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this review, we highlight the importance of combination radiotherapy in the era of precision medicine. Specifi-
cally, we survey and summarize the areas of research where improved understanding in cancer biology will pro-
pel the field of radiotherapy forward by allowing integration of novel nanotechnology-based treatments.
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1. Introduction

Despite significant progress in the diagnosis and treatment of cancer,
this collection of malignances remains one of the leading causes of
death worldwide. Epidemiologic predictions by Siegel et al. estimated
that in 2019 there would be approximately 1.8 million new cancer diag-
noses and over 600,000 cancer-related deaths in the US alone [1]. These
high rates of incidence and mortality highlight the need for continued
advances in novel and more effective treatments.

Currently, radiotherapy (RT) is a mainstay of oncology, serving both
as a first line treatment and used in combination with surgery and che-
motherapy in many forms of cancer [2,3]. Although it is highly effective,
its use is often viewed as a double-edged sword which does not discrim-
inate between healthy and diseased tissue [4,5]. As such, one of the big-
gest challenges associated with RT is determining the effective dose for
killing malignant cells without incurring collateral damage to healthy
tissues. As this technology driven discipline has evolved from archaic
lead shielding to multileaf collimators (MLCs) and artificial
intelligence-guided treatment plans, engineering advancements have
vastly improved the safety, accuracy, and efficacy of RT. However, as
the great progress in medical physics and technology-based innovation
begins to plateau, new multidisciplinary areas must be explored to fur-
ther widen the therapeutic window of RT. Importantly, radiation oncol-
ogists are well-equipped to adopt innovative new technologies, such as
nanomedicine, based on the ever-evolving space in which they practice.

While the success of RT can be attributed to the technological ad-
vancements made over the past decades, recent successes lie with the
combination of chemotherapy, targeted therapy, and immunotherapy
with radiation therapy (i.e., multimodal radiotherapy or MMRT) [6]. In
its essence, MMRT capitalizes on the quick succession of decisive
blows that add to the primary damage which left a target vulnerable.
Thus, the sequence and time in which systemic agents and ionizing ra-
diation (IR) are administered during MMRT are as important in treat-
ment efficacy as the therapeutic doses. For example, concurrent
chemoradiotherapy (CRT) has proven superior to sequential treatment
and demonstrated improved survival in many cancers. However, con-
comitant therapy oftentimes further increases the toxic burden on the
patient [6].

The implementation of innovative drug delivery methods, such as
nanoparticle-based carriers, in CRT has proven to be an advantageous
approach for mitigating the increased toxicity of combination therapy
in healthy tissue [7]. Accordingly, this new paradigm has attracted sig-
nificant interest with exciting preclinical work presenting intricate an-
swers to complicated problems. However, the complexity of the
human body renders clinical translation a highly convoluted process
resulting in a scarce amount of clinically approved nanomedicines. In
part, researchers may better bridge this translation gap, through inclu-
sion of clinical approaches in their experimental designs. Investigation
into the influence of treatment parameters on the efficacy of
nanoparticle-based MMRT may prove beneficial for the development
of complementary approaches, which better predict clinical success.

Looking to the future of oncology, the most promising advances in sur-
vival and quality of life outcomes will likely emerge from further bio-
logic insight and subsequent engineering resulting in rational
combinations of radiation with other therapeutic strategies.

The continued advancement of nanotechnology in MMRT will de-
pend on both fundamental and translational research. However, the lat-
ter may not be as widely understood in the academic research
community. As such, the purpose of this review is to provide a brief
overview of CRT with a strong focus on the current clinical practice
and its corresponding influence on nanoparticle drug delivery.

2. Advent, growth, and limitations of radiotherapy

Soon after discovery by Rontgen in 1895, X-rays were quickly
adapted for use in oncology as its therapeutic efficacy became clear in
the first patients treated [8,9]. However, the early biomedical applica-
tions of IR frequently resulted in undesirable side-effects garnering a
public fear of radiation [10]. Later scientific innovation including signif-
icant advancements in radiation dose planning and instrumentation im-
proved overall delivery accuracy and presented control over various
aspects of IR. Currently, oncologic standard of care comprises three
main treatment options; surgical resection, RT, and systemic therapy,
utilized individually or in various combinations [2]. Overall, 50% of pa-
tients are estimated to receive RT at some point during their treatment
[11]. Ultimately, while RT is an effective therapeutic strategy, it still has a
narrow therapeutic index, is primarily limited to localized disease, and
may induce secondary malignancies [6-8].

2.1. History and adaptation to oncology

After the initial observation that X-rays could effectively treat other-
wise inoperable malignancies, the field of radiation oncology grew rap-
idly. Illustrated in Fig. 1, the 1900s saw continual technologic
advancements related to treatment planning and control over dose de-
livery resulting in an exquisite reduction in adverse side-effects from
treatment. However, since its inception, determining the optimal dose
and dosing schedule to achieve the greatest therapeutic ratio—the bal-
ance between effective treatment of diseased tissue and sparing of
healthy tissue—has remained a challenge (Fig. 2) [12-16]. Initially, the
limited depth penetration of low-energy devices restricted treatment
to superficial lesions. Upon the introduction of high-energy devices,
treatment limitations transitioned to side-effects associated with non-
conformal single high-dose delivery. Implementation of fractionated
dosing alleviated some of these side-effects, but the overall lack of
dose-mapping and planning continued to adversely affect healthy tis-
sues. The advent of linear accelerators, improvements to imaging and
treatment planning, image-guidance, and updated fractionation sched-
ules enabled physicians to further improve the therapeutic ratio of RT
[9,17,18].
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Fig. 1. Timeline mapping seminal biological findings and technological advancements that have propelled radiation therapy to its current standard. Here we visualize the interplay
between several insights and advancements, such as that of PET imaging, where an innovation has allowed physicians and scientists to elucidate biologic function thus improving

combination therapy strategies.
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Fig. 2. The therapeutic window of radiation therapy is a balance between tumor control and normal tissue complications. Addition of radiosensitizers reduce the dose of radiation required
for the same tumor control probability. Addition of radio-protective drugs increase the dose of radiation required for the same probability of normal tissue complications. Together,
radiosensitizers and radio-protective drugs can enhance the therapeutic window of RT. Reprinted with permission from [19].

2.2. Equipment, technology, and clinical dosing regimens

Currently, the most common form of RT is delivered via external
beam radiation therapy (EBRT). Modern EBRT treatment variables, sum-
marized in Table 1, demonstrate the versatility that arose from the mul-
titude of technologic advancements. While an extensive description of
each variable is beyond the scope of this review, detailed descriptions
can be found in other reports [11,20]. Even with many advances, treat-
ment standards are established based on a narrow therapeutic index,
which frequently leads to suboptimal dosing across patient populations
[21]. Despite the plethora of treatment options, the majority of patients
are prescribed conventionally fractionated RT, consisting of daily
doses approximately 2 Gray (Gy) x 5 days per week over a period of
1-2 months [22]. Several important factors emphasize the rationale
for clinical implementation of fractionation and are known as the four
R's of radiobiology (repair, repopulation, redistribution, and reoxygena-
tion). In terms of repair, the timing between fractionated doses, as well
as the dose itself, is extremely important as the repair process for malig-
nant tissue is much slower than it is for normal tissue. Additionally, the
time between fractions allows cells to transition into phases with

enhanced sensitivity (redistribution) and provides an opportunity for
oxygen exposure in hypoxic cells (reoxygenation), decreasing their
radioresistance [23]. When evaluating conventionally fractionated RT,
it has been suggested that repopulation is one of the main mechanisms
of treatment failure [24]. When too much time is given between sub-
lethal fractions, accellerated repopulation may occur allowing for faster
growth of the treated tumor than an untreated tumor.

One way to combat this issue, is by delivering lethal doses of radia-
tion, however this may not always be possible. If tumors are a safe dis-
tance away from at-risk organs, stereotactic radiosurgery (SRS) may be
used to deliver a few 15-20 Gy fractions [14]. Although advances, such
as SRS, have improved the safety and efficacy of RT, further expansion of
RT's therapeutic index is still necessary [14,16,25-27]. However,
selecting a treatment regimen which maximizes the therapeutic ratio,
or the difference between eliciting tumor control and inducing normal
tissue toxicity, remains a formidable obstacle [28].

Table 1. This table summarizes the key variables encompassed in de-
signing an external beam radiation therapy treatment plan. Physicians
must decide on the optimal machine, mode of therapy, fractionation
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Table 1
Prominent external beam radiotherapy treatment plan options.

Machine Linear accelerator, cobalt machine

Mode Stereotactic radiosurgery (SRS), Image-guided (IGRT),

3D Conformal (3D-CRT), Intensity-modulated (IMRT),

Tomotherapy

Fractionation/Regimen Conventional, Accelerated, Hyperfractionated,
Continuous Hyperfractionated Accelerated,
Hypofractionated

Aim Curative, Palliative, Prophylactic, Total Body

Timing Adjuvant, Neoadjuvant, Concurrent

schedule, aim of the plan, and the timing in accordance with other
modalities.

2.3. Current limitations of radiotherapy and opportunities

There are few cancers where RT is completely curative, thus justifying
the need for combined modality treatment regimens. In addition, a sub-
set of cancer patients present with tumors resistant to RT. Moving for-
ward, approaches that exploit and enhance the fundamental processes
occurring on the physiological level in response to RT will prove benefi-
cial for advancement of the field. However, the rational design of these
approaches will require a further understanding of the effect of radiation
on both cancerous and healthy tissue. In part, the significant progress
made in recent years regarding the understanding of cancer biology
has created new opportunities for improving therapeutic options.

2.3.1. Limitations

Biologically, RT utilizes IR to damage DNA both indirectly through the
formation of free radicals and directly via electron ionization [25]. How-
ever, the characeristics of the local tumor microment can render RT
highly insufficient. For example, as the main mechanism of DNA damage
is derived through interactions with oxygen and subsequent free radical
formation ('0,, -OH), overall DNA damage yields are highly dependent
on local oxygen concentrations. However, hypoxia, or insufficient oxy-
gen supply, is a commonly encountered phenomena in oncology and is
highly heterogenous and unpredictable. Oftentimes this hypoxia, confers
radiation and chemotherapeutic resistance, resulting in suboptimal re-
sponses [29,30]. Therapeutic resistance can also result from genetic mu-
tations or alterations in molecular pathways [31]. Regardless of the exact
mechanism in which resistance is accrued, there are currently no clini-
cally approved methods for enhancing radiosensitivity [32].

2.3.2. Opportunities

The lack of clinically approved radiosensitizing protocols presents a
unique opportunity for the application of nanomedicines to enhance
therapeutic efficacy. As the best evidence to date indicates that free rad-
ical generation is a large component of cell killing after radiation,
nanomaterials designed to increase radical production are an exciting
way to enhance DNA damage and subsequent cell death. In terms of
nanotechnology, inorganic-based particles containing high Z-elements
have proved promising for augmentation of RT through enhanced
dose deposition and subsequent increased generation of free radicals.
Additionally, these types of nanomaterials can preferentially absorb X-
rays over human tissue, which may prove beneficial for decreasing the
debilitating side-effects associated with RT toxicity. A more extensive
discussion of this particular application of nanomedicine in RT is pro-
vided by alternative sources [33-35]. Here, the focus will lie with
nanomaterials made of organic materials which have no physical inter-
action with radiation aside from their ability to deliver therapeutic
agents to exploit the biologic response to IR.

3. Landscape of multimodal radiotherapy

Over recent decades, the potential of MMRT to improve treatment
outcomes was realized as evidence continued to show improved sur-
vival rates, as well as local and metastatic tumor control [6,36,37]. Ac-
cording to Seiwert et al., there are three main reasons concurrent
chemoradiation is clinically indicated: organ-preservation,
radiosensitization/local control, and metastatic control [37]. These rea-
sons can also be broadly applied to the combination of IR with any ther-
apeutic agent including immunotherapy, targeted therapy, or
chemotherapy. Importantly, the understanding of tumor biology has
evolved on the same timeline as the critical technical advancements in
RT, refining the way we utilize these multimodality therapeutics.

