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Jun Fang
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Cancer remains the major threat to human health in most advanced countries in the
world. Among the three major standard cancer treatments, i.e., surgery, radiation therapy,
and chemotherapy, to date surgical removal is still the most effective therapeutic; however,
cancer patients who could benefit from surgery are limited. For many cancer patients,
chemotherapy is the final and important option. Although there is more than 70-year
history of chemotherapy, conventional chemotherapy is far from successful. The major
problem derives mostly from the lack of tumor selectivity; anticancer drugs are distributed
not only in cancer but also in normal tissues. At the same time when they kill cancer
cells, they also do harm to normal cells. The non-selective delivery of cytotoxic drugs
induces severe adverse side effects that many cancer patients suffer from, which will also
limit the usage/dosing for anticancer drugs, resulting in less antitumor effects. Thus, the
development of therapeutic strategies with high tumor selectivity is urgently needed, and
targeted anticancer therapy has become a focus of cancer research.

In this concern, molecular-target drugs have been extensively developed in the past
two decades, which usually focus on essential kinases or receptors highly expressed in
tumors. However, with the deepening of research, many limitations and drawbacks
of molecular-target drugs have been recognized, and the major concern is the intrinsic
heterogeneity of human solid tumors. Thus, anticancer spectra of molecular-target drugs
are very narrow, and personalized medicine or precision medicine is necessary to achieve
satisfactory effects, which results in enormous expenses of these drugs, including their
toxic effects. More recently, immunotherapy has received extensive attention by focusing
on immune escape mechanisms; however, similar problems to those of molecular-target
drugs exist, which may become a hurdle of this anticancer strategy.

While molecular-target drugs target cancer at the molecular level, at a much earlier
period of time, a more general tumor-targeting strategy had been depicted and developed
by focusing on unique anatomical and pathophysiological features of solid tumors [1].
Compared to normal blood vessels, tumor blood vessels are very leaky due to the defected
architecture of endothelial cells and high vascular permeability due to the highly expressed
vascular mediators such as bradykinin (BK), nitric oxide (NO), and vascular endothelial
growth factor (VEGF), by which the accumulation of macromolecules (i.e., larger than
40 kDa) selectively into tumor tissues could be achieved with very little distribution in
normal tissues [1,2]. This unique phenomenon is coined the enhanced permeability and
retention (EPR) effect, and it was first recovered by Matsumura and Maeda in 1986 [1],
which is a landmark principle in the development of targeted anticancer drugs.

Based on the concept of the EPR effect, macromolecular anticancer strategy, i.e.,
nanomedicine, has been developed. Tumor-targeted drug delivery systems using nanoplat-
forms including liposome, polymeric micelles, polymer conjugate, and nanoparticles have
become a promising fusion area for nanotechnology and medicine. In the past two decades,
many researchers have been working on EPR effect-based nanomedicine, taking an enor-
mous step forward. In 1980s, the founder of EPR effect, Professor Maeda, developed
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styrene maleic acid copolymer conjugated neocarzinostatin (SMANCS), which was ap-
proved in Japan in 1990s [1]. Recently, more nanomedicines have been used in clinic,
for example, Doxil is an FDA approved liposomal drug for the treatment of Kaposi sar-
coma and other cancers. Other clinically approved nanomedicine includes liposomal
daunorubicin (DaunoXome), liposomal cytarabine (DepoCyt), nonpegylated liposomal
doxorubicin (Myocet), pegylated L-asparaginase (Oncaspar), albumin-based paclitaxel
nanoparticles Abraxane, and paclitaxel-containing polymeric micelles (Genexol-PM). More
nanomedicines are in pre-clinical stage of development [3–9], all of which show superior
tumor selectivity by taking advantage of the EPR effect, resulting in improved antitumor
effects with less adverse effects [3–9].

A critical issue should be addressed is that the EPR effect is the phenomenon of blood
vessels, which is largely dependent on tumor blood flow. While most animal solid tumor
models that are rich in blood flow exhibit good EPR effect, many clinical cancers, espe-
cially advanced late-stage cancers and refractor cancers, are poor in tumor blood flow
due to high coagulation activity and thrombi formation, thus showing unsatisfactory EPR
effect [1,2,10–13]. Thus, further augmentation of the EPR effect is of great importance
and necessity. In this regard, we should understand that the EPR effect is not a static
phenomenon, it is a dynamic event, which could be enhanced by modulating vascular
mediators in tumor such as using angiotensin II, NO/nitroglycerin, and angiotensin II,
converting enzyme inhibitors and carbon monoxide [1,2,10,11]. A combination of vascular
mediators with nanomedicines may become useful strategies for more effective antitumor
nanomedicine. Other strategies, for example, by modulating tumor vessels [12] or by tar-
geting tumor stroma and extracellular matrix [13], have also been extensively investigated
and proven effective in improving the therapeutic effect of EPR effect-based nanomedicine.

This Special Issue of “EPR effect-based tumor targeted nanomedicine” includes
14 papers from experts working on the EPR effect and nanomedicines of a diverse range
of areas. The discoverer of EPR effect, Professor Hiroshi Maeda, and his former students
and colleagues summarized the history; principle; the progress and prospects of EPR
effect-based tumor targeting strategies; and the application of nanomedicines [1,2,6,8],
in which the concept of EPR effect is not only applied to the development of targeted
anticancer drugs [3,4,9] but is also applicable for radiation therapy [5], bacterial therapy
of cancer [7], and nucleic acid medicine [14]. Moreover, more papers in the Special Issue
emphasized the significance of EPR enhancement, discussing the usefulness of potential
EPR enhancers [1,2,10–13], which I believe to be an essential issue for successful anticancer
therapy using nanomedicine.

The aim of targeted anticancer research is to develop anticancer drugs with high
anticancer effects while showing low side effects, to provide patient friendly service, and
to benefit most cancer patients. We believe EPR-based nanomedicine will be a promising
paradigm to reach this goal and will be a solution for cancer in the future.
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Abstract: In the past few years, we have demonstrated the efficacy of a nanoparticle system, super
carbonate apatite (sCA), for the in vivo delivery of siRNA/miRNA. Intravenous injection of sCA
loaded with small RNAs results in safe, high tumor delivery in mouse models. To further improve
the efficiency of tumor delivery and avoid liver toxicity, we successfully developed an inorganic
nanoparticle device (iNaD) via high-frequency ultrasonic pulverization combined with PEG blending
during the production of sCA. Compared to sCA loaded with 24 µg of miRNA, systemic adminis-
tration of iNaD loaded with 0.75 µg of miRNA demonstrated similar delivery efficiency to mouse
tumors with little accumulation in the liver. In the mouse therapeutic model, iNaD loaded with 3 µg
of the tumor suppressor small RNA MIRTX resulted in an improved anti-tumor effect compared to
sCA loaded with 24 µg. Our findings on the bio-distribution and therapeutic effect of iNaD provide
new perspectives for future nanomedicine engineering.

Keywords: iNaD; siRNA; microRNA; calcium phosphate; PEG blending; cancer treatment

1. Introduction

Cancer is the second leading cause of death, with an estimated 18.1 million new cancer
cases and 9.6 million deaths in 2018 worldwide [1]. The development of novel and effective
cancer therapy is urgently needed. One of the most important therapeutic advances is
nanotechnology-based medicine, which has the potential to surmount the limitations of
cancer therapeutics [2]. Nanoparticles with a size of 10–100 nm are considered optimal
for the passive targeting of tumors in vivo [3] due to the enhanced permeability and
retention (EPR) effect, which is characterized by increased microvasculature leakage and
impaired lymphatic function in tumors [4]. Thus, systemic administration of engineered
nanoparticles provides an opportunity to deliver reagents more precisely to tumor tissues,
reducing the toxicity to normal organs and enhancing the anti-cancer effects compared
to incorporated reagents alone. Based on the EPR effect, remarkable advances have been
made recently in engineering nanoparticles for clinical application [5], including RNA-
based gene therapy (e.g., siRNA, microRNA), which has shown a tremendous anti-cancer
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effect [6,7]. siRNAs can silence any gene with a known sequence [8], whereas microRNAs
(miRNAs) regulate the expression of multiple target genes [9].

Previously, we introduced a nanoparticle system, super carbonate apatite (sCA) con-
sisting of inorganic ions (CO3

2−, Ca2+, and PO4
3−), as an in vivo delivery system for

siRNA/miRNA (Figure 1A) [10]. The nanoparticles enter the cells via endocytosis and
quickly degrade at acidic pH in the endosomal compartments of tumor cells (Figure 1B).
Intravenous injection of sCA achieves higher colorectal tumor delivery efficiency and
less accumulation in normal tissues compared to two currently available systemic in vivo
siRNA delivery systems, Invivofectamine 2.0 and AteloGene. Using this systematic de-
livery system, we have reported several siRNA- or miRNA-based cancer therapeutics in
colorectal tumor mouse models [11–16]. Besides cancer treatment, sCA also systemically
delivers miRNA to inflammatory lesions in vivo, treating inflamed colitis [17]. Local deliv-
ery of sCA incorporating plasmid DNA or siRNA to skin wounds can accelerate wound
healing and reduce scar formation, demonstrating an effective approach for treating in-
tractable abnormal scars [18,19]. sCA also exhibits significant efficiency as a CpG adjuvant
for influenza vaccination [20] and near-infrared ray irradiation therapy for ICG [21]. In ad-
dition to the well-known RNA delivery methods, such as liposomes and micelles, our sCA
system has been recognized as a new inorganic nanoparticle for siRNA/miRNA [22–25].
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Figure 1. Schematic presentation of sCA-siRNA/miRNA. (A) Production of sCA nanoparticles
involves mixing inorganic ions (CO3

2−, Ca2+, and PO4
3−) with siRNA or miRNA and incubating

at 37 ◦C for 30 min. After bath sonication, the sCA nanoparticles can be degraded at acidic pH
to release the incorporated siRNA/miRNA compounds. (B) sCA nanoparticles enter the cell via
endocytosis and are degradable in the acidic pH of endosomes, indicating quick achievement of
endosomal escape.

Some notable hurdles still exist for RNA delivery systems. Non-viral vectors, such
as polymeric, lipid-based, and inorganic vectors, are inefficient for miRNA transfer, with
even lower efficacy in target gene repression than viral delivery [24,25]. In the case of
the sCA system, unfavorable accumulation of siRNA/miRNA in the liver is still a major
challenge, which is a common issue with viral vectors and lipid-based, polymeric, or
inorganic nanoparticles [5,26,27]. Therefore, improving the efficiency of tumor delivery
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and reducing accumulation in the liver are necessary for the clinical application of sCA as
a new inorganic nanoparticle for siRNA/miRNA.

As described in our first report of the sCA system [10], dynamic light scattering
(DLS) analysis has demonstrated that the larger nanoparticles are 653 nm, whereas atomic
force microscopy (AFM) revealed that the smaller nanoparticles range from 7 to 50 nm in
size. The smaller nanoparticles comprised 99.7% of the particle numbers. Furthermore,
laser microscopy confirmed the existence of microparticles. It has also become clear that
intravenously injected particles > 100 nm in diameter are trapped by the reticuloendothe-
lial system in the liver and spleen, leading to degradation by activated monocytes and
macrophages [26]. As for tumor delivery, particles < 30 nm in diameter can penetrate tumor
tissue better than larger nanoparticles [28,29]. Thus, we hypothesized that the reduction
of large particles into smaller nanoparticles might decrease accumulation in the liver and
increase tumor delivery.

In this study, we describe how we initially performed mechanical pulverization using
wet jet-milling or adaptive focused acoustics (AFA) technology. As a wet jet-milling device,
Star Burst causes materials in a slurry state to collide in an oblique direction at ultra-high
pressure, thereby pulverizing and dispersing the materials. AFA is an advanced acoustics
technology enabling the mechanical pulverization of samples through focused ultrason-
ication in a temperature-controlled and non-contact environment. AFA technology is
well-known for shearing DNA and RNA for next-generation sequencing. This technology
has also been used in the formation of liposomes [30]. To further improve the pulverization
efficiency, we applied poly(ethylene glycol) (PEG) blending during sCA production, fol-
lowed by pulverization. Interestingly, this approach produced a new size of nanoparticles,
600–700 nm. After purification and concentration using two kinds of hollow-fiber mem-
branes with a pore size of 1 µm and 50 nm, we defined this new nanoparticle as an inorganic
nanoparticle device (iNaD). With bio-distribution imaging and anti-tumor effects, we show
that the iNaD results in less accumulation in normal tissues while highly improving tumor
delivery efficiency compared to sCA. Taken together, our findings provide new insights for
engineering nanomedicines.

2. Materials and Methods
2.1. Materials

Human colon cancer cell lines HCT116 and HT29, and human pancreatic cancer cell
line Panc-1 were purchased from the American Type Culture Collection. HCT116 and
Panc-1 cells were grown in DMEM, and HT29 cells were grown in RPMI supplemented
with 10% fetal bovine serum (FBS). All cells were grown in a 5% CO2 atmosphere at
37 ◦C. Methoxy-PEG-CO(CH2)2COO-NHS (Mw 10,000) was purchased from NOF Cor-
poration (Tokyo, Japan). The miRNAs were purchased from GeneDesign, Inc. (Osaka,
Japan) (miRNA34a: 5′-UGGCAGUGUCUUAGCUGGUUGU-3′; Alexa Flour 750-labeled
at 5′ side of negative control miRNA: 5′-AUCCGCGCGAUAGUACGUA-3′; MIRTX: 5′-
UCUAAACCACCAUAUGAAACCAGC-3′; negative control miRNA: 5′-AUCCGCGCGAU
AGUACGUA-3′).

2.2. Production of sCA and iNaD

To produce sCA nanoparticles incorporating siRNA/miRNA, 4 µL of 1 M CaCl2 was
mixed with 2 µg of siRNA/miRNA in 1 mL of an inorganic solution (44 mM NaHCO3,
0.9 mM NaH2PO4, 1.8 M CaCl2, pH 7.5) and incubated at 37 ◦C for 30 min. The solution
was centrifuged at 12,000 rpm for 3 min and the pellet was dissolved in saline containing
0.5% albumin. The products in the solution were sonicated (38 kHz, 80 W) in a water bath
for 10 min. The solution was intravenously injected within 10 min. For the production
of iNaD, methoxy-PEG-CO(CH2)2COO-NHS (Mw 10,000) was initially mixed during
sCA production. AFA (Covaris S220, Woburn, MA, USA) was performed, followed by
purification and concentration using 1 µm and 50 nm hollow-fiber membranes.
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2.3. Assaying Nanoparticle Features

The particle size distribution was determined using a DLS analyzer, the nanoPartica
SZ-100 (Horiba, Kyoto, Japan) or the Zetasizer (Malvern Panalytical, Worcestershire, UK).
The zeta potential of the particles was measured using the Zetasizer.

2.4. miRNA Electrophoresis

The sCA-miRNA pellet was dissolved in 100 µL of 0.02 M EDTA. The collected miRNA
sample was mixed with loading dye (Thermo Fisher Scientific, Waltham, MA, USA) and
loaded in a 4.5% NuSieve GTG agarose gel (Lonza, Basel, Switzerland). Imaging was
performed using ChemiDoc Touch (Bio-rad, Hercules, CA, USA).

2.5. Cell Proliferation Assay

HCT116 cells were uniformly seeded into 96-well plates (1 × 104 cells/well). Cell
viability was evaluated by the Cell Counting Kit-8 (Dojindo, Kumamoto, Japan).

2.6. Quantitative Real-Time RT-PCR Analysis of mRNA Expression

Total RNA was collected from cultured cells or tumor tissues using TRIzol Reagent
(Thermo Fisher Scientific), and complementary DNA was synthesized from 1.0 µg of total
RNA using oligo dT primer and a Reverse Transcription System (Promega, Madison, WI,
USA) according to the manufacturer’s instructions. Real-time RT-PCR was carried out using
LightCycler FastStart DNA Master SYBR Green I (Roche, Basel, Switzerland) on a LightCy-
cler 2.0 II (Roche). Expression of the target gene was normalized relative to GAPDH mRNA
expression using the 2−∆∆Ct method. Primers are shown in Supplementary Table S1.

2.7. Western Blot Analysis

Tumor tissues were homogenized on ice with a homogenizer (Tissue Lyser, QIAGEN,
Venlo, Netherlands). Protein samples were loaded onto Mini-Protean TGX 4–15% gels
(Bio-Rad) and transferred using the Trans-Blot Turbo Blotting System (Bio-Rad). After
blocking with Blocking One (Nacalai Tesque, Kyoto, Japan), the membrane was incubated
overnight with primary antibodies against PIK3R1 (Cell Signaling Technology, Danvers,
MA, USA), CXCR2 (Abcam, Cambridge, UK), and actin (Sigma-Aldrich, St. Louis, MO,
USA). Secondary antibodies were incubated with ECL substrate (Bio-Rad), and bands were
visualized using the ChemiDoc Touch Imaging System (Bio-Rad). Images were processed
with Image Lab 5.2.1 software (Bio-rad).

2.8. Animals

Female BALB/cAJcl-nu/nu nude mice aged 6–8 weeks and female SKG/Jcl mice aged
6–7 weeks were purchased from CLEA Japan, Inc. (Tokyo, Japan). Studies using mouse
models were conducted in strict accordance with the recommendations of the Guide for the
Care and Use of Laboratory Animals of the Graduate School of Medicine, Osaka University.
The protocol was approved by the Committee for the Ethics of Animal Experiments of
Osaka University (Permit Number: 27-085-017).

2.9. Cell Line-Derived Xenograft Models

Human colon cancer HT29 cells or human pancreatic Panc-1 cells were inoculated
subcutaneously into both the left and right flanks of mice to establish solid tumors. Imaging
using IVIS lumina (PerkinElmer, Waltham, MA, USA) was performed when the tumor vol-
ume reached approximately 250 mm3. For the anti-tumor activity study, treatment started
when the tumors reached approximately 80 mm3. Anti-tumor activity was evaluated in
terms of tumor size, which was estimated using the following equation: V = a × b2/2,
where a and b represent the major and minor axes of the tumor, respectively. In vivo func-
tional validation on the effect of MIRTX was performed when the tumor volume reached
approximately 200 mm3.
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2.10. Rheumatoid Arthritis Models

Female SKG/Jcl mice aged 8 weeks were given intraperitoneal injections (20 mg) of
mannan (Sigma-Aldrich) suspended in 500 mL of saline or 500 mL of saline alone as a
control. Joint swelling was monitored by inspection and scored as follows: 0, no joint
swelling; 0.5, mild swelling of the ankle; 1.0, severe swelling of the ankle.

2.11. Statistical Analysis

All statistical analyses were carried out in GraphPad Prism 6 software (San Diego, CA,
USA). The two-tailed t-test or one-way analysis of variance (ANOVA) followed by Tukey’s
multiple comparisons test were used as appropriate.

3. Results
3.1. Mechanical Pulverization of sCA-miRNA34a

miRNA34a functions as a mediator of tumor suppression via p53, inducing apoptosis,
cell cycle arrest, and senescence [31]. As a first-in-human miRNA clinical study, the
liposome-formulated mimic of miRNA-34a provided proof-of-concept for miRNA-based
cancer therapy [32]. Here, we manufactured sCA nanoparticles incorporating miRNA34a
(sCA-miRNA34a), followed by three kinds of mechanical pulverization (Figure 2). DLS
analysis of the sCA-miRNA34a solution treated with bath sonication showed a peak size
of 1289 ± 157 nm (mean ± SD), with a considerable amount of larger particles. Though
wet jet-milling of sCA-miRNA34a reduced the particle size to 490 ± 150 nm (mean ± SD),
the autocorrelation function revealed the existence of larger particles that were beyond
the measurable range (>8000 nm). AFA treatment of sCA-miRNA34a resulted in a peak
size of 935 ± 230 nm (mean ± SD) and the autocorrelation function had nothing particular
to note.
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Figure 2. Pulverization of sCA-miRNA34a. The high-concentration sCA-miRNA34a solution for
intravenous injection was analyzed by DLS. Three kinds of pulverization, bath sonication (38 kHz),
wet jet-milling (30 pass), and adaptive focused acoustics (AFA) treatment (1 MHz), were performed
to reduce the sCA-miRNA34a microparticles. Both particle size distribution and autocorrelation
function are shown for each sample.
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3.2. Production of PEG-Blended sCA Followed by Mechanical Pulverization

Next, we added PEG to the constitute mixture (i.e., ‘PEG blending’) to produce par-
ticles of sCA-miRNA34a plus PEG, and then performed mechanical pulverization. This
procedure largely reduced the particle size. Bath sonication of sCA-miRNA34a + PEG
contributed to reducing the microparticle formation. Wet jet-milling reduced the massive
microparticles indicated by the autocorrelation function to a particle size of 562 ± 175 nm
(mean ± SD). AFA treatment resulted in a particle size of 640 ± 55 nm (mean ± SD) at
one peak (Figure 3A). When we examined the effect of mechanical pulverization on RNA
degradation, wet jet-milling (20 pass and 30 pass) degraded the incorporated miRNA34a
compared to bath sonication and AFA treatment (Figure 3B). We loaded 1 µg of intact
miRNA34a on the same gel, which serves as an indicator of the molecular weight of
miRNA34a. Bath sonication and AFA treatment maintained 2 µg of miRNA34a in the parti-
cles, while wet jet-milling treatment degraded miRNA34a. Among the three treatments,
AFA could reduce the size of particles without damaging the miRNA34a. The prolifera-
tion assay of HCT116 cells showed that sCA-miRNA34a or AFA of sCA-miRNA34a + PEG
could inhibit growth at 20% and 40% of control cells at 48 and 72 h, respectively (Figure 3C).
To further investigate functional validation on the effect of miRNA34a, we performed
quantitative real-time RT-PCR analysis on the target genes such as Survivin, Bcl-2, or
E2F1 [33,34]. As shown in Figure 3D, downregulation of Survivin, Bcl-2, or E2F1 was
confirmed in sCA-miRNA34a or AFA of sCA-miRNA34a + PEG-treated cells. When we
applied atomic force microscopy (AFM) to the sCA-miRNA34a solution prepared for in-
travenous injection (without dilution), we observed that the particle image was hardly
recognized, except for sCA-miRNA34a + PEG nanoparticles treated with AFA (Zmax size:
605 nm, Supplementary Figure S1).
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Figure 3. Pulverization of sCA-miRNA34a with PEG blending. (A) During sCA-miRNA34a production, methoxy-PEG-
CO(CH2)2COO-NHS (Mw 10,000) targeting the OH group of sCA ([Ca10(PO4)6−X(CO3)X(OH)2]) was initially mixed
with the constituents and three kinds of pulverization, bath sonication (38 kHz), wet jet-milling (30 pass), and AFA
(1 MHz), performed after generation of the particles. The solution prepared for intravenous injection was directly (without
dilution) analyzed by DLS, and both particle size distribution and autocorrelation function are shown for each sample.
(B) Degradation of miRNA34a after the pulverization. (C) Proliferation assay of HCT116 human colon cancer cells at
48 and 72 h. (D) The mRNA expression of Survivin, Bcl-2, and E2F1 in HCT116 at 36 h after treatment. Data represent
mean ± SEM (n = 4). p-values were obtained using the two-tailed t test.

3.3. Purification and Concentration

AFA treatment of sCA-miRNA blended with PEG produced nanoparticles of approxi-
mately 640 nm, with some fraction > 1 µm (Figure 3A). We collected these nanoparticles
by removing microparticles using a 1 µm hollow-fiber membrane and concentrating the
nanoparticles with a 50 nm hollow-fiber membrane (Figure 4A). In this experiment, we in-
corporated Alexa Fluor 750-labeled miRNA, which is visibly blue. As shown in Figure 4A,
the four samples (bath sonication of sCA-miRNA, AFA of sCA-miRNA, bath sonication of
sCA-miRNA + PEG, and AFA of sCA-miRNA + PEG) were purified and concentrated by
the hollow-fiber membranes.
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Figure 4. Purification and concentration followed by IVIS imaging. (A) The four samples (A: bath
sonication of sCA-miRNA, B: AFA of sCA-miRNA, C: bath sonication of sCA-miRNA+PEG, and D:
AFA of sCA-miRNA+PEG) were purified and concentrated using the 1 µm and 50 nm hollow-fiber
membranes, resulting in A-miRNA, B-miRNA, C-miRNA, and D-miRNA. A-miRNA, B-miRNA, and
C-miRNA looked transparent, whereas D-miRNA was cloudy blue and the sCA-miRNA sample
for injection was a deep turquoise blue in color. (B) The four processed samples and sCA-miRNA
were intravenously injected into mice bearing HT29 tumors. Ex vivo IVIS imaging of tumor and
normal tissues (heart, lung, liver, spleen, and kidney) 1 h after the injection. The miRNA on processed
samples A-miRNA, B-miRNA, and C-miRNA was not detectable (n.d.). The miRNA loading of
D-miRNA was 2 µg, and that of sCA-miRNA was 24 µg.
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Next, we examined the in vivo delivery of four fractions separated from the original
sCA-miRNA using a subcutaneous tumor model (Figure 4B). Mice bearing HT29 tumors
were intravenously injected with the processed miRNA from Figure 4A or sCA-miRNA
(24 µg of Alexa Fluor 750-labeled miRNA). Ex vivo IVIS imaging 1 h after intravenous
injection revealed that the fluorescence of sCA-miRNA accumulated in the tumors, liver,
and spleen, whereas little fluorescence was detected in the tumors and normal tissues
treated with miRNA processed by bath sonication of sCA-miRNA, AFA of sCA-miRNA, or
bath sonication of sCA-miRNA + PEG. However, miRNA processed by AFA of sCA-miRNA
+ PEG (D-miRNA) retained high fluorescent intensity in tumors, with lower intensity in
the liver than sCA-miRNA. Notably, this processed miRNA contained only one-twelfth the
amount of miRNA (2 µg) as the sCA-miRNA (24 µg).

3.4. Bio-Distribution of New Nanoparticles as iNaD

Recent RNA carriers, such as liposomes, micelles, inorganic vectors, and atelocollagen,
range in size from 30 to 300 nm [5,7,25]. Lipid- or polymer-based nanoparticles for systemic
RNA delivery targeting tumors in clinical trials are approximately 80 to 200 nm, whereas
bacterially derived 400 nm particles packaging miRNA16 mimics have completed phase
I trials [8,24,25,35–37]. Therefore, we are currently conducting the first miRNA-based
therapy in an animal model using 700 nm particles for systemic delivery to solid tumors.
We defined the new nanoparticles as an iNaD system.

To confirm the reproducibility, we performed a repeat experiment using HT29 tumor-
bearing mice by intravenously administering iNaD-miRNA (miRNA loading: 0.75 µg) or
sCA-miRNA (miRNA loading: 24 µg). Compared to sCA-miRNA, iNaD-miRNA exhibited
little fluorescence intensity in the liver but sustained accumulation in tumors (Figure 5A).
Quantitative analyses revealed that the group treated with iNaD-miRNA had a significant
decrease in fluorescence from Alexa Fluor 750-labeled miRNA in normal tissues (liver,
spleen, lung, heart, kidney). Regarding delivery to tumors, the relative intensity of the
tumors treated with sCA-miRNA was 1.54 ± 0.08 (mean ± SEM), whereas iNaD-miRNA
with only 1/32 loaded miRNA had an intensity of 1.28 ± 0.04 (mean ± SEM) (Figure 5B).

J. Pers. Med. 2021, 11, x FOR PEER REVIEW 9 of 17 
 

 

sample for injection was a deep turquoise blue in color. (B) The four processed samples and 

sCA-miRNA were intravenously injected into mice bearing HT29 tumors. Ex vivo IVIS imaging of 

tumor and normal tissues (heart, lung, liver, spleen, and kidney) 1 h after the injection. The miRNA 

on processed samples A-miRNA, B-miRNA, and C-miRNA was not detectable (n.d.). The miRNA 

loading of D-miRNA was 2 μg, and that of sCA-miRNA was 24 μg. 

3.4. Bio-Distribution of New Nanoparticles as iNaD 

Recent RNA carriers, such as liposomes, micelles, inorganic vectors, and atelocolla-

gen, range in size from 30 to 300 nm [5,7,25]. Lipid- or polymer-based nanoparticles for 

systemic RNA delivery targeting tumors in clinical trials are approximately 80 to 200 nm, 

whereas bacterially derived 400 nm particles packaging miRNA16 mimics have com-

pleted phase I trials [8,24,25,35–37]. Therefore, we are currently conducting the first 

miRNA-based therapy in an animal model using 700 nm particles for systemic delivery 

to solid tumors. We defined the new nanoparticles as an iNaD system.  

To confirm the reproducibility, we performed a repeat experiment using HT29 tu-

mor-bearing mice by intravenously administering iNaD-miRNA (miRNA loading: 0.75 

μg) or sCA-miRNA (miRNA loading: 24 μg). Compared to sCA-miRNA, iNaD-miRNA 

exhibited little fluorescence intensity in the liver but sustained accumulation in tumors 

(Figure 5A). Quantitative analyses revealed that the group treated with iNaD-miRNA 

had a significant decrease in fluorescence from Alexa Fluor 750-labeled miRNA in nor-

mal tissues (liver, spleen, lung, heart, kidney). Regarding delivery to tumors, the relative 

intensity of the tumors treated with sCA-miRNA was 1.54 ± 0.08 (mean ± SEM), whereas 

iNaD-miRNA with only 1/32 loaded miRNA had an intensity of 1.28 ± 0.04 (mean ± SEM) 

(Figure 5B).  

 

Figure 5. Bio-distribution of iNaD-miRNA. We defined the processed D-miRNA as the inorganic nanoparticle device 

(iNaD) system. (A) sCA-miRNA (miRNA loading: 24 μg) or iNaD-miRNA (miRNA loading: 0.75 μg) was intravenously 

injected into HT29 tumor-bearing mice (tumors = 8 from 4 mice). Ex vivo IVIS imaging of the tumor and liver was per-

formed 1 h after the injection. (B) Quantitative analyses of tumor and normal tissues (liver, spleen, lung, heart, kidney). 

