, only a portion of the administered dosage reaches the target tumor site, even with the enhanced
permeability and retention (EPR) effect [3,57,64,65], whereas the remainder of the dose remains in
systemic circulation, leading to systemic toxicity [57]. For instance, an in vivo study in mice indicated
that intravenous (IV) injection of fluorescent PLGA-NPs of sizes 200 nm and 500 nm were accumulated
highest in the liver, spleen, and lungs [37]. The therapeutic efficacy and outcome of NBRs also depend
on the blood circulation time [66]. NBRs with long circulation times have the benefit of increased
probability of accumulation in the tumor-microenvironment. After extravasation from the blood
vessels, permeation into deep tumor cells becomes challenging due to poor lymphatic drainage and
high interstitial fluid pressures in the tumor volume [66,67]. However, NPs/NBRs with short release of
the encapsulated drug are not good candidates for systemic delivery since the drug can release prior to
reaching the desired tumor site. As a result, other delivery routes, such as inhalation, tumor injection,
and local implant delivery, have been exploited.

2.1.2. Delivery of NBRs via Inhalation

Delivery of NBRs via inhalation is a technique in which tumors, such as lungs cancers, can be
radiosensitized with NBRs. Lung cancers are among the leading cause of cancer-associated mortality
and generally have short survival rates of about 16% within five years [68,69]. However, radiation
boosting can substantially increase the survival rate for patients with lung cancers, but is restricted by
healthy tissue toxicity due to the respiratory motion [68,70-72]. The proposed treatment strategy to
overcoming the limitations is to increase the dose to the tumor volume, while carefully sparing the
surrounding normal lung tissue by increasing local radiosensitization via inhalation nanoparticles, as
seen in Figure 1B, and decreasing the dose to balance complications and cancer cure [1,68]. Combined
chemoradiotherapy is the best strategy for boosting the radiation dose to the tumor. However, studies
have shown that only about 5% of NPs administered via intravenous (IV) routes reach the lungs [1,68,73].
Conversely, delivery of NPs via inhalation leads to the accumulation of NPs in the lungs, limiting
the escape of the NPs into the systemic circulation, thereby limiting systemic toxicity [73]. Therefore,
delivery of NPs via inhalation can enhance radiation dosage, with minimal toxicities to normal tissue.
Delivery via inhalation of gold nanoparticles (GNP), cisplatin nanoparticles (CNP), and carboplatin
nanoparticles (CBNP) has been investigated [68]. It was found that delivery of NPs via inhalation can
result in 3.5 to 14.6 times higher concentrations than ordinary IV delivery [1,68]. It was also reported
that the DEF increases with increasing field size or decreasing tumor volume, as shown in Figure 3 for
inhalation of NPs during combined chemoradiotherapy with 6 MV external beam RT [68]. Studies have
shown that the inhalation route offers a more promising method for targeting lung tumor cells with
nanoparticles/radiosensitizers, increasing the radiation damage to lung tumors cells, while decreasing
the damage to disease-free lung tissue [1]. However, inhaled NPs can be absorbed rapidly in the lungs
and can not only act locally, but also systemically.
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Figure 3. Illustration of NPs delivered via inhalation for tumor radiation dose enhancement as a
function of tumor size at different concentrations for carboplatin, cisplatin, and gold nanoparticles,
respectively (reference [68]); (A) DEF at 5 cm depth; (B) DEF at 10 cm depth.

2.2. Local Delivery Routes

Systemic delivery of NBRs, no matter the effectiveness, requires a high dosage with repeated dosing
over a long period to achieve the desired radiosensitizing concentrations at the tumor site [40], thereby
increasing the possibility of tumors developing resistance and increasing potential side effects [40].
Factors associated with tumors, such as high interstitial fluid pressure and rigid extracellular matrix,
are among the major obstacles to the diffusion of drugs and antibodies (even small molecular weight
drugs) [74]. Targeted NPs/drugs delivered by systemic routes have the prospect of reaching the target
site at only a small fraction (less than 1%, from recent study [75]) of the administered dosage, even
with the EPR effect [55,57]. Unlike the systemic delivery route which is plagued with many limitations,
localized NBR delivery can be achieved following surgical and/or nonsurgical procedures [76]. Local
delivery does not necessarily require surgical operation; however, it can be administered during surgery
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and/or routine radiotherapy procedures and does not require surgery for removal after NPs/drug
delivery [15,45]. NP-loaded or drug-embedded implants such as eluting spacers are made from
bioerodable or biodegradable polymers, which do not require surgery for removal [15,44,46,77]. These
polymers degrade into biocompatible compounds that are easily absorbed in the body with virtually
no side effects [2,15,44,45,77]. Local NRB delivery can be advantageous, particularly in tumor sites
where conventional systemic delivery routes fail [40]. Local delivery routes also offer high NBR
concentrations at the targeted tumor volume, eliminate repeated dosing, and have decreased required
dosage, decreased toxicity, and higher patient compliance [15,40,41,44].

2.2.1. Intratumoral Delivery

Direct intratumoral injection (IT]) of anticancer drugs and NPs radiosensitizers, as seen in
Figure 1D, has been broadly assessed for decades and is considered to be a safe and effective treatment
route [78-82]. Studies have shown that IT] delivery may limit systemic toxicity since it can be combined
clinically with surgery [81]. ITJ delivery of radiosensitizers is considered minimally invasive due to
clinical advances, such as fine needle biopsy, and drug delivery and delivery systems that offer more
effective, safer, and nonsystemic delivery methods [81]. Studies have shown that IT] can significantly
improve drug/NPs concentration in the tumor in comparison to systemic IV administration [78]. For
instance, Chu et al. prepared paclitaxel-cholesterol-complex-loaded lecithin—chitosan nanoparticles
(PTX-CH-loaded LCS_NPs), and assessed the antitumor efficacy of the NPs both in vitro and in vivo
for palliative intratumoral injection therapy [83]. These PTX-CH-loaded LCS_NPs were found to
inhibit tumor growth and metastasis efficaciously; on average, the survival time of tumor-bearing mice
was prolonged, as shown in Figure 4 [83]. Palliative intratumoral injection of chemotherapy in diverse
formulations, such as nanoparticles, hydrogel/gel [84,85], microspheres [86], and nanofibers [87], have
been used in the treatment of midcervical carcinoma [83,88], laryngeal squamous cell carcinoma [89],
recurrence of head and neck squamous cell carcinoma [90,91], and lung cancers with the aid of
bronchoscopic endobronchial ultrasound [92,93], among other studies. However, the IT] delivery route
has not been considered as a major route of drug administration in regular clinical practice because
further investigation is required [78,80].

Figure 4. [llustration of intratumoral injection in mice tumor treated with saline, blank lecithin—chitosan
nanoparticles (LCS_NPs), PTX, PTX-CH-loaded LCS_NPs (mean + SD, n = 6); where a, p < 0.001; b,
p < 0.001 vs. saline; ¢, p < 0.001 vs. PTX [83].

In general, IT] is considered to be invasive depending on the tumor site, and there is relatively
rapid clearance of the drugs/NPs from the tumor volume into systemic circulation, which could
lead to drug toxicity in surrounding tissues [78]. Furthermore, most tumors accessible by ITJ are
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usually treated with regular and more effective locoregional treatment techniques, such as surgery and
radiotherapy [78], or chemotherapy and radiotherapy [6,94-97].

2.2.2. Delivery of NBRs via Implants

Implants (e.g., millirods, film, wafers, gels, depots, drug-coated stents, etc.) are made from
biodegradable or bioerodible polymers loaded with anticancer drugs. They have been used as another
medium for direct drug delivery inside the tumor volume [46,98-103]. Similarly, smart radiotherapy
biomaterials (e.g., NP-loaded spacers, fiducial markers, or hollow spacers loaded with NBRs) are
made from biodegradable and bioerodible polymers loaded with NBRs for RT dose enhancement
instead of current brachytherapy spacers, as shown Figures 1 and 5 [2,15,21,45,47,48,104-106]. This
requires no additional procedure since brachytherapy spacers and fiducial markers are routinely used
in RT [15,45,48]. NBRs/nanoparticles are loaded on/in SRBs, e.g., via GNP-loaded spacers, as shown
Figure 5B,C, for localized delivery inside the tumor volume. The application of smart radiotherapy
biomaterials (SRBs) has been considered as a novel approach to increase the radiotherapeutic ratio
without requiring additional protocols and is envisioned to replace conventional inert radiotherapy
biomaterials (IRBs) [2,15,45]. In conventional RT, IRBs (such as spacers, fiducial markers, applicators,
etc.) are used routinely in RT for disease treatment, spatial accuracy, tumor targeting with RT, tracking
tumor motions, and guiding robotic radiosurgery [2,4,15,45,104,107-109]. However, these IRBs do
not offer radiotherapeutic benefits except the primary functions mentioned above [4,15,48,104,106].
Figure 5A is an example of a prostate cancer brachytherapy procedure with application of an inert
spacer routinely used in RT [45]. Current studies have shown that SRBs can be used instead of IRBs
to perform the primary functions of IRBs while eluting the anticancer agents (e.g., drug, NPs, etc.)
embedded in the SRBs to enhance therapeutic efficiency [4,15,44,48,104-106], as shown in Figure 5B,C.
Therefore, localized in situ delivery of NPs via implants, such as SRBs, is another strategy for tumor
radiosensitization to boost radiation dose to the tumor and minimize toxicity to healthy tissues. This is
accomplished by replacing inert radiotherapy biomaterials (e.g., spacers, fiducials, applicators, etc.)
routinely used in radiotherapy with smart ones (SRBs) loaded with NPs for sustained local release
inside the tumor, as shown in Figures 1A and 5 [2,4,15,44,105], while eliminating/reducing radiation
toxicity and the systemic effect of intravenous administration of the NPs, as shown in Figure 1B,C.
When the SRBs or NP-eluting spacers are inserted during regular RT (external beam RT or low dose
brachytherapy), the embedded NPs begin to release upon contacting biological fluid within the tumor
as the polymer erodes or degrades. The released NPs or anticancer drugs begin to make the tumor
cells more radiosensitive, while the interaction of the NPs with ionizing radiation increases the dose to
the tumor [15,21,45].