3.1. Chemotherapy

Although the first therapeutic application of IR took place in 1895, and
chemotherapy use in patients was established in 1943, the clinical combi-
nation of these cytotoxic entities was not introduced until 1979 by Gor-
don Steel and Michael Peckham. Chemoradiation can be implemented
temporally in the neoadjuvant or adjuvant setting in either a concurrent
or sequential fashion. The Steel Paradigm was an early description of con-
current chemoradiation that introduced the concept of spatial coopera-
tion. Spatial cooperation attributes locoregional disease control to
radiation and micrometastatic disease control to chemotherapy. Beyond
spatial cooperation, chemotherapy serves to sensitize within the RT treat-
ment field in an additive or supra-additive fashion by a variety of mecha-
nisms [37]. Implementation of CRT is predicated upon rational design of a
radiation treatment plan and interdisciplinary coordination with medical
oncology for drug dosing and scheduling [38]. To determine the fre-
quency of radiation and chemotherapy administration, both radiation
and medical oncologists work together on direct clinical evaluation to en-
sure safe treatment delivery and mitigate treatment toxicity. Chemoradi-
ation is a resource intensive endeavor justified by its clinical efficacy and
evidenced by the National Comprehensive Cancer Network's (NCCN's)
guidelines promoting it as a first line therapy in a number of cancers.

Given its biological basis and temporal nature, robust clinical data
has ascribed superiority to concurrent chemoradiation over sequential
chemoradiation or radiation alone. Although concurrent therapy con-
fers increased adverse effects over either alone, this is effectively man-
aged by close follow-up in the immediate and long-term post-
treatment setting. This is exemplified in the report by Pignon et al.
where meta-analysis of 93 randomized head and neck trials compared
various CRT schedules (with chemotherapy delivered as induction ther-
apy, concurrently, or neoadjuvantly) to chemotherapy alone. Upon
analysis CRT, regardless of timing, was found to result in an overall sur-
vival (0S) benefit of 4.5%. When comparing concurrent CRT to chemo-
therapy, this sequence resulted in the greatest absolute benefit with
0S reaching 6.5%. Similarly, in locally advanced lung cancer, concurrent
CRT significantly increases the absolute 5-year OS and 3-year progres-
sion free survival by 4.5% and 2.9%, respectively [39]. The benefit of se-
quential CRT was limited to a non-significant 2.2% increase in 5-year
0S. In cervical cancer, a meta-analysis of 13 CRT trials demonstrated
6% absolute benefit in OS compared to radiation alone [40]. Further-
more, a number of studies have established the critical advantage of
concurrent timing in several cancer sites including, but not limited to,
esophageal, pancreatic, rectal, anal, and glioblastoma multiforme
[41-45]. Mounting evidence among all the aforementioned modalities
of oncology implicates the sequence and timing as crucial factors con-
tributing to successful patient outcomes.

3.2. Targeted therapy
Advances in cancer biology have yielded numerous molecularly

targeted therapy to exploit the malfunctioning mechanisms of cancer
[46]. This further understanding of the biological changes associated
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with cancer progression has allowed for the rational design of therapeu-
tics that target these molecular pathways. Targeted therapies are uti-
lized for their specific ability to disrupt important cellular processes
associated with a tumor's development, such as metabolism, prolifera-
tion, and survival [47]. Again, however, as a consequence of cancer het-
erogeneity targeted therapy is not always beneficial for patients whose
molecular signatures indicated it would be, particularly in advanced
stages of the disease [47,48]. Furthermore, tolerance and resistance to
the single-agent administration can develop leading to unresponsive tu-
mors [49]. In general, targeted therapies are categorized as
antihormonal (e.g., tamoxifen), tyrosine kinase inhibitors (e.g., Gleevac),
phosphoinositide 3-kinases (PI3Ks) (e.g., idelalisib), folate receptors
(e.g, methotrexate), monoclonal antibodies (e.g., trastuzumab), or ser-
ine/threonine kinase inhibitors (e.g., everolimus), to name a few
[46,50]. Characteristically, targeted therapeutics are only toxic in cells
which are over-expressing a particular (target) protein (i.e., cancer
cells). According to the NCCN, endocrine and HER2 targeted therapies
may be utilized in combination with RT with certain types of breast can-
cer, however, there is conflicting thoughts regarding this strategy [51].
In glioblastoma, EGFR therapy in combination with RT has demon-
strated superior outcomes [52]. In general, the combination of targeted
therapies with additional agents, such as RT, allows for optimal spatio-
temporal control and presents an excellent opportunity to combat ther-
apeutic resistance.

3.3. Immunotherapy

Like RT, cancer immunotherapy traces its origins to the 1890s, with
William Coly's early exploration into the association between cancer
and the immune system [53]. However, the first antibody approvals
were only granted in the late 1990s [54]. Inmunotherapy is a field
where a fundamental understanding of biology has opened new doors
for rational design. While the immune system is normally extremely ef-
ficient at clearing invaders, cancer has become highly proficient at im-
mune evasion in order to thrive. Therefore, the potential of
immunotherapy in oncology to stimulate the native immune system
to attack the invading cancer is very promising. Comparatively, in
targeted therapy the main goal is to inhibit the cellular processes asso-
ciated with oncogenesis and disease progression. Current immunother-
apy strategies employ checkpoint inhibitors, monoclonal antibodies,
oncolytic viruses, engineered T-cells, cytokines, and agonistic co-
stimulatory antibodies [55,56]. Recent years have seen significant
growth of clinically approved immunotherapies, with 12 approvals oc-
curring between 2010 and 2014 and 50 approvals between 2015 and
April 2019 [54].

The combination of immunotherapy and RT may overcome some of
the limitations associated with each individual therapy. For example,
many immunotherapies are single agents for a specific antigen. Due to
the high heterogeneity of cancer, this can lead to less than ideal re-
sponses, relapse, or resistance [57]. Furthermore, if a patient does not
express the specific antigen or expression is being masked, they will
likely be unresponsive to immunotherapy. However, RT is highly effec-
tive at stimulating the release of tumor antigens in the tumor environ-
ment. This release of tumor antigens via RT, may enhance the efficacy
of immunotherapy agents. Furthermore, immunotherapy could prove
highly effective for the treatment of metastatic disease, an area where
RT fails as a monotherapy [58]. Micrometastases are often not detect-
able and total radiation dose limitations prevent effective treatment of
disseminated disease. Accordingly, radio-immunotherapy has seen a re-
surgence as a clinically viable option for the elimination of undetectable
micrometastases with several important FDA approvals recently. With
the increasing number of FDA approved immunotherapies, there is sig-
nificant interest in these new combinations. A survey of clinicaltrials.
gov using the search terms “radiation” and “immunotherapy” resulted
in 533 studies (active, recruiting, enrolling, and completed) in this area.

3.4. Limitations and opportunities in multimodal radiotherapy

Due to the intrinsic toxicity of cancer therapies, the major drawback
of combining various agents is the resulting increase in toxicity despite
improved response rates. This makes investigation of new combination
therapies difficult and failures abundant. For instance, the widely used
chemotherapeutic, cisplatin, proves highly effective but can often
leave the patient with lifelong, debilitating side-effects. In addition to
nephrotoxicity and neurotoxicity, ototoxicity, which can lead to perma-
nent hearing loss, is a common side-effect that presents a substantial,
lifelong burden. As such, chemotherapeutic treatments typically require
a risk-benefit analysis that may result in choosing to harm the patient
for the end goal of survival.

Previously, the increased success of RT and reduction of toxic side-
effects came from altering the radiation source, planning, delivery, and
fractionation schedule [9]. Moving forward, the combination of radiation
with multiple other therapies, including chemotherapy, targeted therapy,
and immunotherapy, may provide the opportunity to greatly improve
survival and quality of life outcomes for cancer patients. While the trans-
lation of targeted therapeutics aims to reduce toxicity, this will likely re-
main a barrier to their clinical adoption [59]. Improving biomarker
screening, in addition to thorough characterization and understanding
of biological influences will prove imperative, particularly when integrat-
ing into RT. Adapted from the NCCN, Table 2 is a comprehensive overview
of cancer types for which a MMRT is currently a therapeutic option. Addi-
tionally, Table 2 lists drug classes that are utilized for MMRT. With at least
55 different cancers indicating MMRT as potential treatment, the signifi-
cance of this multidisciplinary treatment regimen has become apparent.

The importance of increasing the therapeutic index of RT is evident
after surveying the literature [60-64]. Ultimately, despite the growing
interest in combination therapy as a mode to boost the therapeutic
index of RT, there is a lack of funding for combination RT clinical trials
in the pharmaceutical industry [65]. By intelligently designing combina-
tion therapies that increase the efficacy of RT while reducing toxic side-
effects, academia serves a critical role by stimulating interest in early
pharmaceutical-RT clinical trials.

4. Advancing multimodal radiotherapy through nanotechnology

With origins in liposomal drug carriers dating back five decades,
nanotechnology has attracted significant attention for its potential to
improve patient outcomes in oncology, particularly for delivering ther-
apeutics [66]. There are numerous advantages of nanoparticles as drug
delivery vehicles, including increased circulation time, protection from
degradation, spatially controlled delivery of multiple drugs, tumor accu-
mulation via the enhanced permeability and retention (EPR) effect,
among others [67]. Unfortunately, despite creative concepts and prom-
ising preclinical data, clinical translation of nanomedicines has been
challenging, sparse, and time-consuming (Table 3) [68]. This significant
gap in translation may stem from preclinical studies that fail to accu-
rately recapitulate the disease and clinical setting in which the technol-
ogy is being applied [69].

Recently, the advantages of nanoparticle-based drug delivery have
been investigated in a growing body of work to improve CRT. Through
enhanced delivery methods, many studies have attempted to capitalize
on the additional DNA damage induced in the direct tumor vicinity
while minimizing off-target drug delivery and required radiation
doses. In this review, we limit our discussion to nanoscale materials
that are specifically engineered to alter the properties of an anti-
cancer agent.

4.1. Rationale/benefits of nanomedicine
Although 50 years of innovation has led to many unique nanoparti-

cle formulations, which possess a myriad of functionalities, the classical
features of nanocarriers remain some of the most important. The ability
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Table 2
Multimodal radiotherapy in the clinic.

Table 3
Clinically approved nanomedicines for oncology.