Data represent mean ± SEM (n = 4 normal tissues from 4 mice, n = 8 tumors from 4 mice). P-values were obtained using 

the two-tailed t test. 

Figure 5. Bio-distribution of iNaD-miRNA. We defined the processed D-miRNA as the inorganic nanoparticle device (iNaD)

13



J. Pers. Med. 2021, 11, 1160

system. (A) sCA-miRNA (miRNA loading: 24 µg) or iNaD-miRNA (miRNA loading: 0.75 µg) was intravenously injected
into HT29 tumor-bearing mice (tumors = 8 from 4 mice). Ex vivo IVIS imaging of the tumor and liver was performed 1 h
after the injection. (B) Quantitative analyses of tumor and normal tissues (liver, spleen, lung, heart, kidney). Data represent
mean ± SEM (n = 4 normal tissues from 4 mice, n = 8 tumors from 4 mice). p-values were obtained using the two-tailed
t test.

3.5. Anti-Tumor Effect of iNaD-MIRTX

We reported a novel small RNA sequence, MIRTX, that significantly inhibits KRAS-
mutant colorectal cancer cell growth in vitro and in vivo by suppressing NF-kB signaling
pathways via direct inhibition of CXCR2 and PIK3R1 [15]. As shown in Figure 6A, we
prepared sCA-MIRTX and iNaD-MIRTX for one intravenous injection. The iNaD-MIRTX
was loaded with 3 µg of MIRTX, which is only one-eighth the loading of sCA-MIRTX
(24 µg). In an aqueous solution, sCA-MIRTX had an average particle size of 1039 nm
by DLS (Figure 6A) and the zeta potential was −37.9 mV, whereas iNaD-MIRTX had an
average size of 666 nm with a zeta potential of−6.68 mV. In the mouse therapeutic model of
Panc-1 tumors, sCA-MIRTX (MIRTX loading: 24 µg/injection), sCA-NC (negative control
miRNA loading: 24 µg/injection), or iNaD-MIRTX (MIRTX loading: 3 µg/injection) was
intravenously administered on days 0, 1, 3, 4, 5, 6, 7, 8, and 10. The tumors treated with
iNaD-MIRTX were significantly smaller than those treated with sCA-NC or no treatment
on day 11 (Figure 6B). Although sCA-MIRTX treatment resulted in a smaller tumor vol-
ume than sCA-NC or no treatment, the difference was not significant. The iNaD-MIRTX
treatment resulted in a significant decrease in tumor weight on day 11 compared to no
treatment and sCA-NC treatment (Figure 6C). To further verify the in vivo efficacy of
MIRTX, we produced Panc-1 tumors on mice and administered sCA-NC (negative con-
trol miRNA loading: 24 µg/injection), sCA-MIRTX (MIRTX loading: 24 µg/injection), or
iNaD-MIRTX (MIRTX loading: 3 µg/injection) on days 0, 1, and 2, followed by quantitative
real-time RT-PCR and western blot analysis of CXCR2 and PIK3R1 on day 3 (Figure 6D),
which we reported as targets of MIRTX [15]. The three repeated injections of iNaD-MIRTX
led to a considerable decrease in the CXCR2 and PIK3R1 protein expression compared
to sCA-MIRTX (Figure 6D). Although CXCR2 and PIK3R1 mRNA expression in tumors
treated with iNaD-MIRTX was significantly decreased compared with control, they had no
statistical significance when compared with those treated with sCA-NC (Supplementary
Figure S2). These findings suggest that MIRTX suppressed translation of CXCR2 and
PIK3R1 mRNA to the proteins.
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and that of iNaD-MIRTX was 8 µg. (B) Therapeutic model of Panc-1 tumors. sCA-MIRTX (MIRTX loading: 24 µg/injection),
sCA-NC (negative control miRNA loading: 24 µg/injection), or iNaD-MIRTX (MIRTX loading: 3 µg/injection) was
intravenously administered on days 0, 1, 3, 4, 5, 6, 7, 8, and 10. Data represent mean ± SEM (n = 6–8 tumors from 3–4 mice).
** p < 0.01, n.s. = not significant, one-way ANOVA with Tukey’s multiple comparisons test. (C) Tumor weight on day 11.
Data represent mean ± SEM (n = 6–8 tumors from 3–4 mice). * p < 0.05, ** p < 0.01, n.s. = not significant, one-way ANOVA
with Tukey’s multiple comparisons test. (D) Mice were administered with sCA-MIRTX (MIRTX loading: 24 µg/injection)
or iNaD-MIRTX (MIRTX loading: 3 µg/injection) on days 0, 1, and 2. Tumors were removed on day 3, and western blot
analysis for CXCR2 and PIK3R1 was performed (n = 1–2 tumors from 2 mice for each group).

3.6. Bio-Distribution in Rheumatoid Arthritis Mice

Vascular permeability is an essential part of EPR and was first discovered through
research on inflammation [38], raising the possibility of iNaD as a delivery vector to
inflammatory lesions. To investigate whether iNaD has this ability, we performed an
imaging experiment on inflammatory lesions using SKG/Jcl mice, a well-established
genetic model of rheumatoid arthritis (RA) [39]. Mannan-injected SKG/Jcl mice exhibit
many features of RA, beginning with joint swelling and developing into chronic destructive
arthritis at the ankles and tail base, including joint ankylosis and deformity. Joint swelling
was monitored by inspection and scored (Figure 7A). sCA-miRNA (24 µg of Alexa Fluor
750-labeled miRNA) or iNaD-miRNA (3 µg of Alexa Fluor 750-labeled miRNA) was
intravenously administered to the tail tips of high arthritis score RA mice (severe swelling
of the left and right ankles, RA score = 1 + 1; Figure 7B). iNaD-miRNA-treated mice
exhibited more fluorescence at the swelling wrists, ankles, and tail base than mice treated
with sCA-miRNA 40 min after intravenous injection (Figure 7C). iNaD-miRNA exhibited
little fluorescence in the liver, whereas sCA-miRNA exhibited high liver accumulation,
which is the substantial problem with sCA (Figure 7D).
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injections (20 mg) of mannan suspended in 500 mL saline. Joint swelling was monitored by inspection and scored as 0 (no
joint swelling), 0.5 (mild swelling of the ankle), or 1.0 (severe swelling of the ankle). (B) sCA-miRNA (loading: 24 µg of
Alexa Fluor 750-labeled miRNA/injection) or iNaD-miRNA (loading: 3 µg of Alexa Fluor 750-labeled miRNA/injection)
was intravenously administered into the tail tips of high arthritis score RA mice (severe swelling of the left and right ankles,
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4. Discussion

Aggregation at an early stage of crystallization is a common problem with the calcium
phosphate (CaP) precipitation method, and microparticles are inevitably formed during
the process. Instead of using PEGylation or complex modifications, we have disrupted
the aggregation of carbonate apatite particles using bath sonication (38 kHz), resulting in
the generation of 10 to 20 nm sCA nanoparticles for in vivo use [10]. To reduce microparti-
cles, we demonstrated a novel combination method of PEG blending during the particle
generation process followed by ultrasonic pulverization using high-frequency (1 MHz)
AFA technology. Generally, PEGylation improves drug bioavailability, providing targeting
ability by binding biologics. To control the growth of CaP-based nanoparticles, several
studies have reported strategies to control the size by coating them with PEG [40–42]. How-
ever, the PEG blending alone was insufficient to reduce the particle size (Supplementary
Figure S3). Furthermore, we failed to increase the uptake of Alexa 750-conjugate pegylated
sCA-siRNA complex in the mouse xenograft model, which is different from that given by
the iNaD-siRNA complex (data not shown).

Another feature of PEG is its sensitivity to degradation upon ultrasound sonica-
tion [43,44], which generates cavitation bubbles that collapse, producing pressures and
shear forces [45]. Micelles of a di-block copolymer composed of poly(ethylene oxide)
and poly(2-tetrahydropyranyl methacrylate) in aqueous solution are disrupted by high-
frequency ultrasound (1.1 MHz) [46]. Thus, we hypothesized that AFA treatment with
high-frequency (1 MHz) ultrasonic acoustic energy would improve the pulverization
efficiency for sCA nanoparticles in concordance with the destruction of PEG, turning
microparticles into nanoparticles. We added methoxy-PEG-CO(CH2)2COO-NHS (Mw
10,000), which is supposed to target the OH group of sCA ([Ca10(PO4)6−X(CO3)X(OH)2])
during the production process, and subsequent AFA treatment dramatically reduced the
particle size without damaging the incorporated miRNA (Figure 3B and Supplementary
Figure S1). When we measured the amount of PEG blended by 1H NMR using di-sodium
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fumarate as the internal control, 1.2–1.8% (w/w) of methoxy-PEG-CO(CH2)2COO-NHS
was contained in the iNaD particles (Supplementary Table S2). With this new approach,
we have successfully reduced the microparticles of sCA into 600 to 700 nm nanoparticles
with one peak.

Nanoparticles < 100 nm in diameter are thought to be optimal for tumor delivery [8,26].
The size of lipid- or polymer-based nanoparticles for systemic RNA delivery to tumors in
clinical trials is almost 100 nm [8,35]. We had anticipated that smaller particles (<100 nm)
would be produced from microparticles, but we found that the iNaD nanoparticles of
approximately 700 nm in diameter can efficiently deliver siRNA/miRNA to tumors with
little accumulation in normal tissues compared to the sCA system [11–20,22–25].

Recent nanomedicines designed to be 10–100 nm in diameter are expected to increase
the accumulation of drugs in tumor tissues by utilizing the EPR effect. On the other
hand, EnGeneIC Dream Vectors (EDVs) are bacterially derived 400 nm minicells [36]. In
2014, TargomiRs (EnGeneIC Dream Vectors) loaded with miR-16-based mimic miRNA
underwent a phase I clinical trial in patients with malignant pleural mesothelioma and
non-small-cell lung cancer who had failed standard therapies (ClinicalTrials.gov Identifier
NCT02369198) [37]. This study provided important safety data, with an encouraging
response and survival in patients with malignant pleural mesothelioma, and is expected to
continue to a phase II study. Furthermore, bacteria of 1–2 µm in diameter (e.g., Lactobacil-
lus sp. and Salmonella typhimurium) have also been reported to accumulate in tumors by
virtue of the EPR effect [47–49]. Therefore, the EPR effect concept never limits the size of
nanoparticles suitable for tumor delivery. The concept results from the extravasation of
macromolecules through the vascular tumor, explaining the unique anatomical architecture
surrounded by the dynamic pathophysiological reaction caused by vascular mediators
(NO, kinin, PGs, cytokines, etc.) [38,50]. Thus, the optimal nanoparticle size could dynam-
ically fluctuate due to the vascular mediators. Though 100 nm nanoparticles represent
the majority of nanotechnology for cancer therapy, the larger nanoparticles may have a
promising advantage. Compared to 100 nm particles, 700 nm particles should load much
more siRNA/miRNA. According to the clinicaltrial.gov database, through the year 2019,
75 cancer nanomedicines were under clinical investigation in 190 clinical trials [51]. The
success of phase 1 trials has been as high as 94%. However, the success rate drops to ~48%
among completed phase 2 trials and slumps to a mere ~14% in phase 3 trials. The analyses
have indicated that the main reasons for these failures are poor efficacy rather than toxicity.
Enhancing the EPR effect allows more nanoparticles to be delivered to tumors, which can
improve the therapeutic effects [38,52], whereas engineering larger nanoparticles, such
as EDVs or iNaD, increases RNA loading efficiency and results in a successful outcome
of cancer therapy. As shown in Figure 6, our in vivo functional validation findings on
the effect of iNaD-MIRTX are consistent with a potent in vivo tumor inhibitory effect by
iNaD-MIRTX, even though the loaded amount of MIRTX is much less on iNaD compared
with sCA-MIRTX (3 µg vs. 24 µg).

Considering laboratory practice, the use of AFA may be a limitation in this study.
In this regard, liposome-based delivery is easy to use. However, a common feature of
recent RNA carriers, which include liposomes and polymers, is that in vivo systemic
administration often results in accumulation in the liver, spleen, kidney, or lung [53–55].
The CaP-based system can avoid immunogenic reaction and is safe [24]. Indeed, car-
bonate apatite is utilized in dental clinics [56,57]. Nanomedicines with positive surface
charges are easily bound to the vascular endothelial cells [58], whereas highly negatively
charged nanoparticles tend to be taken up by the reticuloendothelial system in the liver and
spleen [59]. Accordingly, the ideal surface charge of nanomedicines should be neutral or
slightly negative [50]. Thus, the slightly negative zeta potential of iNaD may contribute to
its lack of accumulation in the liver. This study firstly advocated a basic concept about ‘PEG
blending’ to establish a clinically applicable CaP-based system. To make this system more
simplified, we are currently underway to develop the second iNaD system that maintains
PEG blending but does not necessitate an AFA device.
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5. Conclusions

We successfully established a novel method for generating 700 nm CaP-based particles
via high-frequency ultrasonic pulverization combined with PEG blending. This method
has high disruption ability with little damage to loaded miRNA. This study is the first to
demonstrate that 700 nm nanoparticles achieve high miRNA delivery efficiency to tumors
and less accumulation in normal tissues. The findings provide new insights for engineering
RNA nanoparticles and promote clinical translation of cancer nanomedicines.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/jpm11111160/s1, Figure S1: Atomic force microscopy analysis, Figure S2: Quantitative
real-time RT-PCR analysis of mRNA expression in tumors, Figure S3: PEG blending during the
production of sCA-miRNA. Table S1: Human specific Forward (F) and Reverse (R) primer sequences
used for quantitative real-time RT-PCR analysis, Table S2: Quantification of PEG of sCA blended
with PEG by 1H NMR.
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Abstract: In this paper, we discuss the role of particle therapy—a novel radiation therapy (RT) that
has shown rapid progress and widespread use in recent years—in multidisciplinary treatment. Three
types of particle therapies are currently used for cancer treatment: proton beam therapy (PBT),
carbon-ion beam therapy (CIBT), and boron neutron capture therapy (BNCT). PBT and CIBT have
been reported to have excellent therapeutic results owing to the physical characteristics of their Bragg
peaks. Variable drug therapies, such as chemotherapy, hormone therapy, and immunotherapy, are
combined in various treatment strategies, and treatment effects have been improved. BNCT has a high
dose concentration for cancer in terms of nuclear reactions with boron. BNCT is a next-generation RT
that can achieve cancer cell-selective therapeutic effects, and its effectiveness strongly depends on the
selective 10B accumulation in cancer cells by concomitant boron preparation. Therefore, drug delivery
research, including nanoparticles, is highly desirable. In this review, we introduce both clinical and
basic aspects of particle beam therapy from the perspective of multidisciplinary treatment, which is
expected to expand further in the future.

Keywords: particle beam therapy; proton beam therapy; carbon-ion beam therapy; boron neutron
capture therapy; combination therapy; drug delivery

1. Background: Particle Beam Therapy as a Novel Radiotherapy

1.1. Promotion and Expansion of Particle Therapy Facilities

Particle beam therapy is a type of radiotherapy (RT). Particle beam therapy delivers a
high radiation dose to tumors and as technology has improved, enables antitumor effects.
The application of drug therapy is an integral part of development. We review the present
status and future aspects of particle beam therapy in terms of drug therapy. Proton beam
therapy (PBT) and carbon-ion beam therapy (CIBT) are common particle beam therapies. In
1946, Wilson suggested for the first time the use of accelerated protons in radiation therapy
(RT) [1]. He investigated the depth-dose profile of protons accelerated at the cyclotron
in Berkeley (CA, USA) and observed a steep increase in energy deposition at the end of
the particle range, which is known as the Bragg peak. In 1958, the first clinical use of
accelerated protons in the pituitary gland of 26 patients with advanced breast cancer was
reported by the Lawrence Radiation Laboratory in Berkeley [2]. Several clinical studies
have been conducted in the following decades. However, they were performed in a physics
laboratory; thus, they had little beam time, and beam lines were not necessarily designed
for medical use. The first medical treatment facilities to use PBT were constructed at the
Clatterbridge Oncology Center (UK) in 1989, which uses a cyclotron and at Loma Linda
University (CA, USA) in 1990, which uses a synchrotron. The first medical treatment
facility for CIBT was initiated in HIMAC in Chiba (Japan), in 1994. As of 2019, over
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250,000 patients have been treated with particle therapy (proton and carbon-ion [C-ion]
beams). The number of treatment facilities has rapidly increased in recent years. Currently,
treatment is provided at 100 facilities worldwide. The United States has the highest number
with 40 facilities, followed by Japan with 24 facilities, Germany with seven facilities, and
Russia with five facilities. There are 95 PBT facilities and 12 CIBT facilities [3]. Japan has
more than 20 particle therapy facilities on its small land area and is one of the countries
where particle therapy is becoming increasingly popular (Figure 1).
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1.2. Physical Aspects of Particle Therapy

The dose distributions of protons and C-ions largely differ from those of photons,
which are used in conventional RT. The biggest difference in physical characteristics is
the existence of depth-dose distribution, the so-called Bragg peak, and by having this
characteristic, particle beam therapy can give the maximum energy to the surroundings
near the stop (cancer part) (Figure 2a). Although the dose distributions of protons and
C-ions are very similar, the difference is that C-ion beams have narrower penumbra and
longer fragmentation tails than proton beams [4].
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In particle therapy, an extended Bragg peak (spread-out Bragg peak; SOBP) is formed
to fit this Bragg peak to the size of the cancer (Figure 2b). Beam formation technology has
evolved dramatically in recent years, and an increasing number of facilities are introducing
an active scanning system (ASS) in addition to the conventional passive scattering system
(PSS). PSS uses a rotating scatterer to expand the beam vertically and horizontally, and
a collimator and bolus are used to optimize the beam to the cancer shape in front of the
patient [5]. In contrast, the ASS uses a thin pencil beam, which is deflected vertically and
horizontally by electromagnets, and the depth can be adjusted by changing the energy of
the accelerator [6]. The advantage of the active scanning technique is its application in com-
plexly shaped target volumes and reduction in the cost of manufacturing patient-specific
devices, such as compensators, and the disadvantage is its larger lateral penumbra [7–11].

1.3. Biological Aspects of Particle Therapy

The concept of quality and quantity is important to understand the biological effects
of PBT. The quality of PBT is defined as the amount of energy transferred per track
(linear energy transfer; LET). Radiation with high LET can cause more severe damage to
cells, represented by complex DNA damage that is difficult to repair. A parameter that
quantitatively expresses the difference in biological effects due to this difference in LET
is the relative biological effectiveness (RBE), which is defined as the dose ratio between
the reference photon radiation and the particle radiation that produces the same biological
effect. The international standard for proton RBE is 1.1; however, recent studies have
shown that the distal end of a proton-SOBP shows a slightly higher RBE value depending
on the increase in LET [12]. In contrast, carbon lines with high LET show high RBE
values, with approximately 1.5 as the biological RBE and 3.0 as the clinical RBE [4,13,14].
Furthermore, it is important to recognize that although RBE is a useful parameter for
expressing relative effects, its value may vary depending on the biological endpoint and
the level of biological effect [15]. In addition, it is known that C-ions with higher LET
radiation have a killing effect on hypoxic and generally radioresistant tumors [16]. The
biological effect of radiation is enhanced in the presence of oxygen (oxygen effect) [17]. The
oxygen enhancement ratio (OER) is a parameter that indicates the difference in biological
effects depending on the presence or absence of oxygen. The OER is expressed as the
ratio of the absorbed doses required to induce the same biological effect with and without
oxygen. RBE and OER are LET-dependent variables (Figure 3), and the higher the LET, the
higher the RBE, which reaches its maximum at approximately 100–200 keV/µm and then
decreases (overkill effect). The OER shows a value of approximately 2.5–3.0 at low LET and
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asymptotically approaches 1 at high LET. High RBE [15,18–21] and low OER [16,22–24]
values are characteristic biological properties of heavy-ion beams with high LETs.
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2. The Role of Particle Beam Therapy in Multidisciplinary Treatments in Clinics

This chapter outlines particle beam therapy, which is often used in combination with
drug therapy.

2.1. Esophageal Cancer

In 2020, it was estimated that 18,440 new patients developed esophageal cancer and
16,170 died in the United States [25]. Hence, the case fatality risk of esophageal cancer is
still high, and the disease is currently the sixth leading cause of cancer-related deaths [26].
The gold standard treatment for localized esophageal cancer is surgery. However, some
patients are unfit for surgery because of their advanced tumors (unresectable), poor general
conditions (medically inoperable), refusal to undergo surgery, and concurrent chemoradio-
therapy (CCRT) is considered for them as an alternative curative treatment to surgery [27].
However, cardiopulmonary toxicities after CCRT using photon beams are still associated
with late adverse effects and would disturb the administration of high-dose chest irradia-
tion in the treatments for esophageal and lung cancers [28,29]. Especially, a standard total
irradiation dose in the treatment for esophageal cancer (50.4 Gy in 28 fractions) is less than
that for lung cancer (60 Gy in 30 fractions) because larger irradiation fields are necessary
to entirely cover the primary tumor and regional lymph nodes of thoracic esophageal
cancers [30]. It is known that local and/or regional recurrences are the most frequent
failure patterns after CCRT for esophageal cancer [31] and there are significant relation-
ships between cardiopulmonary toxicity and irradiated volumes and doses in the lung and
heart [32,33]. Therefore, dose escalation to the target while avoiding unnecessary doses to
the lung and heart is a reasonable approach to improve treatment outcomes for esophageal
cancer.

PBT offers advantageous physical properties to RT for the treatment of various cancers
and can reduce the radiation dose and irradiated volume in organs at risk, such as the
lung and heart, in RT for esophageal cancer compared with photon therapy [34,35]. We
initially reported the usefulness of PBT alone or a PBT boost following photon RT without
concurrent chemotherapy for patients with unresectable esophageal cancer [36]. In the
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case of PBT alone, the median total dose was 80 Gy RBE (Gy [RBE]), but patients were
given a median dose of 46 Gy using photons with a boost to 80 Gy (RBE) using protons.
Thereafter, CCRT using cisplatin/5 fluorouracil added to a median dose of 60 Gy (RBE)
using PBT alone was performed in 40 patients, and no grade 3 cardiopulmonary toxicities
were observed in our recent study [37]. In a Japanese multicenter retrospective study,
clinical outcomes obtained from 202 patients (195 with squamous cell carcinoma and seven
with adenocarcinoma) treated between 2009 and 2013 at four institutes were investigated.
The 5-year rates of overall survival (OS) and local control of patients with stages I and
II were 75.4% and 74.0%, respectively, and the corresponding rates of stages III and IV
were 36.8% and 53.8%, respectively. Furthermore, grade 3 cardiopulmonary toxicities
were observed in only three (1.5%) patients [38]. Table 1 shows that the incidence of
cardiopulmonary toxicities in CCRT for esophageal cancer after PBT was less than that
after photon RT [39–43]. A recent randomized study compared the total toxicity burden
(TTB) and progression-free survival (PFS) between intensity-modulated radiotherapy
(IMRT) and PBT and revealed that there was no significant difference in PFS between the
two arms. However, the mean TTB, which was the other primary endpoint of the study,
was 2.3 times higher for IMRT (39.9; 95% highest posterior density interval, 26.2–54.9) than
for PBT (17.4; 10.5–25.0) and the PBT arm experienced numerically fewer cardiopulmonary
toxicities and postoperative complications [43].

Table 1. Cardiopulmonary toxicities of photon RT and PBT for esophageal cancer.

Author N RT Modality Treatment Endpoint Late Toxicity Rate
Heat Lung

DeCesaris [15] 36 Photon RT Preope/definitive Perioperative death 13.9%
18 Proton 0%

Wang [6] 320 IMRT Preope/definitive Grade 3 (2y/5y) 18%/21% NA
159 Proton 11%/13% NA

Wang [17] 208 3DCRT Preoperative Perioperative complication 15.9% 30.3%
164 IMRT 17.1% 23.8%
72 Proton 9.7% 13.9%

Makishima [10] 19 3DCRT Definitive Grade 3 0% 10.3%
25 Proton 0% 0%

Xi [18] 211 IMRT Preope/definitive Grade 3 2.4% 4.7%
132 Proton 0.8% 2.3%

Lin [19] 61 IMRT Preope/definitive Grade 3 5 * 11 *
46 Proton 3 * 5 *

RT, radiotherapy; IMRT, intensity-modulated radiotherapy; 3DCRT, three-dimensional conformal radiotherapy; NA, not assessed; *,
number of events.

Recently, the impact of maintaining host immunity on patient survival has brought
focus on CCRT for esophageal cancer, and lymphocyte count during CCRT may be a repre-
sentative landmark for predicting survival [44,45]. Since PBT avoids unnecessary doses to
the body of patients compared with photon RT, the studies showed that lymphocyte counts
during PBT were well maintained and OS after PBT tended to be better than that after
photon RT [45,46]. A pencil beam scanning method that provides a better dose distribution
than passive scattering, which reduces the doses to the normal tissues close to the target, is
currently available at most institutes, and future prospective studies may further confirm
the true efficacy including survival outcomes of PBT for esophageal cancer.

2.2. Pancreatic Cancer

Pancreatic cancer is well known as one of the cancers with a poor prognosis and
remains challenging to treat. According to a survey, there are an estimated 57,600 new
patients and 47,050 deaths worldwide annually [26]. Surgery is the gold standard for the
curative treatment of pancreatic cancer, and chemotherapy for pancreatic cancer has made
great strides in the last few decades. The role of RT is to control local lesions, such as
original tumors and locoregional lymph node metastases. Since the pancreas is surrounded
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by organs that are at risk, such as the stomach and duodenum, it is difficult to deliver a
higher radiation dose for conventional photon RT. Therefore, particle beam therapy, which
has an excellent dose concentration, is highly recommended for the treatment of pancreatic
cancer and is mainly used for curative therapy of unresectable diseases and preoperative
therapy for resectable diseases.

There have been few reports of particle beam therapy for pancreatic cancer before
2010, but it has been increasing rapidly since then. This is largely due to advances in
chemotherapy and technological advances in particle beam therapy. Table 2 shows a
review of concurrent PBT combined with chemotherapy for pancreatic cancer. Hong et al.
conducted preoperative CCRT using proton beams and capecitabine in 25 patients with
resectable pancreatic cancer and reported a 75% 1-year OS rate in 2011 [47]. After that, some
clinical studies using proton beams commonly combined with capecitabine, gemcitabine,
5-FU, and S-1, have been reported, and Hong et al. reported a 2-year OS rate of 42% in their
subsequent report in 2014 [48]. In the curative treatment for the unresectable or borderline
resectable disease, the 1- and 2-year OS rates after PBT were 62–77.5% and 40–50.8%,
respectively [49–52]. Maemura et al. performed induction chemotherapy followed by
CCRT using proton beams. In their study, gemcitabine was used for induction therapy,
and S-1 was concurrently combined. The irradiation dose was either a standard dose
of 50 Gy or escalated dose of 67.5 Gy (RBE) with 25 fractions and achieved a 1-year
OS rate of 80% [53]. Regarding toxicity, gastrointestinal ulcers have been reported as
a late adverse event in some studies [48,49,53]. Pancreatic cancer using CIBT has been
reported at several institutions in Japan, and Kawashiro et al. summarized the data
as a retrospective multi-institutional study [54]. They investigated 72 patients whose
irradiation dose was 52.8 and 55.2 Gy (RBE) with 12 fractions and concurrent chemotherapy
was performed in 56 patients using gemcitabine or S-1. The OS rates were 73% and
46% at 1 and 2 years, respectively, and late adverse events (ulcers) were found in one
patient. Using in vitro and in vivo studies, Sai et al. demonstrated that C-ion beam
combined with gemcitabine had a superior potential to kill pancreatic cancer stem-like
cells [55]. Chemotherapy for pancreatic cancer has improved prognosis with the advent
of gemcitabine and has since been further improved with the combination of other drugs,
such as nab-paclitaxel [56,57]. In addition, FOLFIRINOX has been demonstrated to have
a higher antitumor effect than gemcitabine [58]. To date, the use of FOLFIRINOX in
combination with particle beam therapy has been uncertain due to its strong side effects,
however, in Europe, a prospective study on the combination of FOLFIRINOX as induction
therapy for preoperative CIBT was conducted [59]. With regard to the technical progress
of particle beam therapy, the concomitant boost [49,50,52,60], active scanning [61], and
layer-stacking boost techniques [62] have been attempted.
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Table 2. Concurrent particle beam therapy combined with chemotherapy for pancreatic cancer.

Author N RT Dose Chemotherapy Treatment Outcome

Hong [46] 25 proton 30GyRBE/10fr
25GyRBE/5fr capecitabine preoperative OS: 75%/1Y

Terashima [48] 50 proton
50GyRBE/25fr

70.2GyRBE/26fr
67.5GyRBE/25fr

gemcitabine curative OS: 76.8%/1Y, PFS:
64.3%/1Y

Hong [47] 50 proton 25GyRBE/5fr capecitabine preoperative OS: 42%/2Y

Maemura [52] 10 proton 50GyRBE/25fr
67.5GyRBE/25fr gemcitabine, S-1 curative OS: 80, 45, 22.5%/1,

2, 3Y

Kim [49] 37 proton 45GyRBE/10fr capecitabine, 5-FU curative OS: 75.7%/1Y, PFS:
64.8%/1Y, 19.3M

Jethea [50] 13 proton 50GyRBE/25fr capecitabine, 5-FU curative OS: 62, 40%/1, 2Y,
16M

Hiroshima [51] 42 proton 50–67.5GyRBE/25-
33fr gemcitabine, S-1 curative OS: 77.5, 50.8%/1,

2Y, 25.6M

Kawashiro [53] 72 carbon 52.8GyRBE/12fr
55.2GyRBE/12fr gemcitabine, S-1 (n = 56) curative OS: 73, 46%/1, 2Y,

21.5M

Vitolo [58] carbon 38.4GyRBE/4fr FOLFIRINOX,
gemcitabine preoperative

Value in outcome represents overall survival rate, progression-free survival rate, and median survival time. OS: overall survival, PFS:
progression-free survival.