These new-generation SRBs (brachytherapy spacers, fiducials, hollow spacers, etc.) can be
prepared based on the type of SRB and the intended application. Coated spacers are made by coating
the conventional spacer with a NPs/drug—polymer mix/gel and kept dried, as shown Figures 6B and
7A for a coated erodible spacer [44]. Uncoated solid spacers are fabricated from the NPs/drug—polymer
gel/mixture as shown in Figures 6A and 7A for solid erodible spacers [2,44]. Hollow spacers, as shown
Figures 6C and 7C, have a hollow area inside the spacer that is filled with NPs/drug [2,47,105]. Hollow
spacers are considered multifunctional smart radiotherapy biomaterials, since they can be loaded with
different cargo (NPs, drugs, or anticancer agents), for multipurpose applications in RT, MRI, etc., and
can also be tailored to release the cargo at release rates shorter than coated and solid spacers [2,47,105].
Figure 7 demonstrates NP release from NP-eluting spacers for both in vitro experimental results and
theoretical mathematical models (details are discussed by Boateng, F., and Ngwa, W. in their previous
published papers [2,15,44]). Figure 7A shows NP release of less than 120 h for erodible spacers,
whereas Figure 7B shows NP release from a biodegradable spacer that took more than a month (about
52 days) [44]. Thus, for spacers of the same dimensions, bioerodible spacers have a faster release rate
than that of biodegradable spacers. Therefore, erodible spacers are good candidates for short (e.g.,
Pd-103) and long lived (e.g., I-125) radioisotopes, unlike degradable spacers, which are only good
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for long-lived radioisotopes [44]. However, Figure 7C shows the release (~41 days) of gadolinium
nanoparticles (GANP) from hollow spacers (made from PLGA). Therefore the NP release from spacers
depends on the NP type, the type of polymeric material used, the ratio of the NPs/drug to the polymer,
the number of spacers used, and the release medium (tumor microenvironment) [15].

Figure 8 illustrates the potential for SRBs loaded with targeted gold nanoparticles (GNP) to label
tumor cells during radiotherapy to track labeled circulating tumor cells (CTCs), which are a biomarker
of cancer metastasis [2,110,111]. Cancer metastasis is caused by CTCs which are shed from the principal
tumor into the lymph nodes or blood vessels [112,113]. CTCs labeled with NPs can be detected or
captured via noninvasive procedures, such as magnetic resonance imaging (MRI), photoacoustic
imaging (PAI), or flowmetry [114-123], without drawing blood samples, in contrast to the conventional
procedures with low sensitivity due to small blood volumes (5-10 mL) that are usually used [112].
Studies have shown that about one to ten CTCs can be found in 1 mL of blood [112,124]. Therefore,
SRBs loaded with GNPs can have a dual purpose of dose enhancement and tumor cell labeling without
compromising RT procedures [2,110,111].

Figure 5. Illustration of the application of SRBs in low-dose brachytherapy of prostate cancer;
(A) Current routinely used inert spacers in brachytherapy using iodine-125 (I-125), ROI—region of
interest [45]; (B) New-generation brachytherapy spacer coated with gold nanoparticles (e.g., GNP-loaded
brachytherapy spacers (GBS) [45]) instead of inert spacers; (C) Schematic illustration of using NP-eluting
spacers of radius R to replace inert spacers.
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Figure 6. Schematic diagram of current smart radiotherapy biomaterials; (A) Coated solid spacer
of length H and radius R, fabricated spacers from polymer—nanoparticles mixture/gel; (B) Uncoated
spacer of length H, inner radius 4, (i.e., conventional inert spacer coated with NPs), and outer radius b;
(C) Hollow spacers of length H, outer radius Ry, length of inner hollow area L, and inner radius R;,
loaded with NPs/anticancer agents.
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Figure 7. NP release profile for different eluting spacers with 10 nm AuNP; (A) 7 mg/g Gold NPs
releasing from erodible spacers (comparing coated erodible spacer to solid erodible spacer); (B) 7 mg/g
Gold NPs releasing from PLGA (degradable polymer) spacers loaded with AuNP; (C) 4.81 uM
gadolinium nanoparticles (GANP) releasing from hollow spacers (comparing in vitro experimental
results and a theoretical model, explained in detail in [2,47]).

Spacer loaded with AuNP
—= Energy from Radiation source
(X-rays, brachytherapy seeds)

Tumor Volume

Enhanced damage to tumor cells
due to photoelectric interaction
with GNP

- CTC escaped from tumor not branded

Blood Vessel or
Lymphatic

CTCs labeledwith targed GNP escaped
into lymphatic or blood vessel

Figure 8. Labeling and tracking circulating tumor cells (CTCs) using SRB loaded with targeted gold
nanoparticles (GNP). The labeled CTCs can be detected by MRI or PAI [2].

3. Distribution of NBRs in Tumor Volume

Tumor penetration of NBRs and the drug release from drug-encapsulated NPs in the tumor
volume correlate to the extent of radiosensitization [125]. Drug distribution in the tumor has
been recognized as one of the greatest challenges in drug delivery [126]. Understanding the
physiology of various cancers and NPs/drug transport in the tumor is essential for NBRs. NPs
or the embedded drug cannot do any good unless the NPs reach the target tumor and the NPs
with embedded drug release their content [126]. Barriers (varying by cancer type), such as high
interstitial fluid pressure, dense extracellular matrix, increased diffusional distances, high cell density,
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as well as the general heterogeneity of the tumor cells, should be overcome to achieve higher
NPs/drug concentration in the tumor [126,127]. Obtaining accurate measurements of NPs/drug within
specific tumors is another hurdle [126]. The physicochemical properties of NPs, including shape,
size, surface chemistry (e.g., PEGylation or conjugation), surface charge, affinity, and composition
(material hydrophobicity or hydrophilicity) affect the intratumoral penetration, pharmacokinetics,
biodistribution, and bioavailability of the NBRs in the tumor [74,125,128-130]. However, tumor biology
(such as perfusion, blood flow, interstitial fluid pressure, permeability, and stroma content) and the
characteristics of the patient (e.g., gender, age, tumor location in the body, tumor type, body composition,
and past treatment history and modality) influence the delivery of drug via nanoparticles [125].

With the aid of improved imaging techniques, studies have shown the biodistribution of NPs in
animal models [74,129,131]. The postextravasation outcome of NPs varies with the physiochemical
properties of the NPs [74]. Studies have also shown that NPs with cell-specific ligands have high
retention in tumors compared to NPs without ligands, since ligands have an influence on the retention
and distribution of NPs in the tumor volume [74,132]. For instance, Kong T. etal. reported that functional
thioglucose (Glu) gold nanoparticles (Glu-GNPs) showed significantly higher cancer cell uptake than
bare GNPs [133]. However, the tumor-specific ligands may obstruct the penetration of the NPs into the
tumor volume [74]. Targeted nanoparticles (regardless of the existence of tumor-cell-specific ligands
on the NP surface) generally accrue in solid tumors through the compromised lymphatic drainage and
the permeable vasculature, depending on the circulating period [59,74].

NPs of smaller size have a larger surface area-to-volume ratio; therefore, most of the embedded
drug is at or near the surface, leading to faster drug release from small NPs [134]. The setback is that
smaller drug-loaded NPs are administered via the systemic route with longer circulating time, which
could lead to release of their content before reaching the tumor. Larger NPs have larger cores, and more
drugs can be embedded per particle; however, they have slower release rates compared to smaller
NPs [134]. Thus, drug release from the NP can be controlled as a function of NP size [134]. Smaller NPs
have greater ability to penetrate tumors than larger NPs. However, studies have shown that different
types of NPs exhibit different penetration abilities in tumor tissue [130,135]. Fast intracellular uptake
of NPs significantly enhances tumor targeting, leading to high local drug/NP concentrations [129].
However, it is reported that both the NPs and the tumor microenvironment can be optimized or
modulated for optimum delivery of NPs [125,136,137].

4. Challenges and Opportunities in NBR for RT

The application of NPs for radiosensitization in RT is growing; however, there are challenges and
opportunities that require extra research and development for clinical applications [4]. The challenge
of delivering sufficient and potent concentrations of NPs to the tumor volume with negligible side
effects is essential for improving therapeutic efficacy [1,20]. Current administration via systemic routes
(off-target delivery or “sea” delivery) is considered to have adverse effects on organs other than tumor
cells, thereby decreasing the general health of the patients, especially where localized radiosensitization
is needed [1,3]. Henceforth, the therapeutic window of combining nanoparticle-based radiosensitizers
with radiotherapy should be cautiously evaluated for toxicity of radiosensitizers on healthy tissues [3].
Another challenge associated with systemic delivery is that NPs with prolonged circulating time
might not reach the tumor site during a radiotherapy procedure. Delaying treatment may or may not
contribute significant dose enhancement in comparison to localized delivery. Current understanding
of active targeting of NPs with ligands, or passive targeting of NPs via the EPR effect and their effect
on NPs penetration, uptake, and accumulation in tumor cells is typically based on mouse models
(fast-growing xenografted mice with dense vasculature), which do not replicate the majority of human
solid tumors [55]. Further investigations are necessary to improve the current strategies of targeted
NPs for systemic delivery.

Among the routes of delivery, NPs delivery via implants/SRBs is the safest delivery route, with
no/less systemic toxicity, compared to the inhalation route. SBRs are routinely used in RT, and therefore
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require no additional special procedure for implantation or surgical removal after implantation [4,15,45].
However, application of SRBs could be limited to specialized cancers, such as prostate, breast, lungs,
or areas where conventional spacers and fiducial markers are routinely used. Likewise, the inhalation
route might be effective only for lung cancers.