Cancers

Anal Carcinoma* | B-Cell Lymphomas: Diffuse Large B-Cell Lymphomaf, Follicular
Lymphoma*, Mantle Cell Lymphoma*, Nodal Marginal Zone Lymphoma* | Bladder:
Bladder™, Primary Carcinoma of the Urethra* | Breast: Inflammatory*f, Invasive* |
Bone: Ewing Sarcoma*f | Central Nervous System: Adult Medulloblastoma*f,
Anaplastic Gliomas/Glioblastoma*f, Infiltrative Supratentorial
Astrocytoma/Oligodendroglioma (WHO Grade II) *§, Primary CNS Lymphomaf |
Cervical* | Colon* | Esophageal and Esophagogastric Junction® | Gastric*{{ |
Gestational Trophoblastic* | Head and Neck: Ethmoid Sinus*, Glottic Larynx*,
Hypopharynx*, Supraglottic Larynx*, Lip (Mucosa)*, Maxillary Sinus*,
Nasopharynx*ff, Mucosal Melanoma*, Oral Cavity*, Oropharynx*, Salivary Gland*,
Very Advanced Head and Neck*} | Hepatobiliary: Extrahepatic
Cholangiocarcinoma®, Gallbladder*{%, Intrahepatic Cholangiocarcinoma* |
Hodgkin Lymphoma*f | Malignant Pleural Mesotheliomafj | Merkel Cell” |
Neuroendocrine and Adrenal Tumors: Neuroendocrine Tumors of the
Gastrointestinal Tract, Lung, and Thymus (Carcinoid Tumors)*, Poorly
Differentiated (High Grade)/Large or Small Cell*71 | Non-Small Cell Lung*j7 |
Occult Primary* | Pancreatic Adenocarcinoma*i} | Penile* | Primary Cutaneous
Lymphomas: Mycosis Fungoides/Sezary Syndrome* | Prostate* | Rectal*f |
Squamous Cell* | Small Cell Lung* | Soft Tissue Sarcoma: Extremity/Superficial
Trunk or Head and Neck*f, Retroperitoneal/Intra-Abdominal* | T-Cell
Lymphomas: Extranodal NK/T-Cell Lymphoma (Nasal Type)*{f, Peripheral T-Cell
Lymphoma* | Testicular: Metastasized Testicular non-Seminoma* | Thymomas
and Thymic Carcinomasf | Thyroid: Anaplastic Carcinomaj | Uterine Neoplasms:
Endometrial Carcinoma*f, Uterine Neoplasm*f, Uterine Sarcoma* | Vulvar*

Therapeutics

Chemotherapy - Alkylating Agents: Cyclophosphamide, Dacarbazine, Ifosfamide,
Lomustine, Procarbazine, Temozolomide, Trabectedin | Antimetabolites:
5-Fluorouracil (5-FU), Capcitabine, Gemcitabine, Hydroxyurea, Methotrexate,
Mitomycin-C, Premtrexed, Lecovorin | Antitumor Antibiotic: Bleomycin |
Anthracyclines: Doxorubicin, Liposomal Doxorubicin4, Epirubicin | Plant
Alkaloids: Brentuximab Vedotin (MMAE), Docetaxel, Etoposide, Paclitaxel,
Albumin-bound Paclitaxel#, Vinblastine, Vincristine, Irinotecan, Liposomal
Irinotecan#, Vinorelbine | Platinum-Based: Carboplatin, Cisplatin, Oxaliplatin |
Other: Eribulin

Targeted Therapy — Hormonal: Tamoxifen, aromatase inhibitors, LNRH agonists
or antagonists, 1st generation anti-androgens | Enzyme: PEGylated
L-asparaginase4 | Other: Dexamethasone, Pazopanib

Immunotherapy - Antibodies: Nivolumab, Rituximab, Cetuximab, Durvalumab |
Antibody-Drug Conjugate: Brentuximab Vedotin (MMAE)

Table 2. Data in this table was compiled from the National Comprehensive Cancer
Network's guidelines for treatment of cancer by site listing any cancer where chemother-
apy, targeted therapy, immunotherapy or a combination thereof + radiation was men-
tioned for at least 1 stage of disease. Cancers grouped together can be found in the same
guidelines. Specific drugs listed in the guidelines were organized into their classes. Itali-
cized drugs are combinations of multiple classes and listed under both classes. Drugs listed
in this table are not inclusive and only include those drugs that were specifically men-
tioned in the various guidelines. As many other drugs are likely used, and the guidelines
are constantly updated, this is meant to provide a broad overview of the type of therapeu-
tics utilized. Symbols represent the type of chemoradiation schedules that are possible for
at least one stage of the cancer listed. (* concurrent, T neoadjuvant, or  adjuvant) Nano-
particle therapeutics utilized are denoted by the 4 symbol.

of nanomedicine to not only improve safety but also efficacy compared
to systemic administration of toxic agents remains a cornerstone of the
rationale behind their use. Additionally, nanoformulations can be ap-
plied to revive products that had been abandoned due to poor solubility
and/or pharmacokinetic and release profiles (Fig. 3). In addition, nano-
particles provide protection to their cargo, which becomes especially
important for the delivery of nucleic acids. The future of nanomedicine
promises many of these advantages along with enhanced targeting
functionality, better stealth properties, and externally stimulated re-
lease to name just a few. Unfortunately, medicine has not yet fully cap-
italized on the clinical potential of nanotechnology, and significant
efforts are still necessary to show safety and efficacy in vivo for transla-
tion to the clinic [70].

4.2. Applications of nanotechnology in radiotherapy
Nanoparticles have been investigated in therapeutic, diagnostic, and

theranostic applications over the past several decades. Specifically, nano-
particles have been utilized as MRI, PET, and CT contrast agents for

Name Description Approval  RT clinical
date trials
Liposomes
Doxil® Doxorubicin hydrochloride covered 1995 Completed
in Stealth® liposomal technology phase 3: 1

active phase
3:0

Marqibo® Liposome-encapsulated vincristine 2012 Completed
phase 3: 2
active phase
3:0

Onivyde® Liposome-encapsulated irinotecan 2015 None

Vyxeos® Liposome-encapsulated daunorubicin 2017 None

and cytarabine

Polymer-based Nanoparticles

Eligard® Polymeric matrix formulation of 2002 1
leuprolide acetate

Oncaspar® L-asparaginase covalently conjugated
to PEG

1994/2006 Recruiting: 1

Biomacromolecules and conjugates
Imlygic™  Genetically engineered enveloped
herpes simplex virus type-1

2015/2005 Completed
phase 3: 1
active phase
3:1

2005/2012 Completed
phase 3: 3
active phase
3:1

Abraxane® Albumin-bound paclitaxel

Table 3. A summary of nanomedicines with FDA approval for oncologic applications; their
descriptions, approval dates, and phase 3 clinical trials investigating their combination
with RT.

enhanced imaging, as radiation dose enhancers (inorganic nanoparticles),
and as radiation sensitizers [70]. Early efforts were focused on altering
nanoparticle design to achieve increased tumoral accumulation, however
recent efforts have also investigated modulating the tumor microenviron-
ment to prepare the area for effective treatment [71]. Nanoparticles are
desirable due to their ability to carry both hydrophilic and hydrophobic
cargo, increased circulation time, and ability to target specific tissues
[72]. Here, we will focus specifically on organic-nanoparticle delivery of
radiation sensitizers and timing as an important treatment parameter.
Nanoparticles have been applied to radiation oncology in several
ways. Some studies have reported the combination of chemotherapeu-
tics with radiation dose enhancing nanoparticles for superior tumor con-
trol [73]. Other studies report nanoparticles which release their payload
upon exposure to a reducing agent, such as RT [74]. There are also inves-
tigations of nanoparticles which deliver both chemotherapeutics and ra-
diopharmaceuticals [75]. Various chemotherapeutics have been
investigated for nanoparticle enhanced CRT including camptothecin, do-
cetaxel, paclitaxel, doxorubicin, cisplatin, and ATM-kinase inhibitors
with promising results demonstrating increased efficacy over chemo-
therapy or radiation alone [14,15,73,76-78]. These compounds are only
a fraction of the drugs that may enhance the efficacy of CRT. Throughout
the late 1990s and early 2000s, several phase [ and phase /Il clinical trials
investigated the tolerance and efficacy of stealth nanoparticle-
radiotherapy combinations [79-86]. These clinical trials showed efficacy
in previously radioresistant sarcomas and demonstrated minimal toxic-
ity in other cancers including head and neck, non-small cell lung, and
breast cancer. Preclinical research conducted simultaneously investi-
gated a wider array of nanoparticles designed to enhance the efficacy
of CRT. These studies presented evidence radiation may also increase
the amount of tumoral accumulation of nanoparticles [14,50,87-95].

4.3. Clinically approved nanomedicine

Logically, the effective integration of nanomedicine into multimodal
radiotherapy regimens, begins by exploring those therapeutics currently
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Dendrimer Polymer-based Nanoparticle

Drug Conjugate

Liposome

Drug with poor solubility,
phamacokinetics, efficacy, or
high toxicity

Encapsulated drug with altered properties and
enhanced utility

Fig. 3. Schematic illustration of the types of nanoparticles discussed in this review and the benefits of utilizing these carriers to delivery poorly soluble or toxic therapeutic agents.

approved. In nanomedicine, there are not many approved agents but
those that are approved should be investigated for their combination
with RT as the bar for clinical approval and translation may be lower. As
individual therapeutics, one particular class of nanocarrier, liposomes,
has obtained significantly more clinical approvals (5) in comparison to
other drug delivery nanomaterials. The successful translation of Doxil
(1995) and subsequent approvals of DaunoXome (1996), Marqibo
(2012), Onivyde (2015), and most recently Vyxeos (2017) has demon-
strated the utility of these nanoformulations. These liposomal formula-
tions carry anthracyclines (doxorubicin and daunorubicin),
topioisomerases (irinotecan), antimetabolites (cytarabine), and vinka al-
kaloids (vincristine sulfate) underscoring the diversity of products that
have been approved. However, of these liposomal formulations only
Vyxeos demonstrated a significant increase in survival when compared
to the free compounds increasing survival from 5.9 to 9.6 months [66]. In-
terestingly, in 2016 and 2017, DaunoXome and DepoCyt (a microparticle
sized liposomal formulation) were both discontinued in the US by manu-
facturers citing “commercialization” manufacturing challenges [96,97].

Although liposomal formulations have seen the most success of any
nanomedicine class, several other nanoscale carriers have been approved.
Abraxane which is an albumin-bound formulation of paclitaxel, was ap-
proved in 2012, PEGylated L-asparaginase was approved in 2006, and
the polymeric conjugation of paclitaxel, Opaxio, was given orphan drug
designation in 2012. Polymeric nanoparticle, Eligard, was approved in
2002 and Imlygic, a modified oncolytic virus, was approved in 2005 [98].

As shown in Table 2, four of these clinically approved nanomedicines
are specifically mentioned as options for chemoradiation by the NCCN.
While FDA approved nanomedicines are dominated by liposomal formu-
lations, there is an even split between liposomes and other types of
nanoformulations when evaluating therapeutics utilized for chemoradia-
tion. The four approved nanomedicines which may be utilized in chemo-
radiation include liposomal doxorubicin (Doxil), liposomal irinotecan
(Onivyde), albumin-bound paclitaxel (Abraxane), and PEGylated L-
asparaginase (Oncaspar). Specifically, Doxil is indicated most frequently
with mentions on the guidelines for diffuse large B-cell lymphoma, Hodg-
kin lymphoma, multiple myeloma, endometrial carcinoma, uterine sar-
coma, peripheral T-cell lymphoma, extremity/superficial trunk, head/
neck soft tissue sarcoma, retroperitoneal/intra-abdominal soft tissue sar-
coma, and mycosis fungoides/Sezary syndrome. Abraxane is the second
most frequent nanomedicine utilized in CRT with mentions in the guide-
lines of pancreatic adenocarcinoma, endometrial carcinoma, non-small
cell, cervical, and invasive breast cancer. The two final nanomedicines
are each only indicated for CRT in one cancer type with Oncaspar being
mentioned for Extranodal NK/T-Cell Lymphoma and Onivyde being men-
tioned for pancreatic adenocarcinoma.

4.4. Types of nanocarriers

In MMRT, the original promise of nanoparticle inclusive therapy was
derived from their potential to improve delivery of chemotherapeutics
and dampening their side-effects. In this area, research has taken two
different approaches: drug delivery vehicles that employ organic mole-
cules and those that use inorganic elements as the building material.
Organic-based nanosystems can typically fall in several generalized cat-
egories: liposomes, polymers, and dendrimers. Utilization of these “soft”
materials proves advantageous in terms of improving drug loading,
pharmacokinetics, efficacy, and biodegradation.

4.4.1. Liposomes

Liposomes consist of small, spherically shaped particles of one or
more lipid bilayer and an aqueous core. As such, these formulations
are often utilized as carriers for hydrophilic drugs, although hydropho-
bic drugs can be transported through encapsulation within the lipid bi-
layer [99]. Individually these lipid molecules are generally amphiphilic
in nature, consisting of a hydrophilic head and a hydrophobic tail. As a
delivery system, one of the major drawbacks of liposomes is their
rapid clearance from the blood. Accordingly, research has aimed at de-
creasing the rate of elimination through the incorporation of immuno-
globulins, and coating with biocompatible polymers, such as
polyethylene glycol (PEG) [100]. In particular, these PEGylated lipo-
somes display increased circulation times and higher accumulation in
tumors compared to the parent material [101].