2.3. Prostate Cancer

Prostate cancer (PC) screening and early diagnosis using prostate-specific antigen
have indicated that there are approximately 192,000 new patients per year in the US [26]. In
Japan, the annual number of newly diagnosed patients also increases every year, and over
12,500 PC-related deaths were estimated in 2019 [63]. Furthermore, almost half of Japanese
patients with PC are over 75 years old, and RT plays an important role as a representative
nonsurgical and curative treatment, especially for elderly patients. Since PC control after
RT is dose-dependent [64], recent advances in modern RT techniques, including IMRT
and brachytherapy, under image guidance can provide successful treatment outcomes by
allowing delivery of higher doses to the prostate with less toxicity to the organs at risk,
such as the rectum and bladder, compared with conventional three-dimensional conformal
RT [65,66].

Protons and C-ions are charged particles and have been used for PC treatment through
particle therapy for several decades. PBT was initially used as a tool for dose escalation
after photon RT. The first randomized study compared the results between photon RT and
PBT in patients with advanced PC. In the study, patients in the standard-dose and high-
dose groups were treated with pelvic RT at 50.4 Gy/28 fr, followed by local photon RT at
16.8 Gy/8 fr (total dose: 67.2 Gy/36 fr) and local PBT at 25.2 Gy equivalents (GyRBE)/12 fr
(total dose: 75.6 GyRBE/40 fr), respectively, and a better local control was achieved in the
high-dose PBT group than in the standard-dose photon RT group (8-year local control rate:
73% vs. 59%) [67]. In addition, the incidence of grade 3 rectal bleeding was recorded in
only 2.9% of the patients in the high-dose PBT group, although the corresponding rate
of RTOG9413 using pelvic RT followed by local photon boost was 4.3% despite using a
70.2 Gy dose (5.4 Gy lower than the abovementioned 75.6 Gy PBT dose in the randomized
study) [68].

The PROG95-09 trial tested a prostate PBT boost of either 19.8 GyRBE/11 fr (standard-
dose group) or 28.8 GyRBE/16 fr (high-dose group) following 50.4 Gy/28 fr by local photon
RT without regional irradiation for patients with stage T1–2 PC; the 10-year biochemical
failures were observed in 32.4% and 16.7% of patients in the standard-dose and high-
dose groups, respectively (p < 0.0001) [69]. Regarding toxicity, there were no significant
differences between the standard-dose and high-dose groups; grade 3 gastrointestinal
(GI) and genitourinary (GU) events were only noted in 1% and 2% of patients in the high-

29



J. Pers. Med. 2021, 11, 825

dose group, respectively, and 0% and 2% in the standard-dose group, respectively. At
almost the same time, a randomized trial was conducted to determine the effectiveness
of dose escalation using photon RT. The 10-year recurrence-free rates in the standard-
dose group (70 Gy/35 fr) and in the high-dose group (78 Gy/39 fr) were 50% and 73%,
respectively (p = 0.004); however, grade 3 GI and GU adverse events in the high-dose group
were observed in 3.3% and 6.6% of patients, respectively, suggesting higher event rates
compared with those in the 79.2 GyRBE dose of the high-dose group in the PROG95-09
trial described above [70] (Table 3).

Table 3. Clinical outcomes of photon and PBT trials for prostate cancer.

Author N
RT

Modality
Total

Dose (Gy) Photon (Gy)
Proton

(GyRBE)
Efficacy

(%)

Late toxicity
(Grade 3) (%)

GI GU

Shipley [67] 202 Photon
+Proton

75.6
67.2

50.4 (pelvis)
50.4 (pelvis) + 16.8 (local) 25.2 (local) 8y-LC:73 2.9 NA

Photon - 59 0 NA

Roach [68] 440 Photon 70.2
70.2

50.4 (pelvis) + 19.8 (local)
70.2 (local) 7y-PFS:40 4.3 3

Photon 27 0 0
Local prostate

irradiation

Zeitman [69] 393 Photon
+Proton

79.2
70.2

50.4 (local)
50.4 (local) 28.8 (local) 10y-bRF:83 1 2

Photon
+Proton 19.8 (local) 67 0 2

Kuban [70] 301 Photon 78.0
70.0

78.0 (local)
78.0 (local) 10y-FFF:73 7 3

Photon 50 1 5

GI, gastrointestinal; GU, genitourinary; LC, local control; PFS, progression-free survival; bRF, biochemical relapse-free; FFF, freedom from
any failures.

In the same period, the efficacy of a combination of androgen deprivation therapy
(ADT) with RT for intermediate- and high-risk patients with PC on not only disease control
but also overall survival was shown in a randomized trial [71] and high-dose local PBT
without photon RT yielded favorable outcomes regarding both PC control and adverse
effects [72]. The clinical outcomes of local high-dose PBT combined with ADT were equal to
or superior to those of local high-dose photon RT or PBT combined with pelvic or prostate
RT. Furthermore, C-ions have been used for patients with PC as a local RT since 1995 at
the National Institute of Quantum and Radiological Science and Technology Hospital, and
the optimal RT dose and appropriate use of ADT in CIBT for PC have been investigated
through several clinical trials [73]. At present, ADT is combined with CIBT for 2–6 months
in intermediate-risk PC patients and for 2 years in high-risk PC patients based on previous
phase I/II and II clinical trials; however, the appropriate indication criteria and duration
of ADT use for PC in combination with high-dose RT, including PBT and CIBT, remains
unknown.

Multi-institutional cohort studies involving four Japanese institutes were conducted
to determine the appropriate use of ADT combined with PBT, and 520 intermediate-risk
and 555 high-risk PC patients treated with PBT between 2008 and 2011 were analyzed [74].
Overall, the use of short-term ADT for ≤6 months improved the biochemical recurrence-
free survival (bRFS), but no benefit of ADT for> 6 months was observed. The effectiveness
of short-term ADT on bRFS was more evident in patients with two or three intermediate-
risk factors than in those with a single factor. In contrast, short-term ADT for ≤6 months
did not improve bRFS in the high-risk group. The study revealed that ADT for 12 and
21 months is preferable for patients with single and multiple risk factors, respectively,
with high-dose PBT. Since ADT may cause dysfunction in lipid, glucose, and mineral
metabolisms, especially in the elderly, prospective studies are necessary to determine
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the optimal ADT use and avoid unnecessary ADT administration in combination with
high-dose RT for patients with PC.

2.4. Pediatric Cancer

The large difference between radiation therapy for aged patients and pediatric pa-
tients is the possibility of several complications. The following are typical complications
and various complications that have been studied using photon RT: (1) Reproductive
dysfunction: Sex cells are highly radiosensitive, and it is said that sperm cell depletion
and morphological abnormalities can occur even at 10 cGy or less. Sanders et al. reported
that 463 boys received total body irradiation of 10, 12, 14, and 15.5 Gy, and only five (1%)
became fathers [75]. The Childhood Cancer Survivor Study (CCSS) examined 1915 patients
after treatment for pediatric cancers, and the rate of miscarriage increased 3.6 times in
cases with whole-brain and whole-spinal irradiation and 1.7 times in cases with pelvic
irradiation [76]. (2) Cardiac complications: According to a CCSS, the relative risk of death
from cardiac complications was as high as 11.9 (95% confidence interval (CI): 9.1–15. (3) in
2717 five-year-old or older survivors after chemotherapy for pediatric Hodgkin lymphoma.
In cases where the mediastinum was irradiated with 42 Gy or more, it was reported to
be 41.5 (95% CI: 18.1–82.1) [77]. PBT has a superior dose concentration with cytotoxicity
equivalent to photons; thus, it is expected to be utilized for the treatment of patients with
pediatric cancer. Moreover, although there are few clinical reports because secondary
cancers develop years–decades later, PBT is expected to reduce secondary cancers. In Japan,
PBT for patients with pediatric cancer became the first medical insurance coverage for all
cancer diseases in 2016, which indicates high expectations for pediatric cancer treatment.

PBT is used for the treatment of cancers, such as brain tumors, neuroblastoma, and
soft tissue tumors. PBT is not often administered alone and is often multidisciplinary
with surgery or chemotherapy. Glioma, medulloblastoma, ependymoma, germinoma, and
craniopharyngioma make up a lot of brain tumors. Eaton et al. compared the treatment
results of photon RT and PBT for pediatric medulloblastoma. Both treatment protocols
were the same as craniospinal and focal irradiation, with vincristine, cisplatin, cyclophos-
phamide, and lomustine. Second cancers were found in three of 43 patients in the photon
RT group and none of the 45 in the PBT group [78]. They also investigated the endocrine
result of photon RT and PBT in 77 patients and reported hypothyroidism as 69% and 23%,
sex hormone deficiency as 19% and 3%, and any endocrine replacement therapy as 78%
and 55%, respectively, and concluded that PBT may reduce the risk of some endocrine
abnormalities [79]. Rhabdomyosarcoma (RMS) is a high-grade tumor characterized by local
invasiveness and is the most common soft tissue sarcoma in pediatric patients. RMS can
occur all over the body; however, the most common sites are the head and neck, followed
by the pelvis. RMS is treated using a multidisciplinary approach. Clinical experiences
in the treatment of pediatric RMS with PBT indicated safety and effectiveness with low
acute toxicities and disease control comparable to photon irradiation [80–82]. Mizumoto
et al. retrospectively summarized data from a multicenter study in Japan and reported
the clinical outcome of 55 children aged 0–19 years (median, 5 years) who received PBT
for RMS with doses ranging from 36–60 Gy (RBE). Surgical resection before PBT was
performed in 41 patients (75%), and 53 patients (96%) received chemotherapy. The number
of patients that enrolled during pre-PBT, pre- PBT and during PBT, and only during PBT
was 17, 34, and two patients, respectively. The median follow-up time was 24.5 months.
Acute toxicity of more than grade 3 was found in 16% of the patients, but they recovered
well after PBT. A total of 87% of the patients experienced hematologic toxicities more than
grade 3, which were very likely to be related to PBT [83].

3. Current Basic Research on Combination with Particle Therapy

3.1. Combination Therapy

In recent years, the content and quality of cancer treatment have been greatly devel-
oped along with advancements in science and technology. In other words, the introduction
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of new therapeutic concepts and methods into clinical practice through the invention and
improvement in medical devices that enable high-precision RT, such as particle beam ther-
apy, has brought progress in the cancer treatment. Early detection of early-stage cancers
using modern diagnostic imaging technologies contributes to the improvement in survival
rates of cancer patients; however, the clinical outcomes of many advanced-stage cancers
using a single treatment method remain disappointing. Therefore, a multidisciplinary
treatment combining RT with surgery, chemotherapy, molecular targeted therapy, or im-
munotherapy has been tested, especially for advanced-stage cancers, for a long period.
How can a combined protocol be adapted for particle beam therapy? Recent basic biological
studies have reported the possibility that higher sensitization effects can be demonstrated
with proton beams, which have similar biological effects to photon beams. However, it
is expected that combination experiments with C-ions, rather than protons, will show
unexpected results. In this section, we summarize the latest findings on the combined
effects of particle RT and various cancer treatment modalities.

3.2. Chemotherapy

Chemotherapy is often combined with RT for advanced-stage cancers, given before
(neoadjuvant), at the same time (concomitant), and after (adjuvant) RT, and the efficacy
and feasibility of the combination therapy have been confirmed in most of them. Many
of the goals of RT and chemotherapy combinations are to treat locally and systemically
distributed cancers, respectively.

However, it is well known that a combination of drugs and radiation can have local
synergistic effects. As a typical example, concurrent chemoradiotherapy consisting of
photon RT combined with platinum compounds for head and neck squamous cell carci-
noma had a significant benefit of OS with a 10% reduction, but neoadjuvant or adjuvant
chemotherapy did not [84]. In contrast, heavy particle beams with a high LET have a
smaller sensitizing effect by various chemotherapeutic agents than photon beams. The
sensitizing effect of camptothecin, cisplatin, gemcitabine, and paclitaxel, which are fre-
quently used in the field of RT, is remarkable for X-rays, but extremely small for C-ions
of 103 keV/µm [85]. Similarly, when glioblastoma (GBM) cells were treated with carbon
wire and temozolomide (TMZ), only additive effects were observed [86]. In contrast, a
remarkable synergistic effect with a decrease in the shoulder of the cell survival curve was
observed in S-phase human colon cancer-derived cells when antimetabolite gemcitabine
(2′,2′-difluoro-2′-deoxycytidine, dFdCyd) was combined with C-ions [87]. Proton beams,
which exhibit biological effects similar to those of photon beams, can be expected to be
more effective in combination with chemotherapeutic agents than C-ions, and concur-
rent chemoradiotherapy using protons is widespread in clinical practice. However, in
recent years, differences between X-rays and proton beams have been reported, such as
in gene expression and protein levels due to various double-helix DNA cleavages and
DNA responses and disorders in the process of cell death [88,89]. It has been reported that
overall DNA damage differs to some extent after proton and X-ray irradiation and that
proton-irradiated cells preferentially undergo homologous recombination [90]. This result
suggests that the distribution of DNA repair types differs between protons and X-rays.
Our research also confirmed that the recovery phenomenon is less likely to occur after
proton irradiation than after X-ray irradiation [91]. Furthermore, it has been reported that
the sensitizing effect of CDDP may differ between X-rays and protons [92]. The combi-
nation index for CDDP in the three types of cells was 0.82–1.00 by X-ray, whereas it was
0.73–0.89 by proton beam, indicating that the proton beam has a stronger sensitizing effect.
Analysis using the Cell Cycle Indicator System (fluorescent ubiquitination-based cell cycle
indicator or FUCCI) also showed that CDDP and proton beam increased apoptotic cells
and G2/M arrest induction more significantly than X-rays. This difference was particularly
pronounced in radiation-resistant cells, suggesting that chemoradiotherapy with X-rays
and protons may have different effects on radiation-resistant cancers.
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3.3. Molecular Targeted Therapy

The toxicity of normal tissues is often increased by chemoradiotherapy, limiting the
amount of drug or radiation that can be administered [93]. This fact is far from ideal, and
more effective and less toxic combination therapies are needed for the systemic therapy
combined with radiation. Against this background, research and development of molecular-
targeted drugs are underway. It specifically inhibits cell survival, information exchange
with surrounding tissues, and signal transduction associated with responses to internal and
external stresses, including radiation. Recent developments in the fields of biotechnology
and cell biology have revealed and rapidly elucidated signal transduction and intracellular
crosstalk.

A suitable target molecule for a drug used for RT should be overexpressed in many
tumors to be treated and not in the normal tissue surrounding the tumor [94,95]. Molecules
involved in the mechanism of radioresistance are also ideal. Given these conditions, good
examples of reasonable targets related to RT include epidermal growth factor receptor
(EGFR), vascular endothelial growth factor (VEGF), phosphatidylinositol-3-kinase/protein
kinase B/mammalian target of rapamycin (PI3K/Akt/mTOR) pathway, Ras pathway, and
histone deacetylation. The efficacy of these molecular-targeted drugs in combination with
photon therapy has been demonstrated in both basic research and clinically, for example,
with EGFR inhibitors.

Although there is insufficient clinical data on the use of particle beams in combination
with molecularly targeted drugs and the efficacy of these drugs is not yet clear, many
interesting data have been reported from basic biological experiments using cells and mice.
The number of relevant studies has increased from approximately 30 in 2010 to over 140 in
2020. The combination of the proton beam and a VEGF inhibitor, bevacizumab, decreased
cell survival, increased apoptosis levels, and cell cycle arrest in melanoma cells [96]. The
EGFR inhibitor gefitinib preferentially sensitized non-small cell lung cancer cells (H460
and H1299) to proton radiation compared to gamma radiation [97]. Cetuximab (Cmab)
also preferentially sensitizes cancer stem cells (SQ-20B/CSCs) isolated from head and
neck squamous cell carcinoma (SQ-20B) to carbon beam irradiation compared to photon
irradiation [98]. Furthermore, C-ions + Cmab strongly inhibits the enhanced invasion
ability of SQ-20B/CSCs, and it has been suggested that the combination therapy is a very
promising treatment that suppresses the migration and infiltration process of all cancers
as well as CSCs. A PARP inhibitor (PARPi), AZD2281, enhanced the effect of protons
on human lung cancer cells (A549) and pancreatic cancer cells (MIAPaCa-2), inducing
an increase in γ-H2AX counts and an increase in G2/M arrest [99]. Another PARPi,
olaparib and niraparib, sensitized the cytotoxic effects of protons on lung, pancreatic,
esophageal, and head and neck cancer cells as well as on X-rays [100–102]. These inhibitors
have sustained DNA damage from irradiation, delayed apoptosis, prolonged cell cycle
arrest, promoted aging, and had more synergistic effects on cells with high proliferation
rates. In addition, PARP inhibitors have been effective against C-ions, and the PARPi
ADZ2281 enhances the cell-killing effect of carbon rays on pancreatic cancer cells [103].
The combination of talazoparib and carbon beams dramatically reduced the number of
GBM stem cells (GSCs), induced prominent and long-term G2/M block, and reduced
GSC proliferation [104]. Owing to its multifunctional role and low expression in normal
cells, Hsp90 inhibitors are considered a good target for cancer therapy; however, there
are few reports on its effects in combination with particle therapy, and we found two
reports on its combination with carbon beams [105,106]. 17AAG enhanced the cytotoxic
effect on lung cancer cells and the antitumor effect on lung cancer transplanted tumors
after C-ions to the same extent as X-rays [105]. This sensitizing effect was due to the
inhibition of homologous recombination repair by 17AAG, and as a result, the strong
induction of G2 arrest was confirmed. The combination of C-ions with different LET (14 and
50 keV/µm) and another Hsp90 inhibitor, PU-H71, showed higher or similar enhancement
ratios compared to X-rays [106]. This result suggests a dependence of the enhancement
ratio of molecular-targeted drugs on LET. Valproic acid, a histone deacetylase inhibitor
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(HDACi), sensitizes hepatocellular carcinoma cells to proton beams more strongly than
photon beams by prolonging DNA damage and enhancing apoptosis [107]. In addition,
Tsuboi et al. reported that another HDACi, suberoylanilide hydroxamic acid, enhanced the
cell-killing effect of C-ions [108]. The combination of novel molecularly targeted drugs and
particle radiotherapy has great potential to improve patient outcomes. However, the basic
biological knowledge of this combination therapy is scarce, and further research is needed
both in vitro and in vivo.

3.4. Nanoparticles

Metal nanoparticles (MNPs), such as gold and platinum, have been reported to exhibit
radiosensitizing effects in photon-irradiated cells and animal models [109–111]. Experi-
ments have shown that the mechanism is largely due to the interaction of photons with
high-Z metal atoms to produce low-energy electrons (especially Auger electrons) [112,113],
which in turn promotes the production of reactive oxygen species [114]. Currently, several
attempts are being made to introduce nanoparticles into clinical practice.

However, because the interaction of charged particles is largely independent of the
atomic number Z of the target, the sensitization of particle beams by MNPs is expected to
be even smaller than that of photon beams. However, several experiments have confirmed
the large sensitizing effect of the combination of proton beams with MNPs [114,115]. C-ions
with high LET, in combination with magnetic nanoparticles, reduce the fluence per unit
dose, making the probability of direct interaction at therapeutic doses unrealistic.

Furthermore, in recent years, the application of biomaterials, such as polymer nanofibers,
for cancer treatment and drug delivery systems has increased [116,117]. Polymeric nanofibers
are an exciting new class of materials and have attracted great attention because of their
remarkable properties, such as high specific surface area, high porosity, high molecular
alignment, and nano-size effects [118–120]. Additionally, many different types of molecules
can be easily incorporated into nanofibers to greatly expand their drug-loading capacity
or to provide a sustained release of the embedded drug molecules [121,122]. Nanofibers
with continuous drug release properties that can enhance the efficacy of anticancer drugs,
molecularly targeted drugs, and hyperthermia are being developed [116,123–125], and we
believe that developments in this field will greatly benefit the sensitization of radiation.

3.5. Immunotherapy

The idea of using immunotherapy in combination with particle beam therapy is com-
pletely different from the combination of anticancer drugs and molecular-targeted drugs.
It has been shown that local irradiation of tumors acts as an immune adjuvant and can
elicit a systemic tumor immune response by killing tumor cells in situ [126–128]. Its basic
mechanism is the induction of immunogenic cell death in the tumor microenvironment and
the sequential activation of systemic cell-mediated immunity [129,130]. Danger signals and
the release of tumor-specific antigens after ionizing radiation can turn the irradiated tumor
into an in-situ vaccine. Recently, important angiogenic and immunosuppressive factors,
such as vascular endothelial growth factor, interleukin 6 and 8, and hypoxia-inducing
factor 1α, have been significantly downregulated after high-energy proton irradiation [131].
It has also been reported that proton irradiation mediates cell surface expression of calreti-
culin on tumor cells and increases susceptibility to cytotoxic T lymphocyte killing [132].
These findings suggest that PBT can inhibit angiogenesis and has an immunosuppressive
mechanism, and thus, its therapeutic use can be expanded [133]. The C-ions correlated
more with immune activation and prevention of metastasis in mouse models when used in
combination with dendritic cell infusion [134–136]. In addition, in clinical cases, abscopal
reactions have been reported in patients who received topical C-ion treatment [137,138].

In clinical studies using PBT, a phase I study in which an intratumoral injection
of hydroxyapatite was used as an immune adjuvant after PBT was locally advanced or
recurrent to prevent local or distant recurrence due to the activation of the immune system.
It was performed in patients with hepatocellular carcinoma. The conditions of four of the
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nine patients were reported to have exacerbated [139]. Regarding C-ions, abscopal reactions
have been reported in patients receiving topical C-ion treatment [137,138]. A promising
approach to using this strategy to remove cancer cells that have spread to unirradiated
areas is to combine particle therapy with immune system regulators, such as immune
checkpoint inhibitors and cytokines. In addition, tumor-specific immune responses can be
obtained by converting the tumor into an effective in situ vaccine using particle therapy.

4. Relationship between Boron Neutron Capture Therapy (BNCT) and Boron
Compounds

4.1. The Principle of BNCT

The principle of boron neutron capture therapy was proposed four years after the
discovery of neutrons by Chadwick in 1932 [140,141]. It uses 10B, which has a large
absorbable cross section for thermal neutrons. It is one of the RT classified as particle beam
RT and is characterized by the external irradiation of thermal neutrons, which have no
electric charge, and the use of high-LET particle beams (alpha rays and lithium nuclei)
produced by the reaction of neutrons with 10B in the body for cellular damage (treatment
of malignant tumors). In principle, if boron can be directed to the target area, the reaction
will occur only in that area and shows a cell-killing effect.

Briefly, it is common to use 10B as a compound that reacts easily with thermal neutrons,
that is, a compound with a large absorbable cross section (3850 barns, 1 barn = 10−24 cm2).
A 10B compound with tumor-accumulating properties is administered intravenously to
the organism beforehand. When 10B has accumulated in the tumor, thermal neutrons
are injected into the affected area by external irradiation. The neutrons react with 10B to
produce alpha rays (helium nuclei) and lithium nuclei (Figure 4). Both of these have a
short range of approximately 10 microns (about the size of a cell) and can provide high
energy without exceeding the diameter of the cell. The principle is that the more selective
the distribution of 10B to tumor cells, the less the damage to normal tissues and the higher
the antitumor effect.
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In RT, the accuracy of spatial positioning has been improved by increasing the ac-
curacy of the treatment device and body sides. These techniques include respiratory
synchronization, image-guided RT, and stereotactic RT. However, BNCT is a bimodal
therapy, which is different from conventional RT in that it utilizes the difference in drug
distribution, especially drug uptake between normal and tumor tissues, to achieve an effect.
Thus, BNCT consists of two steps: the drug is responsible for tumor selectivity and the
external irradiation of thermal neutrons is used to produce the effect. Therefore, it was
necessary to develop a boron-containing compound with tumor-accumulating properties
and a high-intensity thermal neutron source capable of delivering a sufficient dose (flux)
for the treatment.

4.2. The History of BNCT

In the early days of research and development, the necessary thermal neutrons could
only be obtained from experimental reactors. Clinical studies using experimental reactors
were initiated in the United States in the 1960s, but the inadequate performance of 10B
compounds prevented the discovery of promising results [142–144].

Since then, basic and clinical research has been conducted in Japan and
Europe [145–148]. Neutron sources have generally been used through beam shaping, in
which the beam from the core of a research reactor is attenuated to increase the proportion
of low-energy thermal neutrons [149–152]. However, in recent years, as the use of nuclear
reactors has become increasingly difficult for both commercial and research purposes,
high-power neutron sources, such as the Japan Proton Accelerator Research Complex (J-
PARK, Tokai, Japan), have been developed in the field of physics, and research on thermal
neutron sources for therapeutic use without using nuclear reactors has become popular
as a spin-out of these sources [153–156]. Accelerator neutron sources can be installed in
hospitals for medical use, and they have a higher potential for medical applications than
the use of nuclear reactors because they are not subject to the strict regulations of nuclear
reactors.

Japan was the first country to begin its clinical application. An accelerator-based
BNCT clinical study in Japan was developed based on the previous BNCT treatment in
nuclear reactors, that is, malignant brain tumors and head and neck cancers were the first
targets [157–159]. In June 2020, Stella Pharma’s L-p-boronophenylalanine (BPA) agents and
Sumitomo Heavy Industries’ NeuCure were the first drugs and devices for BNCT to be
covered by health insurance in Japan. As a result, BNCT has become a medical treatment
option that utilizes drugs and medical devices, and its use as a full-fledged treatment for
a limited number of indications has started. In addition, several research institutes and
companies in the United States or China have succeeded in producing thermal neutron
beams that can be installed in hospitals [160,161].

4.3. Reactor and Accelerator-Based Neutron Source

In terms of the medical use of nuclear reactors, the research reactor (JRR-4) at the
Japan Atomic Energy Research Institute (the Japan Atomic Energy Agency) was modified
for medical use in collaboration with the Department of Neurosurgery at the University of
Tsukuba, with an operating room, simulation room, irradiation room, remote anesthesia
equipment, and even experimental equipment [162,163]. With the development of a
simulation calculation code, noncircumferential irradiation using epithermal neutrons
can now be handled [164–167]. Epithermal neutrons are slightly higher in energy than
thermal neutrons, and after entering the body, they become thermal neutrons and cause a
neutron capture reaction, which has the advantage of allowing treatment of brain tumors
with external irradiation [168,169]. While thermal neutrons themselves can only treat
superficial lesions with a depth of approximately 2 cm, epithermal neutrons can treat
lesions with a depth of approximately 6 cm, and the clinical application of epithermal
neutrons will shift from intraoperative irradiation by craniotomy to external irradiation
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without anesthesia. The clinical application of thermal external neutrons has shifted from
intraoperative irradiation by craniotomy to external irradiation without anesthesia.

In addition, unlike charged particles, neutron beams cannot be directly accelerated
because they do not have an electric charge, and their handling is more difficult than
charged particles [170].

4.4. Head and Neck Cancers

In head and neck cancer, the involvement of the human papilloma virus and the
introduction of IMRT have reduced complications, and nivolumab has been introduced to
treat recurrence. Head and neck cancer BNCT was used as a salvage treatment for patients
who had already been irradiated and were at the time of recurrence or inoperable. It has
attracted attention as a new treatment option for patients who have no other choice but
palliative treatment, and because of the large number of cases compared to malignant brain
tumors, it is thought to have been approved ahead of other treatments. The clinical study
cases of head and neck cancer treated with BNCT are summarized in Table 4.

Table 4. The summary of the clinical study cases of head and neck cancer treated using BNCT.

Facility Neutron
Source Year Tumor Patients

No.
Boron
Agents Clinical Course

Osaka University [171,172] KUR JRR4 2001–2014 Rec H&N 45 BSH, BPA

5y 32%
10y 21%
PR 29%
CR 51%

Kawasaki Medical College
[173] KUR JRR4 2003–2011 Rec H&N 20 BPA PR 35%

CR 55%

Kawasaki Medical College KUR JRR4 2006–2012 H&N preop. 7 BPA
5y 42%
PR 1/7
CR 5/7

Helsinki University Central
Hospital [174] FiR-1 2003–2008 Rec H&N 30 BPA

MST 13mo
PR31%
CR 45%

Taipei Veterans General
Hospital [175] THOR 2010–2011 Rec H&N 10 BPA PR 40%

CR 30%

KUR: Kyoto Research Reactor, Kumatori, Osaka, Japan; JRR4: Japan Research Reactor No.4; Tokai, Ibaraki, Japan; FiR-1: Finland Reactor 1,
Otaniemi, Finland, THOR: Tsing Hua open-pool Reactor, Hsinchu Taiwan, Rec H&N: recurrent head and neck cancer, H&N preoperative:
head and neck cancer patients of preoperative state, BSH: disodium mercaptoundecahydrododecaborate, BPA: L-p boronophenylalanine,
5y: 5 year survival rate, 10y: 10 year survival rate, PR: Partial response rate, CR: Complete response rate, MST: Median overall survival time.

4.5. Malignant Brain Tumor

For malignant brain tumors, especially GBM, the combination of TMZ and radiation
after maximum possible resection has been the standard of care since the breakthrough of
TMZ [176], however, there has been no major technological innovation since then.