The route of delivery of the NPs and the complexities of the material used for the preparation
of the NPs or delivery vehicle (NPS, implants, etc.) present challenges depending on the
tumor site. As effective as smart implants, such as SRBs, polymeric materials (biodegradable or
bioerodible/bioerodable polymers) employed for designing these SRBs to deliver the embedded
radiosensitizers within therapeutic window for external beam RT or brachytherapy application should
be considered [2,15,44,47]. Therefore, the time taken for the NPs to release from SRBs should be
accounted for during treatment planning [2,15,44].

The challenge of polymeric drug-loaded NPs capable of retaining the drug content until reaching
the tumor site (if a systemic delivery route is used) should also be noted. Any leakage or burst release
before reaching the desired site will result systemic toxicity, reducing the NPs/drug concentration in
the tumor volume [138]. The effect of an initial burst release of radiosensitizing drugs encapsulated in
the NPs is a major challenge of systemic delivery of radiosensitizing NPs for RT applications. The
fast release of drug (in an early burst stage) has negative effects, which can be pharmacologically
precarious [139]. Therapeutic or radiosensitizing drug release during the early stages depends on the
diffusion of the escaped drug from NPs (especially polymer drug-encapsulated NPs), and polymeric
degradation/erosion before reaching the desired tumor sites. Therefore, initial burst release of the
encapsulated drugs/agents from such NPs should be prevented or reduced [140-142]. The initial
burst release of drug from NPs results from poor drug encapsulation and fabrication/formulation
techniques (e.g., emulsion-solvent evaporation or extraction technique) [140,143]. Hence, there should
be high drug encapsulation efficiency and the formulation parameters for making NPs should be
considered [140,142], creating diffusional resistance and preventing the quick dissolution of the drug
into blood circulation [141]. The physical and chemical properties of the encapsulating polymers, the
solvents used, the drug types (hydrophobic or hydrophilic), and drug—polymer interactions should be
taken into account during fabrication of NPs for radiosensitization in RT applications [140,143].

The combination of diverse hydrophobic moieties and hydrophilic polymeric backbones that
have potent in vivo distributions in the tumor is recommended [129]. For example, Cho Y, et al.
reported the use of fluorescein isothiocyanate-conjugated glycol chitosan nanoparticles that displayed
highly selective tumor localization [129], essential for imaging modalities. Therefore, designing
radiosensitizers with highly selective tumor localization can play an important role in achieving
effective radiation dose enhancement. Radiosensitizers are promising radiotherapeutic agents for
enhancing damage to tumor cells by speeding-up DNA damage of tumor cells and producing free
radicals, yet strategies (including research and preclinical studies) to design low toxicity and more highly
effective radiosensitizers are still needed [1,17]. Nevertheless, the predictability of the pharmacokinetics
of the radiosensitizers and timing of delivery of the administered NPs in the tumor with radiotherapy
treatment should be paramount considerations.

5. NBR in Perspective

There is a great prospect for the application of nanoparticle-based radiosensitization in RT,
especially the application of SRBs for in situ dose-painting in RT [2,4,44,45,105]. Brachytherapy
Application with In-situ Dose-painting via Gold Nanoparticle Eluters (BANDAGE) is a new approach
proposed to increase therapeutic efficacy during brachytherapy [2,4,15,44]. The highest clinical impact
of BANDAGE is anticipated to significantly increasing the survival and quality of life for prostate
cancer patients who require salvage therapy but have reached their normal tissue radiotherapy
dose limits [2,4]. If successful, it is envisioned that BANDAGE would also be used during initial
prostate-seed brachytherapy treatment to boost local radiotherapy effect without increased toxicity,
helping to prevent prostate cancer recurrence [2,4].
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However, the addition of new sophisticated molecular targeting agents to the radiosensitizers/NPs
would lead to higher radiotherapeutic ratios [95,144]. Nanoparticle-based radiosensitizers for
radiotherapeutics are in a position to play a very significant role in the progress of cancer
treatments, including concomitant chemoradiotherapy [95]. The ultimate goal of nanoparticle-based
radiosensitizers is to achieve greater curing, lower systemic toxicity, and reduced tumor reoccurrence,
thereby prolonging and improving cancer patients” lives [95]. The ideal platform would be when
radiosensitizers can reach tumor sites in sufficient concentrations and selectively act in the tumor volume
without toxic effects on normal tissues. The ideal radiosensitizer does not exist currently [6]; however,
with an improved delivery route (such as via SRBs), significant dose enhancement can be achieved
with minimal radiation dose toxicity and minimal systemic toxicity of drugs and anticancer agents.

6. Conclusions

Nanoparticle-based radiosensitization, as a potential tool for radiation dose enhancement, presents
an ideal means to increase the ionizing radiation dose within the tumor volume with reduced energy
(radiation dose) delivery, while sparing healthy tissues surrounding the tumor. The nanoparticles
should be designed and evaluated extensively in nonclinical or preclinical studies to ensure the effective
translation from research laboratories to clinics with evidential proof of efficacious enhancement
validated in preclinical and clinical trials. The ideal radiosensitization would have marginal systemic
toxicity, higher enhancement, and negligible radiation dose toxicity, thereby prolonging cancer patients’
lives after treatment.
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Abbreviations

DEF Dose enhancement factor

GBS GNP-loaded brachytherapy spacer
GNP Gold nanoparticle

NBRs Nanoparticle-based Radiosensitizers
CTCs Circulating tumor cells

IRBs Inert radiotherapy biomaterials

ITJ: Intratumoral injection

LCS_NPs Lecithin—chitosan nanoparticles ROI: Region of interest
MRI Magnetic resonance imaging

PAI Photoacoustic imaging

PEG Poly(ethylene glycol)

ROI Region of interest

SRBs Smart radiotherapy biomaterials
References

1. Ngwa, W.; Kumar, R.; Moreau, M.; Dabney, R.; Herman, A. Nanoparticle Drones to Target Lung Cancer with
Radiosensitizers and Cannabinoids. Front. Oncol. 2017, 7, 208. [CrossRef]

2. Boateng, F. In Silico Study of Smart Radiotherapy Biomaterials for Radiotherapy Applications; University of
Massachusetts Lowell, ProQuest Dissertations Publishing: Lowell, MA, USA, 2017; Volume 10675302,
pp- 1-118.

3.  Pottier, A.; Borghi, E.; Levy, L. The Future of Nanosized Radiation Enhancers. Br. J. Radiol. 2015, 88,20150171.
[CrossRef] [PubMed]


http://dx.doi.org/10.3389/fonc.2017.00208
http://dx.doi.org/10.1259/bjr.20150171
http://www.ncbi.nlm.nih.gov/pubmed/26248871

Int. ]. Mol. Sci. 2020, 21, 273 16 of 22

10.

11.

12.

13.

14.

15.

16.
17.
18.

19.

20.

21.

22.

23.

24.

25.

Ngwa, W.; Boateng, F.; Kumar, R.; Irvine, D.J.; Formenti, S.; Ngoma, T.; Herskind, C.; Veldwijk, M.R;
Hildenbrand, G.L.; Hausmann, M.; et al. Smart Radiation Therapy Biomaterials. Int. |. Radiat. Oncol. Biol.
Phys. 2017, 97, 624—637. [CrossRef] [PubMed]

Atun, R; Jaffray, D.A.; Barton, M.B.; Bray, F.; Baumann, M.; Vikram, B.; Hanna, T.P; Knaul, EM.; Lievens, Y.;
Lui, T.Y.; et al. Expanding global access to radiotherapy. Lancet Oncol. 2015, 16, 1153-1186. [CrossRef]
Kvols, L.K. Radiation sensitizers: A selective review of molecules targeting DNA and non-DNA targets. J.
Nucl. Med. 2005, 46 (Suppl. 1), 187s-190s.

Tang, L.; Wei, F; Wu, Y,; He, Y;; Shi, L.; Xiong, F.; Gong, Z.; Guo, C.; Li, X.; Deng, H.; et al. Role of metabolism
in cancer cell radioresistance and radiosensitization methods. J. Exp. Clin. Cancer Res. 2018, 37, 87. [CrossRef]
Kwatra, D.; Venugopal, A.; Anant, S. Nanoparticles in radiation therapy: A summary of various approaches
to enhance radiosensitization in cancer. Transl. Cancer Res. 2013, 2, 330-342.

Zhang, P; Qiao, Y.; Xia, J.; Guan, J.; Ma, L.; Su, M. Enhanced radiation therapy with multilayer microdisks
containing radiosensitizing gold nanoparticles. ACS Appl. Mater. Interfaces 2015, 7, 4518-4524. [CrossRef]
Paro, A.D.; Shanmugam, I.; van de Ven, A.L. Nanoparticle-Mediated X-Ray Radiation Enhancement for
Cancer Therapy. Methods Mol. Biol. 2017, 1530, 391-401.