Preclinical evaluation of Promitil, a liposomal formulation of the
prodrug mitomycin C (MMC), was assessed as a radiation responsive ma-
terial for use in MMRT. In vivo studies evaluated the toxicity of both free
MMC and Promitil in combination with three daily fractions of 5 Gy
(15 Gy total). Toxicity was monitored through blood counts and cosmetic
(skin and hair) monitoring. All mice that were treated with MMC + RT
died from treatment related toxicity, whereas, Promitil 4+ RT resulted in
no deaths, suggesting the enhanced safety of this regimen. To assess effi-
cacy, Promitil was combined with fluorouracil-based CRT against SW480
and HT29 models resulting in improved efficacy compared to MMC, sug-
gesting its potential as a well-tolerated treatment regimen [102].

To date, multiple liposome-based nanosystems are currently uti-
lized in clinical settings or are undergoing clinical trials [103]. The
first clinically used nanoparticle-based therapeutic was a PEGylated li-
posomal doxorubicin (Caelyx®, Doxil®, Lipo-Dox®), which is approved
for multiple cancers [104]. A 2002 clinical study reported by
Koukourakis et al. evaluated whether RT and the two drugs Stealth® li-
posomal doxorubicin and docetaxel (Taxotere®) could be safely com-
bined [79]. In this study, 25 patients with stage IIb non-small cell lung



42 A.N. DuRoss et al. / Advanced Drug Delivery Reviews 144 (2019) 35-56

cancer, patients received a daily dose of 2 Gy for approximately 7 weeks
(total of 64 Gy), with cryoprotective agent amifostine administered
prior to each RT fraction. The addition of the amifostine was rational-
ized based on a prior Phase I/l study where the individual drugs in
combination with RT resulted in high mucosa toxicity forcing a dose re-
duction in the treatment regimen and potentially decreasing treatment
efficacy [105]. Taxotere and Doxil were administered weekly and every
two weeks, respectively, with newly enrolled patients receiving esca-
lated doses after adverse side-effects were not observed. Complete re-
sponse was observed in 40% of patients with partial responses
accounting for 87% of the patient population. Only a small reduction
in lymphocyte counts and mild esophagitis was observed, suggesting
that administration of a cytoprotective agents allows patients to toler-
ate an aggressive treatment regimen.

Another study by Tsoutsou et al. evaluated the efficacy
hypofractionated, accelerated RT in combination with vinorelbine,
Doxil, and amifostine in 14 patients with locally advanced non-small
cell lung cancer [106]. Patients received 15 fractions of 3.5 Gy over
4 weeks, Doxil every two weeks, and vinorelbine every one or two
weeks depending on treatment group. As vinorelbine was administered
at three increasing doses, patients that received the higher doses re-
quired delayed chemotherapy due to grade 3 neutropenia in 2/5 and
2/4 of the patients. Partial responses were observed in 64% of patients,
minimal response in 21% and stable disease in 14% with overall median
survival being approximately 8 months.

Furthermore, several clinical studies have evaluated liposomal cis-
platin formulations, but while promising, nothing has been approved
for use in MMRT [81,107].

4.4.2. Polymeric carriers

Polymer-based nanoparticles are derived from either synthetic or nat-
ural polymers. Examples of commonly used synthetic polymers include
poly(e-caprolactone), poly(styrene-maleic anhydride) copolymer, poly
(lactic acid), PEG, polyester, poloxamers, among many others [99,108]. Ex-
amples of natural polymers include chitosan, alginate, collagen, and dex-
tran [108]. Synthetically derived polymers can prove advantageous over
natural polymers due to properties such as extended drug release times.
Furthermore, there is evidence suggesting that certain natural polymers,
such as alginate, may act as radioprotective agents. As such, these types
of polymeric nanoparticles may not be suitable for MMRT [109]. Depend-
ing on the physiochemical properties of the polymer, various nanoparticle
architectures will form. For instance, nanoparticles known as
polymersomes exhibit the same architecture as liposomes and can form
particles that range in size from nanometers up to micrometers [110]. Typ-
ically, these copolymers are biomimetic analogs of phospholipids. In solu-
tion, the hydrophobic portions will interact with each other while the
hydrophilic portion interacts with the surrounding solution.

Polymeric micelles are nanosized colloids of amphiphilic block copol-
ymers which will spontaneously form in water (e.g., poloxamers). The
inner hydrophobic portions can be used for the transport of hydrophobic
drugs, whereas the outer hydrophilic region serves to stabilize the core.
These types of particles exhibit a critical micelle concentration (CMC),
meaning that below the CMC, colloidal micelles will not form. Nanopar-
ticles polymer formulations consist of colloidal systems in which the
drug can be dissolved, dispersed, or covalently attached to the polymer.

Several preclinical studies have investigated the use of polymeric-
based nanoparticles in MMRT. For example, Werner et al. assessed the
use of Genexol-PM, a nanoparticle formulation of paclitaxel for treatment
of non-small cell lung cancer pre-clinically [94]. Mice were treated with ei-
ther Genexol-PM or paclitaxel, six hours prior to irradiation with five daily
fractions of 3 Gy. Treatment with Genexol-PM led to significantly longer
delays in tumor growth compared to paclitaxel, suggesting its utility for
enhancing the therapeutic window of RT. In another study, Au and col-
leagues demonstrated the ability of PEG-PLGA nanoparticles loaded with
wortmannin (PI3K inhibitor) and docetaxel to enhance RT [111]. Mice
were first treated with wortmannin/docetaxel nanoparticles then 4 Gy

radiation 3 and 15 h after chemotherapy. In vivo tumor growth delay stud-
ies revealed that the dual-loaded nanoparticles significantly delayed
tumor growth, increased survival rates, and demonstrated significantly in-
creased DNA damage and apoptosis (Fig. 4 a). Furthermore, encapsulation
of the drugs in the PEG-PLGA nanoparticles significantly reduced toxicity
compared to the free drug counterparts. Overall, these findings proved
promising for enhancing the therapeutic window of MMRT.

More recently, Zhang and colleagues evaluated the influence of co-
delivered PLGA-PEG encapsulated wortmannin and cisplatin in ovarian
cancer models [113]. Mice received clinically relevant doses of dual-
loaded nanoparticles (cisplatin and wortmannin) immediately before
receiving 5 Gy for three subsequent day (15 Gy total). Treatment with
dual-loaded nanoparticles showed enhanced therapeutic efficacy across
all treatment groups when combined with RT when compared to free
drugs + RT. Additionally, these particles were found to outperform
the single-loaded particles of cisplatin or wortmannin, implying a syn-
ergistic response.

In our previous work, we utilized a poloxamer based micellar formu-
lation to deliver two DNA damage repair inhibitors, talazoparib and
buparlisib (PARP and PI3K inhibitors respectively). This formulation
was administered during a course of RT in a mouse model representative
of late stage breast cancer. Mice received three consecutive daily doses of
5 Gy with the initial dose of RT delivered just after nanoparticle adminis-
tration. While this therapeutic strategy demonstrated promise, there
was no enhanced efficacy or survival of the dual-drug micelles with radi-
ation over radiation alone, likely because study endpoints had been
reached due to metastatic burden. However, tumor growth curves
were beginning to separate, and tumor histology revealed more exten-
sive apoptosis (Fig. 4 b) and an increase in DNA damage in the mice
treated MMRT, mirroring the aforementioned study by Au et al. Future
iterations of the work will likely explore the sequence of agent adminis-
tration, fractionation/dose parameters, and drug dose increases to fur-
ther optimize the treatment. In general, this study aimed to more
realistically mimic the clinical paradigm in terms of the tumor model,
treatment schedule, and inclusion criteria. Clinically, new therapeutics
are often tested in groups that have advanced stage disease and have
failed other therapies, therefore employing highly metastatic models
and randomizing at larger tumor volumes in preclinical studies may
more accurately predict the likelihood of translational success [112].

Currently there is one clinically approved polymer-based nanoparti-
cle for oncologic applications in the US (Eligard) with three others
worldwide: Genexol-PM (South Korea), Zinostatin (Japan), Zinostatin
stimalamer Paclical (Russia) [114]. As of 2018, 15 polymeric nanoparti-
cles were undergoing clinical trials, however, none of these have been
evaluated clinically for MMRT.

4.4.3. Dendrimers

Another class of synthetic polymers are dendrimers, which are highly
branched macromolecular structures that emanate from a central core
and grow outward in concentric layers. Some of the most commonly
evaluated dendrimers for use in nanomedicine include poly
(amidoamines) PAMAM, polyester, glycodendrimers, carbosilanes, poly
(L-lysine) and polypropyleneimines [115]. Dendrimer-based nanoparti-
cles can serve as drug carriers either through conjugation of the drug or
entrapment within the dendritic branches. Various compounds, includ-
ing doxorubicin, campthothecin, cisplatin, and paclitaxel have been car-
ried by dendrimers for enhanced drug delivery [115]. A study by Wu
et al. designed a radiosensitive dendrimer loaded with doxorubicin.
Here, L-cysteine was conjugated to the G 4.5 PAMAM dendrimer, disul-
fide bonds were forged between individual L-cysteine molecules, and
doxorubicin was loaded [116]. The efficacy of CRT was tested in vivo in
a zebrafish model inoculated with HeLa cells. Zebrafish were first treated
with the doxorubicin-loaded dendrimer derivative and irradiated 2 h
later (5 Gy). Results suggested that compared to free doxorubicin, the
doxorubicin-loaded dendrimers decreased the proportion of HeLa cells
remaining following treatment, implying a synergistic response.
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Fig. 4. (a) Quantification of cleaved-caspase 3 (CC3) staining in tumor sections of mice treated with various nanoparticles with or without IR compared to no treatment control. Adapted with
permission from [111]. (b) Tumor sections stained with CC3 for (i) empty micelle, (ii) dual-loaded micelle, (iii) empty micelle + IR, and (iv) dual-loaded micelle + IR. Inset sections represent
the corresponding boxed region in whole-tumor image. Outlined sections are designed to illustrate the extent of CC3 staining and thus apoptosis. Adapted with permission from [112].

Overall, while there have been preclinical reports of dendrimers uti-
lized in CRT, they have not moved forward to clinical trials and there are
currently no clinically approved dendrimers. Based on a search of
clinicaltrials.gov, to date, there is currently one recruiting trial to evalu-
ate the efficacy and safety of Imdendrim for the treatment of inoperable
liver cancer.

4.4.4. Biomacromolecules and conjugates

Various combinations of biomacromolecules and chemically
coupled therapeutic agents fall within the classification of
nanomedicine. An important distinction to make between nanoparti-
cles and nano-conjugates is the difference in drug release as conjugates
rely on active cellular-processes for cleavage and subsequent drug re-
lease, while nanoparticles are freely and continually releasing drug dur-
ing circulation. However, polymer-, protein-, and antibody-drug
conjugates change the size of chemotherapeutic agents effectively

altering their solubility and pharmacokinetics, a key criterion for nano-
particles [117].

Polymer-drug conjugates have long been investigated for drug de-
livery and have had several products approved for clinical use. The
main benefits of polymer-drug conjugations include enhanced drug sol-
ubility, increased drug circulation, immune-evasion, and altered release
profiles leading to enhanced safety and efficacy [118]. The field of poly-
mer chemistry has grown in parallel with drug delivery providing con-
jugates with unique properties which can be superior to traditional
polymers. As of 2018, 16 polymer-drug conjugates were in various
stages of clinical testing for oncology applications. Additionally, accord-
ing to clinicaltrials.gov, there are numerous ongoing studies into the ef-
ficacy of MMRT utilizing both clinically approved and experimental
polymer-drug conjugates. These studies include combinations of
CRLX101 with radiation or Eligard with Docetaxel and radiation.