Malignant brain tumor BNCT has been used as the postoperative RT of choice in
newly diagnosed cases or as salvage therapy in cases of recurrence [177]. The University of
Tsukuba conducted a clinical study on newly diagnosed malignant glioma and showed
that several protocols, including intraoperative irradiation of the craniotomy, prolonged
survival by about two times compared to the standard treatment at that time using photon
RT [178]. Chemotherapy at that time was in transition from nitrosoureas to TMZ. The
median survival of 27 months was an epoch-making figure at that time, although the
total number of patients was only a few dozen and there was selection bias, such as a
lack of deep-seated disease. Similar to the head and neck region, clinical trials have been
conducted for previously irradiated malignant gliomas that have recurred and are awaiting
approval. Recent clinical studies on GBM treated using BNCT are summarized in Table 5.
Malignant meningioma is another candidate for BNCT [179].
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Table 5. The summary of the recent clinical study cases of glioblastoma treated using BNCT.

Facility Neutron
Source Year Tumor Patients

No. Boron Agents Clinical Course
(Month)

University of Tsukuba [178] JRR4 1998–2007 GBM 15 BPA, BSH MST 23.3 27.1

Tokusima University [180,181] KUR JRR4 1998–2008 GBM 23 BSH MST 15.5 19.5 26.2

Osaka Medical College [182–184] KUR
2002–2006 GBM 21 BPA, BSH MST 14.5 23.5
2002–2007 rGBM 19 BSH, BPA MST 10.8

KUR: Kyoto Research Reactor, Kumatori, Osaka, Japan; JRR4: Japan Research Reactor No.4, Tokai, Ibaraki, Japan; GBM: glioblastoma
multiforme; rGBM: recurrent glioblastoma; BSH: disodium mercaptoundecahydrododecaborate; BPA L-p boronophenylalanine; MST,
median overall survival time.

4.6. Requirements for Drugs for BNCT and Current Boron Compounds

Research and development of boron compounds for BNCT continues; however, the
number of clinically available agents is very limited, with only two compounds, BPA and
mercaptoundecahydro-closo-dodecaborate (BSH). The ideal BNCT drug would be able to
accumulate 10B only in tumors and would not have any toxicity or effect on its own. The
concentration required for the treatment depends on the intensity of the neutron beam.

BPA is the main component of borofalan, a newly approved drug for BNCT in Japan
(Figure 5a). BPA is composed of the amino acid phenylalanine bound to a single atom of
boron. The boron content is thus not high (approximately 5% by weight). It is believed
to be absorbed into the cytoplasm via amino acid transporters in tumor cells with an
active metabolism. Since tyrosine is a substrate of melanin, it was first used in BNCT for
malignant melanoma [146], and its accumulation effect was later found in many histo-
logical types of tumors; it was also used for head and neck cancer and malignant brain
tumors [185,186]. BSH is a low molecular weight compound with a molecular weight of
approximately 200 and has been used for malignant brain tumors (Figure 5b) [187,188].
They do not accumulate in tumors and penetrate tissues by diffusion, and they do not cross
the blood-brain barrier in normal brain tissues. This point was reversed in a BNCT clinical
study using BSH for malignant brain tumors, which utilized the fact that malignant brain
tumors normally diffuse into the interstitium only around disrupted tumor blood vessels.
Inevitably, there are also studies using protocols that expect additive effects by combining
multiple drugs, that is, BPA and BSH in a two-drug combination, but at present, BSH alone
is not used because of the complexity of the procedure and the low tumor/blood ratio.

In addition, as a technological development for diagnosis, fluorine-labeled BPA
(18FBPA) has been developed for positron emission tomography (PET)
examination [189–191]. The advantage of being able to determine the accumulation of
boron drugs before BNCT treatment has been found to reliably predict the therapeutic
effect of BNCT.

BNCT is a single-irRT, and the thermal neutron fluence (n/cm2: the number of particles
passing through a unit area) required for a single treatment is approximately 1 × 1013

(within one hour of treatment), which can be generated by current accelerators. To achieve
tumor control with this neutron fluence dose, a tissue or intracellular 10B concentration of
20–40 µg/mL is required. To maintain this concentration for the duration of irradiation, the
dose of drug administered to the body must be extremely high and must be administered
for a short period, and for BPA, a dose of 500 mg/kg is required. According to the dosage
and administration approved in Japan, 30 g of the compound was administered in 3 h to a
human weighing 60 kg. Compared to anticancer drugs and antibiotics, where the dosage
ranges from a few hundred milligrams to a few grams at most, 30 g is a huge amount.
Of course, the boron drug alone does not have an antitumor effect, but it does need to
accumulate in the tumor.

The ideal conditions for a boron compound for BNCT are:

• The concentration of 10B in the tumor tissue or cells must be at least 20 µg/mL during
neutron irradiation.
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• It must be safely administered and excreted.
• No toxicity is observed in bolus doses of several tens of grams.
• It must be water-soluble
• The tumor/normal tissue (T/N) ratio or tumor/blood (T/B) ratio should be as high

as possible. The result is a drug with high therapeutic efficacy and reduced damage to
normal tissues.

Attempts to develop new boron compounds that are more effective and safer have
been ongoing for a long time, and applications of nanoparticles using drug delivery systems,
antibody drugs, low-molecular-weight boron compounds have been studied and attempts
to improve the tumor/normal tissue ratio as a standard have been ongoing for a long time.

4.7. Development of New Boron Compounds
4.7.1. Problems with Existing Boron Compounds and New Drug Development

While general low-molecular-weight anticancer drugs show cell-killing effects at
extremely low concentrations of 10−6 to 10−9 M in tumors, the concentration of boron
agents that show therapeutic effects in BNCT is extremely high, at 10−3 M in the tumor
(Figure 5c). Therefore, according to the guidelines for the development of BNCT irradiation
systems, it is desirable to have a T/B ratio and a T/N ratio of ≥3.0, from the viewpoint of
safety [192]. However, BPA, which is currently widely used in BNCT, is rapidly excreted
from the tumor by transporters, and its retention in the tumor is low. In May 2020,
steboronin was launched as the world’s first boron drug for BNCT in Japan, but its dosage
is extremely high at 9000 mg/300 mL. In addition, to achieve excellent therapeutic effects in
BNCT, it is important not only to maintain high concentrations of boron drugs in the tumor
but also to distribute them homogeneously. Masunaga et al. have shown that quiescent
cancer cells have reduced BPA uptake compared with proliferating cancer cells [193,194].
Since it has been reported that quiescent cells include hypoxic cells and CSCs that are
resistant to various cancer therapies, including radiation [195–197], it can be inferred
that the heterogeneous uptake distribution greatly affects the therapeutic effect of BPA-
BNCT. Therefore, it is highly desirable to develop a delivery technology that enables
tumor-selective and efficient delivery of boron drugs in BNCT therapy.

Figure 5. Chemical structures of (a) BPA and (b) BSH, and (c) molecular weight of various compounds.
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4.7.2. Drug Development Using Existing Boron Compounds

As a method for the highly efficient delivery of boron drugs, investigations using
liposomes [198], antibody modification [199], and dendrimers [200] have been reported.
Kueffer et al. reported that tumor accumulation could be improved by encapsulating BSH
in liposomes and improving blood retention, but since BSH also accumulated in normal
cells, a strategy to add tumor cell selectivity is necessary [201] Kang et al. reported that
BSH was efficiently taken up by cancer cells by encapsulating it in liposomes modified
with a peptide that has a high affinity for integrin αvβ3, which is highly expressed in
neovascularization and GBM [202]. Maruyama et al. found that boron drugs encapsulated
in PEGylated liposomes improved tumor retention and maintained tumor BPA levels
at 30 µg/g tissue for at least 72 h after intravenous administration [203]. Furthermore,
Nomoto et al. reported that BPA gel formed by mixing polyvinyl alcohol (PVA) and BPA
could inhibit the excretion of BPA from tumors by allowing BPA to enter cells through
endocytosis [204]. We also tried to improve the active accumulation of one of the existing
boron compounds, BSH, to cancer using ND201, which is cyclodextrin modified with folic
acid (Figure 6) [205]. As a result, ND201 induced active cancer accumulation and high
retention of BSH depending on the expression level of folic acid receptors in cancer cells
and succeeded in obtaining excellent antitumor effects using neutron irradiation.

Figure 6. The mechanism of action of ND-BSH. BSH is included in the lumen of ND201 and recognizes
cancer cells targeting the folate receptor.

4.7.3. Development of Next-Generation Boron Drug for Fusion with Drug Delivery System
Technology

As mentioned above, a drug delivery system (DDS) that can control the intracellular
uptake pathway and intracellular retention must be developed for BNCT. There are two
concepts of DDS in solid tumor therapy: active targeting and passive targeting. Active
targeting utilizes the specific binding ability of molecules for targeting. Passive targeting
utilizes the characteristics of the tumor vascular system to achieve selective tumor accumu-
lation. In general, macromolecules do not easily leak from normal blood vessels. However,
in solid tumors, macromolecules tend to leak from tumor blood vessels because of char-
acteristics, such as increased neovascularization and vascular permeability. In addition,
because of the immaturity of the lymphatic system and other reasons, macromolecules that
leak locally in the tumor remain there for a long time. As a result, high-molecular-weight
anticancer drugs that are highly stable in the blood can be passively targeted [206,207]. This
is the enhanced permeability and retention (EPR) effect. The EPR effect, first announced in
1986, has been accepted worldwide and has contributed to the development of methods to
deliver anticancer drugs, nucleic acids, genes, and peptides to cancer tissues in polymeric
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polymers, liposome preparations, and micelle preparations at the animal experimental
level.

Nakamura et al. focused on the structure of lipids that form liposomes and developed
boron lipids, distearoyl boron lipid (DSBL), and boron cholesterol with chlossodecab-
orate [208], and confirmed the long-term survival after thermal neutron irradiation in
a mouse colon cancer CT26 cell transplantation model with an intratumor boron con-
centration of more than 170 ppm [209]. Nishiyama et al. synthesized PEG-b-P (Glu-
SSH), a biodegradable poly(ethylene glycol)-poly(glutamic acid) block copolymer con-
taining BSH disulfide bonded to mercaptoethylamine, and developed nanomicelles by
self-assembly [210]. After administration of 50 mg B/kg to mice implanted with CT26
mouse colon tumor, the intratumor boron concentration reached 69 ppm after 24 h, in-
dicating a T/B concentration ratio of more than 20 and a strong BNCT antitumor effect.
In addition, Nakamura et al. developed a boron compound, maleimide-functionalized
closo-dodecaborate (MID), which can be introduced into cysteine [211], and focused on
the phenomenon that stained serum albumin accumulates in tumor tissue (EPR effect),
maleimide-functionalized closo-dodecaborate albumin conjugates (MID-AC) was prepared
by binding MID to serum albumin and verified the antitumor effect of BNCT using cancer
transplant mice [212]. Nagasaki et al. developed nanomicelles (PM micelles) in which
vinylcarborane was polymerized in biodegradable polyethylene glycol-polylactic acid
block copolymer micelles [213]. In an experiment using tumor-bearing mice, PM micelles
reached 14 ppm after 24 h of administration, and the tumors disappeared in two out of
five mice after 25 days of thermal neutron irradiation. More recently, a collaboration be-
tween our group and the Nagasaki laboratory has led to the development of PBA-modified
polymeric nanoparticles (NanoPBA) with sialic acid orientation as a boron preparation that
has different targeting properties from LAT1 and can maintain 10B levels in tumors for a
long time [214]. NanoPBA has a supramolecular structure consisting of a core and shell
composed of poly(lactic acid) (PLA) and poly(ethylene glycol) (PEG) segments (Figure 7).
PBA is located at the hydrophilic end of the polymer, and a large number of PBAs are
exposed on the surface of the nanoparticles and bind to the membranes of cancer cells in
multiple ways, resulting in a very strong targeting effect. In this study, the efficacy and
safety of NanoPBA were verified by administering NanoPBA to a B16 melanoma-bearing
mouse model that highly expresses sialic acid, followed by irradiation with thermal neutron
radiation. The results showed that NanoPBA showed a longer intratumor accumulation
time than BPA and showed a potent antitumor effect by efficient tumor targeting even at
a low dose of 1/100. Furthermore, focusing on the anaerobic glycolytic system, which
is characteristic of cancer, a collaboration between our group and Maeda laboratory has
developed a multifunctional boron compound, styrene-maleic acid (SMA)-glucosamine
borate complex, [215]. The complex is a novel boron compound with multiple functions
that can induce changes in the metabolic system and suppress the growth of cancer by the
contained boric acid and glucosamine and can also induce cell lethality by BNCT (Figure 8).
A remarkable cancer growth inhibitory effect was confirmed by irradiating a cancer-bearing
mouse model transplanted with Chinese hamster squamous cell SCCVII with thermal
neutrons by administering 125 mg/kg of SMA-glucosamine borate complex. This was an
antitumor effect equivalent to that of the 500 mg/kg BPA-administered group, and the
SMA-glucosamine borate complex was able to show efficacy at 10B, which is 1/70 of that of
BPA.
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Figure 7. (a) Schematic illustration of molecular design for PBA-decorated polymeric nanoparticle as a novel BNCT agent
and (b) different accumulation mechanism from BPA-f.
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4.7.4. Challenges in Conducting BNCT Research

At present, there are no clinical studies using these new compounds, except for phase
II studies conducted on boronated porphyrin. In Japan, recurrent head and neck cancers
are covered by public insurance, and the number of BNCT treatment facilities is expected to
increase, as well as the number of applicable diseases and patients. As a result, the number
of researchers involved in the development of new boron agents is expected to increase.
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Further focus on the development of new drugs is desirable, with the understanding
that the doses of boron compounds are orders of magnitude higher than those of conven-
tional drugs, and that they do not need to have their drug effects, and therefore require
tumor accumulation and more stringent safety evaluation. In other words, as mentioned
above, it is clear that the development of new boron preparations is urgently needed in
addition to the radiobiological research of BNCT to further expand the indications for
BNCT. However, the number of neutron sources that can be used for BNCT is limited,
and there are only a few facilities in the world where biological and chemical experiments
using cells and especially laboratory animals are possible. We at the University of Tsukuba
have been developing a new Linac accelerator BNCT device for several years and have
already completed a device that can withstand the practical level (Figure 9). The facility
also has a biological laboratory where basic research on cells and small animals (mouse
and rat) irradiated with an accelerator BNCT device is possible, and animal experiments
can be performed with a GLP-compliant grade. In the near future, we plan to publish a
large number of research results on new boron drug candidates using this facility.
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5. Concluding Remarks

The main purpose of combination therapy using existing therapies such as chemother-
apy, molecular targeted agents, and radiation is to control the local area using radiation
and to suppress metastasis, including micrometastasis, using chemotherapy and molecular
targeted agents. In recent years, this trend has been changing, and combination protocols
aimed at synergistically increasing the effect on the local area have been considered but
have not been established. Owing to the limited number of facilities for particle therapy,
there have been few results from both basic and clinical applications, and in principle, it has
been considered to follow the conventional combination method in photon RT. However,
with the recent remarkable development in the field of nanoparticles and biomaterials, the
possibility of proposing new drugs and new combination therapies that better match the
characteristics of particle RT is being demonstrated. In this review, we summarized the
status of combination therapies in clinical practice with a focus on particle RT and sum-
marized the latest findings on various combination therapies that are being clarified from
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basic biology, to provide an opportunity to consider combination therapies that should
contribute to the next generation of particle RT for cancer.

The current particle therapy has achieved sufficient progress in the field of physical
engineering, such as the miniaturization of accelerators and freedom of irradiation direc-
tion using gantries. However, the biological benefits are not yet fully understood, leaving
the potential for clinical contributions. One of the reasons for this is that the uncertainty of
biological problems is much greater than that of physical problems. Therefore, from a clini-
cal point of view, in addition to the biological effects of particle beams, it is highly desirable
to clarify the advantages and limitations of using particle beams in combination with other
biological therapies. The expected benefits of combined RT include: (1) radiosensitization
of tumor tissue (ideally tumor-specific), (2) protection of normal tissue, and (3) induction
of bystander or abscopal effects in distant regions.

In PBT, combination therapy has been attempted based on the experience of photon
RT, and the combination of radiation and cytotoxic chemotherapy has become the standard
treatment for most locally advanced cancers. Because of its excellent dose distribution and
mild biological effects, PBT can reduce the exposure dose of normal tissues, which may
have side effects when used in combination with other therapies (Cox 2007). In contrast, the
physical and biological properties of carbon ions are very different from those of photons,
and while they can produce unexpected results, as in the immunotherapy described above,
the risks are undeniably greater than expected.

Finally, BNCT, which is now covered by health insurance in Japan, is a different type
of RT that must be used in combination with drugs. In recent years, researchers in the
fields of drug development and drug delivery have become interested in radiation cancer
therapy, probably because of the development and awareness of BNCT. In addition to the
accelerator-based BNCT, our facility is equipped with experimental facilities for physics,
chemistry, biology, and medicine, and we promise to make a significant contribution
to future BNCT research. We hope that drug research in the field of BNCT will have a
significant impact on the development of combination therapies for other types of particle
therapies.
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Abstract: Chemotherapy for human solid tumors in clinical practice is far from satisfactory. Despite
the discovery and synthesis of hundreds of thousands of anticancer compounds targeting various
crucial units in cancer cell proliferation and metabolism, the fundamental problem is the lack of
targeting delivery of these compounds selectively into solid tumor tissue to maintain an effective
concentration level for a certain length of time for drug-tumor interaction to execute anticancer
activities. The enhanced permeability and retention effect (EPR effect) describes a universal patho-
physiological phenomenon and mechanism in which macromolecular compounds such as albumin
and other polymer-conjugated drugs beyond certain sizes (above 40 kDa) can progressively accumu-
late in the tumor vascularized area and thus achieve targeting delivery and retention of anticancer
compounds into solid tumor tissue. Targeting therapy via the EPR effect in clinical practice is not
always successful since the strength of the EPR effect varies depending on the type and location of
tumors, status of blood perfusion in tumors, and the physical-chemical properties of macromolecular
anticancer agents. This review highlights the significance of the concept and mechanism of the EPR
effect and discusses methods for better utilizing the EPR effect in developing smarter macromolecular
nanomedicine to achieve a satisfactory outcome in clinical applications.

Keywords: EPR effect; nanomedicine; drug delivery; arterial infusion; canine cancer

1. Introduction

It is crucial to understand the pathophysiological characteristics of solid tumor growth,
especially the compound transportation regulation of the tumor vasculature, in order to
achieve selective drug delivery and therapeutic effects for cancer chemotherapy. It has been
well observed that tumor vessels are highly permeable to macromolecular compounds.
After entering tumor tissue, these macromolecular compounds are trapped inside the
tumor tissue for a prolonged period of time. In 1986, Hiroshi Maeda and his colleagues
from Kumamoto University School of Medicine coined the term enhanced permeability
and retention effect (the EPR effect) to describe the unique pathophysiological phenomenon
of the solid tumor vasculature [1]. Since this theory is very important for understanding
tumor vessel transportation regulation, the EPR effect has been well accepted as one of the
universal pathophysiological characteristics of solid tumors, and acts as a fundamental
principle for designing and developing tumor-targeting delivery of anticancer drugs [2,3].
However, the development of nanomedicine has been frustrated for decades in achieving
satisfactory therapeutic benefits in clinical practice. Therefore, the existence and intensity
of the EPR effect in human solid tumor circumstances has been debated [4,5]. For example,
it is considered that the EPR effect is more significant in experimental small animal tumor
models than in human tumors. The delivery efficiency of nanoparticles into human tumor
tissue is very low compared to that in animal tumor models. The extravasation mechanism
for nanoparticles into tumors is not only via the gaps between endothelial cells in the
tumor vasculature, but also via the transcellular pathways by vesiculo-vacuolar organelles
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(VVOs) [6]. Therefore, it is crucial to recognize the significance of the EPR effects, its
pathophysiological mechanism, its pitfalls, and strategies for better harnessing this concept
in drug development and clinical application.

2. The EPR Effect: The Universal Pathophysiological Phenomena in Rodents, Other
Mammalian Animals and Human Solid Tumors

The EPR effect has been well observed and documented in solid tumors of rodents,
rabbits, canines, and human patients [1–3,7–13]. It is based on several pathophysiological
characteristics of solid tumors:

(1) Massive irregular neovascularization in tumors with structural and functional abnor-
malities in tumor blood vessels. To meet urgent demands for nutrient and oxygen
supplies, the tumor vasculature is very dense and tortuous, with deficient basement
membranes and fenestrated structures of endothelial tubes in some immature vessels.
The pericytes and smooth muscle cells surrounding tumor blood vessels are either
deficient or malfunctional in smooth muscle alpha actin when responding to blood
pressure regulation stimuli [14–16]. Recent studies have found that the gaps between
endothelial cells in tumor vessels are at low frequency, and the transendothelial path-
ways are the dominant mechanism of nanoparticle extravasation in tumors [17]. This
is consistent with the previous observation that macromolecules are highly permeable
in the mature veins or venules, constructed by a continuous endothelium with closed
interendothelial cell junctions [18]. These structures render them highly permeable to
nutrients, especially macromolecules, to be extravasated from tumor blood vessels
into the interstitial space of tumor tissue.

(2) Elevated expression of inflammatory factors such as prostaglandins, bradykinin,
nitric oxide, peroxynitrite, interleukin 1 beta, interleukin 2, interleukin 6, proteases,
interferon gamma, VEGF and HIF−1 alpha. All these factors coordinate in solid
tumor tissues and sustain the EPR effect [7,19–21].

(3) Lack of efficient drainage of lymphatic systems in solid tumor tissue. This deficiency
results in the retention of extravasated macromolecules in tumor tissues, which
provides the opportunity for passive targeting delivery of macromolecular anticancer
drugs [1,7,22].

3. The Significance and Challenges in Concept and Application of the EPR Effect in
Human Cancer Therapy

One of the arguments for the EPR effect concerns the roles of interstitial fluid pres-
sure [23,24] and solid stress [25] in solid tumor tissue. The interstitial fluid pressure and
solid stress exist due to the expansion of the tumor mass against surrounding normal tissue.
Different from interstitial fluid pressure, the solid stress in tumors is considered to be resid-
ual stress that compresses blood vessels in tumor tissues, causing hypoxia and impeding
drug delivery [26]. It is believed that interstitial fluid pressure and solid stress are the major
obstacles preventing efficient delivery of macromolecules into tumor tissue [27]. However,
we have seen tremendous evidence that macromolecules do accumulate in both rodent and
human solid tumor tissues in size-dependent and time-dependent manners. Interstitial
fluid pressure or solid stress hinders drug penetration into the center of tumor tissue, but
it does not prevent the macromolecular agents from extravasating and accumulating in
the peripheral area of tumor tissue. The EPR effect occurs primarily in the peritumoral
area [28]. Interstitial fluid pressure and solid stress provide the mechanism for the retention
effect because under such pressure or stress the formation of functional lymphatic vessels
is prevented due to their collapse from the pressure [22]. The interstitial fluid pressure
and heterogeneous blood supply are both observed in rodent and human solid tumors;
therefore, these are not valid reasons for rebuttals that assume the EPR effect won’t function
in human solid tumor tissue.

It is critical to understand and remember that the peripheral highly vascularized
area is the most vigorously growing zone of tumors. The center of tumor tissues lacks
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blood flow and is necrotic or seminecrotic [28]. When suppressing the growing activities in
peritumoral zones, tumors are restricted or eliminated. It is not necessary for an anticancer
drug to penetrate into the center of a solid tumor to execute anticancer activities. For
example, trastuzumab (Herceptin) is an antibody that is successful in treating Her2 positive
breast cancer growth, and penetrates only into the vascularized area [29].

There are limited examples of successful nanomedicine treatments in cancer therapy.
This is one of the biggest challenges for the application of the EPR effect in nanomedicine
design and clinical practice. Some doubt the usefulness of the EPR effect in clinical practice
by using the example of Doxil, a polyethylene glycol (PEG) modified-liposome formula-
tion of doxorubicin, which does not appear to significantly improve the benefits of solid
tumor treatment compared with parental free drug doxorubicin [4,5]. Pegylated liposo-
mal doxorubicin does have a significantly longer half-life in blood circulation in patients
and achieves about a 10~15-fold higher concentration in tumor tissues compared with
surrounding normal tissues [30], which indicates that pegylated liposomal doxorubicin
does accumulate into tumor tissue by the EPR effect. In a Phase III clinical trial, an overall
response rate of 45.9% was achieved [31]. Pegylated liposomal doxorubicin exhibits better
therapeutic benefit than that of free doxorubicin; however, the overall therapeutic outcome
is still not satisfactory. The problem of therapeutic efficacy is probably due to compromised
tumor cell killing properties by the pegylation of liposomes. An in vitro study found that
pegylated liposomal doxorubicin had almost no cytotoxicity effect in the first 24 h, and only
achieved about 12% cytotoxicity at 48 h in a colon cancer cell line HT29 [32]. Pegylation of
liposomes significantly reduced the drug release rate, and also significantly reduced the
cytotoxicity potency (25% vs. 75%) of anastrozole when compared with the free drug at the
72 h time point [33]. In another similar case, pegylation of liposomal cisplatin drastically
decreased cytotoxic potency by increasing cytotoxicity IC50 from 2 µg/mL (free cisplatin)
to 40 µg/mL (pegylated liposomal cisplatin) when compared to that at the 48 h time
point [34]. Therefore, it is not the EPR effect that failed in clinical trials but the pegylation
of liposomal chemo drugs that failed to achieve satisfactory cytotoxicity efficacy within
48-h period in clinical application.

The abnormality of tumor blood vessels obstructs the blood flow into tumor tissue.
Since the tumor vascular formation is mainly attributed to the effects of vascular endothelial
growth factor (VEGF), the application of VEGF antibodies antagonizes the effect of VEGF
and temporarily normalizes tumor vasculature [35]. The tumor vascular normalization
increased the uptake and penetration of fluorescent-labeled bovine serum albumin into
tumor tissue, indicating that normalization of the tumor vasculature could increase the
uptake of small particles (less than 20 nm in diameter) into tumor tissue, but hindered the
uptake of larger particles above 125 nm in diameter [36]. The procedure of normalization
could hamper the EPR effect because it decreases the permeability of large particles crossing
the tumor vessel by reducing the gaps between endothelial cells in the tumor vessels.
Many permeability factors like bradykinin, nitric oxide, prostaglandins are produced by
infiltrating inflammatory cells and these factors may not be “corrected” by the anti-VEGF
normalizing strategy. Thus, when attempting to normalize tumor vessels to improve the
delivery of nanomedicine, the size of nanoparticles, the timing order of drug administration
and vascular normalization could be critical to achieving the desired delivery results [36].
The normalization effect is therefore transient, limited, and highly heterogeneous in various
tumor types or tumor locations. It should be combined with other modulation approaches
such as hyperthermia, radiotherapy and sonoporation to enhance the EPR effect when
applying vascular normalization [37].

4. Potential Solutions for Improving EPR Effect-Based Nanomedicine in Human
Cancer Therapy
4.1. Better Design of Drug and Combination with EPR Effect Enhancing Modulators

The extent of the EPR effect varies between small animal tumors and human tumors
by types and locations. To better utilize the EPR effect for human tumor therapy, the design
of nanomedicine should be improved.
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Size and physical-chemical properties such as surface charge and spatial configuration
are crucial for a drug to achieve the EPR effect. Studies using serial molecular sizes of
HPMA copolymers in solid tumor animal models indicated that the threshold of macro-
molecular molecules (drugs) to be retained and accumulated in tumor tissue is above
40 kDa [38]. Nanoparticles in the range of 100~200 nm are considered the optimal size
for achieving the EPR effect in solid tumors while escaping the filtration traps of the liver
and spleen [39]. Negative or neutral surface charges are also important for achieving
excellent plasma half-lives longer than several hours in circulation in order to be accumu-
lated in tumor tissue. Particles in worm-like shapes such as ellipsoidal, cylindrical and
discoidal shapes, or filomicelles, can achieve better accumulation results within tumors [40].
Deformability and degradability are also important for a smarter drug to be released in
the right environmental condition to execute a tumor-killing effect once it enters the tu-
mor tissue [39,40]. As an example, HPMA copolymer-conjugated pirarubicin achieved
very promising clinical therapeutic results in a patient with stage IV prostate cancer with
extensive metastasis [41].

On the other hand, the delivery of macromolecular drugs can be enhanced by tem-
porarily modulating the EPR effect in the targeted tumor tissues, such as applying adjuvants
like nitric oxide donors to enhance the EPR effect to facilitate the drug delivery into tumor
tissue. As mentioned before, many other inflammatory factors involved in the EPR effect
can be utilized to modulate the intensity of this effect to facilitate drug extravasation, accu-
mulation, and penetration into tumor tissue [42–46]. The EPR effect can also be markedly
enhanced by photo-immunotherapy with antibody-photosensitizer conjugate pretreatment
to achieve up to a 24-fold greater accumulation of nanomedicines in tumors. Such sig-
nificant enhancement has been termed the super-enhanced permeability and retention
effect [47].

4.2. Improving EPR Effect-Based Nanomedicine by Enhancing Blood Flow in Solid Tumor during
Drug Administration

Blood flow in solid tumors is critical for the success of nanomedicine delivery via the
EPR effect [44,46,48–51]. However, it is usually overlooked. One of the major differences
between rodent solid tumors and human solid tumors is blood flow rate. Generally,
the blood flow rate is about 800-fold higher in human normal organs than in mouse
normal organs. For example, the normal flow rate for a mouse normal liver is about
1.8 mL/100 g/min, but it is about 1450 mL/100 g/mL in a typical human normal liver. The
blood flow in mouse muscle is about 0.91 mL/100 g/mL, but it is about 750 mL/100 g/mL
in a typical human muscle [52]. In 6 C3 HED lymphosarcoma in C3 H mice, the blood flow
in large tumors was about 5.4 mL/100 g/min [51] while in human breast tumors, the mean
blood flow was about 30~64.8 mL/100 g/min [53]. Higher blood flow means higher shear
force in blood vessels and quicker wash off. The difference in blood flow rate between
normal tissue and tumor tissue in rodents and humans may be important to explain why
nanomedicines can accumulate better in rodent solid tumors than in human solid tumors.