Nagi, N.M.; Khair, Y.A.; Abdalla, A.M. Capacity of gold nanoparticles in cancer radiotherapy. Jpn. J. Radiol.
2017, 35, 555-561. [CrossRef]

Cheng, Y.-J.; Nie, X.Y.; Ji, C.C,; Lin, X.X,; Liu, L.J.; Chen, X.M.; Yao, H.; Wu, S.H. Long-Term Cardiovascular
Risk After Radiotherapy in Women with Breast Cancer. |. Am. Heart Assoc. 2017, 6, e€005633. [CrossRef]
[PubMed]

Nimmagadda, S.; Ford, E.C.; Wong, ] W.; Pomper, M.G. Targeted molecular imaging in oncology: Focus on
radiation therapy. Semin. Radiat. Oncol. 2008, 18, 136-148. [CrossRef] [PubMed]

Willers, H.; Azzoli, C.G.; Santivasi, W.L.; Xia, F. Basic mechanisms of therapeutic resistance to radiation and
chemotherapy in lung cancer. Cancer J. 2013, 19, 200-207. [CrossRef] [PubMed]

Boateng, F.; Ngwa, W. Modeling Gold Nanoparticle-Eluting Spacer Degradation during Brachytherapy
Application with in situ Dose-painting. Br. J. Radiol. 2017, 90, 20170069. [CrossRef]

Farokhzad, O.C.; Langer, R. Impact of nanotechnology on drug delivery. ACS Nano 2009, 3, 16-20. [CrossRef]
Wang, H.; Mu, X.; He, H.; Zhang, X.D. Cancer Radiosensitizers. Trends Pharm. Sci. 2018, 39, 24-48. [CrossRef]
Ngwa, W.; Makrigiorgos, G.M.; Berbeco, R.I. Applying gold nanoparticles as tumor-vascular disrupting
agents during brachytherapy: Estimation of endothelial dose enhancement. Phys. Med. Biol. 2010, 55,
6533-6548. [CrossRef]

Ngwa, W.; Makrigiorgos, G.M.; Berbeco, R.I. Gold nanoparticle-aided brachytherapy with vascular dose
painting: Estimation of dose enhancement to the tumor endothelial cell nucleus. Med. Phys. 2012, 39,
392-398. [CrossRef]

Ngwa, W.; Kumar, R; Sridhar, S.; Korideck, H.; Zygmanski, P.; Cormack, R.A.; Berbeco, R.; Makrigiorgos, G.M.
Targeted radiotherapy with gold nanoparticles: Current status and future perspectives. Nanomedicine (Lond)
2014, 9, 1063-1082. [CrossRef]

Altundal, Y.; Cifter, G.; Detappe, A.; Sajo, E.; Tsiamas, P.; Zygmanski, P.; Berbeco, R.; Cormack, R.A;
Makrigiorgos, M.; Ngwa, W. New potential for enhancing concomitant chemoradiotherapy with FDA
approved concentrations of cisplatin via the photoelectric effect. Phys. Med. 2015, 31, 25-30. [CrossRef]
Cifter, G.; Altundal, Y.; Detappe, A.; Sajo, E.; Berbeco, R.; Makrigiorgos, M.; Ngwa, W. Dose enhancement
during concomitant chemoradiotherapy using FDA approved concentrations of carboplatin and oxaliplatin
nanoparticles. In Proceedings of the World Congress on Medical Physics and Biomedical Engineering, Toronto,
ON, Canada, 7-12 June 2015; Jaffray, A.D., Ed.; Springer International Publishing: Cham, Switherland, 2015;
pp- 1723-1726.

Cooper, D.R.; Bekah, D.; Nadeau, ]J.L. Gold nanoparticles and their alternatives for radiation therapy
enhancement. Front. Chem. 2014, 2, 86. [CrossRef] [PubMed]

Hildenbrand, G.; Metzler, P,; Pilarczyk, G.; Bobu, V.; Kriz, W.; Hosser, H.; Fleckenstein, ].; Krufczik, M.;
Bestvater, F.; Wenz, E; et al. Dose enhancement effects of gold nanoparticles specifically targeting RNA in
breast cancer cells. PLoS ONE 2018, 13, e0190183. [CrossRef] [PubMed]

Rosa, S.; Connolly, C.; Schettino, G.; Butterworth, K.T.; Prise, K.M. Biological mechanisms of gold nanoparticle
radiosensitization. Cancer Nanotechnol. 2017, 8, 2. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.ijrobp.2016.10.034
http://www.ncbi.nlm.nih.gov/pubmed/28126309
http://dx.doi.org/10.1016/S1470-2045(15)00222-3
http://dx.doi.org/10.1186/s13046-018-0758-7
http://dx.doi.org/10.1021/am506866a
http://dx.doi.org/10.1007/s11604-017-0671-6
http://dx.doi.org/10.1161/JAHA.117.005633
http://www.ncbi.nlm.nih.gov/pubmed/28529208
http://dx.doi.org/10.1016/j.semradonc.2007.10.009
http://www.ncbi.nlm.nih.gov/pubmed/18314068
http://dx.doi.org/10.1097/PPO.0b013e318292e4e3
http://www.ncbi.nlm.nih.gov/pubmed/23708066
http://dx.doi.org/10.1259/bjr.20170069
http://dx.doi.org/10.1021/nn900002m
http://dx.doi.org/10.1016/j.tips.2017.11.003
http://dx.doi.org/10.1088/0031-9155/55/21/013
http://dx.doi.org/10.1118/1.3671905
http://dx.doi.org/10.2217/nnm.14.55
http://dx.doi.org/10.1016/j.ejmp.2014.11.004
http://dx.doi.org/10.3389/fchem.2014.00086
http://www.ncbi.nlm.nih.gov/pubmed/25353018
http://dx.doi.org/10.1371/journal.pone.0190183
http://www.ncbi.nlm.nih.gov/pubmed/29346397
http://dx.doi.org/10.1186/s12645-017-0026-0
http://www.ncbi.nlm.nih.gov/pubmed/28217176

Int. ]. Mol. Sci. 2020, 21, 273 17 of 22

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

45.

46.

47.

Sancey, L.; Lux, E; Kotb, S;; Roux, S; Dufort, S.; Bianchi, A.; Crémillieux, Y.; Fries, P.; Coll, J.L;
Rodriguez-Lafrasse, C.; et al. The use of theranostic gadolinium-based nanoprobes to improve radiotherapy
efficacy. Br. J. Radiol. 2014, 87,20140134. [CrossRef]

Wunder, S.; Lu, Y.; Albrecht, M.; Ballauff, M. Catalytic Activity of Faceted Gold Nanoparticles Studied by
a Model Reaction: Evidence for Substrate-Induced Surface Restructuring. ACS Catal. 2011, 1, 908-916.
[CrossRef]

Hei, TK,; Zhou, H.; Ivanov, VN.; Hong, M.; Lieberman, H.B.; Brenner, D.J.; Amundson, S.A.; Geard, C.R.
Mechanism of radiation-induced bystander effects: A unifying model. J. Pharm. Pharm. 2008, 60, 943-950.
[CrossRef]

Taggart, L.E.; McMahon, S.J.; Butterworth, K.T.; Currell, E].; Schettino, G.; Prise, K.M. Protein disulphide
isomerase as a target for nanoparticle-mediated sensitisation of cancer cells to radiation. Nanotechnology
2016, 27,215101. [CrossRef]

Guo, M,; Sun, Y.; Zhang, X.-D. Enhanced Radiation Therapy of Gold Nanoparticles in Liver Cancer. Appl.
Sci. 2017, 7, 232. [CrossRef]

Kumar, R.; Korideck, H.; Ngwa, W.; Berbeco, R.I.; Makrigiorgos, G.M.; Sridhar, S. Third generation gold
nanoplatform optimized for radiation therapy. Transl. Cancer Res. 2013, 2. [CrossRef]

Shrestha, S.; Cooper, L.N.; Andreev, O.A.; Reshetnyak, Y.K.; Antosh, M.P. Gold Nanoparticles for Radiation
Enhancement in Vivo. Jacobs, ]. Radiat. Oncol. 2016, 3, 026.

Liu, Y;; Zhang, P; Li, F; Jin, X,; Li, ].; Chen, W.; Li, Q. Metal-based Nano Enhancers for Future Radiotherapy:
Radiosensitizing and Synergistic Effects on Tumor Cells. Theranostics 2018, 8, 1824-1849. [CrossRef] [PubMed]
Cheung, J.Y;; Ng, B.K.; Yu, K.N. Dose enhancement close to platinum implants for the 4, 6, and 10 MV
stereotactic radiosurgery. Med. Phys. 2004, 31, 2787-2791. [CrossRef] [PubMed]

Cheung, ].Y.; Tang, FH. The calculation of dose enhancement close to platinum implants for skull radiography.
Health Phys. 2007, 93, 267-272. [CrossRef] [PubMed]

Hainfeld, J.F; Dilmanian, FA.; Slatkin, D.N.; Smilowitz, HM. Radiotherapy enhancement with gold
nanoparticles. J. Pharm. Pharmacol. 2008, 60, 977-985. [CrossRef] [PubMed]

Cappellano, G.; Comi, C.; Chiocchetti, A.; Dianzani, U. Exploiting PLGA-Based Biocompatible Nanoparticles
for Next-Generation Tolerogenic Vaccines against Autoimmune Disease. Int. |. Mol. Sci. 2019, 20, 204.
[CrossRef]

Senapati, S.; Mahanta, A K.; Kumar, S.; Maiti, P. Controlled drug delivery vehicles for cancer treatment and
their performance. Signal Transduct. Target. 2018, 3, 7. [CrossRef]

Maiti, S.; Sen, K.K. Introductory Chapter: Drug Delivery Concepts, Advanced Technology for Delivering
Therapeutics. IntechOpen 2017. [CrossRef]

Singh, S.; Roy, S.; Chumber, S.K. Evaluation of two local drug delivery systems as adjuncts to mechanotherapy
as compared to mechanotherapy alone in management of chronic periodontitis: A clinical, microbiological,
and molecular study. J. Indian Soc. Periodontol. 2009, 13, 126-132. [CrossRef]

Nguyen, E; Alferiev, I.; Guan, P.; Guerrero, D.T.; Kolla, V.; Moorthy, G.S.; Chorny, M.; Brodeur, G.M. Enhanced
Intratumoral Delivery of SN38 as a Tocopherol Oxyacetate Prodrug Using Nanoparticles in a Neuroblastoma
Xenograft Model. Clin. Cancer Res. 2018, 24, 2585-2593. [CrossRef]