Protein-drug conjugates are an interesting class of nanomaterials
that also offer similar properties to nanomaterials and polymer-drug
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conjugates, but have additional benefits such as low endogenous toxic-
ity, enhanced cellular uptake, and their inexpensive renewable sources
to name a few [119,120]. Many studies have and continue to investigate
the potential of enhanced therapeutic efficacy of combining Abraxane
and RT in various cancers, with various sequences and combinations
with additional drugs [121-123]. These studies demonstrate the benefit
of administering a nanoparticle-based paclitaxel, which is a known
radiosensitizer, in conjunction with RT to mitigate common toxicities
associated with free paclitaxel regimens [124].

For antibody-drug conjugates (ADC), there is some investigation
into chemoradiotherapy although most ADCs utilized for RT are deliver-
ing a radioactive substance rather than a chemotherapeutic [125-127].
One limitation of the utility of ADCs is the lack of a diverse array of tar-
gets, as currently there are four approved ADCs targeting only four pro-
teins. Three of these ADCs are approved in blood cancers with the other
approved for breast cancer. Therefore, combinations of ADCs with RT
are limited at present date. However, there are approximately 175
ADCs in the various stages of development with around 16 currently
in clinical trials. The approvals of new ADCs targeting solid tumors will
open the field for a wide array of investigation into ADC-MMRT.

Furthermore, there are other nanoparticle platforms that do not fall
into any of the prior categories such as Imlygic, an approved oncolytic
virus. The nanoparticle itself is made up of a genetically modified herpes
simplex virus which targets cancer cells and lyses them to stimulate an
immune invasion [128,129]. Importantly, several ongoing clinical trials
are investigating the combination of Imlygic with RT. Additionally, hy-
brid nanomaterials made out of casein, collagen, and ferritin are being
investigated for their potential as drug delivery carriers.

4.5. Current strategies and considerations for nanoparticle multimodal
radiotherapy

When aiming to develop nanoparticle-based MMRT the incorpora-
tion of clinically utilized parameters will prove advantageous toward
successful clinical translation. In particular, a deeper understanding of
the local tumor environment and the influence of RT will aid in the op-
timization of nanoparticle-based therapy. The following sections aim to
describe preclinical studies which evaluate various effects that RT has
on its local environment, all of which may guide future rational design
of nanoparticles for MMRT. Additionally, important considerations
that influence rational combinations and timing are noted, specifically
in regard to their application with nanomaterials as these carriers
have many effects. Furthermore, areas of research opportunities are
noted to stimulate interest in elucidating parameters that may prove
critical in the development and translation of these technologies.

4.5.1. Nanoparticle accumulation and the influence of ionizing radiation on
the tumor microenvironment

For years, the enhanced permeability and retention (EPR) effect has
been promoted as a mechanism for tumoral drug delivery by nanoparti-
cles. Conceptually, this phenomenon is based on the notion that in-
creased vascular leakiness exists due to the rapid proliferation of cancer
cells and the surrounding blood vessels [130]. This leakiness creates an
environment of high vascular permeability allowing nanoparticles and
other high molecular weight macromolecules to permeate into the local
tumor environment to a greater extent than healthy tissue. In healthy tis-
sues, this size species is cleared by the lymphatic system, but in cancer the
lymphatic function is typically impaired leading to increased retention.
Collectively, the leaky vasculature and impaired drainage allows for en-
hanced permeability and decreased clearance resulting in higher tumoral
particle accumulation amounting to the EPR effect.

Regardless of the EPR effect, there are additional factors that can influ-
ence overall tumor physiologically and subsequent drug accumulation.
One example of this is the increased interstitial fluid pressure (IFP) that
is characteristic of solid tumors [131]. Increased tumoral IFP is a direct re-
sult of the enhanced blood vessel permeability, reduced perfusion and

lymphatic drainage, and cellular density in tumors [132]. The increased
permeability allows a multitude of blood plasma constituents to travel
into the tumor interstitium [133]. Consequently, osmotic pressure differ-
ences between the blood vessels and interstitial space is no longer main-
tained and the IFP approaches vasculature pressure [133]. Thus, the
gradient pressure loss results in decreased transportation efficiency of
the nanoparticles as escape from the blood vessels is largely a diffusion
driven process [134]. Accordingly, nanoparticles accumulate near tumor
blood vessels rather than distributing evenly throughout the tumor mi-
croenvironment, a direct contradiction to EPR. Previous research encap-
sulating a liposomal-CT contrast agent evaluated the overall distribution
of the nanoparticles in tumors, observing more uniform uptake in tumors
with lower IFP [135,136]. Researchers proposed a direct correlation be-
tween increased uniformity and more consistent perfusion. Largely, for
these reasons and a lack reproducibility in human tumors, the EPR effect
remains highly debated. In general, while the EPR effect may contribute
to nanoparticle accumulation, this phenomenon is significantly more
complex and less broadly applicable than initially postulated.

In a 2016 clinical trial, Clark et al. evaluated tumor accumulation of
nanoparticles following systemic administration. Here, tumor and adja-
cent healthy tissue biopsies were obtained before and after administra-
tion of CRLX101. After treatment, biopsies revealed that drug was
present in tumor tissue of all patients but not in the surrounding healthy
tissues. Supporting the concept of EPR effect clinically, the intact nanopar-
ticle was also observed in 5 of the 9 patients. Importantly, in a mouse
model, the same experiment displayed significantly enhanced accumula-
tion in tumor tissue compared to human patients, further supporting the
heterogeneity of the EPR effect across species and even individuals [137].

Doxil was initially approved for the treatment of Kaposi's sarcoma
(KS) and later multiple myeloma (MM) as a result of increased efficacy
and decreased toxicity [138]. The success of Doxil in these cancers may
be derived from the extremely leaky blood vessels characteristic of KS
and the unique properties of blood cancers, such as MM, where EPR,
IFP, or other problems associated with solid tumors are not factors
[139,140]. Comparatively, in other solid tumors that lack EPR, Doxil
does not significantly improve the efficacy of treatment upon compari-
son to the free drug. However, it does alter the overall biodistribution
and decrease cytotoxicity, particularly treatment-limiting
cardiotoxicity, and is highly beneficial for these reasons [141]. Ulti-
mately, the clinical influence of the EPR effect is largely ambiguous
and unlikely to be present equally in all tumors. Importantly, there is ev-
idence that RT may prove beneficial for enhancing tumor accumulation,
thus increasing the therapeutic efficacy of nanoparticles by increasing
accumulation, stimulating the immune system, and modulating the
tumor microenvironment [142]. Capitalizing on these aspects of a com-
bined nanoparticle-RT therapeutic regimen, in addition to the benefits
of multimodal therapy, may prove to be a niche where nanoparticles
can fulfill their early promises. A thought-provoking review by
Stapleton et al. details the influence of RT on the tumor microenviron-
ment and how this effect would likely lead to increased uptake of nano-
particle formulations over small molecule therapeutics (Fig.5a) [135].If
these effects are translatable from animal models to patients, this would
essentially make the EPR effect a clinically viable phenomenon.

As the longest FDA approved nanomedicine, much of the investiga-
tion into RT enhanced accumulation has been done with Doxil. In a
human osteosarcoma xenograft model, Davies et al. found that doxoru-
bicin uptake was increased 2-4 times (single fraction, 8 Gy) or 1-3
times (fractionated, 3.6 Gy x 3 days) when Doxil was administered
24 h prior to RT. Furthermore, both RT + Doxil regimens significantly
delayed tumor growth compared to the untreated controls [87]. Clini-
cally, after radiotherapy, Doxil has been demonstrated to preferentially
accumulate in tumor tissue over healthy brain tissue in patients with
metastatic brain lesions and primary glioblastoma [144]. From this
study, the authors concluded that liposomes are able to overcome the
blood-brain barrier, but only to reach tumor tissue. However, in this
study patients were treated with Doxil on days 1 and 21 in addition to
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Fig. 5. Radiation influences the tumor microenvironment in many ways and recently research has begun to further understand these effects and the complex way they may be exploited to
enhanced tumoral accumulation of nanoparticles. (a) Graphical abstract highlights some of these influences. Adapted with permission from [135]. (b) (top) Pretreatment with radiation
decreased IFP 24 h post-treatment and the intratumoral bulk accumulation in MDA-MB-231 tumors. (bottom) Tumor IFP was low (4.5 4+ 1.5 mmHg) but not negligible in the 4T1 tumors.
Assignificant change in IFP following radiation was not observed and radiation does not improve the bulk accumulation, intratumoral distribution. In in vivo studies radiation or followed by
Doxil resulted in a modest increase in tumor growth delay compared to all other treatments in the 4 T1 tumor model. Adapted with permission from [143].

fractionated RT and a booster dose over the course of 23 days. Unfortu-
nately, patients without RT were not included and therefore a causal re-
lationship of enhanced accumulation from irradiation could not be
determined.

Although IR affects much of the tumor microenvironment, the influ-
ence of IR on tumor vasculature is one of the most well-studied. To that
end, radiation induced vascular changes have been linked to both the
total dose and the fractionation of RT. Vascular volume often decreases
in a dose- dependent fashion after single radiation doses of 5 Gy or
more, correlating with an increasing extent of vascular damage [145].
In addition, in single moderate- to high-dose regimens, as vascular dam-
age increases, vascular permeability also increases. However, investiga-
tion of these effects during a clinically relevant conventionally
fractionated radiotherapy (CFRT) schedule revealed enhanced accumu-
lation of macromolecules despite a lack of observed vascular disruption
[36]. In contrast to high-dose radiation, despite increasing accumula-
tion, CFRT appears to induce vascular maturation thus implicating

alternative mechanisms of enhanced accumulation rather than in-
creased extravasation. This underscores the importance of investigating
multiple fractionation schedules and highlights the complex interplay
between radiation and the tumor microenvironment for enhancing
accumulation.

Closely related to the tumor vasculature, the influence of IFP on the
tumor microenvironment has been examined on several occasions.
Lammers et al. investigated the effect of RT on tumoral accumulation
of HPMA copolymers. Here, mice were exposed to a dose of 2 or
20 Gy, at 1 or 24 h before copolymer administration. Unsurprisingly, tu-
moral copolymer accumulation was found to increase for all treatment
groups compared to unirradiated animals. Importantly, however, the
highest increases were observed with a 24-h gap between IR (20 Gy)
and copolymer administration. While the authors hypothesized that
this course of RT was resulting in lower IFP, this was not directly mea-
sured. Toward this end, a recent report by Stapleton et al. demonstrated
that a single dose of RT could significantly enhanced accumulation and
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distribution of nanoparticles in tumors [143]. Specifically, they investi-
gated how an altered IFP after RT affected particle uptake (Fig. 5 b left,
middle). In a high IFP human breast cancer model, a single fraction of
15 Gy significantly enhanced nanoparticle accumulation and distribu-
tion when administered 24 h prior. Additionally, RT both decreased
IFP by 50% and enhanced treatment efficacy in this model. Compara-
tively, in a low IFP murine breast cancer model, RT did not increase
nanoparticle accumulation or alter the IFP. However, in both models,
treatment with RT followed by Doxil resulted in delayed tumor growth
albeit to a greater extent in the high IFP model (Fig. 5 b, right). In the
same low IFP model, we recently investigated the influence of RT on
organ accumulation of a different nanocarrier type, mixed poloxamer
micelles (MPMs). Here, mice implanted with 4 T1 tumors were injected
with Cy 7.5-loaded MPMs either 24 or 72 h after 3 consecutive daily
doses of 5 Gy. Ex vivo analysis of organs 24 h after MPM administration,
demonstrated no significant change in tumor accumulation at either
timepoint (Fig. 6 a). Despite no increase in tumor accumulation en-
hanced efficacy was evident. Both of these findings coincides with a re-
port by Harrington et al. where a single fraction of RT delivered
anywhere between 30 min to 72 h prior to radiolabeled liposome ad-
ministration did not increase nanoparticle uptake but did enhance ther-
apeutic efficacy in a human KB head-and-neck xenograft model. [95]
However, these studies directly contradict a previous report where ad-
ministration of 5 Gy 3 days prior was found to increase tumor accumu-
lation 3 different particle types (liposome, polymeric micelle, dextran
nanoparticle) in the low IFP 4 T1 model (Fig. 6 b).