The application of angiotensin II could be very efficient for drug delivery via increas-
ing the blood flow into stagnated tumor blood vessels. Hori et al., demonstrated that
when applying angiotensin II in rodent or human subjects, the blood flow in tumors was
selectively increased up to 5.7-fold without increasing the blood flow in normal tissue [15].
This is because the systemic blood pressure increased but the tumor blood vessels remain
relaxed due to a lack of response to angiotensin II. Such increases in blood flow in tu-
mor tissue greatly improved the perfusion of blood into tumor tissue to achieve a higher
magnitude of delivery of anticancer drugs into the solid tumor tissue [15,16]. Hori and
his colleagues further demonstrated that tumor blood flow fluctuates due to circadian
regulation. Tumor blood flow is increased during the night and the tumor doubling rate
is also higher during the night. When they administered anticancer drugs during the
night, the therapeutic efficacy was significantly improved [54]. Such brilliant discoveries
have yet to be broadly recognized and applied in clinic settings by the nanomedicine drug
developers and clinical oncologists.
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4.3. Improving EPR Effect-Based Nanomedicine Therapeutic Effect by Arterial Infusion via Tumor
Feeding Artery

Administration of nanomedicines via intravenous infusion could be problematic to
achieve the desired amount of drug into tumor tissue because of high shear force to the
endothelial wall brought by fast blood flow, as we discussed above. However, when
administering nanomedicines via the tumor feeding artery, the strong blood flow brings
more nanomedicine into tumor tissues if the size and stickiness of the nanomedicine
are right for blood vessels in tumors. There are tremendous successful reports about
using lipiodol for delivering SMANCS and other anticancer drugs [12,55,56] by infusion
via the tumor feeding artery. However, very few other nanomedicines are designed for
arterial infusion to solid tumors. It should be noted that nowadays imaging-guided
catheter interventional therapy for solid tumors is very popular in clinics around the world.
Radiologists are very skillful in performing interventional therapy via a tumor-feeding
artery; however, the optimal nanomedicine fit for such arterial infusion is rarely available.
Current low-molecular-weight drugs such as cisplatin for tumor arterial infusion are simply
suspended in lipid vehicle solution. The drugs diffuse and wash out like they would in
common intravenous infusion. They cannot achieve the retention effect in tumor tissue,
which results in low therapeutic efficacy.

4.4. Improving EPR Effect-Based Nanomedicine Preclinical Development by Using Large Animal
Tumor Models

The last but not least critical issue is the selection of better animal models for the
preclinical development of nanomedicine. Most products of nanomedicine are developed
in small rodent tumor models. The tumors in mice are either induced by carcinogens or
created by genetic engineering such as knocking in or knocking out certain genes that
are related to the tumor initiation. Transplantation of a tumor from donor to recipient
is another major way to create syngeneic tumor models, or xenograft tumor models, by
established cell lines or fresh tumor tissues. Patient-derived xenograft (PDX) models have
featured in preclinical studies in recent years. However, there is a vast difference in size
between mice and humans, and thus the drug absorption, metabolism, distribution and
exclusion profiles, as well as the pharmacokinetic and pharmacodynamic properties of
the drugs in tumor tissue, would be very different in mice and humans. The tumors
induced by cell lines or tumor tissue might also result in extreme growth behavior, such as
an extraordinarily large size or an abnormally fast-growing pattern that is rarely seen in
human tumors. Although rodent solid tumors exhibit excellent results of the EPR effect, the
strength of the EPR effect could be very different compared to that in solid tumors of human
patients. Thus, the EPR effect of a nanomedicine candidate measured in rodent tumor
models might not be correctly estimated for translating into human clinical application.
Canine cancers are naturally occurring with full-spectrum heterogeneity of tumor cell
populations, bona fide tumor microenvironments and spatial structures that faithfully
reflect the intrinsic status of blood flow and interstitial pressures of tumors. Studies
show that copper−64 liposomes exhibited excellent permeability and retention (tumor
uptake levels at 24 h after injection achieved 3.68-fold higher than at 1 h after injection) in
different canine cancers at various locations such as mammary glands, neck muscle, front
paw and intranasal regions [13]. Using larger animals such as canine cancer models is,
therefore, better for guiding the preclinical development of nanomedicine. Unfortunately,
there are few publications featuring utilization of canine cancer models for nanomedicine
development. Companion animals as translational models can provide more accurate
measurements of therapeutic efficacy based on the EPR effect and, therefore, should be
considered as major animal models for the development of nanomedicine.

5. Conclusions

The EPR effect is the fundamental pathophysiological phenomenon of solid tumors
universally observed in solid tumors in rodents and humans, as well as in other mam-
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malian species. It is also the guiding principle for developing nanomedicine (including
polymer-conjugated macromolecular anticancer drugs) aimed at passive and progressive
drug delivery and retention inside the tumor tissue to achieve selective and highly efficient
anticancer outcomes. However due to the heterogeneous strength in various microenvi-
ronment situations, the EPR effect has been challenged for its existence and importance in
nanomedicine design and application. As a matter of fact, the EPR effect has been observed
in human tumor tissues for various macromolecular compounds. When discussing the
heterogeneity of the EPR effect, it should be clear that the heterogeneity is confined to the
strength of the accumulation and retention of the EPR effect that varies in different types of
solid tumors under various tissue environments.

The real challenge is how to utilize the EPR effect in designing and improving the
therapeutic efficacy of nanomedicine. There are several enhancing strategies to improve
delivery and accumulation efficacies, such as optimal size and surface charge, smarter
mechanism for drug release and administration kinetics. Due to their rigid structure
property, the accumulation performance of nanoparticles in tumor tissues may not neces-
sarily be the same as with other macromolecules such as linear polymers and biological
macromolecules such as albumins. Therefore, further modification of nanoparticles with
polymers to improve the affinity of the nanoparticles with tumor related endothelial cells
may be necessary.

Blood flow plays a critical role in delivering nanomedicines into tumor tissues. Arterial
infusion via a tumor-feeding artery, and the timing of using tumor blood flow enhancers or
EPR effect modulators should be applied to nanomedicine to achieve better therapeutic
effects. As the strength of the EPR effect is quite different between small animal tumor
models and human tumors, the selection of big animal models is also critical for guiding
the design of nanomedicine by properly estimating the efficacy of tumor-targeting delivery
via the EPR effect. Companion animal tumor models such as canine cancer should be
utilized to guide the development of nanomedicine.

When considering the EPR effect, retention efficacy is crucial because for a drug to
execute anticancer activities it should maintain above a certain effective concentration level
for a certain length of time in the tumor tissue to achieve a satisfactory result.

A better future of nanomedicine via the EPR effect is yet to come.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The author thanks Jim Isbell and Yingyan Wu.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Matsumura, Y.; Maeda, H. A new concept for macromolecular therapeutics in cancer chemotherapy: Mechanism of tumoritropic

accumulation of proteins and the antitumor agent smancs. Cancer Res. 1986, 46 Pt 1, 6387–6392.
2. Duncan, R. Polymer conjugates for tumour targeting and intracytoplasmic delivery. The EPR effect as a common gateway? Pharm.

Sci. Technol. Today 1999, 2, 441–449. [CrossRef]
3. Torchilin, V. Tumor delivery of macromolecular drugs based on the EPR effect. Adv. Drug Deliv. Rev. 2011, 63, 131–135. [CrossRef]
4. Nichols, J.W.; Bae, Y.H. EPR: Evidence and fallacy. J. Control. Release 2014, 190, 451–464. [CrossRef]
5. Danhier, F. To exploit the tumor microenvironment: Since the EPR effect fails in the clinic, what is the future of nanomedicine? J.

Control. Release 2016, 244, 108–121. [CrossRef] [PubMed]
6. Shi, Y.; Van Der Meel, R.; Chen, X.; Lammers, T. The EPR effect and beyond: Strategies to improve tumor targeting and cancer

nanomedicine treatment efficacy. Theranostics 2020, 10, 7921–7924. [CrossRef]
7. Maeda, H.; Wu, J.; Sawa, T.; Matsumura, Y.; Hori, K. Tumor vascular permeability and the EPR effect in macromolecular

therapeutics: A review. J. Control. Release 2000, 65, 271–284. [CrossRef]
8. Maeda, H. The enhanced permeability and retention (EPR) effect in tumor vasculature: The key role of tumor-selective macro-

molecular drug targeting. Adv. Enzym. Regul. 2001, 41, 189–207. [CrossRef]

60



J. Pers. Med. 2021, 11, 771

9. Stylianopoulos, T. EPR-effect: Utilizing size-dependent nanoparticle delivery to solid tumors. Ther. Deliv. 2013, 4, 421–423.
[CrossRef] [PubMed]

10. Wong, A.D.; Ye, M.; Ulmschneider, M.B.; Searson, P.C. Quantitative analysis of the enhanced permeation and retention (EPR)
effect. PLoS ONE 2015, 10, e0123461. [CrossRef] [PubMed]

11. Kalyane, D.; Raval, N.; Maheshwari, R.; Tambe, V.; Kalia, K.; Tekade, R.K. Employment of enhanced permeability and retention
effect (EPR): Nanoparticle-based precision tools for targeting of therapeutic and diagnostic agent in cancer. Mater. Sci. Eng. C
Mater. Biol. Appl. 2019, 98, 1252–1276. [CrossRef]

12. Nagamitsu, A.; Konno, T.; Oda, T.; Tabaru, K.; Ishimaru, Y.; Kitamura, N. Targeted cancer chemotherapy for VX2 tumour
implanted in the colon with lipiodol as a carrier. Eur. J. Cancer 1998, 34, 1764–1769. [CrossRef]

13. Hansen, A.E.; Petersen, A.L.; Henriksen, J.R.; Børresen, B.; Rasmussen, P.; Elema, D.R.; Rosenschold, P.M.A.; Kristensen, A.T.;
Kjær, A.; Andresen, T.L. Positron emission tomography based elucidation of the enhanced permeability and retention effect in
dogs with cancer using copper-64 liposomes. ACS Nano 2015, 9, 6985–6995. [CrossRef] [PubMed]

14. Benjamin, L.E.; Golijanin, D.; Itin, A.; Pode, D.; Keshet, E. Selective ablation of immature blood vessels in established human
tumors follows vascular endothelial growth factor withdrawal. J. Clin. Investig. 1999, 103, 159–165. [CrossRef]

15. Suzuki, M.; Hori, K.; Saito, S.; Abe, I.; Sato, H. A new approach to cancer chemotherapy: Selective enhancement of tumor blood
flow with angiotensin II. J. Natl. Cancer Inst. 1981, 67, 663–669.

16. Hori, K.; Zhang, Q.H.; Saito, S.; Tanda, S.; Li, H.C.; Suzuki, M. Microvascular mechanisms of change in tumor blood flow due to
angiotensin II, epinephrine, and methoxamine: A functional morphometric study. Cancer Res. 1993, 53, 5528–5534.

17. Sindhwani, S.; Syed, A.M.; Ngai, J.; Kingston, B.R.; Maiorino, L.; Rothschild, J.; Macmillan, P.; Zhang, Y.; Rajesh, N.U.; Hoang, T.;
et al. The entry of nanoparticles into solid tumours. Nat. Mater. 2020, 19, 566–575. [CrossRef]

18. Dvorak, H.F.; Nagy, J.A.; Dvorak, J.T.; Dvorak, A. Identification and characterization of the blood vessels of solid tumors that are
leaky to circulating macromolecules. Am. J. Pathol. 1988, 133, 95–109. [PubMed]

19. Wu, J.; Akaike, T.; Hayashida, K.; Okamoto, T.; Okuyama, A.; Maeda, H. Enhanced vascular permeability in solid tumor involving
peroxynitrite and matrix metalloproteinases. Jpn. J. Cancer Res. 2001, 92, 439–451. [CrossRef] [PubMed]

20. Wu, J.; Akaike, T.; Hayashida, K.; Miyamoto, Y.; Nakagawa, T.; Miyakawa, K.; Müller-Esterl, W.; Maeda, H. Identification of
bradykinin receptors in clinical cancer specimens and murine tumor tissues. Int. J. Cancer 2002, 98, 29–35. [CrossRef]

21. Wu, J.; Akaike, T.; Maeda, H. Modulation of enhanced vascular permeability in tumors by a bradykinin antagonist, a cyclooxyge-
nase inhibitor, and a nitric oxide scavenger. Cancer Res. 1998, 58, 159–165.

22. Leu, A.J.; Berk, D.; Lymboussaki, A.; Alitalo, K.; Jain, R.K. Absence of functional lymphatics within a murine sarcoma: A
molecular and functional evaluation. Cancer Res. 2000, 60, 4324–4327. [PubMed]

23. Griffon-Etienne, G.; Boucher, Y.; Brekken, C.; Suit, H.D.; Jain, R.K. Taxane-induced apoptosis decompresses blood vessels and
lowers interstitial fluid pressure in solid tumors: Clinical implications. Cancer Res. 1999, 59, 3776–3782.

24. Jain, R.K. Delivery of novel therapeutic agents in tumors: Physiological barriers and strategies. J. Natl. Cancer Inst. 1989, 81,
570–576. [CrossRef] [PubMed]

25. Nia, H.T.; Liu, H.; Seano, G.; Datta, M.; Jones, D.; Rahbari, N.; Incio, J.; Chauhan, V.; Jung, K.; Martin, J.D.; et al. Solid stress and
elastic energy as measures of tumour mechanopathology. Nat. Biomed. Eng. 2017, 1, 0004. [CrossRef]

26. Jain, R.K. An indirect way to tame cancer. Sci. Am. 2014, 310, 46–53. [CrossRef] [PubMed]
27. Stylianopoulos, T.; Martin, J.; Chauhan, V.; Jain, S.R.; Diop-Frimpong, B.; Bardeesy, N.; Smith, B.L.; Ferrone, C.R.; Hornicek, F.J.;

Boucher, Y.; et al. Causes, consequences, and remedies for growth-induced solid stress in murine and human tumors. Proc. Natl.
Acad. Sci. USA 2012, 109, 15101–15108. [CrossRef] [PubMed]

28. Fang, J.; Nakamura, H.; Maeda, H. The EPR effect: Unique features of tumor blood vessels for drug delivery, factors involved,
and limitations and augmentation of the effect. Adv. Drug Deliv. Rev. 2011, 63, 136–151. [CrossRef]

29. Baker, J.H.; Lindquist, K.E.; Huxham, L.A.; Kyle, A.H.; Sy, J.T.; Minchinton, A.I. Direct visualization of heterogeneous extravascular
distribution of trastuzumab in human epidermal growth factor receptor type 2 overexpressing xenografts. Clin. Cancer Res. 2008,
14, 2171–2179. [CrossRef]

30. Gabizon, A.; Shmeeda, H.; Barenholz, Y. Pharmacokinetics of pegylated liposomal doxorubicin: Review of animal and human
studies. Clin. Pharmacokinet. 2003, 42, 419–436. [CrossRef]

31. Northfelt, D.W.; Dezube, B.J.; Thommes, J.A.; Miller, B.J.; Fischl, M.A.; Kien, A.F.; Kaplan, L.D.; Du Mond, C.; Mamelok, R.D.;
Henry, D.H. Pegylated-liposomal doxorubicin versus doxorubicin, bleomycin, and vincristine in the treatment of AIDS-related
Kaposi’s sarcoma: Results of a randomized phase III clinical trial. J. Clin. Oncol. 1998, 16, 2445–2451. [CrossRef]

32. Pham, T.M.H.; Le, P.L.; Nguyen, V.L.; Nguyen, T.H.; Ho, A.S.; Nguyen, L.T.; Bui, T.T. Developing and evaluating in vitroeffect of
pegylated liposomal doxorubicin on human cancer cells. J. Chem. Pharm. Res. 2015, 7, 2239–2243.

33. Shavi, G.V.; Reddy, M.S.; Raghavendra, R.; Nayak, U.Y.; Kumar, A.R.; Deshpande, P.B.; Udupa, N.; Behl, G.; Dave, V.; Kushwaha,
K. PEGylated liposomes of anastrozole for long-term treatment of breast cancer: In vitro and in vivo evaluation. J. Liposome Res.
2016, 26, 28–46. [CrossRef] [PubMed]

34. Marzban, E.; Alavizadeh, S.H.; Ghiadi, M.; Khoshangosht, M.; Khashyarmanesh, Z.; Abbasi, A.; Jaafari, M.R. Optimizing the
therapeutic efficacy of cisplatin PEGylated liposomes via incorporation of different DPPG ratios: In vitro and in vivo studies.
Colloids Surf. B Biointerfaces 2015, 136, 885–891. [CrossRef] [PubMed]

61



J. Pers. Med. 2021, 11, 771

35. Jain, R.K. Normalization of tumor vasculature: An emerging concept in antiangiogenic therapy. Science 2005, 307, 58–62.
[CrossRef] [PubMed]
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Abstract: Enhanced permeation retention (EPR) was a significant milestone discovery by Maeda et al.
paving the path for the emerging field of nanomedicine to become a powerful tool in the fight against
cancer. Sildenafil is a potent inhibitor of phosphodiesterase 5 (PDE-5) used for the treatment of
erectile dysfunction (ED) through the relaxation of smooth muscles and the modulation of vascular
endothelial permeability. Overexpression of PDE-5 has been reported in lung, colon, metastatic
breast cancers, and bladder squamous carcinoma. Moreover, sildenafil has been reported to increase
the sensitivity of tumor cells of different origins to the cytotoxic effect of chemotherapeutic agents
with augmented apoptosis mediated through inducing the downregulation of Bcl-xL and FAP-1
expression, enhancing reactive oxygen species (ROS) generation, phosphorylating BAD and Bcl-2,
upregulating caspase-3,8,9 activities, and blocking cells at G0/G1 cell cycle phase. Sildenafil has also
demonstrated inhibitory effects on the efflux activity of ATP-binding cassette (ABC) transporters such
as ABCC4, ABCC5, ABCB1, and ABCG2, ultimately reversing multidrug resistance. Accordingly,
there has been a growing interest in using sildenafil as monotherapy or chemoadjuvant in EPR
augmentation and management of different types of cancer. In this review, we critically examine the
basic molecular mechanism of sildenafil related to cancer biology and discuss the overall potential of
sildenafil in enhancing EPR-based anticancer drug delivery, pointing to the outcomes of the most
important related preclinical and clinical studies.

Keywords: sildenafil; phosphodiesterase 5 inhibitors; drug repurposing; cancer; chemoadjuvant

1. Introduction

Sildenafil, (5-(2-ethoxy-5-((4-methylpiperazine-1-yl)sulfonyl)phenyl)-1-methyl-3-propyl-
1H-pyrazolo[3,4]-d]pyrimidin-7(6H)-one), sold as citrate salt, is a drug primarily prescribed
for the treatment of ED (Figure 1). Sildenafil exerts its biological effects through the
inhibition of PDE-5 [1,2]. Phosphodiesterases are a class of enzymes responsible for the
degradation of cyclic AMP (cAMP) or GMP (cGMP) to their respective nucleotides 5′-AMP
and 5′-GMP.
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Nowadays, 11 PDE isoforms have been identified [3]. These isozymes share an
aminoacidic homology superior to 65% and differ for their tissue distribution and affinity
toward cAMP or cGMP; the latter is specifically degraded by PDE-5, -6, and -9 [4–6].
PDEs exert their catalytic activity as homodimers [7,8]. In each monomer, it is possible to
highlight the presence of a zinc-binding motif, a catalytic binding pocket, two allosteric sites
able to bind cAMP or cGMP, and a residue of serine in position 92 whose phosphorylation
enhances the enzymatic activity through the activation of protein kinases A and G (PKA
and PKG) [7,9]. PDEs regulate in an isoform-dependent manner different physiological
roles such as platelet aggregation, inflammation, immune system activation, hormone
secretion, vision, cardiac contractility, and muscle metabolism, smooth muscle contractility,
depression, calcium intracellular concentration, cell proliferation, and penile erection [10].
The latter is an event that originates from the release of the gasotransmitter nitric oxide
(NO) by nitrergic neurons and endothelial cells in case of sexual stimulation [11]. The
physicochemical properties of NO allow it to diffuse into cells activating the enzyme
soluble guanylyl cyclase (sGC) that in turn converts GTP into cGMP. In erectile tissues,
cGMP triggers the phosphorylation of specific proteins involved in the modulation of the
intracellular calcium ions concentration. A decreased concentration of calcium ions through
the activation of Ca2+-ATPase dependent transporters and BKCa channels produces the
vasodilation of blood vessels in the corpus cavernosum, leading to a penile erection [12].
cGMP binding to the allosteric sites of PDE-5 facilitates the binding of additional cGMP
molecules to the active site of the enzyme and the consequent abolishment of cGMP activity
(Figure 1) [9].

After an oral administration, sildenafil exerts its biological properties in few minutes,
and its actions last around 12 h. The drug is metabolized by hepatic enzymes and possesses
inhibitory properties toward CYP3A4, altering the metabolism of other classes of drugs
such as antimycotic azoles and HIV protease inhibitors [13,14]. Common side effects
are represented by rhinitis, headache, flushing, cardiovascular effects, and priapism. In
addition, despite its selectivity towards the PDE-5 isozyme (IC50 = 3.5 nM), sildenafil
possesses also the capability to bind PDE-6 (IC50 = 34 nM), an isoform specifically expressed
in rod and cone cells of the retina determining visual side effects [15,16].

Sildenafil is characterized by the presence of a pyrazo-lo[4,3]-d]pyrimidin-7(6H)-one
nucleus that mimics the cGMP chemical structure. The pyrazole ring is decorated with
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alkyl substituents, whereas the pyrimidone ring is substituted with a phenyl ring bearing
an ethoxy moiety and an N4-methylpiperazine-1-yl-sulfonyl moiety. Cocrystallization
studies highlighted the binding mode of sildenafil to PDE-5 (Figure 2) [17]. The catalytic
site of PDE-5 is characterized by the presence of four peculiar subsites. The M subsite
(metal-binding subsite) possesses a zinc ion that takes interactions with histidine and
aspartate amino acid residues and coordinates two water molecules. One aspartic residue
and one water molecule coordinated by the zinc ion are also shared with a magnesium
ion that takes interaction with four additional water molecules. The spatial disposition
of the water molecules and amino acid residues involved in the interaction with zinc
and magnesium ions retained an octahedral geometry [18]. The second water molecule
coordinated by zinc and unbonded to magnesium is involved in a hydrogen bond with
an additional water molecule whose spatial disposition is assured by hydrogen bonds
with Tyr612 and the unsubstituted nitrogen atom of the pyrazole ring of sildenafil. This
specific hydrogen bond network seems to play a pivotal role in the inhibition of the PDE-5;
indeed, it is speculated that this water molecule acts as the nucleophile responsible for
the hydrolysis of the phosphodiester bond of cGMP [19]. The Q pocket (core pocket)
accommodates the heterocyclic ring of sildenafil. In this subsite, a Phe820 residue and
the highly conserved Gln817 residue make a π-stacking interaction and a hydrogen bond
with the amide function of the pyrimidinone ring, respectively. The hydrophobic subsite
(H region) consists of a pocket in which highly lipophilic amino acid residues takes Van
der Waals interactions with the ethoxyphenyl moiety linked to the heterocyclic core of
sildenafil. Finally, a Tyr664 amino acid residue in the L region (lid pocket) undertakes a
hydrogen bond with the N4 atom of the piperazine ring [18].
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The uncovering of sildenafil properties by Pfizer researchers represented one of the
most resounding examples of serendipity in the drug discovery field (Figure 3) [11,21]. As
a matter of fact, the cardiovascular research group operating in Pfizer in 1989 was looking
for new drugs exploitable for the treatment of angina pectoris, a pathological condition
caused by a temporary spasm of the coronary arteries with the consequent reduction of
oxygen flow into the heart tissue [22]. The first clinical trials highlighted that UK-92,480
(sildenafil investigational code) did not possess any advantage when compared with other
drugs commonly used for the treatment of angina pectoris, such as nitrates [23]. Indeed,
doses of UK-92,480 administered intravenously or orally ranging from 20 to 200 mg weakly
modified the hemodynamic parameters and potentiated the effects of nitrates. In response
to these findings, UK-92,480 seemed to be not effective for the goal of the study, and
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Pfizer researchers started to fear that the drug development of UK-92,480 could suffer a
setback. Unexpectedly, among the limited number of side effects detected during these
studies, penile erection resulted as the most surprising [24]. At the time of the research, ED
was considered as a condition primarily originated by psychological disturbs and treated
with invasive injections of vasodilating substances in the penile tissues [11]. Moreover,
PDE-5 was known to be principally localized in platelets and vascular smooth muscle
cells, whereas its localization in the erectile tissues was never properly investigated. A
subsequent study brought to light the presence of this specific enzymatic isoform in erectile
tissues [25], allowing a better comprehension of the physiological processes that regulate
penile erection [26]. In addition, this discovery confirmed that ED could be treated with
orally administrable PDE-5 inhibitors because of the specific expression of this isozyme
in erectile tissues, paving the way for the potential placing on the market of a class of
compounds exploitable for an unmet clinical need. After 21 separate additional clinical
trials carried out from 1993 to 1996 performed on a total number of about 3000 men aged
19 to 87 years old [11], the efficacy and patient’s compliance of UK-92,480, later named as
sildenafil, was definitely confirmed. These results determined UK-92,480 approval by the
FDA in March 1998 in the United States and by the EMA in September 1998 [27] under the
trade name of Viagra. The placing on the market of this drug represented a global market
breakthrough for the treatment of ED, with more than USD 400 million earned only in 1998
and more than USD 1 billion.

J. Pers. Med. 2021, 11, x FOR PEER REVIEW 4 of 17 
 

 

mg weakly modified the hemodynamic parameters and potentiated the effects of nitrates. 
In response to these findings, UK-92,480 seemed to be not effective for the goal of the 
study, and Pfizer researchers started to fear that the drug development of UK-92,480 could 
suffer a setback. Unexpectedly, among the limited number of side effects detected during 
these studies, penile erection resulted as the most surprising [24]. At the time of the re-
search, ED was considered as a condition primarily originated by psychological disturbs 
and treated with invasive injections of vasodilating substances in the penile tissues [11]. 
Moreover, PDE-5 was known to be principally localized in platelets and vascular smooth 
muscle cells, whereas its localization in the erectile tissues was never properly investi-
gated. A subsequent study brought to light the presence of this specific enzymatic isoform 
in erectile tissues [25], allowing a better comprehension of the physiological processes that 
regulate penile erection [26]. In addition, this discovery confirmed that ED could be 
treated with orally administrable PDE-5 inhibitors because of the specific expression of 
this isozyme in erectile tissues, paving the way for the potential placing on the market of 
a class of compounds exploitable for an unmet clinical need. After 21 separate additional 
clinical trials carried out from 1993 to 1996 performed on a total number of about 3000 
men aged 19 to 87 years old [11], the efficacy and patient’s compliance of UK-92,480, later 
named as sildenafil, was definitely confirmed. These results determined UK-92,480 ap-
proval by the FDA in March 1998 in the United States and by the EMA in September 1998 
[27] under the trade name of Viagra. The placing on the market of this drug represented 
a global market breakthrough for the treatment of ED, with more than USD 400 million 
earned only in 1998 and more than USD 1 billion. 

 
Figure 3. Timeline and milestones of sildenafil drug discovery. 

In 2003, additional PDE-5 inhibitors entered the market (vardenafil and tadalafil), 
and in recent years, avanafil, mirodenafil, lodenafil, and udenafil have been approved in 
a limited number of countries (Figure 4) [28]. 

In 2010, sildenafil’s patent expired, and several industries started the production of 
this drug under generic names. Nevertheless, several clinical trials have been carried out 
in order to assess the efficacy of sildenafil for the treatment of other disabling pathologies 
[29–32]. 

Figure 3. Timeline and milestones of sildenafil drug discovery.

In 2003, additional PDE-5 inhibitors entered the market (vardenafil and tadalafil), and
in recent years, avanafil, mirodenafil, lodenafil, and udenafil have been approved in a
limited number of countries (Figure 4) [28].

In 2010, sildenafil’s patent expired, and several industries started the production
of this drug under generic names. Nevertheless, several clinical trials have been car-
ried out in order to assess the efficacy of sildenafil for the treatment of other disabling
pathologies [29–32].
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2. Drug Repurposing Approach for the Identification of New Therapeutic Application

In spite of the increased understanding of prevention, diagnosis, therapy, and progno-
sis of human maladies, translation of this whole set of knowledge into new drugs has been
far slower than estimated. A new drug discovery project generally starts with an unmet
clinical need as the primary driving motivation. Initial efforts often occur in academia pro-
ducing data to support a hypothesis that may result in the identification of a new target or
a new therapeutic approach in a specific disease. In our time, however, drug discovery and
development processes are resource- and time intensive and highly multifaceted requiring
multidisciplinary profiles and innovative approaches. The attrition rate is another relevant
aspect that the global pharmaceutical industry has to take into serious consideration when
approaching a new discovery project. The latest estimations suggest that it takes more
than 10 years and around USD 2 billion for a new drug to reach the market. There is
growing pressure to set up cheaper and more effective ways to bring safe and efficacious
drugs to the market. Within this framework, the drug discovery process is unceasingly
experiencing changes and adjustments to achieve improvements in efficiency, productiv-
ity, and profitability. In this context, the so-called drug repositioning (or repurposing)
process is attracting growing interest [33]. This strategy implies the identification of new
therapeutic applications different from the original regulatory indication for approved or
investigational drugs. The benefits of this strategy include tremendous savings of time
and money, low risk of failure since the majority of preclinical and clinical trials, safety
assessment, and, sometimes, pharmaceutical formulation have been completed. Finally,
yet importantly, repurposed drugs may highlight novel targets and pathways that can be
further investigated. In the past, the most significant examples of drug repurposing have
been mainly based on serendipity rather than on a systematic approach. Once an off-target
or a new on-target effect was detected, it was the object of further investigation and/or
commercial exploitation. An outstanding example is represented by Zidovudine, which
was originally developed as an anticancer agent but later became the first FDA-approved
drug for the treatment of HIV after being identified from an in vitro screening of compound
libraries [34]. Other remarkable examples include thalidomide, which was originally de-
veloped for morning sickness, and later, on the basis of pharmacological analysis, was
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approved for the treatment of erythema nodosum leprosum and multiple myeloma [35].
Minoxidil, originally indicated for the treatment of hypertension, was discovered by means
of a retrospective clinical analysis. However, sildenafil represents maybe the foremost
example. Originally investigated for angina, it represents maybe a perfect example of
retrospective clinical analysis. Sildenafil was repurposed by Pfizer for the first time in the
late 1990s for the management of ED. By 2014 it held the market-lead with a 47% share of
the ED drug market and a worldwide sales calculation of around USD 2 billion [36]. Soon
after its approval as Viagra, the discovery of the upregulation of PDE5 gene expression in
pulmonary hypertensive lungs boosted further preclinical and clinical studies on sildenafil
to test the role of PDE5 selective inhibitors in lung diseases [37]. Later, in 2005, the drug was
repurposed once more for the treatment of pulmonary arterial hypertension and approved
under the trade name Revatio [12,38]. Recently, other indications for which sildenafil
has been studied include Raynaud’s disease, digital ulcer, heart failure, hypertensive car-
diac hypertrophy, cerebral circulation, and different types of cancers including lung and
colorectal malignancies [39,40].