Linam, J.; Yang, L.X. Recent developments in radiosensitization. Anticancer Res. 2015, 35, 2479-2485.
Zhang, Y.; Huang, F; Ren, C.; Liu, J.; Yang, L.; Chen, S.; Chang, J.; Yang, C.; Wang, W.; Zhang, C. Enhanced
Radiosensitization by Gold Nanoparticles with Acid-Triggered Aggregation in Cancer Radiotherapy. Adv.
Sci. (Weinh) 2019, 6, 1801806. [CrossRef] [PubMed]

Boateng, F.; Ngwa, W. Novel Bioerodable Eluting-Spacers for Radiotherapy Applications with in Situ Dose
Painting. Br. J. Radiol. 2019, 92, 20180745. [CrossRef] [PubMed]

Sinha, N.; Cifter, G.; Sajo, E.; Kumar, R.; Sridhar, S.; Nguyen, P.L.; Cormack, R.A.; Makrigiorgos, G.M.;
Ngwa, W. Brachytherapy application with in situ dose painting administered by gold nanoparticle eluters.
Int. ]. Radiat. Oncol. Biol. Phys. 2015, 91, 385-392. [CrossRef]

Kumar, N.; Langer, R.S.; Domb, A.J. Polyanhydrides: An overview. Adv. Drug. Deliv. Rev. 2002, 54, 889-910.
[CrossRef]

Boateng, F.; Moreau, M.; Ngwa, W. New Designed Radiotherapy Biomaterials with Reservoir and Coated
Spacers for Radiotherapy Applications: WE-AB-605-10. Med. Phys. 2017, 44, 3194.


http://dx.doi.org/10.1259/bjr.20140134
http://dx.doi.org/10.1021/cs200208a
http://dx.doi.org/10.1211/jpp.60.8.0001
http://dx.doi.org/10.1088/0957-4484/27/21/215101
http://dx.doi.org/10.3390/app7030232
http://dx.doi.org/10.3978/j.issn.2218-676X.2013.07.02
http://dx.doi.org/10.7150/thno.22172
http://www.ncbi.nlm.nih.gov/pubmed/29556359
http://dx.doi.org/10.1118/1.1797531
http://www.ncbi.nlm.nih.gov/pubmed/15543785
http://dx.doi.org/10.1097/01.HP.0000264450.81683.51
http://www.ncbi.nlm.nih.gov/pubmed/17846522
http://dx.doi.org/10.1211/jpp.60.8.0005
http://www.ncbi.nlm.nih.gov/pubmed/18644191
http://dx.doi.org/10.3390/ijms20010204
http://dx.doi.org/10.1038/s41392-017-0004-3
http://dx.doi.org/10.5772/65245
http://dx.doi.org/10.4103/0972-124X.60224
http://dx.doi.org/10.1158/1078-0432.CCR-17-3811
http://dx.doi.org/10.1002/advs.201801806
http://www.ncbi.nlm.nih.gov/pubmed/31016110
http://dx.doi.org/10.1259/bjr.20180745
http://www.ncbi.nlm.nih.gov/pubmed/31084497
http://dx.doi.org/10.1016/j.ijrobp.2014.10.001
http://dx.doi.org/10.1016/S0169-409X(02)00050-9

Int. ]. Mol. Sci. 2020, 21, 273 18 of 22

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.
62.

63.

64.

65.

66.

67.

68.

69.

70.

Cormack, R.A; Sridhar, S.; Suh, WW.; D’Amico, A.V.; Makrigiorgos, G.M. Biological in situ dose painting for
image-guided radiation therapy using drug-loaded implantable devices. Int. J. Radiat. Oncol. Biol. Phys.
2010, 76, 615-623. [CrossRef]

Tiwari, G.; Tiwari, R.; Sriwastawa, B.; Bhati, L.; Pandey, S.; Pandey, P.; Bannerjee, S.K. Drug delivery systems:
An updated review. Int. |. Pharm. Investig. 2012, 2, 2-11. [CrossRef]

Rizvi, S.A.A,; Saleh, A.M. Applications of nanoparticle systems in drug delivery technology. Saudi Pharm. ].
Spj Off. Publ. Saudi Pharm. Soc. 2018, 26, 64-70. [CrossRef]

Alex, A.T,; Joseph, A.; Shavi, G.; Rao, ].V.; Udupa, N. Development and evaluation of carboplatin-loaded
PCL nanoparticles for intranasal delivery. Drug Deliv. 2016, 23, 2144-2153. [CrossRef]

Danbhier, F; Feron, O.; Préat, V. To exploit the tumor microenvironment: Passive and active tumor targeting
of nanocarriers for anti-cancer drug delivery. J. Control. Releas 2010, 148, 135-146. [CrossRef]

Bamrungsap, S.; Zhao, Z.; Chen, T.; Wang, L.; Li, C.; Fu, T.; Tan, W. Nanotechnology in therapeutics: A focus
on nanoparticles as a drug delivery system. Nanomedicine 2012, 7, 1253-1271. [CrossRef] [PubMed]

Sinha, R.; Kim, G.J.; Nie, S.; Shin, D.M. Nanotechnology in cancer therapeutics: Bioconjugated nanoparticles
for drug delivery. Mol. Cancer 2006, 5, 1909-1917. [CrossRef] [PubMed]

Rosenblum, D.; Joshi, N.; Tao, W.; Karp, M.].; Peer, D. Progress and challenges towards targeted delivery of
cancer therapeutics. Nat. Commun. 2018, 9, 1410. [CrossRef] [PubMed]

Torchilin, V.P. Passive and active drug targeting: Drug delivery to tumors as an example. Handb. Exp. Pharm.
2010, 197, 3-53.

Bae, Y.H.; Park, K. Targeted drug delivery to tumors: Myths, reality and possibility. J. Control Release 2011,
153, 198-205. [CrossRef]

Li, Y,; Fu, Y;; Ren, Z,; Li, X.; Mao, C.; Han, G. Enhanced cell uptake of fluorescent drug-loaded nanoparticles
via an implantable photothermal fibrous patch for more effective cancer cell killing. J. Mater. Chem. B 2017, 5,
7504-7511. [CrossRef]

Bartlett, D.W,; Su, H.; Hildebrandt, I.].; Weber, W.A.; Davis, M.E. Impact of tumor-specific targeting on the
biodistribution and efficacy of siRNA nanoparticles measured by multimodality in vivo imaging. Proc. Natl.
Acad. Sci. USA 2007, 104, 15549-15554. [CrossRef]

Sriraman, S.K.; Aryasomayajula, B.; Torchilin, V.P. Barriers to drug delivery in solid tumors. Tissue Barriers
2014, 2, €29528. [CrossRef]

Torrice, M. Does Nanomedicine Have a Delivery Problem? ACS Cent. Sci. 2016, 2, 434-437. [CrossRef]
Wu, Y,; Sefah, K.; Liu, H.; Wang, R.; Tan, W. DNA aptamer-micelle as an efficient detection/delivery vehicle
toward cancer cells. Proc. Natl. Acad. Sci. USA 2010, 107, 5-10. [CrossRef]

Saha, R.N.; Vasanthakumar, S.; Bende, G.; Snehalatha, M. Nanoparticulate drug delivery systems for cancer
chemotherapy. Mol. Membr. Biol. 2010, 27, 215-231. [CrossRef]

Dhar, S.; Gu, EX; Langer, R.; Farokhzad, O.C.; Lippard, S.J. Targeted delivery of cisplatin to prostate cancer
cells by aptamer functionalized Pt(IV) prodrug-PLGA-PEG nanoparticles. Proc. Natl. Acad. Sci. USA 2008,
105, 17356-17361. [CrossRef]

Yang, Y.; Yu, C. Advances in silica based nanoparticles for targeted cancer therapy. Nanomedicine 2016, 12,
317-332. [CrossRef]

Wang, Y.-F,; Liu, L.; Xue, X.; Liang, X.]. Nanoparticle-based drug delivery systems: What can they really do
in vivo? F1000Research 2017, 6, 681. [CrossRef]

Heldin, C.H.; Rubin, K; Pietras, K.; Ostman, A. High interstitial fluid pressure - an obstacle in cancer therapy.
Nat. Rev. Cancer 2004, 4, 806-813. [CrossRef]

Hao, Y.; Altundal, Y.; Moreau, M.; Sajo, E.; Kumar, R.; Ngwa, W. Potential for enhancing external beam
radiotherapy for lung cancer using high-Z nanoparticles administered via inhalation. Phys. Med. Biol. 2015,
60, 7035-7043. [CrossRef]

Komaki, R.; Wei, X,; Allen, PK; Liao, Z.; Milas, L.; Cox, J.D.; O’Reilly, M.S.; Chang, ].Y.; McAleer, M.F,;
Jeter, M.; et al. Phase I study of celecoxib with concurrent irinotecan, Cisplatin, and radiation therapy for
patients with unresectable locally advanced non-small cell lung cancer. Front. Oncol. 2011, 1, 52. [CrossRef]
Keall, PJ.; Mageras, G.S.; Balter, ].M.; Emery, R.S.; Forster, KM.; Jiang, S.B.; Kapatoes, ].M.; Low, D.A;
Murphy, M.].; Murray, B.R.; et al. The management of respiratory motion in radiation oncology report of
AAPM Task Group 76. Med. Phys. 2006, 33, 3874-3900. [CrossRef]


http://dx.doi.org/10.1016/j.ijrobp.2009.06.039
http://dx.doi.org/10.4103/2230-973X.96920
http://dx.doi.org/10.1016/j.jsps.2017.10.012
http://dx.doi.org/10.3109/10717544.2014.948643
http://dx.doi.org/10.1016/j.jconrel.2010.08.027
http://dx.doi.org/10.2217/nnm.12.87
http://www.ncbi.nlm.nih.gov/pubmed/22931450
http://dx.doi.org/10.1158/1535-7163.MCT-06-0141
http://www.ncbi.nlm.nih.gov/pubmed/16928810
http://dx.doi.org/10.1038/s41467-018-03705-y
http://www.ncbi.nlm.nih.gov/pubmed/29650952
http://dx.doi.org/10.1016/j.jconrel.2011.06.001
http://dx.doi.org/10.1039/C7TB01142C
http://dx.doi.org/10.1073/pnas.0707461104
http://dx.doi.org/10.4161/tisb.29528
http://dx.doi.org/10.1021/acscentsci.6b00190
http://dx.doi.org/10.1073/pnas.0909611107
http://dx.doi.org/10.3109/09687688.2010.510804
http://dx.doi.org/10.1073/pnas.0809154105
http://dx.doi.org/10.1016/j.nano.2015.10.018
http://dx.doi.org/10.12688/f1000research.9690.1
http://dx.doi.org/10.1038/nrc1456
http://dx.doi.org/10.1088/0031-9155/60/18/7035
http://dx.doi.org/10.3389/fonc.2011.00052
http://dx.doi.org/10.1118/1.2349696