Due to the impact of the cancer-immune response on the tumor mi-
croenvironment, understanding RT's effect on the immune system is
fundamental as these effects may also alter accumulation [135]. In addi-
tion to implicating IFP and the microvasculature in enhanced accumula-
tion, some studies have linked the increase in tumor-associated
macrophages (TAM) to an increased delivery of nanomedicines after ra-
diation [146]. Studies have shown that radiation activates and
upregulates the expression and excretion of a number of pro-
inflammatory chemokines, genes, proteins, and pathways [147]. In re-
sponse to inflammation, which is induced by IR, pericytes upregulate
the intracellular adhesion molecule 1 (ICAM-1) and excrete a
chemoattractant known as macrophage migration inhibitory factor
(MIF), two stimulatory signals capable of recruiting macrophages to
sites of inflammation [148]. Thus, theoretically, macrophage phagocyto-
sis of nanomedicines and subsequent transportation to tumor tissue may
be a factor influencing the enhanced accumulation observed after RT.

In general, IR induces changes in the tumor microenvironment
resulting in increased accumulation of macromolecules and nanoparticles
alike. Despite evidence of enhanced accumulation, there has been no sys-
tematic investigation into elucidating this phenomenon. Establishing a
framework for RT enhanced nanoparticle accumulation may greatly im-
prove the potential for clinical approval and translation. Determining the
boundaries of this effect is very important as clinical radiation schedules

vary widely based on tumor location, type, stage, and other parameters.
Furthermore, by screening ineffective nanoparticle types and radiation
schedules before large clinical investment occurs, valuable investigational
resources can be directed to the most promising therapeutic regimens.

4.5.2. Enhanced targeting through radiotherapy induced expression

In contrast to relying on passive tumoral accumulation through phe-
nomena such as the EPR effect, active approaches have evolved as a
more specific and complementary strategy. In a meta-analysis report
surveying the past ten years of literature, it was found that less than
1% of administered nanoparticles reach the tumor volume [149]. These
findings highlight the rationale behind current efforts to actively target
various tumor pathophysiologies for increased nanoparticle accumula-
tion. As previously noted, there are two primary approaches for enhanc-
ing tumor accumulation: targeting through either passive or active
mechanisms. Approaches to improve passive targeting by enhancing bi-
ological interactions include physical modification of nanoparticle size,
shape, or general composition. Comparatively, active targeting utilizes
nanoparticle surface-bound targeting moieties to target cancer, vascula-
ture, or immune-specific receptors for enhanced accumulation, inter-
nalization, and efficacy. Ligands are selected based on their ability to
bind receptors that are overexpressed in the target tissues. Targeting
moieties such as proteins, antibodies, peptides, aptamers, and small
molecules have all been investigated for nanoparticle-based targeting
[150,151]. Receptors commonly over-expressed in cancer and exploited
for targeting include; folate receptor, CD44, HER2, and EGFR [152]. The
proliferative and metastatic nature of cancer induces upregulations in
these receptors which are implicated in processes that help facilitate
growth and spread.

For example, CD44, is a cell surface glycoprotein known to partici-
pate in a variety of cellular processes including; proliferation, growth,
and angiogenesis. A study by Arabi et al, modified Doxil with a monoclo-
nal antibody against CD44 (CD44-Doxil) and evaluated cellular uptake
and efficacy [150]. Here, mice treated with CD44-Doxil exhibited signif-
icantly higher doxorubicin concentrations inside the tumors than the
unmodified Doxil. Additionally, the CD44-Doxil nanoparticles displayed
decreased tumor volumes and increased median survival rates. Overall,
these results are promising for increasing internalization, efficacy, and
survival. Alternatively, several reports have suggested that while cellu-
lar internalization of nanoparticles is improved by incorporating
targeting ligands, tumor localization is not [153,154]. In addition, it
remained unclear the influence of internalization on therapeutic effi-
cacy. In direct contrast, Jin et al. investigated EGFR-targeting peptides
conjugated to curcumin-loaded, PLGA-PEG nanoparticles [151]. Despite
promising internalization data in vitro, there was no significant differ-
ence in therapeutic efficacy in vivo between the targeted and untargeted
nanoparticles. However, like many other aspects of nanoparticle thera-
peutics, it is important to consider the influence that nanoparticle and/
or animal model characteristics may have when comparing results.
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Although inducing an EPR effect may be one of the most beneficial
consequences of RT, reports have noted that certain cellular adhesion
molecules, such as P- and E-selectin, GRP78, ICAM-1 and more, may
be upregulated after RT. Thus, due to the targeted nature in which IR
can be delivered, enhanced targeting may be possible by exploiting
these receptor changes [88,89,155,156] rather than universally recep-
tors which can be cancer-overexpressed, such as EGFR. Combining RT
enhanced accumulation and RT upregulated targets could impart signif-
icant effects on both nanoparticle accumulation and internalization. For
instance, P-selectin, an inflammatory adhesion molecule that can re-
cruit leukocytes (inflammatory response) or facilitate metastasis (can-
cer induced), was discovered to be expressed in many human tumor
cancer cells [155]. Additionally, P-selectin can be activated and upregu-
lated after administration of endogenous cytokines or IR, making it a po-
tential target for RT-guided targeting. A report by Shamay et al. utilized
an algae derived polysaccharide, fucoidan, to formulate nanoparticles,
due to its affinity for P-selectin. Selective targeting of fucoidan nanopar-
ticles was assessed in vitro under stimulated inflammatory conditions
through activation with tumor necrosis factor-alpha (TNF-ot) or IR
(6 Gy). Following activation by both TNF-« and IR, fluorescence imaging
demonstrated that the fucoidan nanoparticles selectively bound to the
cancer cells (Fig. 7 a-d). The effect of IR on P-selectin targeting was
then assessed in vivo, in a mouse model where P-selection expression
is not normally observed. As early as four hours after IR (6 Gy) and im-
mediately following nanoparticle administration, the expression of P-
selectin and its utility as a targeting agent became apparent. At 24-h
post IR, irradiated tumors displayed 3.8-fold higher fluorescence inten-
sity values compared to unirradiated tumors. In mice that received both
IR and nanoparticles complete tumor regression was observed, thus
demonstrating the promise as P-selectin targeting for RT-guided drug
delivery. P-selectin represents one option for RT-guided drug delivery,
though it may not be the optimal choice. Further study is warranted re-
garding the opportunities and challenges for RT-guided drug delivery.

4.5.3. Radiotherapy and the immune system: Applications of nanotechnol-
ogy to radioimmunology

Cancer immunotherapy has seen a surge in utility due to remarkable
outcomes in several forms of cancer, which has led to many key ap-
provals. An effective anticancer immune response results when the
steps of the cancer-immunity cycle (Fig. 8 a) are initiated and proceed
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in an iterative manner [157]. In cancer patients, the cycle is deficient
and must be either initiated or re-implemented. By identifying the
missed or malfunctioning step, the processes can be stimulated through
various means. As such, researchers are exploring potential strategies to
utilize RT, nanotechnology, and the combination to induce this re-
sponse. By releasing tumor associated antigens (TAA), RT has the ability
to overcome the immunosuppressive environment stimulated by can-
cer. Additionally, IR activates pathways responsible for recruiting im-
mune cells and modifies the tumor microenvironment which may
allow for better penetration of administered immunotherapeutics. In
traditional oncology, nanoparticles are designed to primarily target can-
cer cells, whereas in immune-oncology nanoparticles can be designed
to target immune-specific cells such as antigen presenting cells
(APCs). The ability of nanoparticles to target these cells may facilitate
the delivery of antigens, adjuvants, antibodies, and help modulate the
tumor microenvironment [158]. Taking advantage of aspects from
both RT and nanotechnology proves a promising approach to enhance
the applicability and efficacy of immunotherapy.

One clinical approach involves combining checkpoint inhibitors and
RT to elicit the abscopal effect, where local tumor treatment leads to re-
gression of systemic metastatic spread [160]. An innovative study by
Min et al. employed antigen-capturing (AC) nanoparticles formulated
from PLGA [159]. After formulation, various surface chemistries were
employed in order to evaluate the influence of nanoparticle surface on
capture of TAA released after RT. The authors hypothesized that the
proper surface chemistry would enhance TAA capture and subsequent
delivery to APCs thus improving the local immune response and stimulat-
ing the abscopal effect (Fig. 8 b). Following successful demonstration that
various surface modifications influenced TAA capture, the AC-
nanoparticles were then evaluated for their ability to induce the abscopal
effect. To investigate this, mice were inoculated with dual-flank tumors
one of which was treated with IR after checkpoint inhibitor therapy. Fol-
lowing RT, AC-nanoparticles were administered, and responses evaluated
for all formulations. Excitingly, results showed that two formulations
achieved significantly delayed tumor growth and abscopal effect induc-
tion. This observed enhancement also translated to an increased survival
rate with a complete response observed in 20% of the animals. This study
is an example of the important role nanotechnology may play at the
radiation-immunotherapy interface and make clear the importance of
evaluating nanoparticle characteristics in these types of studies.
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with permission from [155].
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Along with its effects on the immune system, radiation can influence
the entire tumor microenvironment [161]. Properly capitalizing on the
various aspects of RT's local influence for enhanced accumulation and
efficacy may markedly improve the fields of MMRT and nanomedicine
through their optimal integration.

4.5.4. Pharmacokinetics/release

One of the major advantages of nanoformulations over their free
drug counterparts are the clinically observed improved pharmacokinet-
ics (PK) and drug release rates [162]. In addition to other parameters,
overall treatment efficacy will likely be influenced by the drug release
kinetics. For example, a preclinical report by Sethi et al. assessed the ef-
fect of drug release on the therapeutic efficacy of wortmannin and doce-
taxel. Following formulation, nanoparticles were evaluated in vitro to
determine their release kinetics [163]. Drug release studies demon-
strated a decreased rate of drug release through variation of polymer ra-
tios. In vivo, the relationship between therapeutic efficacy and drug
release was clear as nanoparticles exhibiting slower drug release pro-
files were more effective (Fig. 9b). This observation is supported by
the notion that slower release can increase intra-tumoral drug availabil-
ity. These results correspond with the observation that sustained release
of chemotherapeutics lead to increased cytotoxic effects. Furthermore,
nanoparticle formulation with slower drug release kinetics displayed
reduced hepatotoxicity. Taken together, these findings provided evi-
dence that enhanced therapeutic efficacy and reduced toxicity are
achievable through manipulation of drug release kinetics.

In addition to enhanced PK, nanoparticles can be utilized for delivery
of multiple chemotherapeutics to further induce synergistic effects [166].
A study by Tian and colleagues, analyzed the efficacy of co-encapsulation
of docetaxel and cisplatin (prodrug) in a lung cancer model. Evaluating
the in vivo efficacy revealed that dual-encapsulation significantly blunted
tumor growth compared to all treatment arms, including the individually
loaded nanoparticles administered together. Furthermore, Wan et al. ob-
served similar results when utilizing a poly(2-oxazoline) polymeric mi-
celle for the co-delivery of paclitaxel and cisplatin [167]. Researchers
hypothesize that the enhanced efficacy is a result of better spatiotempo-
ral delivery of drugs at specific ratios and doses, both of which are critical
components in optimizing combination therapies [164].