3. In Vitro and In Vivo Applications of Sildenafil in Cancer Treatment

Many studies reported the use of sildenafil in combination with chemotherapeutic
agents in the treatment of a variety of cancers (Table 1). Das et al. reported an increase in
chemotherapeutic efficacy of DOX when coadministered with sildenafil in vitro on PC-3
and DU145 human prostate cancer cells. It was shown that combination therapy resulted
in a relatively higher apoptotic rate on tumor cells by enhancing ROS generation, reducing
B-cell lymphoma-extra large (Bcl-xL) expression, phosphorylating BAD, and upregulating
caspase-3 and caspase-9 activities [41]. Further investigations on the molecular mechanisms
involved in the sensitization of prostate cancer cells by sildenafil outlined the role of CD95
in DOX-mediated apoptosis [42]. The effect of sildenafil in enhancing the anticancer prop-
erties of DOX was eliminated when CD95 apoptosis-inducing death receptor was knocked
down using siRNA. However, this was not the case when cells were treated with DOX
alone. In addition, the combination therapy induced downregulation of Fas-associated
phosphatase-1 (FAP-1) expression, a known inhibitor of CD95-mediated apoptosis, increas-
ing cellular death and reducing tumor viability. Moreover, cells cotreated with sildenafil
and DOX showed a reduced expression of both long and short forms of caspase-8 regu-
lating enzymes Fas-associated death domain (FADD) interleukin-1-converting enzyme
(FLICE)-like inhibitory protein (FLIP-L and -S), which are involved in the regulation of
cellular apoptosis, compared to DOX-monotherapy [42]. Comparable results were reported
for using the same therapeutic combination in the treatment of 4T1 murine breast cancer
cells where synergistic activity was observed [43]. The outlined mechanisms clearly demon-
strate the improved cytotoxic activity of DOX when combined with sildenafil, thereby
potentially improving the clinical response and patient survival rate whilst ameliorating
DOX toxic side effects. In vitro studies examining the potentiation of the antitumor activity
of cisplatin when given in conjugation with sildenafil on MCF-7 human breast cancer cells
showed a dose-dependent cytotoxic effect of sildenafil illustrating its potentiation effect
on the chemotherapeutic agent [44]. Similar results were obtained upon cotreatment of
MCF-7 and MDA-MB-468 human breast cancer cells with cisplatin and sildenafil, which
was accompanied by a significant increase in accumulation of ROS into the extracellular
environment in both breast adenocarcinomas cell lines [45].

The effect of coadministration of vincristine and sildenafil on PC-3 and DU145 human
prostate cancer cell lines showed that a significant increase in vincristine-induced mitotic
arrest and mitotic index [46]. The probability of cells being held in metaphase was dra-
matically increased in presence of sildenafil. This was particularly relevant in the tripolar
spindle and multiple spindle poles. Nevertheless, a nonsignificant decrease in the level of
cytokinesis was observed when cells responsive to vincristine were treated with sildenafil.
Interestingly, the phosphorylation of Bcl-2 with caspase activation amplification including
caspase-3, -8, and -9, and cleavage of poly [ADP-ribose] polymerase 1 (PARP-1), a caspase-3
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substrate, was markedly increased when sildenafil was coadministered with vincristine; a
similar feat previously demonstrated when sildenafil was combined with DOX on prostate
cell lines incurring the coherence between the results reported between different stud-
ies. Additionally, sildenafil was shown to enhance vincristine-induced perturbation of
microtubule–kinetochore interactions incurring higher apoptotic effects [46].

Roberts et al. reported that combination therapy of curcumin and sildenafil may
induce gastrointestinal tumor cell death in HCT116, HT29, HuH7, HEP3B, and HEPG2
human gastrointestinal tumor cells through endoplasmic reticulum stress, reactive oxy-
gen/nitrogen species, and increasing autophagosome and autolysosome levels prompting
cancer cellular death [47]. Similar results were obtained when studying the effect of coad-
ministration of curcumin and sildenafil on immunocompetent BALB/c mice implanted
with CT26 murine colorectal cancer cells in which the use of sildenafil and curcumin as
chemoadjuvants significantly enhanced the cytotoxic effect of 5-fluorouracil and anti-PD1
immunotherapy in vivo [48]. Such properties clearly express the ability of sildenafil to
enhance cytotoxic properties of chemotherapeutic modalities as well as larger immunother-
apeutic treating complexes.

The therapeutic efficacy of docetaxel and sildenafil in advanced prostate cancer was in-
vestigated by stimulating nitric oxide—cyclic guanosine-3′,5′-monophosphate (NO-cGMP)
signaling. Human prostatic cancer (C4-2B) cells revealed overexpression of functional
phosphodiesterase type 5 (PDE5) and its role with NO for aberrant cGMP accumulation. It
was suggested that a subtherapeutic dose of docetaxel and a physiologically achievable
sildenafil concentration could induce synergistic activity by increasing cGMP and block-
ing cells at G0/G1, inhibiting cell growth and inducing apoptosis. Similar results were
observed in syngeneic cell lines and Pten cKO derived tumoroids where an increase in
caspase-3 and PARP cleavage was detected [49]. The combination treatment demonstrated
a significant decrease in tumoroid size and growth, with loss of integrity, apoptosis, con-
densed structure, and structural blebbing [50]. A demonstration between the 3D model
translation, compared to the 2D line, further suggests an enhanced probability for in vivo
studies and clinical application on patients.

The cytotoxicity of sildenafil/crizotinib loaded poly(ethylene glycol)-poly(DL-lactic
acid) (PEG-PLA) polymeric micelles on MCF-7 human breast cancer cell lines was studied.
Micelles with an average size between 93 and 127 nm and an encapsulation efficiency
percentage (EE%) of both medications (>70%) were prepared using the solvent displace-
ment method. In vitro cytotoxicity assays using crizotinib alone displayed 22% cellular
viability, compared to 10% only upon coadministration of sildenafil, i.e., a 2.2-fold decrease
in cell viability, after treatment for 48 hrs. This was attributed to previous reports on the
wide inhibitory effect of sildenafil on several ATP-binding cassette (ABC) efflux trans-
porters, henceforth overcoming cancer cell resistance and promoting their apoptosis [51].
Codelivery of these medications using nanoparticles further decreased the cell viability to
4%, illustrating the potential impact of formulation designs on enhancing the therapeutic
outcomes of this regimen [52]. While these results suggest that the application of the
dual-therapy in the nano form has shown a significant impact on the 2D tumor cells, issues
regarding the formulation stability, pharmacokinetics, biodistribution, and in vitro 3D
model and in vivo replication should be assessed before such formulations progress into
the clinical phases.

69



J. Pers. Med. 2021, 11, 585

Table 1. Examples of in vitro and in vivo studies for the effect of sildenafil in different types of cancer.

Cancer Type of Study Tumor Model Therapy Therapeutic Outcome Ref.

Prostate Cancer

In vitro
PC-3 and DU145

prostate cancer cells

Sildenafil (10 µM) No significant changes in %
Cell death compared to control

[41]

DOX (1.5 µM with PC-3
and 0.5 µM with DU145)

7.52% and 45.01% cell death in
PC-3 and DU145 cells,

respectively.

DOX (1.5 µM with PC-3
and 0.5 µM with DU145) +

Sildenafil (10 µM)

18.71% and 56.82% cell death in
PC-3 and DU145 cells,

respectively.

In vivo

Athymic male
BALB/cAnNCr-nu/nu
mice injected with PC-3

cells and 50-µL
matrigel matrices

DOX (1.5 mg/kg) Tumor weight/Body weight
ratio = 0.015

Intraperitoneal DOX
(1.5 mg/kg) + Sildenafil

(5 mg/kg) OR
intraperitoneal DOX

(3 mg/kg) + oral Sildenafil
(10 mg/kg)

Tumor weight/Body weight
ratio = 0.010

Breast Cancer

In vitro 4T1 mammary
carcinoma cells

DOX (1µM) 50% cell death

[43]

Sildenafil (10,30,100µM) No significant changes
compared to control

DOX (1µM) + Sildenafil
(1µM) 72.2% cell death

DOX (1µM) + Sildenafil
(30µM) 91.9% cell death

DOX (1µM) + Sildenafil
(100µM) 97.6% cell death

In vivo

Female Balb/c mice
injected with 4T1

mammary carcinoma
cells

DOX (5 mg/kg) Tumor volume = 570%

Sildenafil (1 mg/kg) Tumor volume = 400%

DOX (5 mg/kg) + Sildenafil
(1 mg/kg) Tumor volume = 121.3%

Breast Cancer

In vitro MCF-7 breast cancer
cells

Sildenafil IC50 = 14 µg/mL

[44]

Cisplatin IC50 = 4.43 µg/mL

Sildenafil + Cisplatin IC50 = 3.98 µg/mL

In vivo

Swiss albino female
mice injected with

Ehrlich ascites
carcinoma (EAC) cells

Sildenafil (5 mg/kg) 30.4% decrease in tumor
volume

Cisplatin (7.5 mg/kg) 58.8% decrease in tumor
volume

Sildenafil (5 mg/kg) +
Cisplatin (7.5 mg/kg) 79% decrease in tumor volume

Colorectal Cancer

In vitro
HT-29, SW480, SW620,
HCT116 and SW1116
colorectal cancer cells

Sildenafil

IC50 (72hrs) =
190.91 µM in HT-29
217.27 µM SW480
206.68 µM SW620

246.20 µM HCT116
271.22 µM SW1116

[39]

In vivo

Balb/c nude mice
injected with SW480 or

HCT116 colorectal
cancer cells

Sildenafil (50 mg/kg) and
(150 mg/kg)

In SW480, 40.1% and 57.8%
tumor inhibition with 50 mg/kg

and 150 mg/kg, respectively.

In HCT116, 13.3% and 61.4%
tumor inhibition with 50 mg/kg

and 150 mg/kg, respectively.
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Table 1. Cont.

Cancer Type of Study Tumor Model Therapy Therapeutic Outcome Ref.

Prostate Cancer In vivo
Nude mice were

injected with PC-3
prostate cancer cells

Sildenafil (10 mg/kg) Tumor weight =
969.9 ± 92.2 mg

[46]Vincristine (0.5 mg/kg) Tumor weight =
623.5 ± 132.2 mg

Sildenafil (10 mg/kg) +
Vincristine (0.5 mg/kg)

Tumor weight =
207.6 ± 36.7 mg

Breast Cancer In vitro MCF-7 Breast
cancer cells

Sildenafil No significant changes in % cell
viability compared to control

[52]

Crizotinib IC50 = 34.19 and 22% cell
viability

Crizotinib + Sildenafil IC50 = 3.34 and 10% cell
viability

Blank PEG-PLA micelles No significant changes in % cell
viability compared to control

Crizotinib loaded PEG-PLA
micelles 14% cell viability

Crizotinib
(55.25 µM)/Sildenafil
(40.33 µM)- coloaded

PEG-PLA micelles

4% cell viability

Lung Cancer In vitro A549 human lung
carcinoma cells

DOX 29.87% cell death

[53]

DOX + Sildenafil 34.69% cell death

DOX/Sildenafil-coloaded
NLC 38.37% cell death

DOX/Sildenafil-coloaded
NLC-RGD 44.32% cell death

In a different study, nanostructured lipid carrier (NLCs) coloaded with DOX and
sildenafil citrate and tagged with arginyl-glycyl-aspartic acid (RGD) were prepared and
their effect on human lung carcinoma A549 cells was studied [53]. The drug-loaded NLCs
were prepared by homogenization method producing an optimum formula having an
average size, polydispersity index, zeta potential, and EE% for DOX and sildenafil of
80.5 nm, 0.23, −18.5, 56.04 ± 1.25% and 81.62 ± 3.14%, respectively. The use of coloaded
NLCs induced higher cytotoxicity and cancer cell apoptosis, compared to the free drug.
It was suggested that this may be due to the enhanced cellular uptake and accumulation
of drugs associated with integrin-mediated endocytosis and ABC transporter inhibition.
Real-time PCR also revealed that sildenafil reduced the expression of ABCC1 and nuclear
factor erythroid 2 related factor 2 (Nrf2) proteins, which incurred an increased intracellular
concentration of anticancer drugs, as previously reported. It would be interesting to further
explore the effect of the DOX/sildenafil-loaded nanoparticle formulation on the degree of
ROS production, caspases activation, and proapoptotic protein expression [53,54].

In vivo studies using athymic male BALB/cAnNCr-nu/nu mice bearing prostatic
cancer showed that the coadministration of sildenafil increased the efficacy of DOX while
reducing DOX-associated cardiac dysfunction [41]. Immunohistochemistry demonstrated
that the active form of caspase-3 was induced in tumors from sildenafil- and DOX-treated
mice, compared with DOX-treated or nontreated control groups, henceforth explaining
the relatively higher tumor volume reduction with the cotreatment. Furthermore, Doppler
echocardiography showed a marked improvement in the left ventricular fractional shorten-
ing (LVFS) and left ventricular ejection fraction (LVEF) with sildenafil–DOX cotreatment
rather than DOX alone. These results suggest a relatively lower systemic cytotoxicity
associated with the cotreatment compared to monotherapy [41].

Treatment of female Balb/c mice inoculated with 4T1 murine mammary carcinoma
cells with sildenafil/DOX combination therapy also demonstrated a significant reduction of
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tumor growth [43]. It was suggested that this effect is due to a higher migration of effective
immune cells to the tumor site due to the vasodilatory effects of sildenafil, rather than an
inherent cytotoxic effect of the drug. The results were in correlation with in vitro studies
which demonstrated the lack of anticancer properties of sildenafil. Animals treated with
DOX–sildenafil combination showed a 4.7 reduction in tumor size with a 2.7-fold increase in
drug concentrations in comparison to DOX alone. Interestingly, when DOX was loaded into
styrene-maleic acid (SMA) micelles and administered to the mice after sildenafil treatment,
it showed a statistically insignificant increase in tumor accumulation, compared to SMA–
DOX alone. This was not the case when dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine
perchlorate (DiI) was loaded in SMA micelles and codelivered with sildenafil, where
a statistically significant threefold increase was observed, compared to SMA–DiI alone.
This difference could be associated with the variable particle size and physicochemical
characteristics associated between both formulations. It was reported that SMA–DOX had
a much smaller size (14.59 nm), compared to SMA–DiI (134.12 nm), hence would be able to
accumulate to a larger extent at the tumor site, compared to the larger SMA–DiI without
the need of sildenafil as a chemoadjuvant. These results raise the question of whether
the magnitude of sildenafil efficacy as a chemoadjuvant could be affected by varying the
particle size and characteristics of the nanoparticles used. A more holistic comparison
would be to use comparable particles with close physicochemical properties to overcome
such limitations [43].

Similarly, other in vivo studies using a combination of sildenafil and cisplatin showed
a significant decrease in tumor volume in mice bearing breast cancer tumor, compared
to the control group. Investigation of the local tissue microenvironment, apoptosis, and
proliferation of the tumor cells after treatment with combination therapy showed an
increase in caspase-3 levels with a considerable decrease in tumor necrosis factor-α contents,
angiogenin, and vascular endothelial growth factor expression. However, the expression
of Ki-67 nuclear protein which is usually present during the late G1, S, G2, and M phases
of the cell cycle failed to show any significant changes when compared to the control
group [44].

Muniyan et al. orthotopically implanted luciferase-labeled C4-2B cells into the dorso-
lateral lobe of the prostate in immunodeficient mice to investigate the therapeutic efficacy
of coadministration of docetaxel and sildenafil in advanced prostate cancer [50]. The
therapeutic combination significantly lowered tumor weight, compared to docetaxel alone.
Further exploration in the molecular pathways responsible for this phenomenon identified
a lower percentage of Ki67-positive nuclei and a higher frequency of cleaved caspase-3
positive cells, compared to groups treated with monotherapy, thus promoting apoptosis
and tumor regression [50]. Likewise, Hsu et al. reported the synergistic effects between
vincristine and sildenafil in PC-3-derived cancer xenografts in nude mice, demonstrating a
decrease in tumor weight, compared to the single chemotherapeutic agent [46].

4. The Role of Sildenafil in Circumventing Anticancer Drug Resistance

MDR is a complex process in which cancer cells evolve to evade the deleterious effects
of anticancer chemotherapy. A plethora of biological strategies had been described in
association with the development of MDR. Enhanced drug metabolism, gene amplification,
increase in DNA damage repair, epigenetic regulation of the drug targets, and autophagy
all have been described.

Among different processes of drug resistance, overexpression of active transporters
that actively efflux substrates of different chemical/biological natures is the most studied
pathway, notably, the increase of drug efflux pumps ATP-binding cassette (ABC) trans-
porters [55–59]. ABC transporter comprises ABCs (multidrug resistance-associated proteins
(MRPs)), ABCB1 (P-glycoprotein/MDR1), and ABCG2 (BCRP/MXR/ABCP)) all were re-
ported to be overexpressed in cancer developing the MDR. This superfamily transporter
system mainly consists of integral membrane proteins. These proteins convert the energy
that comes from ATP hydrolysis into the translocation of substrates across the membrane’s
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bilayer either into the cytoplasm or out of the cytoplasm. This movement is facilitated
by a pair of transmembrane domains (TMDs), which when overexpressed in cancer cells,
contribute to cell drug resistance by pumping out the intracellular drugs and therefore
decreasing their cellular uptake and effect [60]. cGMP was implicated as a substrate
for ATP-binding cassette (ABC) transporters in the multidrug resistance (MDR) cancer
cells [58,59]. Accordingly, sildenafil was investigated as a potential player for reversing
MDR in cancer cells.

Sildenafil increased the level of the second messenger’s cGMP through inhibition of
PDE5, which is considered to be substrates for ABCC4/human MDR protein 4 (MRP4) and
ABCC5/human MDR protein5 (MRP5), resulting in inhibition of the efflux pump activity.
Furthermore, it inhibited the activity of ABC transporters such as ABCB1 and ABCG2,
thereby increasing the sensitivity of MDR cells to various drugs. Moreover, the suppression
of PDE5 could activate the cGMP-PKG pathway that mediates many processes causing
cellular apoptosis or growth suppression (cell cycle arrest) of cancer cells [61].

Shi et al. demonstrated the effect of sildenafil on ABC transporters using ABC-
mediated MDR on cancer cells. The cytotoxicity assays and drug accumulation results
showed that sildenafil remarkably sensitized the ABCB1-overexpressing cells to the ABCB1
substrates (colchicine, vinblastine, and paclitaxel) with a high accumulation rate of the
paclitaxel inside the cells. A similar effect on ABCG2-overexpressing cells was noted in
relation to the substrates (flavopiridol, mitoxantrone, and SN-38) with a significant accumu-
lation of mitoxantrone. In contrast, sildenafil had no effect on ABCC1-overexpressing cells
and its tested substrate (vincristine). Altogether, these data strongly suggest a potential
role for sildenafil in reversing anticancer drug resistance [62].

5. Sildenafil and Anticancer Drug Delivery through EPR Augmentation

PDE5 inhibitors such as sildenafil had demonstrated their effect on smooth muscle
layers of blood vessels leading to vasodilation in tissues that express the specific isoenzyme.
Indeed, one known side effect of this class of drugs is systemic hypotension that denotes
the susceptibility of normal vascular cell types to PDE5 inhibitors [63].

Smooth muscle relaxation thereby modulates vascular endothelial permeability that
increases the inflow of blood to the normal and pathological tissues such as inflamed
tissues and tumor tissues, leading to the accumulation of nanoparticles of molecular weight
exceeding 40 kD and augmenting preferential drug targeting in the diseased tissues such as
tumors. This accumulation normally occurs due to the abnormalities in tumor vascularity
due to poorly aligned and faulty vascular endothelial cells that have wide fenestrations
of up to 4 µm [64–66]. Traditionally, the EPR effect involves two aspects. First, the drug
preferential biodistribution is related to the size of the drug and the delivery vehicle
applied to achieve the differential accumulation of the drug in tumor tissues. As the size of
the drug and the delivery vehicle is more than the limit of the renal excretion threshold,
nanoparticles usually exhibit increased plasma half-life. Second, the EPR effect involves
retention of the nano-based system due to the lack of efficient lymphatic clearance [67–69].

Unfortunately, a very slim volume of existing literature examines the response of tu-
mor vasculature to PDE5 inhibitors. PDE inhibition could potentially result in improvement
of blood supply to the tumor tissues through similar mechanisms employed for ED.

In order to augment the EPR effect of macromolecular drugs, sildenafil needs to be
preferentially applied locally to the tumor site. Relevant work had been pioneered by
Maeda et al., in which they applied the nitric oxide donor Lipiodol® through the arterial
catheter to the tumor feeding artery with reported success in the management of clinically
advanced cases of primary and secondary liver tumors [70]. This early experience proved
that in order to selectively utilize a vasodilating agent to improve the EPR effect, the
vasodilation needs to be restricted to the blood supply in the close vicinity of the tumor
tissues, otherwise widespread vasodilation can enhance the delivery of the nanoconstructs
to other off-target tissues and induce systemic hypotension.

73



J. Pers. Med. 2021, 11, 585

Greish et al. demonstrated that using sildenafil in conjunction with DOX increased
the concentration of the anticancer drug in tumor tissues by 2.7 folds, and eventually
resulted in 4.7 folds improved anticancer activity against the 4T1 breast cancer in mice.
This work suggests a positive effect of PDE5 inhibitors to further augment enhanced
permeability and retention (EPR) effect on EPR effect [43]. A relevant study by Black et al.
demonstrated the effect of PDE5 inhibitors on enhancing tumor vascular permeability in the
brain tumor model of 9L gliosarcoma-bearing in rats. Sildenafil administration increased
the tumor capillary permeability in comparison to the normal brain capillaries, which
showed no significant increase in vascular permeability. Additionally, the study proved a
synergistic effect of the use of anthracycline chemotherapy combined with the sildenafil
and further improved the survival by nearly twofold longer than the group treated with
the chemotherapeutic agent alone [71]. Another work by Zhang et al. provided further
direct evidence of the potential of PDE 5 inhibitors in augmenting EPR-mediated anticancer
chemotherapy in vivo. In their study, the team employed a combined micelle incorporating
both cisplatin and sildenafil. The team proposed that tumor acidity can preferentially
release the PDE5 inhibitor from the micelle, further augmenting its concentration in tumor
tissues. This strategy was proved effective in increasing both drug accumulation and
anticancer activity in the tested cancer model of B16F10 melanoma in C57BL/6 mice,
altogether indicating a potential and promising rule for PDE5 inhibitors in augmenting
EPR-based anticancer drug delivery [72].

It is noteworthy to mention that sildenafil application for augmenting local tumor
tissue concentrations of chemotherapy is not exclusive to nanosized molecules. It can
similarly increase the local concentration of conventional chemotherapeutic agents [43].
However, small molecules traverse barriers freely into the tumor or the normal tissue and
immediately disappear from the tumor or the normal tissue by diffusion primarily into
blood capillaries. Therefore, the residence time of conventional small molecular drugs in
cancer tissue is usually counted in minutes, while that of nanosized molecules by days to
weeks, owing to the retention aspect in the EPR effect. Accordingly, since tumor tissues
lack functional lymphatics, the enhanced delivery of bioactive nanosize molecules in the
tumor is usually retained for considerable durations.

6. Clinical Studies

The use of sildenafil in the management of different types of cancer has been the
subject of various clinical trials (http://www.clinicaltrials.gov accessed on 1 March 2021)
(Table 2). A number of clinical trials such as NCT00142506, NCT00544076, NCT00057759,
and NCT00511498, evaluated the use of sildenafil alone or in combination with alprostadil
or hyperbaric oxygen therapy in the management of ED. Those trials focused on restoring
the erectile function for patients with prostate cancer after radiotherapy or nerve-sparing
prostatectomy. Clinical trial NCT02106871 was designed to assess the use of sildenafil
monotherapy in the treatment of fatigue in patients with pancreatic cancer. It is suggested
that sildenafil increases protein synthesis, alters protein expression and nitrosylation, and
reduces fatigue in human skeletal muscle especially in patients with reduced skeletal mus-
cle functions [73]. The concept has yet to be clinically tested as the study was terminated
due to a lack of funds. The ability of sildenafil monotherapy to improve renal functions in
patients with kidney cancer after partial nephrectomy and protect the kidney from the side
effects of surgery was investigated in clinical trial NCT01950923. The study involved the
oral administration of sildenafil to 30 patients prior to surgery, followed by assessment of
kidney functions. The trial was completed but the results have yet to be reported. In clinical
trial NCT00165295, sildenafil was tested in the treatment of Waldenstrom′s Macroglobu-
linemia (WM), a rare and incurable type of non-Hodgkin lymphoma. It was suggested that
sildenafil blocks the function of several proteins necessary to the survival of cancer cells,
and laboratory tests have shown that it can destroy WM cells [74]. The study involved
30 patients who received incremental doses of sildenafil orally for 2 years. The clinical trial
has been completed with no reported side effects, but the complete results of the study
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are not published yet. Sildenafil was also tested for the treatment of Lymphangioma in
pediatric patients in clinical trial NCT01290484. The results showed a significant decrease
of lymphatic malformation in four out of seven patients included in the study after oral
administration of sildenafil for 20 weeks with no observed complications in any subject [75].

Table 2. Examples of clinical trials using sildenafil in treatment of different types of cancers *.

Types of Cancer Treatment Objective Stage

Pancreatic Cancer Sildenafil Management of fatigue in cancer patient
undergoing chemotherapy Phase I

Non-small Cell Lung Cancer
Sildenafil,
Paclitaxel,

Carboplatin

Improvement in distribution and efficacy of
cytotoxic anticancer agents Phase II, III

Prostate Cancer

Sildenafil Management of ED during and after radiotherapy
with or without hormone Therapy Phase III

Sildenafil,
Alprostadil

Management of ED post-operatively in patients
undergoing nerve-sparing robotic-assisted radical

prostatectomy
Phase III

Sildenafil
Investigate the effect of dosage regimen on ED in
patients after nerve-sparing laparoscopic radical

prostatectomy
Not applicable

Sildenafil,
Hyperbaric oxygen therapy

Management of ED in patients after nerve-sparing
radical retropubic prostatectomy Phase IV

Solid Tumor Regorafenib
Sildenafil

Investigation of the antitumor effects of the
regorafenib and sildenafil combination, the

pre-treatment expression of phosphodiesterase
type 5 (PDE5) in tumor samples, and the impact of
sildenafil on the pharmacokinetics of regorafenib

Phase I

Kidney Tumor Sildenafil
Improving Postoperative Kidney Function in

Patients With Kidney Cancer undergoing Robotic
Partial Nephrectomy

Phase I

Colorectal Cancer Sildenafil
Vacuum erection device (VED) Management of ED After Laparoscopic Resection Phase IV

Breast Cancer Sildenafil
Doxorubicin

Improving antitumor effects of DOX and
protection from cardiac toxicity Phase I

Brain Cancer and
Glioblastoma

Sildenafil
Sorafenib Tosylate

Valproic Acid

Increase the concentration of anticancer drug in
the brain and stop the growth of tumor cells by

blocking BCG2 drug efflux pump in the
blood–brain barrier

Phase II

Waldenstrom
Macroglobulinemia Sildenafil Treatment by blocking the function of several

proteins necessary to the survival of cancer cells Phase II

Myelodysplastic Syndrome
(MDS)

Nivolumab
Cytarabine Sildenafil

Studying the pathogenesis and resistance of
myelodysplastic syndrome using combination

therapy
Phase I, II

* Source: https://clinicaltrials.gov/ (accessed on 1 March 2021).