Int. ]. Mol. Sci. 2020, 21, 273 19 of 22

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Vedam, S.; Docef, A.; Fix, M.; Murphy, M.; Keall, P. Dosimetric impact of geometric errors due to respiratory
motion prediction on dynamic multileaf collimator-based four-dimensional radiation delivery. Med. Phys.
2005, 32, 1607-1620. [CrossRef]

Duan, J.; Shen, S; Fiveash, ].B.; Popple, R.A.; Brezovich, I.A. Dosimetric and radiobiological impact of dose
fractionation on respiratory motion induced IMRT delivery errors: A volumetric dose measurement study.
Med. Phys. 2006, 33, 1380-1387. [CrossRef]

Taratula, O.; Garbuzenko, O.B.; Chen, A.M.; Minko, T. Innovative strategy for treatment of lung cancer:
Targeted nanotechnology-based inhalation co-delivery of anticancer drugs and siRNA. J. Drug Target. 2011,
19, 900-914. [CrossRef]

Holback, H.; Yeo, Y. Intratumoral drug delivery with nanoparticulate carriers. Pharm. Res. 2011, 28,
1819-1830. [CrossRef] [PubMed]

Wilhelm, S.; Tavares, J.A.; Dai, Q.; Ohta, S.; Audet, J.; Dvorak, FH.; Chan, W.C.W. Analysis of nanoparticle
delivery to tumours. Nat. Rev. Mater. 2016, 1, 16014. [CrossRef]

Da Rocha, H.A; Silva, C.E; Santiago, F.L.; Martins, L.G.; Dias, P.C.; De Magalhaes, D. Local Drug Delivery
Systems in the Treatment of Periodontitis: A Literature Review. |. Int. Acad. Periodontol. 2015, 17, 82-90.
Heller, J. Biodegradable polymers in controlled drug delivery. Crit. Rev. Ther. Drug Carrier Syst. 1984, 1,
39-90.

Lammers, T.; Peschke, P.; Kiihnlein, R.; Subr, V.; Ulbrich, K.; Huber, P.; Hennink, W.; Storm, G. Effect of
intratumoral injection on the biodistribution and the therapeutic potential of HPMA copolymer-based drug
delivery systems. Neoplasia (New York N. Y.) 2006, 8, 788-795. [CrossRef]

Walter, K.A.; Tamargo, R.J.; Olivi, A.; Burger, P.C.; Brem, H. Intratumoral chemotherapy. Neurosurgery 1995,
37,1128-1145. [CrossRef]

Voulgaris, S.; Partheni, M.; Karamouzis, M.; Dimopoulos, P.; Papadakis, N.; Kalofonos, H.P. Intratumoral
doxorubicin in patients with malignant brain gliomas. Am. J. Clin. Oncol. 2002, 25, 60-64. [CrossRef]
Goldberg, E.P; Hadba, AR; Almond, B.A.; Marotta, J.S. Intratumoral cancer chemotherapy and
immunotherapy: Opportunities for nonsystemic preoperative drug delivery. |. Pharm. Pharm. 2002,
54,159-180. [CrossRef]

Duvillard, C.; Romanet, P.; Cosmidis, A.; Beaudouin, N.; Chauffert, B. Phase 2 study of intratumoral cisplatin
and epinephrine treatment for locally recurrent head and neck tumors. Ann. Otol. Rhinol. Laryngol. 2004,
113, 229-233. [CrossRef]

Chu, X.-Y,; Huang, W.; Wang, Y.L.; Meng, L.W.; Chen, L.Q.; Jin, M.J; Chen, L.; Gao, C.H.; Ge, C.; Gao, Z.G;
et al. Improving antitumor outcomes for palliative intratumoral injection therapy through lecithin- chitosan
nanoparticles loading paclitaxel- cholesterol complex. Int. J. Nanomed. 2019, 14, 689-705. [CrossRef]
Al-Abd, AM.; Hong, K.Y.; Song, S.C.; Kuh, H.]. Pharmacokinetics of doxorubicin after intratumoral injection
using a thermosensitive hydrogel in tumor-bearing mice. J. Control Release 2010, 142, 101-107. [CrossRef]
Bragta, P,; Sidhu, R.K,; Jyoti, K;; Baldi, A ; Jain, U.K,; Chandra, R.; Madan, J. Intratumoral administration of
carboplatin bearing poly (e-caprolactone) nanoparticles amalgamated with in situ gel tendered augmented
drug delivery, cytotoxicity, and apoptosis in melanoma tumor. Colloids Surf. B: Biointerfaces 2018, 166, 339-348.
[CrossRef]

Lin, W.Y,; Tsai, S.C.; Hsieh, J.F.; Wang, S.J. Effects of 90Y-microspheres on liver tumors: Comparison of
intratumoral injection method and intra-arterial injection method. J. Nucl. Med. 2000, 41, 1892-1897.

Xu, X.; Chen, X.; Wang, Z.; Jing, X. Ultrafine PEG-PLA fibers loaded with both paclitaxel and doxorubicin
hydrochloride and their in vitro cytotoxicity. Eur. J. Pharm. Biopharm. 2009, 72, 18-25. [CrossRef]

Duncan, I.C; Fourie, P.A.; Alberts, A.S. Direct percutaneous intratumoral bleomyecin injection for palliative
treatment of impending quadriplegia. Ajnr Am. J. Neuroradiol. 2004, 25, 1121-1123.

Xie, M.; Zhou, L.; Hu, T.; Yao, M. Intratumoral delivery of paclitaxel-loaded poly(lactic-co-glycolic acid)
microspheres for Hep-2 laryngeal squamous cell carcinoma xenografts. Anticancer Drugs 2007, 18, 459-466.
[CrossRef]

Bakker, R.C.; van Es, R.].].; Rosenberg, A.J].W.P,; van Nimwegen, S.A.; Bastiaannet, R.; de Jong, HW.A.M.;
Nijsen, J.EW.; Lam, M.G.E.H. Intratumoral injection of radioactive holmium-166 microspheres in recurrent
head and neck squamous cell carcinoma: Preliminary results of first use. Nucl. Med. Commun. 2018, 39,
213-221. [CrossRef]


http://dx.doi.org/10.1118/1.1915017
http://dx.doi.org/10.1118/1.2192908
http://dx.doi.org/10.3109/1061186X.2011.622404
http://dx.doi.org/10.1007/s11095-010-0360-y
http://www.ncbi.nlm.nih.gov/pubmed/21213021
http://dx.doi.org/10.1038/natrevmats.2016.14
http://dx.doi.org/10.1593/neo.06436
http://dx.doi.org/10.1227/00006123-199512000-00013
http://dx.doi.org/10.1097/00000421-200202000-00013
http://dx.doi.org/10.1211/0022357021778268
http://dx.doi.org/10.1177/000348940411300312
http://dx.doi.org/10.2147/IJN.S188667
http://dx.doi.org/10.1016/j.jconrel.2009.10.003
http://dx.doi.org/10.1016/j.colsurfb.2018.03.009
http://dx.doi.org/10.1016/j.ejpb.2008.10.015
http://dx.doi.org/10.1097/CAD.0b013e328012bccd
http://dx.doi.org/10.1097/MNM.0000000000000792

Int. ]. Mol. Sci. 2020, 21, 273 20 of 22

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Burris, H.A., 3rd; Vogel, C.L.; Castro, D.; Mishra, L.; Schwarz, M.; Spencer, S.; Oakes, D.D.; Korey, A.;
Orenberg, E.K. Intratumoral cisplatin/epinephrine-injectable gel as a palliative treatment for accessible solid
tumors: A multicenter pilot study. Otolaryngol. Head Neck Surg. 1998, 118, 496-503. [CrossRef]

Mehta, H.J.; Begnaud, A.; Penley, A.M.; Wynne, ].; Malhotra, P.; Fernandez-Bussy, S.; Cope, ].M.; Shuster, ].].;
Jantz, M.A. Treatment of isolated mediastinal and hilar recurrence of lung cancer with bronchoscopic
endobronchial ultrasound guided intratumoral injection of chemotherapy with cisplatin. Lung Cancer 2015,
90, 542-547. [CrossRef]

Mehta, H.J.; Jantz, M.A. Endobronchial Ultrasound-guided Intratumoral Injection of Cisplatin for the
Treatment of Isolated Mediastinal Recurrence of Lung Cancer. J. Vis. Exp. 2017, 12, e54855. [CrossRef]
[PubMed]

Werner, M.E.; Foote, M.B.; Wang, A.Z. Chemoradiotherapy of human tumors: Novel approaches from
nanomedicine. Curr. Pharm. Des. 2012, 18, 2830-2837. [CrossRef] [PubMed]

Miller, S.M.; Wang, A.Z. Nanomedicine in chemoradiation. Ther. Deliv. 2013, 4, 239-250. [CrossRef]
[PubMed]

Eblan, M.].; Wang, A.Z. Improving chemoradiotherapy with nanoparticle therapeutics. Transl. Cancer Res.
2013, 2, 320-329. [PubMed]

Caster, ].M.; Wang, A.Z. Applying nanotherapeutics to improve chemoradiotherapy treatment for cancer.
Ther. Deliv. 2017, 8, 791-803. [CrossRef] [PubMed]

Engineer, C.; Parikh, J.; Raval, A. Hydrolytic Degradation Behavior of 50-50 Poly Lactide-co-Glycolide from
Drug. Trends Biomater. Artif. Organs 2010, 24, 131-138.