Some of the most innovative approaches are aimed at the develop-
ment of tumor microenvironment-responsive nanoparticles, which ex-
ploit common tumor characteristics. These types of stimuli-responsive

nanoparticles undergo drastic changes which alter their physiochemical
properties in response to stimuli such as pH, temperature, hypoxia, and
reduction/oxidation resulting in a triggered release [ 168]. The difference
in acidity between the tumor microenvironment (pH 6.5-6.8) and the
surrounding tissues (pH 7.4) due to the increased production in lactic
acid (Warburg effect) forms the rationale for the development of pH
sensitive nanoparticles [169,170]. This variation in pH, can prove prom-
ising for the development of carriers which are stable under normal
physiological conditions (pH 7.4) but degrade in acidic conditions, sub-
sequently releasing the drug payload into the surrounding environment
[171]. pH-sensitive nanoparticles have also been developed through the
incorporation of an acid-labile linker that will undergo hydrolysis re-
leasing the drug. Chytil and colleagues conjugated doxorubicin to a
micelle-forming amphiphilic N-(2-hydroxypropyl) methacrylamide
(HPMA) through a hydrazone-based linker (Fig. 9c) [165]. Additionally,
various cholesterol-based moieties were conjugated to HPMA-based
polymers creating variation in micelle disintegration, allowing investi-
gation on the influence of hydrolysis rate on in vivo efficacy. The
resulting HPMA doxorubicin conjugates demonstrated stability at phys-
iological pH, however degraded under acidic conditions. In vivo studies
suggested that efficacy was directly correlated to stability of the
micellular structure, where HPMA doxorubicin conjugates with faster
hydrolysis rates displayed faster blood clearance and lower tumor up-
take ultimately decreasing their anticancer activity (Fig. 9d).

Many have also investigated the development of nanoparticles
which are responsive to external stimuli, such as light and ultrasound
[172]. Several reports have also utilized X-rays to trigger the release of
a therapeutic payload. A large majority this work, however, have fo-
cused on the utilization of inorganic based materials due to the poor
X-ray absorption of organic molecules [172]. Extremely high radiation
doses are often required to break the covalent attachments in the poly-
meric nanoformulations, thus limiting their clinical utility. To circum-
vent these limitations, several reports have focused on redox-sensitive
nanoparticles that respond to the increased concentration of ROS fol-
lowing irradiation [173]. Several reports have utilized DNA to conjugate
a therapeutic agent to an inorganic nanoparticle. During irradiation, X-
rays act as the triggering event generating ROS induced DNA break
strands, capitalizing on a well-known ability of IR [173,174]. Addition-
ally, the incorporation of an inorganic core can aid in augmenting the
concentration of ROS generated, thus improving nanoparticle and in-
creasing overall drug release and therapeutic efficacy. Deng et al.
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formulated an X-ray triggered liposomal platform by co-embedding
photosensitizers and gold nanoparticles within the lipid bilayer [174].
Upon irradiation, the generation of ROS results in oxidation of the lipids,
subsequently destabilizing the lipid membrane. In vivo studies revealed
significantly reduced tumor growth upon administration of the X-ray
triggered liposomes and IR compared to either agent alone.

While limited, several reports employed solely polymeric-based
nanoparticles through the incorporation of Se—Se bonds. These
selenium-containing polymers exhibit high sensitivity to low concen-
trations of oxidants, enhancing release of the therapeutic payload
[175]. Despite the innovative concept of stimuli-responsive nanoparti-
cle formulations, particularly for X-ray responsive nanoparticles, limited
preclinical research is available regarding therapeutic relevance. In gen-
eral, many of these technologies remain at the proof-of-concept state
often requiring conditions beyond those allowable by current clinical
conditions to demonstrate functionality. For instance, nanoparticles
are commonly administered via intratumoral injections to enhance
therapeutic efficacy by allowing administration of the entire therapeutic
dose. As these types of accessible tumors are normally surgically ex-
cised, the application of these platforms may be limited. In addition,
these reports often do not account for factors such as PK, release, or
biodistribution. Unfortunately, this results in a limited understanding
regarding whether tumoral nanoparticle accumulation is sufficient to
elicit a therapeutic response upon external stimulus. Ultimately, to es-
tablish a clearer picture, more work must be done to investigate how
various radiation schemes affect the pharmacokinetics, accumulation,
and the release of drug from different nanoparticle formulations.

4.5.5. Therapeutic mechanism of action

In order to effectively eradicate malignant cells, cytotoxic com-
pounds must be combined with RT to overcome efficacy-restricting var-
iables, such as tumor hypoxia. Chemotherapy agents, including
antimetabolites, platinum agents, topoisomerase inhibitors, and
taxanes, can directly interact with DNA via distinct mechanisms in hyp-
oxic cells to help overcome radioresistance. However, radiosensitization
effects of chemotherapeutic agents often vary based on their

mechanism of action leading to differences in the optimal administra-
tion sequence.

Mechanism of action plays a particularly important role in the case
of cell cycle inhibitors. Fig. 10a outlines the cell cycle phases where
the therapeutic agent may be most effective when used in combination
with RT. For instance, there is evidence that cells damaged by alkylating
agents will arrest in G; of the cell cycle [176]. G, and mitosis are consid-
ered radiosensitive phases of the cell cycle, so there is justification for
early administration of alkylating agents to induce DNA damage and
cause cells to arrest before or during radiation. Alternatively, antimetab-
olites are often most effective during S phase and shown to be ex-
tremely sensitive to drug timing and schedule [177]. Concurrent CRT
exploits differential cell cycle radiosensitivity as is the case when utiliz-
ing taxanes, which promote cell cycle arrest or synchronization, at the
G2 and M phases (the most radiosensitive phases). Administering radi-
ation when cells have synchronized increases radiation sensitivity of
these cells. Furthermore, the requirement of ideal timing strategies is
no unique to cell cycle influencing agents, as factors such as mechanism
of action and fractionation may influence the timing required of other
therapeutic drugs. Table 2 lists the classes of chemotherapeutics, with
specific examples, that are commonly used in combination with RT in-
cluding alkylating agents, antimetabolites, plant alkaloids, and
platinum-based therapeutics. These categories of chemotherapeutics
are important to consider as they all have different interactions with
cells that may influence the timing of drug and radiation administration.
For instance, chemotherapy may also eradicate cells in S-phase, the
most radioresistant portion of mitosis, effectively enhancing the num-
ber of cells in more sensitive phases which will thus be exposed to IR
[88,91]. Additionally, agents such as mitomycin C and tirapazamine
function as bioreductive prodrugs which are preferentially activated
within hypoxic environments to confer enhanced radiosensitivity and
cytotoxicity [91]. However, even within the drug class these effects
can vary, so personalization of the treatment with each compound is
still necessary. Of further importance, as noted by Coleman et. al, the
mechanism of action may change when an agent is utilized in combina-
tion with radiation rather than alone to target a specific tumor pathway
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Fig. 10. (a) Radioresistance and the cell cycle. Cellular radioresistance varies depending on the stage of cell cycle with mitosis being the least radioresistant and synthesis being the most
radioresistant. Due to their mechanism of action, classes of radiosensitizers are more effective at different cell cycle phases, demonstrated here. Red jagged lines depict cell cycle
checkpoints that are triggered when DNA is damaged by radiation. (b) Timing plays an important role in the optimal combination of RT and nanoparticle delivered chemotherapeutics.
KB cells treated with docetaxel, a plant alkaloid which induces G2/M phase arrest, (Dxtl) (top) or FT-NP Dtxl (bottom) irradiated with 4 Gy at the indicated times and evaluated for

clonogenicity. Adapted with permission from [15].

[178]. Thus, evaluating the specific interaction between therapeutic
agents and RT rather than relying on documented mechanisms is criti-
cally important to enhancing the success of such combinations.

4.5.6. Dose/fractionation/timing/sequence

Recently, studies have begun to highlight the importance of different
variables when considering MMRT. Although not inclusive, important
variables include the dose of radiation, how and if radiation is fraction-
ated, the dose of drug administered, the time of drug exposure, and the
sequence of exposure to both agents. While organic-based drug-carrier
nanoparticles for MMRT remain the focus of this review, the importance
of timing and schedule is not unique to this nanoparticle-RT application.
A report by Paunesku et al. using inorganic nanoparticles for dose en-
hancement found that the sequence of nanoparticle and radiation ad-
ministration can play a crucial role in therapeutic outcome [179].
Similarly in immunoradiotherapy, which like nano-RT is in its infancy,
there is no consensus regarding the optimal dose, fractionation, or
timing for inducing the optimal immune response. Multiple reports
have explored the variability that exists in this area and implored re-
search to continue to uncover the optimal parameters [180,181]. In
view of small molecule therapeutics, mechanism of action is a major de-
terminant of optimal agent delivery time and therefore timing may bear
even greater consequence. Further obstacles arise when considering the
complex interplay between therapeutic agent and radiation, with the
parameters mentioned above and others influencing the optimal com-
bination schedule and dosing. Particularly for targeted agents, drug ex-
posure time may be a major determinant of therapeutic success, as
Verhagen et. al demonstrated when combining olaparib (PARPi) and ra-
diotherapy [182]. Here, administration of olaparib over short periods
rather than continuously resulted in lower radiation doses required
for radiosensitization. Furthermore, the combination exhibited consid-
erable synergy with overall stronger effects than administration of ei-
ther agent alone, at lower doses [183]. As an increase in the
therapeutic index may be derived from radiosynergy, care should be

taken to properly evaluate administration schedules. Additionally, stud-
ies may need to account for alterations in PK and release of nanoparticle
payloads when utilizing a new carrier.

Recent studies utilizing different particle systems delivering taxanes
for CRT have noted that the extent of radiation sensitization was depen-
dent on both the sequence and timing. To determine the optimal time in
which albumin-bound paclitaxel should be administered, Wiedenmann
et al. tested a range of times from 9 h to 5 days prior to radiation. Inter-
estingly, albumin-bound paclitaxel was determined to be most effective
when administered 2 to 3 days prior to radiation [14]. In another study,
Werner et al. demonstrated that folate-targeted polymeric nanoparti-
cles carrying docetaxel were most effective in combination with RT ad-
ministered 24 (in vitro) or 12 (in vivo) hours after nanoparticles. In
comparison, free docetaxel had optimal efficacy when RT was adminis-
tered 1 h (in vitro) after drug, emphasizing the difference between free
and encapsulated drugs (Fig. 10b) [15]. Overall, both groups empha-
sized the importance of investigating the optimal administration se-
quence to determine the maximum response. Both docetaxel and
paclitaxel induce G,/M phase arrest, which in conjunction with altered
drug release, may explain the increased efficacy of radiation delivered
at later timepoints [184,185]. Theoretically, slower drug release would
increase the time required for the appropriate concentration to accumu-
late at the tumor site and induce the cell cycle arrest, however, further
investigation is required. The studies outlined above highlight the im-
portance of timing and sequence, both parameters that should be con-
sidered as nanoparticles are investigated for their use in MMRT.

Currently, it is unclear what role fractionation plays on the success of
MMRT. Some evidence implies that altered fractionation schedules (i.e.
hypofractionated or accelerated) alone are equivalent to concurrent
MMRT (conventionally fractionated ), but without the MMRT associated
toxicities RT [186]. However, given the importance of drug exposure
timing, without further research, no definitive claim should be made
that RT alone is superior to MMRT. To that end, studies evaluating con-
current therapy administered during accelerated or conventional
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fractionation are underway. Regardless, if toxicity is higher albeit
equally efficacious, utilization of proper drug delivery carriers during
the optimal fractionation schedule may tip the scales giving an advan-
tage to these combinations.

Although the efficacious doses of both IR and drug will likely be re-
duced during MMRT, this does not directly translate to increased, or
equivalent patient tolerability. For example, when temozolomide (a
DNA alkylating agent) was combined with various PARP inhibitors,
the PARPI in vivo maximum tolerated dose (MTD) was reduced by a fac-
tor of ~3-10. A drop in MTD of this magnitude is critically important, as
unnoticed and dosed at single agent levels this could lead to life-
threating adverse events and possibly death. These findings emphasize
the importance of thorough pre-clinical tolerability evaluation as inade-
quate evaluation could result in rejection of promising MMRT strategies
due to adoption of therapies that produce previously undiscerned and
unacceptable toxicity [187]. Furthermore, it is important to note, a dif-
ference in mechanism of action may be observed when lower dose com-
bination therapy is utilized [188].

Considering the evidence discussed in the preceding sections, the se-
quence of administration of chemotherapy and radiotherapy is an im-
portant determining factor to treatment outcome. While concurrent
CRT has proven to be superior to other timing schedules in several can-
cer types, this represents only one consideration to determining optimal
treatment timing with nano-chemoradiotherapy.