The use of sildenafil as a chemoadjuvant in the treatment of different types of cancers
was investigated. The clinical trial NCT01375699 investigated the use of sildenafil as
a cardioprotective agent in female patients primarily with breast cancer treated with
DOX against the cardiotoxic effects of the drug. Patients were given oral sildenafil daily
for one week prior to the scheduled first dose of DOX. The treatment continued until
2 weeks after the last scheduled dose of DOX and multiple biomarkers for cardiotoxicity
were measured [76]. The results showed that adding sildenafil to DOX chemotherapy
is safe and well tolerated but did not significantly improve cardiac protection during
chemotherapy when compared to the control group. The trial NCT00752115 used sildenafil
combination with chemotherapeutic agents such as carboplatin and paclitaxel in patients
with advanced non-small-cell lung cancer to improve the biodistribution and efficacy of
the chemotherapeutic agents. Patients received a weekly dose of 50 mg sildenafil orally
and progression-free survival was monitored. The phase I clinical trial NCT02466802
assessed the use of regorafenib in combination with sildenafil in patients with progressive
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advanced solid tumors. The study results showed that the drug combination is safe and
that the lethality of this combination could be enhanced in vitro and in vivo by the addition
of neratinib to the treatment regimen in a colorectal cancer model. Accordingly, it was
further recommended to perform a phase I trial in colorectal cancer patients using the
combination of the three drugs [77]. The phase II clinical study NCT01817751 is currently
investigating the use of sildenafil as a chemoadjuvant in the treatment of patients with
recurrent high-grade glioma. Orally administered sildenafil twice a day for four weeks
is used in combination with sorafenib and valproic acid to test its ability to increase the
concentration of the chemotherapeutic agents in the brain and preventing the growth of
tumor cells by blocking BCG2 drug efflux pump in the blood–brain barrier.

It is very clear that most of the clinical trials focused on using sildenafil as a chemoad-
juvant to reverse side effects associated with chemotherapy such as ED or cardiotoxicity.
This means that much of the potential for the use of sildenafil in the treatment of different
types of cancer remains theoretical, lacking solid clinical evidence. More clinical trials
are still required to test the possibility to use sildenafil in circumventing anticancer drug
resistance and as an EPR augmentation tool for enhancement of anticancer drug delivery.

7. Conclusions and Future Recommendations

The paradigm of drug repurposing remains of significant interest for the pharmaceuti-
cal and health care communities. A deeper understanding of the molecular pathology and
pharmacology of the current therapeutic entities in the market plays an important role in the
utilization of current resources in the management of various diseases. Further to Meade’s
visionary discovery of EPR, he recommended further augmentation of this key biological
effect by manipulating vascular dynamics at macro- and micro-organizational levels. Silde-
nafil has demonstrated its ability in enhancing anticancer drug delivery through the EPR
effect, prompting significant elevation of intratumoral drug concentrations and subsequent
cellular death. In addition, sildenafil has demonstrated its implication in the modulation
and potentiation of chemotherapeutic agents in a range of different types of cancer. This
has been outlined in several in vitro and in vivo studies through the downregulation of
Bcl-xL and FAP-1 expression, enhancing ROS generation, phosphorylating BAD and Bcl-2,
upregulating caspase-3,8,9 activities, blocking cells at G0/G1 cell cycle phase, overcoming
cancer cell resistance by inhibiting several ABC transporters through cGMP elevation, and
increasing autophagosome and autolysosome levels; inducing tumor cell death.

Despite several clinical studies being underway, the need for further trials on patients
remains of paramount importance to further understand the clinical impact they may
perceive. These studies could possibly include the application of novel drug delivery for-
mulations for combination therapies such as passively and actively targeting nanoparticles,
external stimuli-responsive systems using light, focused ultrasound, and magnetic fields to
release the drug therapy at the desired site of action, and controlled-release formulations
where sildenafil may precede the chemotherapeutic agent, inducing its chemosensitizing
action first and promoting higher cytotoxicity action of the latter. Such systems could
certainly increase the efficacy and safety profiles of current oncological agents, enhancing
the patient’s quality of life and achieving a definite therapeutic outcome.
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Abstract: Cancer causes the second-highest rate of death world-wide. A major shortcoming inher-
ent in most of anticancer drugs is their lack of tumor selectivity. Nanodrugs for cancer therapy
administered intravenously escape renal clearance, are unable to penetrate through tight endothelial
junctions of normal blood vessels and remain at a high level in plasma. Over time, the concentration
of nanodrugs builds up in tumors due to the EPR effect, reaching several times higher than that of
plasma due to the lack of lymphatic drainage. This review will address in detail the progress and
prospects of tumor-targeting via EPR effect for cancer therapy.

Keywords: EPR-based therapy; passive targeting; heterogeneity; solid-tumor; EPR-imaging tech-
niques

1. Introduction

The EPR effect was first discovered by Maeda and colleagues in solid murine tu-
mors [1,2]. The polymer-drug conjugates were i.v. administered, and 10-to-100-fold higher
concentrations were achieved relative to free drug administration [2–4]. Passively targeted
cancer drugs at first reached the clinic about 30 years ago with the approval of an EPR-
based drug, a PEGylated liposomal drug, DOXIL. Nanocarriers preferentially accumulate
in the tumor through passive targeting due to a leaky vasculature and defective lymphatic
drainage in solid tumors. The permeability of a chaotic vasculature and tumor microenvi-
ronment (TME) and retention can lead to the accumulation of macromolecules in TME by
70-fold. The leaky and defective vasculature created due to the rapid vascularization vital
to the support of malignant tumors, coupled with imperfect lymphatic drainage, allows
the EPR effect. The tumor vasculature is leaky and also irregular in diameter, shape, and
density with discontinuous vessels. This results in several conditions, including heteroge-
nous perfusion in the tumor, elevated interstitial fluid pressure from the extravasation
of fluid, hypoxia, and an acidic environment [5]. EPR-based drug delivery depends on
various factors, including circulation time, targeting, and the ability to overcome barriers,
which are dependent on size, shape, and surface properties of the drug particles. Passive-
targeting is mainly based on a diffusion mechanism. As a result, size is a crucial factor in
the EPR-dependent delivery process. Studies have indicated that a nanoparticle size range
of approximately 40 to 400 nm is suitable to ensure long circulation time, and enhanced
accumulation in tumors with reduced renal clearance [6]. Shape and morphology also play
important roles in passive targeting. Generally, rigid, spherical particles of size ranging
from 50 to 200 nm have the highest tendency to long circulation, to avoid uptake by liver
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and spleen, but large enough to avoid kidney clearance [7,8]. Surface properties play a
critical role in determining the internalization process of the drug particles into the target
cell. To avoid opsonization and subsequent clearance by the RES, surface modification of
polymers using PEG can be effective to a certain extent. Thus, the EPR-based drug delivery
can be modulated by modifying the size, shape and sometimes by surface alteration of
the nanoparticles.

Currently, a number of passively targeted nanoparticles are in clinical use including,
Abraxene, Doxil, Marqibo, Myocet, and DuanoXome. Many other nanoparticles have
shown promising therapeutic efficacy in clinical trials.

Major drawbacks of passive targeting include the inability to distinguish between
healthy and diseased tissues, inadequate tumor accumulation, intra- and inter tumoral
as well as inter-individual tumor heterogeneity. Different vascular and TME parameters
contribute to the heterogeneity in EPR-mediated nanoparticle accumulation. These include
vascular permeability, endothelial cell receptor expression, and vascular maturation at the
vessel level. Several stromal parameters, including extracellular matrix (ECM), tumor cell
density, hypoxia, and interstitial fluid pressure, contribute to heterogeneity in EPR-based
tumor targeting responses. All of these pathophysiological parameters are factors necessary
to be taken into consideration for the development of personalized and improved nanodrug
treatments using the EPR effect. The extent of tumor accumulation always varies between
tumor types, and in patients, making it necessary to determine the EPR effect. Thus, the
application of direct and indirect imaging and other technologies is necessary to evaluate
the degree of the EPR-effect. The presence of an EPR and non-EPR tumor in the EPR and
non-EPR patients may help improve the EPR-based drug delivery systems for success in
the clinic.

Dense cancer stroma is a critical component of the TME, where it has crucial roles
in tumor initiation, progression, and metastasis. Most anticancer therapies target cancer
cells specifically. However, tumor stromal factors can promote resistance of cancer cells to
such therapies, ultimately resulting in deadly diseases such as PDAC (pancreatic ductal
carcinoma). Therefore, novel anticancer therapies should be a combination of anticancer
and anti-stroma therapeutic agents [9]. Approaches have been made to enhance the EPR-
targeted drug accumulation to the tumor while considering cancer stromal barriers. For
instance, in the use of the ADC (antibody-drug conjugate) drugs with a scaffold for cancer
(CA) stromal (S) targeting (T) (CAST) [10]. In CAST therapy, stroma-targeting immunocon-
jugates bound to the stroma generate a scaffold, from which controlled release of cytotoxic
drugs occurred and afterward diffused throughout the tumor tissue to damage both tumor
cells and tumor vessels. The CAST therapy was thus reported as a new mode of cancer
therapy, especially for refractory, stromal-rich cancers. Since the first CAST therapy was
reported over 10 years ago, there have been several appreciated experimental studies and
review works supporting and promoting CAST therapy [11–18].

Several strategies to overcome heterogeneity in EPR-based tumor accumulation can
be employed to improve nanoparticle-based cancer treatments, including enhancing, com-
bining, bypassing, and imaging. Enhancing pharmacological and physical means such
as radiotherapy, hyperthermia, and sonoporation can be used to enhance the EPR effect.
Combining active targeting with a pharmaceutically active ligand and the drug molecules
encapsulated within a nanoparticle formulation can improve the EPR effect in a targeted
tumor. Bypassing the EPR effect in cases of tumors with low or non-EPR, vascular targeting,
or the use of triggerable nanocarriers to release the payload intra-vascularly can be used to
enhance dr accumulation in spite of a low or non-EPR effect. To address the heterogeneity
in EPR-mediated tumor targeting, direct or indirect imaging techniques, employing either
nanotheranostics or companion nano-diagnostics to monitor the biodistribution and tumor
accumulation or using standard imaging probes and protocols to visualize tumor blood
vessels and the TME are required. Further, EPR-based tumor targeting can help to pre-select
a patient for individualized therapies [19–22].
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Thus, complementary active targeting with passive targeting, enhancing circulation,
tumor accumulation, drug penetration in the target cell and finally release into the cy-
toplasm for action through circulation, accumulation, penetration, internalization, and
release (CAPIR) cascade to improve the EPR effect is necessary for the development of
effective cancer therapy and its translation to the clinic [23].

2. Passive Versus Active Tumor Targeting

Active targeting was at first employed to enhance the EPR-based drug delivery as a
complementary approach with passively targeted drugs to improve tumor accumulation
by nanoparticles to increase targeting efficiency and enhance their retention at targeted
tumors [21]. Passively targeted drugs, which are dependent on the EPR effect, may
not be sufficient to achieve effective targeting at target sites. However, a meta-analysis
of preclinical data indicated that a median of only about 0.7% of injected dose (ID) of
nanoparticles actually reaches the target tumor [21]. Several pre-clinical studies have also
shown that only 0.1 to 0.2% of the ID are effective against cancer cells and show anticancer
therapy with significant patient benefit [20,21].

Active targeting approaches are necessarily much more complex than a passive one.
Several challenges associated with these active targeting strategies include physiological
barriers and tumor heterogeneity and complex design and engineering needed for these
drug delivery systems. The latter may pose major challenges and complicate pharmaceu-
tical development and scale-up under GMP production and, significantly, to the overall
cost of the therapy. In spite of several difficulties, one major advantage of active targeting
is the ability to target sites disseminated throughout the body, including hematological
malignancies and metastatic cancers in which the EPR is not effective [21].

Both passive and active targeting have their own limitations. To ensure clinical suc-
cess of active targeting, pre-clinical tumor models need to be significantly improved to
ensure effectiveness against diseases including solid tumors, hematological malignancies,
and metastasis. There are significant barriers to passive targeting resulting in very low
tumor accumulation leading to reduced therapeutic efficacy. Passive targeting may not
distinguish between normal and diseased tissues. On the other hand, in cases of active
targeting, increasing accumulation into tumor cells cannot guarantee the delivery of desired
therapeutic agents to the target cells, as drug release may be hindered by the components
within the cells. Moreover, endosomal escape of the drug and initiation of drug activating
mechanisms is always challenging for targeted delivery. Conjugated nanoparticles may
compromise the stealth capacity of the polymer because PEGylating may not be at a suffi-
cient level. Encountering the tumor cell over-expressing receptors proteins without hurdles
is a major limitation in targeted delivery. If the stealth properties of the nanoparticles are
compromised, then the carriers may be rapidly uptaken/absorbed by the liver, spleen, and
other RES organs, resulting in a very low accumulation of drugs in the target tumor.

For both passive and active targeting approaches, the development of companion
diagnostic imaging technologies to evaluate the targeting efficiencies is very important.
Selection of suitable patients and modifying treatments for specific patients may improve
tumor accumulation, efficacy, and therapeutic outcome reducing the adverse effects, un-
necessary treatments, and overall health expenses. Finally, active targeting can be used to
complement passive targeting for better treatment results.

3. Factors Affecting the EPR Effect

The EPR effect has been observed by researchers working in cancer therapeutics for a
long time. The preferential accumulation of these nanoparticles in the tumor region is a
much more complex aspect than initially envisioned. This process includes several biolog-
ical processes, including angiogenesis, hemodynamic regulation, vascular permeability,
lymphangiogenesis, and heterogeneity of the tumor microenvironment. There is a lot of
subject-to-subject variabilities related to these above-mentioned factors. The accumula-
tion of the nanoparticles also depends on various factors, such as the physicochemical
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properties of each material. A rapidly growing tumor needs an enhanced blood supply
as the blood vessels surrounding the tumor are enough to provide the oxygen required
for cell growth. New blood vessels are formed to meet the nutritional demands of the
tumor cells [24]. The process of angiogenesis surrounding the tumor is rapid, and due
to this rapid growth, the blood vessels are irregular with discontinuous epithelium and
lack of a basal membrane, constituting a leaky vasculature with fenestrations of 200 to
2000 nm [25–27]. This allows enhanced permeation of the blood components as it reduces
resistance to extravasation into the tumor interstitium.

Unlike normal tissue, tumors have defective lymphatic drainage resulting in minimal
uptake of their interstitial fluid [28]. Molecules smaller than 4 nm can be reabsorbed and
diffuse back into the circulation, whereas the diffusion of larger nanoparticles is hindered
by their hydrodynamic radii, which results in the accumulation of these nanoparticles in
the tumor interstitium [29–31].

3.1. Extravasation

The concentration of colloids in the blood regulate extravasation with respect to the
permeability of the vascular wall to nanoparticles and the nature of the extravascular
environment as shown in Figure 1. The equation below describes the total flux of the
material into the tumor, which is an additive function of diffusive and convective forces
along with an unknown phenomenon denoted as Black Box [32].

JTotal = PA (Cv − Ci) + LpA[(Pv − Pi) − σ(πv − πi)](1 − σF) Cv + Black Box

The browninan motion of the blood colloids creates a positive net flux towards the
interstitium when a gradient occurs between vascular (Cv) and interstitial concentrations
(Ci) [30]. The permeability (P) of the wall and the area (a) of the wall are measured by a
modification of Fick’s law. The diffusion coefficient of the colloid and restriction of passage
by the vascular barrier is incorporated in permeability. The physicochemical properties of
the colloid and the vessel wall equally affect the hindrance [26].

A convective force is generated due to the discharge of fluids from the vessel. The
startling law describes the flux of the fluid, and the filtration coefficient of the fluid through
the vessel is denoted by Lp. The hydrostatic pressures of vascular and interstitial parts
are denoted by Pv and Pi. Vascular and interstitial oncotic pressures are denoted by πv
and πi, respectively [30]. The σ is a capillary osmotic reflexion coefficient, which reflects
the permeability of the capillary to large molecules such as proteins. It also describes
how effective it is at pulling back fluid into the vascular space due to the oncotic pressure
gradient. σF and Cv are the drag of the colloid by the fluid and colloid concentration in the
vascular compartment, respectively.

The black box in the equation denotes the unknown phenomena by which colloids
extravasate and reach the tumor. This lays the path to further exploration of the EPR effect.
Some researchers believe that interactions with endothelial cells could cause increased
permeability of the vessel. For example, cationic charges on the nanoparticles can cause
more interactions and thus more permeability. Others consider these interactions a part
of absorption and endocytosis by the endothelium [33–36]. Another important factor to
consider for the black box is uncertain as a predictor of the concentration in the vasculature
available for extravasation. The presence of phagocytic cells can cause an increase in the
concentration of the nanoparticles in the vasculature of the tumor microenvironment due
to the characteristic interaction of the nanoparticles to interact with phagocytic cells. [37].
Furthermore, the payload of these nanoparticles might have different properties compared
to the nanoparticles. Thus, their release kinetics and their interactions within the tumor
also have to be accounted for.
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Figure 1. The two phenomena of extravasation and later diffusion and convection of the
colloid in the extracellular matrix both result in enhanced permeation and retention of the
nanoparticles [32].

3.2. Diffusion and Convection in the Interstitium

The movement of the colloids once extravasated into interstitial fluid containing
cancer, stromal cells, and extracellular matrix are guided by diffusive and convective forces.
This is further described in the equation below:

∂Ci
∂t

= De f f∇2Ci + ϕiν∇Ci − Ri

The change of the interstitial concentration over time results due to the diffusive com-
ponent and convective component along with the effects of the tumor microenvironment
on the colloid transport (Ri).

3.3. Tumor Vasculature and Biology

Untamed growth of the cells and angiogenic factors contribute to the disorganized
vasculature and congested extravascular environments. These structural imperfections can
promote the EPR effect and accumulation of nanoparticles in the tumor. The new blood
vessels being formed are disordered and discontinuous with many fenestrations [38]. The
cancer cells dictate the blood vessel architecture by releasing angiogenic factors [36]. Hence
the type of cancer dictates the degree of leakiness of the endothelium and enhanced vascular
permeability to macromolecules. They also depend on what stage the cancer is and the
site it is located at [26,27,39]. These irregularities in the architecture of the vessels affect the
flow and the pressure in the blood vessels, which can dictate the permeation and retention
of the colloids. A highly proliferative tumor mass can also exert pressure on the blood
vessels to hinder their perfusion. Thus, reduced pressure can lead to decreased convective
forces and increased extravasation of both blood components and nanoparticles [26,28,38].
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3.4. Tumor Extravascular Environment

The tumor extravascular environment is a haphazard, crowded entanglement of
collagen fibers and glycosamine glycans (GAGs). Unlike normal tissues, the tumor mi-
croenvironment has solutes, proteins, and debris distributed unevenly [30,40]. Interstitial
hydrodynamic and oncotic pressures play a key role in the convection of nanoparticles
through the vascular wall, which are directly affected by the haphazard traffic of fluids [41].
The extracellular matrix will regulate the diffusive and convective forces that regulate
the movement of nanoparticles once extravasated. The diffusive coefficient in the tumor
interstitium is lower than in simple solutions for colloids and several in vivo and ex vivo
studies have shown the same [42,43]. The viscosity of the environment and the diffusive
paths can be altered by GAGs covalently linked to proteins such as collagen. The colloids
of different sizes show high and low mobilities due to GAG chains that are organized in
low and high viscosities, essentially making it a two-phase transfer process [43].

Resistance exerted on the interstitial transport correlated to the content and degree
of organization of collagen in the ECM. The use of the collagenase enzyme may break the
protein entanglement and restore mobility and help diffusion. Some research groups have
shown that intratumoral injections of collagenase can enhance the mobility of viral vectors
of 150 nm in size [43–45].

On the other hand, GAG-disrupting enzymes have not shown any significant ef-
fects. There were instances where injecting hyaluronidases decreased the diffusion of
macromolecules and injecting heparinases that cleave heparin sulfate moieties restored the
mobility of cationic macromolecules. The latter might be due to a decrease in the absorptive
interactions of the colloids in the ECM [42–44].

Cells of the mononuclear phagocytic system have the tendency to extravasate to the
tumor interstitium and inhibit the movement of the nanoparticles toward cancer cells. This
happens due to the affinity of these macrophages to the colloids resulting in increased
phagocytic activity [46]. Zamboni et al. showed that increased liposomal accumulation
was seen in xenografts of ovarian cancer with increased CD11 positive cells in comparison
to melanoma cells with lower dendritic cell expression [37]. The age of the individual also
affects the clearance of nanoparticles such as liposomes. Older patients or patients with
hepatic metastases have been shown to have higher exposure levels. Furthermore, older
patients also tend to have lower hematological toxicities compared to patients below 60
years of age. This suggests that mononuclear phagocytes interact with nanoparticles, which
could then affect the pharmacodynamics of the nanoparticles [47,48].

3.5. Changing Tumor Biology to Improve EPR

The tumor microenvironment can be optimized to enhance the distribution of nanopar-
ticles in a tumor. As mentioned earlier, intratumoral injection of the enzymes to reorganize
the extracellular matrix is an effective method. Similarly, reshaping the perivascular envi-
ronment has been utilized in photo-immunotherapy or to deliver low molecular weight
drugs. Preclinical models have shown increased accumulation and retention of the nanopar-
ticles and oncolytic viruses with these approaches [45,49,50]. Increasing the perfusing
pressure via improving transvascular convective movement is another approach. Adminis-
tration of hypertensive drugs such as angiotensin II resulted in increased extravasation of
the colloids with sufficient affinity to bind to the tumor and avoid being translocated back
into the circulation. Moreover, the administration of angiotensin converting enzyme (ACE)
inhibitors such as enalapril resulted in an increased accumulation of antibodies [2]. The
ACE inhibitor blocked the degradation of bradykinin (a potent physiological vasodilatory
peptide), which increased the permeability to large molecules [41,51]. Administration of
both the ACE inhibitor and angiotensin II is a good approach to increase the EPR as an-
giotensin II will counteract the hypotensive effect of ACE inhibitor enalapril. EPR can be
increased by employing other vasodilatory agents using nitric oxide, prostaglandins, and
carbon monoxide [52–56].
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3.6. Physicochemical Factors That Affect EPR

The physicochemical properties of the colloids play a key role in the EPR effect by
altering their extravasation. The physicochemical properties of any external material for
therapeutic or diagnostic purposes are important in drug delivery as they impact the way
the host defense mechanisms clear them from the systemic circulation [57,58]. The size,
charge, and shape of the nanoparticles are the important physicochemical properties that
dictate the EPR effect. Table 1 lists the characteristic size, charge, and shape needed for
increased enhanced permeation and retention.

Table 1. Properties of nanoparticles that affect the EPR.

Properties of Nanoparticles

Size Charge Shape

Characteristics

• It is evident from the mouse
xenograft models that smaller
molecules that are 3.3 to 10
kDa with 2 and 3 nm diffused
deeper into the tumor
compared to the large
molecules [59].

• Nanoparticles smaller than 70
nm tend to aggregate in the
tumor if they are highly
permeable [60].

• Surface charge of the
nanoparticles plays a key role
in the clearance of the
nanoparticles and thereby the
residence time in the body. It
also changes the opsonization
profile of the nanoparticle [61].

• An increased accumulation in
the tumor site has been
observed for nanoparticles
that are cationic and sterically
stabilized [62].

• Both positively and negatively
charged nanoparticles have an
affinity to bind to the
components in the
extracellular matrix, thereby
decreasing the diffusion in the
interstitium [19].

• Increased accumulation is
observed in the nanoparticles
that are elongated, such as
carbon nanotubes with a high
aspect ratio (100:1 to 500:1).
Porous media can aid in the
filtration process [63].

• Nanorods 44 nm in length
have been shown to
extravasate more than 35 nm
length rods by four-fold [64].

Furthermore, total blood exposure of these nanoparticles should be the key factor
influencing the accumulation of the nanoparticles inside the tumor. The concentration
of these colloids influences the diffusive and convective forces necessary in controlling
the amount of extravasation into the interstitium. The efflux of the nanoparticles from
the tumor can be hindered by maintaining higher concentrations in the bloodstream [32].
The above physicochemical properties can help the drug delivery scientists to design the
nanoparticle in such a way as to increase the EPR effect and increase the drug concentration
at the site of action.

4. Heterogeneity of EPR: A Clinically Relevant Phenomenon

In the last couple of years, research reports citing nanocarriers and EPR effect-based
therapies have been increased markedly. The basic rationale for tumor targeting via EPR
effect has been presented in thousands of research papers that claim improved therapeutic
potentials and consider this phenomenon a royal gateway. However, at present, scientists
and oncology specialists are of a view that these therapies are failing in the clinic and that
the EPR effect is misinterpreted and overrated. This approach, “one size fits all,” worked
in lab animal tumor models but not in humans, possibly because they were transient in
nature, thus limiting the bench to bedside translation of most targeted tumor therapies.
The heterogenous outcomes of clinical trials have led to a new understanding that the
EPR effect varies greatly between lab animals and humans as well as among different
tumor types and metastases within the same individual. To address the complex nature of
the EPR effect, the research is now moving towards a custom-fit approach to personalize

87



J. Pers. Med. 2021, 11, 571

the patient therapy for better outcomes and to identify the most responsive patients from
clinical trials [20,65–68].

Human tumors differ greatly from animal tumors with respect to the rate of growth,
size of the tumor, tumor-to-body weight ratio, and heterogeneity of the tumor microenvi-
ronment that collectively alters the pharmacokinetics of most drugs. The degree of tumor
heterogeneity varies in different types of tumors as well as with the same types of tumors
in different patients. Thus, complete control and performance monitoring throughout
therapy might help develop successful clinical trials [69,70].

4.1. Heterogeneity of Tumor Blood Flow and Hypoxic Areas

The abnormal tumor growth requirements for nutrients and oxygen direct the neigh-
boring tissues to proliferate and lead to the ingrowth of a vascular supply. The imbalance
between oxygen supply and demand leads to hypoxia. The irregular branching order
with enlarged vessels and chaotic blood flow within different parts of a tumor lead to the
heterogenous distribution of drugs. The resulting hypoxic parts of tumors alter the EPR
effect by activation of fibrinolysis, clotting, or bleeding in some tumor parts, result in poor
delivery of drugs [65,71]. The activation of hypoxia-inducible factor (HIF) signaling is
regulated by hypoxia through multiple mechanisms, including overexpression of Jagged 2
and Notch signaling, activation of CD24 expression, induction of integrin-like kinase, ILK
and elevated levels of hypoxia induced genes such as B lymphocyte-induced maturation
protein-1 (BLIMP1) that collectively promote metastatic stem cell phenotypes [72–77].

4.2. Heterogenous Vascular Permeability and Extravasation

The rapid tumor growth and improper development of blood vessels in murine
tumors result in a much leakier vasculature as compared to human tumors that can
lead to misinterpretation of the EPR effect [78]. This is generally not the case in humans,
where not all tumors manifest a leaky vasculature and resultant enhanced permeability
to macromolecules. However, there are certain human tumors that are very leaky, well-
vascularized, and overexpress VEGF. Despite the above notion, some human tumors
respond nearly as hypothesized, and the discovery of U.S. FDA approval of Doxil for
AIDS-related Kaposi’s sarcoma can be noted here. The liposomal doxorubicin extravasated
and accumulated intact in tumors with a leaky vasculature [79].

4.3. Heterogenous Penetration

The clinical isolates from a variety of cancer patients support tumor related abnormal
blood coagulation. This process starts when tumor cells erode the neighboring normal
or tumor blood vessels resulting in microscopic hemorrhages. The insoluble fibrin (IF)
clot formation and replacement with collagenous tissues start immediately to compensate
for the tissue damage. This silent process called ‘malignant cycle of blood coagulation’
in cancer patients is similar to the normal wound healing process, however these fibrin
clots survive with cancer cells. This fibrotic stroma provides a barrier to the penetration of
chemotherapeutics and resultant treatment failure. This stromal barrier is more prominent
in solid cancers that are invasive and hypercoagulable such as glioblastomas, pancreatic
cancers, and stomach cancers [10–12].

When moving from the periphery to the center of tumors, drugs face heterogenous
vessel stress and collapse due to proliferating cells as the density of tumor and interstitial
fluid pressure increase that further hinders the transport of drug molecules [80]. The
human tumors differ with respect to pericyte coverage (smooth muscle actin cells attached
to endothelium) in that it is high and compact while low and loose in murine models. The
tumors with a poor prognosis (brain tumors, renal carcinomas) have a fibrotic intersti-
tium with more pericyte coverage (60–70%) as compared to tumors with better prognosis
(ovarian carcinoma, colon cancers) with about a 10% coverage [81,82].

Adequate vascular pericyte coverage is crucial in normal cells’ maintenance of the
blood–brain barrier (BBB), where the loss of these cells leads to various brain disorders. The
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neoplastic pericytes derived after genetic modifications of glioma stem cells (GSC) develop
a blood tumor barrier (BTB) that hampers the penetration of chemotherapeutics and
results in treatment failure. The preferential overexpression of BMX-kinase in GSC-derived
pericytes makes it a suitable target to disruption of the BTB and enhance the penetration
of anticancer drugs. Zhou et al. identified ibrutinib as a potent tumor pericyte-disrupting
drug. Their findings suggest that adequate synergism can be established by combining
this treatment with some poorly penetrating anticancer drugs [83]. The pericytes serve as
a gatekeeper against tumor progression and metastasis to other organs of the body. The
clinical data also suggest that low pericyte coverage results in high mortality of cancer
patients [84]. The basement membrane (BM) and extracellular matrix (ECM) also play an
important role in determining the porosity and stiffness of human tumors that lead to
heterogenous penetration, poor prognosis, and treatment failure [66]. Lee et al. reported
non-invasive and cost-effective pulsed high intensity focused ultrasound technology as an
ECM remodeling strategy as an alternative to intratumoral injection of collagenase and
hyaluronidase for deep penetration of nanoparticles [85].

5. Strategies to Overcome Heterogeneity

Various treatment modalities based upon specific pathophysiology of tumor and EPR
effect have been proposed with more than 7350 citations over the first report of EPR (as
of June 2021 from Google Scholar). The CAST therapy received considerable attention
from researchers after the successful development of new strategies to achieve highly
localized concentration of topoisomerase-1 inhibitor, SN-38, conjugated with monoclonal
antibody (mAb) targeted against collagen-4. This newly developed immunoconjugate was
optimized to bound with stromal collagen creating a scaffold with sustained release of
anticancer agent [13,14]. Gebleux and coworkers proposed non-internalizing antibody
drug conjugates, ADC, that rely on extracellular release of drug thus preventing antigen
barriers [15]. ADC might overcome heterogeneity of tumors by utilizing TME to facilitate
cleavage of linkers and payload release [16]. Tumor endothelial marker-8 (TEM-8) is
overexpressed in perivascular stromal cells and can be used as a useful stromal target
for locally triggered drug release from anti TEM-8 ADC [17]. The heterogenous antigen
distribution in malignant cells and the difference in targeted gene copy number among
patients are serious challenges for researchers, and a single mAb may not be effective for
all patients [14].