Lao, L.L.; Peppas, N.A.; Boey, EY.; Venkatraman, S.S. Modeling of drug release from bulk-degrading polymers.
Int. J. Pharm. 2011, 418, 28-41. [CrossRef]

Qian, F; Szymanski, A., Gao, ]. Fabrication and characterization of controlled release
poly(D,L-lactide-co-glycolide) millirods. J. Biomed. Mater. Res. 2001, 55, 512-522. [CrossRef]

Dong, Y.; Chin, S.F; Blanco, E.; Bey, E.A.; Kabbani, W.; Xie, X.J.; Bornmann, W.G.; Boothman, D.A.; Gao, J.
Intratumoral delivery of beta-lapachone via polymer implants for prostate cancer therapy. Clin. Cancer Res.
2009, 15, 131-139. [CrossRef]

Alexis, F.; Venkatraman, S.S.; Rath, S.K.; Boey, E. In vitro study of release mechanisms of paclitaxel and
rapamycin from drug-incorporated biodegradable stent matrices. J. Control Release 2004, 98, 67-74. [CrossRef]
Wolinsky, J.B.; Colson, Y.L.; Grinstaff, M.W. Local drug delivery strategies for cancer treatment: Gels,
nanoparticles, polymeric films, rods, and wafers. J. Control Release 2012, 159, 14-26. [CrossRef] [PubMed]
Kumar, R.; Belz, J.; Markovic, S.; Jadhav, T.; Fowle, W.; Niedre, M.; Cormack, R.; Makrigiorgos, M.G.;
Sridhar, S. Nanoparticle-based brachytherapy spacers for delivery of localized combined chemoradiation
therapy. Int. J. Radiat Oncol. Biol. Phys. 2015, 91, 393—400. [CrossRef] [PubMed]

Moreau, M.; Yasmin-Karim, S.; Kunjachan, S.; Sinha, N.; Gremse, F.; Kumar, R.; Chow, K.E; Ngwa, W. Priming
the Abscopal Effect Using Multifunctional Smart Radiotherapy Biomaterials Loaded with Immunoadjuvants.
Front. Oncol. 2018, 8, 56. [CrossRef] [PubMed]

Nagesha, D.K,; Tada, D.B.; Stambaugh, C.K.; Gultepe, E.; Jost, E.; Levy, C.O.; Cormack, R.; Makrigiorgos, G.M.;
Sridhar, S. Radiosensitizer-eluting nanocoatings on gold fiducials for biological in-situ image-guided radio
therapy (BIS-IGRT). Phys. Med. Biol. 2010, 55, 6039-6052. [CrossRef] [PubMed]

Seppenwoolde, Y.; Wunderink, W.; Wunderink-van Veen, S.R.; Storchi, P.; Méndez Romero, A.; Heijmen, B.J.
Treatment precision of image-guided liver SBRT using implanted fiducial markers depends on marker-tumour
distance. Phys. Med. Biol. 2011, 56, 5445-5468. [CrossRef] [PubMed]

Patel, A.; Khalsa, B.; Lord, B.; Sandrasegaran, K.; Lall, C. Planting the seeds of success: CT-guided gold seed
fiducial marker placement to guide robotic radiosurgery. J. Med. Imaging Radiat Oncol. 2013, 57, 207-211.
[CrossRef]

Ng, M.; Brown, E.; Williams, A.; Chao, M.; Lawrentschuk, N.; Chee, R. Fiducial markers and spacers in
prostate radiotherapy: Current applications. BJU Int. 2014, 113 (Suppl. 2), 13-20. [CrossRef]

Ngwa, W.; Altundal, Y.; Korideck, H.; Kumar, R.; Sridhar, S.; Cormack, R.; Makrigiorgos, M. Radiation
Therapy Biomaterials for Response Assessment and Nodal Detection (Brand). Int. ]. Radiat. Oncol. Biol. Phys.
2014, 90, S856. [CrossRef]

Altundal, Y.; Sajo, E.; Ngwa, W. SU-D-210-04: Using Radiotherapy Biomaterials to Brand and Track Deadly
Cancer Cells. Med Phys. 2015, 42, 3222. [CrossRef]


http://dx.doi.org/10.1177/019459989811800412
http://dx.doi.org/10.1016/j.lungcan.2015.10.009
http://dx.doi.org/10.3791/54855
http://www.ncbi.nlm.nih.gov/pubmed/28287519
http://dx.doi.org/10.2174/138161212800626229
http://www.ncbi.nlm.nih.gov/pubmed/22390766
http://dx.doi.org/10.4155/tde.12.147
http://www.ncbi.nlm.nih.gov/pubmed/23343162
http://www.ncbi.nlm.nih.gov/pubmed/25429359
http://dx.doi.org/10.4155/tde-2017-0043
http://www.ncbi.nlm.nih.gov/pubmed/28825397
http://dx.doi.org/10.1016/j.ijpharm.2010.12.020
http://dx.doi.org/10.1002/1097-4636(20010615)55:4&lt;512::AID-JBM1044&gt;3.0.CO;2-N
http://dx.doi.org/10.1158/1078-0432.CCR-08-1691
http://dx.doi.org/10.1016/j.jconrel.2004.04.011
http://dx.doi.org/10.1016/j.jconrel.2011.11.031
http://www.ncbi.nlm.nih.gov/pubmed/22154931
http://dx.doi.org/10.1016/j.ijrobp.2014.10.041
http://www.ncbi.nlm.nih.gov/pubmed/25636762
http://dx.doi.org/10.3389/fonc.2018.00056
http://www.ncbi.nlm.nih.gov/pubmed/29594038
http://dx.doi.org/10.1088/0031-9155/55/20/001
http://www.ncbi.nlm.nih.gov/pubmed/20858923
http://dx.doi.org/10.1088/0031-9155/56/17/001
http://www.ncbi.nlm.nih.gov/pubmed/21813963
http://dx.doi.org/10.1111/j.1754-9485.2012.02445.x
http://dx.doi.org/10.1111/bju.12624
http://dx.doi.org/10.1016/j.ijrobp.2014.05.2450
http://dx.doi.org/10.1118/1.4923919

Int. ]. Mol. Sci. 2020, 21, 273 21 of 22

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Galanzha, E.; Zharov, V. Circulating Tumor Cell Detection and Capture by Photoacoustic Flow Cytometry in
Vivo and ex Vivo. Cancers 2013, 5, 1691-1738. [CrossRef]

Shi, W.; Paproski, R.].; Moore, R.; Zemp, R. Detection of circulating tumor cells using targeted surface-enhanced
Raman scattering nanoparticles and magnetic enrichment. J. Biomed. Opt. 2014, 19, 056014. [CrossRef]
[PubMed]

Benez, A.; Geiselhart, A.; Handgretinger, R.; Schiebel, U.; Fierlbeck, G. Detection of circulating melanoma
cells by immunomagnetic cell sorting. J. Clin. Lab. Anal. 1999, 13, 229-233. [CrossRef]

Georgakoudi, I.; Solban, N.; Novak, J.; Rice, W.L.; Wei, X.; Hasan, T.; Lin, C.P. In Vivo Flow Cytometry a New
Method for Enumerating Circulating Cancer Cells. Cancer Res. 2004, 64, 5044-5047. [CrossRef] [PubMed]
Hsieh, H.B.; Marrinucci, D.; Bethel, K.; Curry, D.N.; Humphrey, M.; Krivacic, R.T.; Kroener, ].; Kroener, L.;
Ladanyi, A.; Lazarus, N. High speed detection of circulating tumor cells. Biosens. Bioelectron. 2006, 21,
1893-1899. [CrossRef]

Weight, RM.; Viator, J.A.; Dale, P.S.; Caldwell, CW.; Lisle, A.E. Photoacoustic detection of metastatic
melanoma cells in the human circulatory system. Opt. Lett. 2006, 31, 2998-3000. [CrossRef]

Chithrani, B.D.; Ghazani, A.A.; Chan, W.C. Determining the size and shape dependence of gold nanoparticle
uptake into mammalian cells. Nano Lett. 2006, 6, 662-668. [CrossRef]

Sha, M.Y.; Xu, H.; Natan, M.].; Cromer, R. Surface-enhanced Raman scattering tags for rapid and homogeneous
detection of circulating tumor cells in the presence of human whole blood. J. Am. Chem. Soc. 2008, 130,
17214-17215. [CrossRef]

Lee, J.; Chatterjee, D.K.; Lee, M.H.; Krishnan, S. Gold nanoparticles in breast cancer treatment: Promise and
potential pitfalls. Cancer Lett. 2014, 347, 46-53. [CrossRef]

Di Corato, R.; Gazeau, F; Le Visage, C.; Fayol, D.; Levitz, P,; Lux, E; Letourneur, D.; Luciani, N.; Tillement, O.;
Wilhelm, C. High-resolution cellular MRI: Gadolinium and iron oxide nanoparticles for in-depth dual-cell
imaging of engineered tissue constructs. ACS Nano 2013, 7, 7500-7512. [CrossRef]