4.6. Critical considerations for preclinical studies

In vitro and in vivo experiments are an integral component in the de-
velopment of nanomedicine and radiation therapy, as they remain es-
sential for the continued understanding of basic, fundamental bio-
nano and bio-radiation interactions and responses. Recently, scientists
in both fields have published papers highlighting the value of consis-
tency among investigations and reports, as irreproducibility has been
a major limiting factor to drug development and translation
[178,189,190]. Unfortunately, a gap often remains between the labora-
tory and human clinical trials with limited prediction value from the for-
mer. At the intersection of these fields there are likely additional
variables to be considered, yet many are persistently important in
both disciplines. Reports in both the nanoparticle and radiation fields
have noted the importance of justification of biological model. Early in
the development pipeline, rodent allograft or human xenograft models
are often employed to evaluate treatment efficacy. Choices in the dis-
ease model are often limited by resources and practicality, however
many have unique benefits and drawbacks which should be considered.
Additionally, choices must be made regarding radiation parameters
which ultimately may influence study results. Importantly, both fields
consistently agree that experimental protocol details and results should
be clearly laid out, so study comparisons can be made, and meta-
analyses conducted. The following sections present some of the most
important considerations to be made when integrating nanomedicine
into chemoradiotherapy regimens.

4.6.1. Limitations and progress for In Vitro studies

Invitro cell-based assays represent the first line in assessing cytotox-
icity and cellular response. However, it is important to recognize the
limitations of these studies and the specific biological function being
assessed in the context of a multifaceted treatment such as CRT. A com-
mon oversight in in vitro assays is the disregard of the influence of local
factors when evaluating the efficacy of RT. For instance, Kahn et al.
noted that in vitro systems rely on the assumption that tumor cells in
culture behave the same way they would in vivo and that the microen-
vironment is of minimal influence on radiation outcomes [191]. Addi-
tionally, the translation to an in vivo model is not always
straightforward and translatable. To more accurately mimic tumor biol-
ogy in vitro, improved assays such as 3-D cell culture and microfluidic
culture environments are now being developed and more widely

applied. Promising results have been observed with “organs-on-chips”
that consist of living cells arranged to simulate tissue and organ-level
physiology that is not feasible with conventional cell culture methods
[192]. Moving forward, utilization of these complex models is highly
recommended where feasible.

4.6.2. In Vivo study design

Selection of a disease model is critical in the development of novel
treatments. Optimally, use of genetically engineered mouse models is
preferred, but the cost and time associated with these models remains
a significant limitation. Among more widely available models, the utili-
zation of a syngeneic mouse model is beneficial in studies which aim to
evaluate the radiation-immune interaction as murine cancer cells can
be transplanted in mice with intact immune systems. Comparatively,
human xenografts require transplantation into immune-suppressed
mice to develop. As such, any radiation response will be assessed in an
artificial setting of immunodeficiency [63]. It has been noted, however,
that the radiation response may be fundamentally different in rodent
and human cells regarding which specific molecules regulate the DNA
damage response [191]. In either scenario, studies may sacrifice one as-
pect of a typical human cancer response, whether it be the immune sys-
tem or the DNA damage response system. An additional consideration is
the timeline required for tumor development in a rodent model com-
pared to human cancer. Murine cancers may develop a significant
tumor burden within a month or less while human cancers may go un-
detected for years, growing slowly over time [193]. Regardless of the
model, some variables will likely be compromised to evaluate the re-
sponse of the others.

In a subcutaneous model, tumor endpoints may be growth delay
curves or Kaplan-Meier survival curves. However, in an orthotopic
model, if the tumor is not accessible for measurement and imaging
tools are unavailable, Kaplan-Meier survival curves may be the only
tool to assess efficacy. While tumor cure, or TCDsq values (dose of IR re-
quired to cure 50% of animals), is an endpoint that may be utilized to
evaluate treatment efficacy, it is an intensive, costly process that may
not elucidate the true clinical response of new MMRT options [63].
Sharma et al. suggest that pre-clinical testing of new MMRT regimens
should be performed in a minimum of two pre-clinical models, with a
fractionated RT schedule, and consideration given to the sequence of
agent administration [63].

Furthermore, the choice of tumor location is another challenging
consideration which necessitates compromise. Tumors may be im-
planted subcutaneously on the flank or orthotopically at the site of ori-
gin of a particular tumor cell line [194]. Implanting subcutaneous
tumors on the hind leg can prove beneficial for irradiation due to the
greater distance from at risk organs. However, these tumors types are
not representative of spontaneous tumors as they lack the proper
tumor microenvironment [191]. Comparatively, orthotopic tumor
models are more representative of the true tumor microenvironment
but they require implantation at the origin site, often requiring surgery.
Ultimately, this approach proves challenging due to procedural risks,
detrimental tumor locations, difficulty monitoring growth, and compli-
cated RT treatment. As in vivo models are complex and may elicit vari-
ous types of compromise, it is important to report reasons for utilizing
a specific model alongside the limitations of the model.

4.6.3. Pre-clinical radiotherapy physics parameters

Clinical radiation involving X-rays, gamma radiation, and electrons,
have low linear energy transfer (LET) compared with higher LET energy
particle radiation. LET is the amount of energy that is deposited along a
specific length of track. Intuitively, while the higher LET would seem
more biologically effective at damaging DNA, the opposite is true.
Within low LET radiation, low energies have been demonstrated to
have higher radiobiologic effectiveness in vitro. At lower energy, the im-
portance of indirect action for DNA damage is much more important, ac-
counting for around 80% of the cell killing at energies below 100 keV and
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32% of cell killing at 2.1 MeV [195]. Clinically, it becomes less clear what
the major mechanism of cell killing is based on energy dependence. As
such, it is unclear which pre-clinical energies may best mirror a clinical
tumor response. Furthermore, as most laboratory irradiators deliver IR
with energies less than 1 MV, this is a significant difference compared
to clinically utilized linear accelerators which range from 4 to 25 MV.
Aside from the differences in radiobiologic effectiveness mentioned
above, a crucial factor of lower energy IR is the loss of penetration
depth. Thus, utilization of lower energies may mean that the RT dose
will not be homogenous throughout the entire tumor mass, particularly
in orthotopic models [196]. As noted by others, the variability in re-
sponse to RT based on such parameters makes it imperative that radia-
tion parameters including dose, dose rate, energy, fractionation
schedule, and equipment are documented when publishing results
[178,190]. Furthermore, consideration of clinical radiation schedules
and equipment should be considered and implemented where possible.

4.6.4. Translation of nanomedicines

The potential challenges associated with selecting a model and test-
ing a new MMRT in vivo may ultimately hinder the commercialization of
nanomedicines. A report by Agrahari et al. noted that commercialization
failures of nanomedicine are often attributed to issues associated with
scale up, reproducibility, and production costs. Furthermore, biological
failures due to issues with safety, stability, and differences between
pre-clinical models and patients are common [197]. This notion is sup-
ported when considering radiation studies, as the irreproducibility of
pre-clinical data may be responsible for clinical trials that which did
not meet their objectives [178]. Faria et. al emphasized the importance
of material characterization and reporting using standardized proce-
dures and equipment, citing that a major hurdle for translation is a
lack of standardization and benchmarks for new therapeutics. Defining
these hurdles and standardizing characterization and reporting for the
combination of nanomedicine and radiation therapy is critical to the
successful translation of nanomedicines in the field.

On the clinical side, the setting in which these therapeutic agents are
tested proves critical to their successful approval and subsequent mar-
keting and adoption [198]. This becomes strikingly clear upon

evaluation of the approval path for Opaxio, where this product failed
to demonstrate enhanced safety or efficacy in initial testing as a first-
line therapy for non-small cell lung carcinoma. However, a pivot in clin-
ical strategy has proven fruitful for Opaxio as clinical efforts have fo-
cused on its combination with radiation following preclinical
demonstration of its efficacy as a radiosensitizer [198]. Since these pre-
clinical studies, an FDA orphan designation was announced for glioblas-
toma and many clinical trials have been initiated on the combination of
Opaxio and radiation. It should also be noted that patients with ad-
vanced stage disease who have failed conventional therapy and
exhausted other treatment options are often enrolled. The implications
of their exposure to and subsequent failure on prior therapeutics is not
fully appreciated. Many therapeutic options that would be superior
first-line therapies for early-stage patients may be overlooked due to
their initial testing in these circumstances. While the variables pre-
sented here are worth considering, it is important to note that these
are not the only factors to be considered in the testing novel MMRT
regimens.

4.6.5. Collaboration

In clinical practice, the complexity and toxicity of MMRT requires
careful multidisciplinary coordination for optimal treatment. For exam-
ple, upon diagnosis of head and neck cancer, patients are evaluated by a
surgeon, medical oncologist, and radiation oncologist to discuss their re-
spective specialties' roles and treatment options [199]. For efficient care,
many institutions coordinate multidisciplinary care conferences and
clinics where all specialists determine a consensus treatment plan. Fur-
thermore, pretreatment interventions such as gastrostomy tube place-
ment, ensuring continued nutrition during CRT-induced oral
mucositis, are coordinated between otolaryngology and radiation on-
cology with critical help from gastroenterology and speech pathology.
Similar coordination of care is utilized for lung and gastrointestinal ma-
lignancies, although this coordination is pervasive in the setting of
MMRT.

As evidenced in Fig. 11, the clinical implementation of multimodal
therapy is extremely intricate and complex. Therefore, it is imperative
that drug delivery researchers working toward clinical translation of
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Fig. 11. A detailed flow chart detailing the intricate treatment plan that underlies each therapeutic regimen in oncology. Interdisciplinary collaboration between a multitude of medical

teams is necessary for optimal patient experiences and outcomes.



A.N. DuRoss et al. / Advanced Drug Delivery Reviews 144 (2019) 35-56 53

nanomedicines for MMRT are embracing collaborative environments
with clinicians who will be the end users of their technology. Ideally,
this process would begin during idea conception, as clinicians are likely
aware of the specific unmet needs and current limitations of RT. To that
end, interest in bringing clinical observations to the benchtop for inves-
tigation and speeding up the bench to bedside translation has been
growing in recent years [200]. A comprehensive study of European can-
cer research acknowledged that enhanced collaboration between can-
cer research centers is required in order to share translational research
infrastructure and enable accelerated advancement.

In the Netherlands, a recent publication reported that a barrier to im-
plementation when considering translation was the increase in work-
load and complexity of the procedure [201]. Consultation with the
physicians implementing treatment protocols is crucial as adoption is
more likely with simplified protocols. Furthermore, collaboration be-
tween academia and industry are critical to the successful implementa-
tion of new MMRT strategies [63].

5. Considerations and conclusions

The combination of nanomedicine and RT has resulted in significant
increases in treatment therapeutic efficacy, however, significant oppor-
tunity for improvement remains. Further investigation of the influence
of these clinically-relevant parameters on nanoparticle-based efficacy
will aid in resolving the current state of ambiguity. As discussed in this
review, parameters which we believe to be influential include; se-
quence of agent administration, specific fractionation schedule, total ra-
diation dose, dose per fraction, and timing of agent administration. In
terms of non-radiation dependent variables, researchers should con-
sider utilizing more complex in vitro models, identify the benefits and
limitations of chosen in vivo models, and integrate clinical radiation
equipment, schedules, and doses where possible. Furthermore,
outlining standards of reporting for both material characterization and
radiation physics parameters will only aid to enhance reproducibility
and translational success. While not all inclusive, this work aimed to
identify areas of research opportunities for the academic research com-
munity and highlight important considerations which must be made.
Excitingly, we are on the precipice of greater understanding regarding
the larger interactions between radiation and the tumor microenviron-
ment, and its impact regarding nano-based MMRT. Further understand-
ing of these standardized clinical practices will lead to innovative
approaches toward decreasing the translational gap between benchtop
to bedside, thus proving transformative for the future of nanomedicine.
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