Viator, J.A.; Gupta, S.; Goldschmidt, B.S.; Bhattacharyyal, K.; Kannan, R.; Shukla, R.; Dale, P.S.; Boote, E.;
Katti, K. Gold nanoparticle mediated detection of prostate cancer cells using photoacoustic flowmetry with
optical reflectance. J. Biomed. Nanotechnol. 2010, 6, 187-191. [CrossRef]

Agarwal, A.; Huang, W.S.; O’'Donnell, M.; Day, C.K.; Day, M.; Kotov, N.; Ashkenazi, S. Targeted gold nanorod
contrast agent for prostate cancer detection by photoacoustic imaging. J. Appl. Phys. 2007, 102, 064701.
[CrossRef]

Miller, M.C.; Doyle, G.V.; Terstappen, L.W. Significance of Circulating Tumor Cells Detected by the CellSearch
System in Patients with Metastatic Breast Colorectal and Prostate Cancer. J. Oncol. 2010, 2010, 617421.
[CrossRef] [PubMed]

Ernsting, M.].; Murakami, M.; Roy, A.; Li, S.D. Factors controlling the pharmacokinetics, biodistribution and
intratumoral penetration of nanoparticles. J. Control. Release Off. ]. Control. Release Soc. 2013, 172, 782-794.
[CrossRef] [PubMed]

Nichols, J.W,; Sakurai, Y.; Harashima, H.; Bae, Y.H. Nano-sized drug carriers: Extravasation, intratumoral
distribution, and their modeling. J. Control. Release 2017, 267, 31-46. [CrossRef] [PubMed]

Durymanov, M.O.; Rosenkranz, A.A.; Sobolev, A.S. Current Approaches for Improving Intratumoral
Accumulation and Distribution of Nanomedicines. Theranostics 2015, 5, 1007-1020. [CrossRef] [PubMed]
Gessner, A.; Waicz, R; Lieske, A ; Paulke, B.; Méder, K.; Miiller, R.H. Nanoparticles with decreasing surface
hydrophobicities: Influence on plasma protein adsorption. Int. |. Pharm. 2000, 196, 245-249. [CrossRef]
Cho, Y.W,; Park, S.A.; Han, T.H.; Son, D.H.; Park, ].S.; Oh, S.J.; Moon, D.H.; Cho, K.J.; Ahn, C.H.; Byun, Y.
In vivo tumor targeting and radionuclide imaging with self-assembled nanoparticles: Mechanisms, key
factors, and their implications. Biomaterials 2007, 28, 1236-1247. [CrossRef]

Sun, Q.; Ojha, T.; Kiessling, F.; Lammers, T.; Sh, Y. Enhancing Tumor Penetration of Nanomedicines.
Biomacromolecules 2017, 18, 1449-1459. [CrossRef]

ElBayoumi, T.A.; Torchilin, V.P. Tumor-targeted nanomedicines: Enhanced antitumor efficacy in vivo of
doxorubicin-loaded, long-circulating liposomes modified with cancer-specific monoclonal antibody. Clin.
Cancer Res. 2009, 15, 1973-1980. [CrossRef]

Farokhzad, O.C.; Cheng, J.; Teply, B.A.; Sherifi, I; Jon, S.; Kantoff, PW.; Richie, J.P.; Langer, R. Targeted
nanoparticle-aptamer bioconjugates for cancer chemotherapy in vivo. Proc. Natl. Acad. Sci. USA 2006, 103,
6315-6320. [CrossRef]


http://dx.doi.org/10.3390/cancers5041691
http://dx.doi.org/10.1117/1.JBO.19.5.056014
http://www.ncbi.nlm.nih.gov/pubmed/24858132
http://dx.doi.org/10.1002/(SICI)1098-2825(1999)13:5&lt;229::AID-JCLA7&gt;3.0.CO;2-Y
http://dx.doi.org/10.1158/0008-5472.CAN-04-1058
http://www.ncbi.nlm.nih.gov/pubmed/15289300
http://dx.doi.org/10.1016/j.bios.2005.12.024
http://dx.doi.org/10.1364/OL.31.002998
http://dx.doi.org/10.1021/nl052396o
http://dx.doi.org/10.1021/ja804494m
http://dx.doi.org/10.1016/j.canlet.2014.02.006
http://dx.doi.org/10.1021/nn401095p
http://dx.doi.org/10.1166/jbn.2010.1105
http://dx.doi.org/10.1063/1.2777127
http://dx.doi.org/10.1155/2010/617421
http://www.ncbi.nlm.nih.gov/pubmed/20016752
http://dx.doi.org/10.1016/j.jconrel.2013.09.013
http://www.ncbi.nlm.nih.gov/pubmed/24075927
http://dx.doi.org/10.1016/j.jconrel.2017.08.003
http://www.ncbi.nlm.nih.gov/pubmed/28807683
http://dx.doi.org/10.7150/thno.11742
http://www.ncbi.nlm.nih.gov/pubmed/26155316
http://dx.doi.org/10.1016/S0378-5173(99)00432-9
http://dx.doi.org/10.1016/j.biomaterials.2006.10.002
http://dx.doi.org/10.1021/acs.biomac.7b00068
http://dx.doi.org/10.1158/1078-0432.CCR-08-2392
http://dx.doi.org/10.1073/pnas.0601755103

Int. ]. Mol. Sci. 2020, 21, 273 22 of 22

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

Kong, T;; Zeng, J.; Wang, X.; Yang, X.; Yang, J.; McQuarrie, S.; McEwan, A.; Roa, W.; Chen, J.; Xing, ].Z.
Enhancement of radiation cytotoxicity in breast-cancer cells by localized attachment of gold nanoparticles.
Small 2008, 4, 1537-1543. [CrossRef] [PubMed]

Aguilar, Z.P. Chapter 5-Targeted Drug Delivery. In Nanomaterials for Medical Applications; Aguilar, Z.P., Ed.;
Elsevier: Amsterdam, The Netherlands, 2013; pp. 181-234.

Chauhan, V.P; Popovi¢, Z.; Chen, O.; Cui, J.; Fukumura, D.; Bawendi, M.G.; Jain, R K. Fluorescent nanorods
and nanospheres for real-time in vivo probing of nanoparticle shape-dependent tumor penetration. Angew.
Chem. Int. Ed. Engl. 2011, 50, 11417-11420. [CrossRef] [PubMed]

Zhang, B.; Hu, Y.; Pang, Z. Modulating the Tumor Microenvironment to Enhance Tumor Nanomedicine
Delivery. Front. Pharmacol. 2017, 8, 952. [CrossRef] [PubMed]

Zhang, B.; Shi, W,; Jiang, T.; Wang, L.; Mei, H,; Lu, H.; Hu, Y.; Pang, Z. Optimization of the tumor
microenvironment and nanomedicine properties simultaneously to improve tumor therapy. Oncotarget 2016,
7,62607-62618. [CrossRef]

Huang, Y.Y,; Chung, TW.; Tzeng, T.W. A method using biodegradable polylactides/polyethylene glycol for
drug release with reduced initial burst. Int. J. Pharm. 1999, 182, 93-100. [CrossRef]

Huang, X.; Brazel, C.S. On the importance and mechanisms of burst release in matrix-controlled drug
delivery systems. J. Control Release 2001, 73, 121-136. [CrossRef]

Yeo, Y.; Park, K. Control of encapsulation efficiency and initial burst in polymeric microparticle systems.
Arch. Pharm. Res. 2004, 27, 1-12. [CrossRef]

Thote, A.J.; Chappell, ]J.T, Jr.; Gupta, R.B.; Kumar, R. Reduction in the initial-burst release by surface
crosslinking of PLGA microparticles containing hydrophilic or hydrophobic drugs. Drug Dev. Ind. Pharm.
2005, 31, 43-57. [CrossRef]

Ahmed, AR, Elkharraz, K,; Irfan, M., Bodmeier, R. Reduction in burst release after coating
poly(D,L-lactide-co-glycolide) (PLGA) microparticles with a drug-free PLGA layer. Pharm. Dev. Technol.
2012, 17, 66-72. [CrossRef]

Allison, S.D. Analysis of initial burst in PLGA microparticles. Expert Opin. Drug Deliv. 2008, 5, 615-628.
[CrossRef]

Hrkach, J.; Von Hoff, D.; Mukkaram Ali, M.; Andrianova, E.; Auer, J.; Campbell, T.; De Witt, D.; Figa, M.;
Figueiredo, M.; Horhota, A. Preclinical development and clinical translation of a PSMA-targeted docetaxel
nanoparticle with a differentiated pharmacological profile. Sci. Transl. Med. 2012, 4, 128ra39. [CrossRef]
[PubMed]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1002/smll.200700794
http://www.ncbi.nlm.nih.gov/pubmed/18712753
http://dx.doi.org/10.1002/anie.201104449
http://www.ncbi.nlm.nih.gov/pubmed/22113800
http://dx.doi.org/10.3389/fphar.2017.00952
http://www.ncbi.nlm.nih.gov/pubmed/29311946
http://dx.doi.org/10.18632/oncotarget.11546
http://dx.doi.org/10.1016/S0378-5173(99)00060-5
http://dx.doi.org/10.1016/S0168-3659(01)00248-6
http://dx.doi.org/10.1007/BF02980037
http://dx.doi.org/10.1081/DDC-43985
http://dx.doi.org/10.3109/10837450.2010.513989
http://dx.doi.org/10.1517/17425247.5.6.615
http://dx.doi.org/10.1126/scitranslmed.3003651
http://www.ncbi.nlm.nih.gov/pubmed/22491949
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Delivery Routes of NBRs for RT Applications 
	Systemic Delivery Routes 
	Delivery of NBR via Intravenous Routes 
	Delivery of NBRs via Inhalation 

	Local Delivery Routes 
	Intratumoral Delivery 
	Delivery of NBRs via Implants 


	Distribution of NBRs in Tumor Volume 
	Challenges and Opportunities in NBR for RT 
	NBR in Perspective 
	Conclusions 
	References