Many approaches have been proposed for mAb-based tumor targeting and mech-
anisms to overcome therapeutic resistance that is caused by the heterogeneity of tumor
antigen and also the resistance executed by TME, including inefficient delivery to the
tumor, alteration of effector functions in the TME, and Fc-γ receptor expression diversity
and polymorphism. mAbs-based therapies are potential approaches to overcome these
barriers using several diagnostic and prognostic biomarkers for envisaging response to
mAb-based therapies [18].

EPR-effect has been proved by many preclinical animal models. However, results
obtained from animal models are usually conflicting with clinical observations. Unlike
hematological malignancies, in solid tumors, administered anticancer agents (ACA) must
diffuse through the tumor mass, overcoming cancer stromal barriers and tumor mass itself.
It has been demonstrated that hypercoagulability caused by cancer stroma, and the more
aggressive cancer, the greater the deposition of insoluble fibrin (IF) in cancer tissue [14].
An ant-IF mAb was developed and conjugated with an ACA using V-L-K linker. The
resultant ADC drug linker is degradable by plasmin. The plasmin is activated during the
IF formation only. ACA is released from the ADC drug particularly when the conjugate
binds to the IF. This novel approach was beneficial to deliver ACA to tumor cells through
the stromal barrier due to the small size of the drug [14].

Numerous strategies have been used to modify the abnormal tumor microenvironment
in humans by combination with nanomedicines. The direct permeability enhancement by
various methods has been explored that take advantage of the EPR effect and facilitate
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the delivery of drugs/macromolecules inside tumors. Examples include the selective
inhibition of angiotensin-converting enzymes [86,87], generation of NO or CO within
tumors [56,87,88], blockage of VEGF and other angiogenic signaling factors [89–91], inhibi-
tion of pericyte recruitment and BM activation [92,93], and image guiding systems [94].

The recent advancements and technological innovations have allowed novel insights
into the drastic differences between murine and human cancers that can hamper the clinical
translation of tumor-targeted nanotherapeutics. The laboratory-established models are
not true representatives of human cancer in many respects and require modifications to
explain the heterogenous events responsible for compromised EPR effects in humans. To
maximize the clinical outcomes of investigational cancer therapeutics, new strategies to
mimic the individual tumors are required that closely recapitulate the patients’ responses
to preclinical drug testing [95,96]. This approach provides the potential for guided clinical
decision-making in translational cancer research by individual performance metric calcula-
tion. Tailoring the cancer therapy to patient groups that are more prone to respond and
benefit from the investigational treatment offer a potential solution to overcome the hetero-
geneity of the EPR effect. Patient-derived tumor xenografts (PDX) involve the engraftment
of specific tumor tissues in immunocompromised mice. Izumchenko et al. integrated
PDX models via implantation of 92 different solid cancers from a 237 cohort of patients
into immunodeficient mice. They analyzed and compared the patient responses and PDX
models after whole exome sequencing. Their findings suggested that these models ac-
curately replicated the patient outcomes over a repetitive course of therapy, enabling an
oncologist to assess the patient-specific cellular events [97]. The mouse models offered
numerous benefits, such as their small size, ease of reproduction, transgenicity, and closely
mimicked physiology. However, various limitations involving mice such as high cost,
complex genetic manipulations, and prolonged duration of experimentation have forced
researchers to utilize alternatives. Numerous current publications reported the use of chick
chorioallantoic membrane (CAM) and Zebrafish for implantation as alternatives to mice.
Hu and coworkers demonstrated that CAM is an efficient system to analyze pilot drug
responses in patients with bladder tumors, accelerating the discovery of critical molecular
mechanisms [98]. Mercatali et al. studied the metastatic potential of breast cancer after in-
jecting primary culture of bone metastasis derived from a 67-year-old patient into zebrafish
embryos. Their findings suggested zebrafish are a suitable substitute for mouse models
and provide for a better understanding of chemotherapeutic sensitivity and prognostic
marker identification [99]. Table 2 shows the status of some patient-derived tumor models.

Table 2. Recent progress and status of patient-derived tumor models.

Therapeutic
Moiety/Combination Target Cancer Type Animal Type Reference

Erlotinib EGFR Glioblastoma Athymic nude mice [100]

Gefitinib and Enzalutamide Androgen receptor and EGFR non-small cell lung cancer
and Prostate cancer

Chick chorioallantoic
membrane (CAM) [101]

Apatinib, Regorafenib,
Cabozantinib, Ramucirumab VEGFR2 Gastric cancers Zebrafish [102]

Ramucirumab Her2, FGFR2, cMet Gastric cancers BALB/c nude mice [103]

Bortezomib CDK4 and MDM2 Liposarcoma Mice [104]

Pembrolizumab PD-1/PD-L1 Soft Tissue Sarcoma NSG mice [105]

Erdafitinib FGFR Metastatic prostate cancer Male mice [106]

β-elemene and
cisplatin-coloaded liposomes Codelivery to reverse MDR Lung cancer C57BL/6 mice [107]
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6. Targeting Tumor Tissues via an EPR Effect

Since the discovery of the EPR concept, it has been utilized widely for many appli-
cations (Figure 2), especially for the delivery of anticancer drugs. The EPR effect helps
promote a favorable biodistribution of nanoparticles in blood and a high level of nanoparti-
cle accumulation in solid tumors. However, for the optimal development of nanoparticles
for enhanced drug delivery by EPR effect, multiple factors should be considered, including
blood half-life of nanoparticles, minimal nonspecific delivery, and effective elimination
from the body [108].
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The EPR effect discovery was a milestone in drug delivery systems, and expectations
for utilizing this effect in a selective anticancer drug delivery were high. However, the
transition of nano-drug delivery medicine from benchtop to clinic has been very difficult.
An EPR effect-mediated drug accumulation has been proved with various natural and
synthetic molecules with molecular sizes greater than 40 kDa or 7 to 8 nm in diameter.
Encapsulation of small molecules inside macromolecular vehicles, including liposomes,
nanospheres, or polymeric micelles, led to full utilization of the EPR effect and made it a
universal method for targeting the tumor side known as passive targeting. The characteris-
tics of the EPR effect are at disposal for this method of targeting, including (i) defective
architecture of blood vessels, known as a “leaky vasculature,” with large gaps (around
400 nm) between capillary endothelial cell linings; (ii) overproduction of vascular me-
diators including bradykinin and nitric oxide [NO]); and (iii) improved retention of the
macromolecules in tumor tissue due to impaired lymphatic recovery [110,111].
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6.1. Chemotherapeutics Targeted through EPR Effect

Taken together, it can be said that successful drug delivery via EPR effect is based on
the properties of the molecule/carrier, including (i) biocompatibility; (ii) molecular size
greater than renal clearance threshold (40 kDa); (iii) neutral or slightly negative charge;
(iv) drug retention time greater than a few hours (v) circulation time longer than a few
hours [65,110]. Among these factors influencing the EPR effect, the most important are
molecular size and biocompatibility. To prevent renal clearance, low molecular weight
drugs are conjugated to polymers or to natural blood components that circulate long in the
plasma, such as serum albumin or lipoproteins. The best-known example of such a polymer
is poly (styrene-maleic anhydride) (SMA). It has been proven that the conjugation of
peptides and proteins with a polymer of this type (1.5 kDa) allows extending the circulation
time of anti-cancer proteins and peptides by binding the conjugates to plasma albumin.
It has also been shown that conjugation with SMA protects proteins from enzymatic
degradation and reduces the immunogenicity of modified proteins. An example of such
a conjugate is neocarzinostatin and SMA (SMANCs) used for the treatment of hepatoma,
which accumulates in solid tumors through the EPR effect and which was the basis for
other conjugates based on the same mechanism of action [112–114]

The copolymer to which a wide variety of anti-cancer drugs including doxorubicin,
has been attached is based on N-(2-hydroxypropyl)methacrylamide (HPMA) for delivery
to tumors via the EPR effect [115–117]. Conjugates of HPMA copolymer with an anticancer
drug are active in many models and have low immunogenicity, which makes it possible
to improve such a conjugate to target and control its subcellular localization of the drug
based on its mechanism of action [116,118,119].

Another method for drug delivery through the EPR effect is to entrap the drugs into
nanoparticles. The disadvantage of this solution is that large-sized nanoparticles will be
absorbed by organs of the reticuloendothelial system (RES), such as the liver and spleen,
resulting in slower elimination from the body and a potential for toxicity [120]. For this
purpose, the concept of stealth liposome was developed. Conjugation of phospholipids
with polyethylene glycol (PEG) leads to the formation of a protective, hydrophilic layer
on the liposome surface. This layer prevents recognition of the liposomes by opsonin and
other complement components, thereby preventing clearance through the RES system
and increasing the half-life of the liposomes. As stealth liposomes, the appropriate size
of the liposomes prevents loss due to renal filtration, while pegylation, in turn, ensures
that the RES system does not recognize the nanoparticles, which leads to the preferential
accumulation of liposomes in tumor tissues through the EPR effect [121,122]. The first lipo-
somal formulation that met these guidelines and was approved by the FDA was Doxil®, a
formulation containing doxorubicin hydrochloride used in the treatment of AIDS-related
Kaposi’s sarcoma, multiple myeloma, and ovarian cancer using the EPR effect. To date,
the FDA has approved many other liposomal formulations such as DaunoXome®, which
contains daunorubicin, and Marquibo®, which contains vincristine sulfate for cancer ther-
apy [123] as well as other types of nanoparticle including polymeric micelles containing
paclitaxel (Genexol® PM), micelles built with PEG and a poly(γ-benzyl L-glutamate, con-
taining cisplatin [124] and albumin nanoparticles with paclitaxel (Abraxane®) [125]. A new
strategy to overcome the dilemma between the EPR effect and renal clearance was the
development of multifunctional particles such as FeTNPs. These molecules were designed
based on the coordinated interaction of phenolic groups and iron, composed of ferric iron,
tannic acid (TA), and poly (glutamic acid) -graft-methoxy poly (ethylene glycol) (PLG-g-
mPEG). FeTNPs are characterized by their effective accumulation in tumor tissue based
on the EPR effect and the possibility of being disassembled dynamically by deferoxamine
mesylate (DFO) to accelerate the elimination of nanoparticles, thus reducing the potential
for toxicity [126].

Another extremely important physicochemical parameter that affects the time of
systemic circulation and intratumoral processes is the presence of a surface charge, which
can control the opsonization profile of the material, its recognition by the MPS cell, and
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its overall plasma circulation profile. The desired parameter has a neutral or slightly
negative surface charge, while a positive charge was believed to lower the circulation
time. However, the non-pegylated, positively charged liposomes containing 1,2-diacyl-
trimethylammonium propane (DOTAP) lipid have been shown to have higher tumor-to-
surrounding tissue ratios than their negative or neutral counterparts. The positive charges
are believed to promote NP interactions with tumor blood vessels and compromise their
predisposition to deeper diffusion in the tumor while preventing their redistribution in
the systemic circulation. This phenomenon has been exploited for therapeutic purposes
by targeting an endothelial tumor vessel with anti-angiogenic and antitumor drugs in
preclinical and clinical models [33,127].

6.2. Targeting DNA, siRNA, and Other Nucleotides

The main strategy to target nucleic acids via the EPR effect is to encapsulate/conjugate
them with nanoparticles. Similar to anticancer drugs, for specific tumor delivery of siRNA,
sufficient longevity of loaded siRNA carriers is required [128]. Currently, polyethyleneimine
(PEI) is one of the most studied and successful cationic polymers for nucleic acid delivery,
including siRNA. Unfortunately, PEI of high molecular weight did not show high trans-
fection efficiency and also showed significant systemic toxicity. To reduce the toxicity of a
PEI-based delivery system, polyethyleneimine is most often combined with other polymers
such as PEG [129] or dendrimers [130]. These have led to the successful clinical use of PEI
to deliver sensitive genetic biomaterials [129].

To improve the PEI-based genetic material delivery system, a conjugate of a lipid, PEI,
and polyethylene glycol (PEG) with a hypoxia-sensitive linker (azobenzene; a derivative
of nitroimidazole) was developed. The advantage of this approach is that under hypoxic
conditions, the azobenzene linker is degraded, thus releasing the protective PEG layer,
exposing the siRNA to allow hypoxia-dependent cellular uptake. This method uses the
enhancement of the EPR effect by targeting the carrier to a specific tumor environment.
This strategy may allow for an effective supply of genetic material and can be used as a
therapy for drug-resistant tumors [131,132].

6.3. Targeting Imaging Agents

The EPR effect is an important tool for specific nanoparticle targeting in cancer therapy
as well as for diagnostic purposes. Diagnostic techniques such as fluorescence imaging,
positron emission tomography (PET), magnetic resonance imaging (MRI), computed tomog-
raphy (CT), or single-photon emission computed tomography (SPECT) require delivery of
small molecules to a tumor site, which is a challenging task [133,134]. Nowadays, imaging
plays an important role in clinical oncology by serving as the main tool to identify solid
tumors and determine therapeutic responses. Unfortunately, imaging techniques including
CT and MRI have limited sensitivity and thus, cannot provide specific and functional
information on the disease due to usage of non-targeted contrast agents. Therefore, there
is a definite need for new contrast agents or modified existing ones. Significant progress
was seen with recently developed biodegradable nanostructures of iron oxide for MRI and
luminescent quantum dots (QDs), a new class of light-emitting particles. The nanoparti-
cles were built of PLGA-mPEG polymer and showed prolonged circulation half-life and
improved imaging effects [135,136].

Recently, liposomes containing 89Zr have also been formulated for photodynamic
therapy and PET imaging. Liposomes with a multicompartment-membrane were devel-
oped containing tween-80, where 89Zr was conjugated with a deferoxamine chelator with
tetrakis (4-carboxyphenyl) porphyrin. These radiolabeled liposomes showed enhanced
EPR effects, improved photodynamics, and in vivo stability [137]. Copper-64 containing
PEGylated liposomes were also developed to clearly observe the EPR effect through PET
imaging [138].

Similarly, for fluorescent imaging, various strategies have been developed. Fluorescent
dyes have been conjugated to macromolecules to enhance the EPR effect, including tetram-
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ethylrhodamine isothiocyanate (TRITC)-conjugated, with high-molecular-weight [MW
67,000] bovine serum albumin (BSA). Another polymer, N-(2-hydroxypropyl)methacrylamide
(HPMA) (13 kDa), was also conjugated with zinc protoporphyrin (ZnPP). Formed micelles
were about 80 nm in diameter and produced a clear tumor image similar to BSA-TRIC
conjugate [139].

Nowadays, superparamagnetic iron oxide nanoparticles (SPION) are being used as an
MRI contrast agent for tumor imaging. SPION are usually built of magnetite (Fe3O4) or
maghemite (Fe2O3), encapsulated within an aqueous core. The marketed SPION contrast
agent that has been used for tumor imaging is known as Endorem®. Modification of SPION
with the ultrasmall size is USPION, known as Sinerem®. These nanoparticles with a size
below 50 nm are mostly used for the detection of brain tumors [140].

Although we understand more about the EPR effect and many approaches have been
taken to utilize this phenomenon in cancer treatment and diagnosis, there are still many
challenges left. Thus, significant research has been focused on the enhancement of the
EPR effect.

7. Approaches for Promoting EPR of Nanodrugs in Cancer

There is a large intra- and inter-personal heterogeneity in EPR-based tumor targeting,
which is reflected in the outcome of clinical trials showing unexpected lower success rates.
Based on the nature, heterogeneity, and complexity of the EPR effect, the development
of systems and approaches for enhancing, combining, bypassing, and imaging the EPR
tumor-targeting are crucial.

In healthy tissues, low MW drugs easily extravasate out of blood vessels, whereas
nanodrugs are often unable to do so because of size. On the other hand, in tumors, ab-
normally wide fenestrations in the blood vessels allow the extravasation of nanoparticles
with sizes of up to several hundreds of nm. Additionally, the relative absence of lymphatic
drainage leads to an effective and selective accumulation of nanodrugs in tumors.

Multiple vascular and TME parameters contribute to heterogeneity in EPR-mediated
tumor accumulation. Biological barriers that contribute to heterogeneity in EPR-based
tumor targeting include high cellularity, dense ECM, hypoxia, interstitial fluid pressure
(IFP), vascular permeability, endothelial cell receptor expression, and vascular maturation
at the vessel level.

Many pharmaceutical and physical approaches can be used to enhance tumor ac-
cumulation and efficiency of the EPR-based drug delivery. Important pharmacological
approaches include modulating VEGF signaling with angiotensin agonists and antago-
nists, TNFα, vessel-promoting treatments, and nitric oxide-producing agents. Physical
approaches include hyperthermia, ultrasound, radiotherapy.

Regulation of particle size and encapsulation in micelles can improve circulation
time and enhance accumulation via the EPR effect. Encapsulation of doxorubicin in lipo-
somes, Doxil, enhances plasma half-life by up to 2–3 days compared to free drug. In many
liposomal and micellar nanodrug formulations, surface modification with the stealthy
polymer, PEG, decreased aggregation, opsonization with plasma protein and enhanced the
circulation half-life [20].

Anti-angiogenic drugs can be used to deprive tumors of nutrients and oxygen. For
instance, at an intermediate dose of anti-angiogenic drug, bevacizumab was employed
to normalize the disorganized tumor vasculature into a highly vascularized one to en-
hance drug delivery. The use of intermediate doses of Doxil or Abraxane enhanced the
accumulation of paclitaxel in tumors by restoring convective drug delivery with reduced
IFP, and without decreasing the concentration of doxorubicin in a size-dependent man-
ner. Bevacizumab-mediated vascular normalization enhances the antitumor response of
Doxil-based chemotherapy of ovarian cancer in a clinical setting [141].

TNFα is a potential inflammatory molecule. It led to a 10-fold higher EPR-induced
accumulation of radio-labeled liposomes in mouse tumors compared to non-TNFα treated
ones. Fibromuna, an antibody fused to TNFα used in melanoma treatment, has been used
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in combination with doxorubicin for sarcoma treatment and in combination with melpha-
lan used for isolated limb perfusion to avoid amputation of a cancerous limb [142,143].
Although clinical trials with several TNFα-based drugs are promising, their use has been
limited to local delivery due to their systemic toxicity [20].

Accumulation by EPR in tumors can be enhanced with Angiotensin II receptor block-
ers (ARB) that promote vessel permeability and dilation through the loosening of the
endothelial cadherin-mediated intracellular connections [53]. The ARBs can modulate
the expression of ECM, leading to vessel decompression and an enhanced EPR [144]. For
example, losartan can decompress tumor blood vessels, increase vascular perfusion and
EPR-targeted drug delivery [145]. Instead of increasing vessel permeability and dilation
of vessels using ARBs, vasoconstriction using angiotensin II can also be used to enhance
the EPR-mediated drug delivery. Angiotensin II can induce systemic vasoconstriction
in healthy blood vessels. However, since tumor blood vessels are immature and lack a
uniformly differentiated and structured smooth muscle cell layer, they do not contract in
response to AT-II. As a result, the AT-II drugs can enhance the EPR drug accumulation
through an increased blood flow into the tumor blood vessels compared to healthy blood
vessels. Thus, AT-II can lead to better perfusion of tumor tissues and enhanced EPR-based
drug accumulation in tumors. However, this treatment option may be limited to patients
with normal BP levels.

Approaches to vessel promotion of increased angiogenesis instead of inhibiting the
angiogenesis can result in more vessels and a higher delivery of drugs. Cligentide can
bind to αvβ3 integrins to prompt anti-angiogenesis [146]. Verapamil, a calcium channel
blocker, induced higher blood flow and enhanced blood vessel perfusion. The combination
therapy using cligentide, verapamil, and gemcitabine enhanced survival in a mouse model
of pancreatic cancer due to a reduced tumor burden. This combination therapy signifi-
cantly increased vessel density and reduced hypoxia, exhibiting possible benefits of vessel
promotion in combination with chemotherapy. Similarly, erythropoietin in NSCLC models,
increased vessel density by 50%, doubled the relative tissue blood volume, through the
vessel promotion, which resulted in up to a 100% increased cisplatin delivery [147].

Radiation therapy can increase vascular leakiness through upregulation of fibrob-
last growth factor [148]. The combination of nanodrug therapy and radiotherapy can
enhance the EPR-based drug delivery. Combination therapy using Doxil with radiother-
apy in osteosarcoma xenograft mice delayed tumor growth compared to the control [9].
However, un-encapsulated nanodrugs, when combined with radiotherapy, may have se-
vere side effects [149]. In fact, ionizing radiation has an effect on different cell types in
TME. Besides increasing vascular leakiness, radiotherapy can prompt MDR and metasta-
sis [150]. Thus, applying radiotherapy in combination with nanodrug therapy required
precautionary steps.

Hyperthermia can be used in combination with chemo- and radiotherapy for locally
well-defined solid tumors. This can be applied through radiofrequency, microwave-focused
ultrasound, and intracavity perfusion. Hyperthermia increases tumor blood flow and
enhances vascular permeability and promotes drug and oxygen supply to tumors. Thus,
hyperthermia can be used to enhance EPR-mediated drug delivery, especially in non-leaky
tumors with a very low level of baseline nanodrug accumulation [151]. Extravasation of
100 nm liposomes was enhanced significantly upon increasing temperature [152]. The
combination of hyperthermia with temperature-sensitive nanodrugs can be an effective
EPR-based drug delivery system.

In low EPR tumors upon sonoporation, liposome accumulation was enhanced up to
100% [20]. Sonoporation in combination with gemcitabine-based therapy in pancreatic
cancer demonstrated positive impact [153]. Usually, CNS drug therapies are not effective
due to the BBB. However, sonoporation prompted a spatially and temporally controlled
BBB opening facilitating enhanced drug delivery [154]. Ultrasound (US)-mediated brain
vascular opening demonstrated that MRI-focused US treatment in combination with Doxil
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enhanced drug accumulation in a gliosarcoma model [155]. Clinical trials to evaluate
minimal US required for safely open the BBB are currently ongoing [156].

Photodynamic therapy (PDT), based on a photosensitizing agent and ROS formation,
can damage nucleic acids and proteins, leading to cell death. A mAb-photosensitizer
conjugate, panitumumab-IR700, against the EGFR in combination with laser light and
liposomal daunorubicin was used to treat tumors [157]. Treatment of tumors with EGFR tar-
geted photosensitizer, prior to daunorubicin treatment led to super-enhanced permeability
and retention (SUPR), enhanced tumor accumulation, and therapeutic efficacy. However,
clinical limitations of PDT, including penetration depth of laser light and short migration
distance by ROS, render the treatment options for wide-spread tumors and metastasis
located deep in the body almost impossible.

The pretreatment with intralipid increased accumulation of nanomedicine in tumors
due to induced reduction in liver uptake. This increased accumulation, therefore, led
to significantly improved therapeutic effects, which were validated by using the Doxil
drug. As a fascinating result, intralipid pretreatment prolonged the plasma half-life of
nanomedicines in normal healthy mice but not in tumor-bearing mice, which suggests
that tumors may be an alternative route of nanodrug delivery when liver delivery is
suppressed [158].

The combination of two different drugs within a formulation can be beneficial for
EPR targeting. CPX-1 is a liposome containing irinotecan and fluoxuridine in a 1:1 molar
ratio enhanced EPR-accumulation of CPX-1 in colorectal cancer [159]. Combination of
Abraxane with gemcitabine for the treatment of metastatic PDAC, and a combination
of abraxane with carboplatin for the treatment of NSCLC have shown promise in the
clinic [160]. Trastuzumab, together with different chemotherapeutics, are used for the
treatment of HER2-positive metastatic breast cancer [161]. An EGFR-targeted nanobody
linked to a polymeric micelle (PM), nanobody modified DOX-PM, inhibited tumor growth
and prolonged survival [162].

The combination of an anti-PD-L1 with an immunogenic cell death-inducing nanoscale
coordination polymer (NCP), loaded with oxaliplatin, as well as photosensitizer for PDT
showed success in cancer therapy [157]. Combination therapy using nanoformulations
suitable for combined PDT and immune checkpoint blockade was also successful against
TNBC [163].

Combination of several drugs in a nanocarrier and application ADCs accumulated
drugs through an EPR effect and enhanced delivery of all drugs with different mecha-
nisms to the tumor cell, without cross-resistance. This combination therapeutic approach
enhances the impact of individual drug components, aids synergistic effects, reduces side
effects due to the encapsulation of drugs into a nanocarrier resulting in an enhanced
nano-immunotherapeutic outcome [164].

Patients with a low EPR tumor with a non-leaky vasculature need either active de-
livery or a bypassing of the EPR effect to trigger drug release into the tumor. Several
approaches have been developed to deliver nanoparticles without reliance on an EPR
effect [5]. Fluorescent peptides that form nanoparticles in situ in tumors, and treatment
responses that can be detected by imaging, have been developed [165]. Similarly, an as-
sembly of GNPs and fluorescent contrast agents has been used for the detection of drug
delivery in tumors [166].

For low EPR tumors, an injectable nanoparticle generator (iNPG) has been developed
to enhance drug delivery to tumors. The iNPG releases the drug-polymer conjugate due
to natural tropism and enhanced vascular dynamics and forms self-assembled nanopar-
ticles in situ, which are transported to the perinuclear region to bypass the drug efflux
pump. The iNPG system was effective in TNBC, MDA-MB-231, and 4T1 mouse models of
metastasis [21,167].

Another EPR-independent approach to improve tumor targeting in low EPR tumors
and metastatic cancer sites that are unreachable by EPR targeting is by cell-mediated
delivery of nanoparticles. Conjugating nanocapsules encapsulating the topoisomerase I
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drug SN-38 to the T cell surface, used to traffic through the lymphatic system, resulted in a
90-fold increase of SN-38 drugs in lymph nodes relative to free drug [168]. Immune cell-
induced delivery of nanoparticles can improve drug accumulation in disseminated tumors
and metastasis. Such a safer targeted delivery of IFN-γ can promote the differentiation of
tumor-enhancing M2 macrophages to antitumor M1 [21].

To better clinical results, patients showing a sufficient level of EPR may be pre-selected.
Suitable, efficient probes and protocols are necessary for patient pre-selection for clinical
trials in considering factors, including vascular leakiness and perfusion, macrophage
content, and density of ECM. To quantify the EPR effect in tumor targeting, direct and
indirect imaging techniques have been promising. MRI scanning was used to characterize
and correlate parameters including RBV and vessel permeability with the accumulation
of fluorophore-labeled nanoparticles in several tumor models to detect biomarkers of
EPR-mediated drug accumulation that have been studied [169]. The accumulation of
polystyrene nanoparticles in different tumor models has been evaluated using multi-modal
imaging techniques [170].

The PET nano-reporter, can serve as a companion nano-diagnostic for Doxil, loaded
with chelators allowing for 89Zr-labeling and PET imaging to evaluate the therapeutic
outcome by predicting the drug accumulation. Nano-reporter and doxorubicin concentra-
tions in tumors correlated well with therapeutic efficiency, indicating a good therapeutic
response [171]. A paramagnetic, ferumoxytol, was studied as a companion nano-diagnostic
with polymeric nanoparticles encapsulating docataxel, to differentiate tumors with high,
medium and low accumulation of docetaxel and ferumoxytol. The highest docetaxel accu-
mulation and tumor response was observed for high ferumoxytol accumulated tumors [20].

64Cu-labelled, HER2-targeted PEGylated liposomes containing doxorubicin were
used to study the EPR effect in primary and metastatic breast cancers by quantitative
PET imaging and biopsies to determine the doxorubicin accumulation in the tumor and
therapeutic efficacy [172].

The various direct and indirect imaging strategies discussed above for EPR determi-
nation have their own advantages and difficulties. However, the use of indirect imaging
is promising for EPR measurement and patient pre-selection for therapy. The clinically
approved and imageable companion diagnostic, ferumoxytol, has shown potential in
patient pre-selection, evaluation of EPR effect, and improvement of EPR-based tumor
targeting [20].

The typical xenograft mouse model uses inoculation of simple human cell lines and
immuno-compromised mice. Nanodrug accumulation is lower in immuno-deficient mice
compared to immuno-competent mice. These mouse models are highly homogeneous
compared to the patient tumor with a typically low degree of heterogeneity. Tumors in
mice usually have a relatively large size. However, compared to the size of the tumor in
patients, they are usually relatively small. The murine tumors also lack the patient’s TME
and stromal factors due to their very different growth kinetics, usually days and weeks in
mice, when contrasted with months and even years in patients. Metastasis is often ignored
in xenograft models. With EPR-mediated drug delivery, tumor location plays a crucial role,
with a tendency for higher accumulation in orthotopic tumors. Age differences between
human and mouse may further affect the EPR, as mice at a very young age are usually
selected for tumor inoculation and tumors grow rapidly However, human tumors, at old
age, may grow slowly and progress only over several years [5,20].

Organoids and PDX models are very attractive for preclinical research because of
the regrowth of human tumors. The tumor cells are harvested through biopsy or surgery.
Upon growth in PDX model or organoids, most of the tumor stroma and TME features, and
structure are retained. PDX models facilitate the study of several parameters, including
TME and vascularization of the tumor and accumulation of drugs indicating the extent of
EPR. However, there still exist limitations for translating PDX and organoids study benefits
to clinic, since PDX models depend on immuno-compromised mice and organoids and
PDX models require time and labor-intensive workflow with low engraftment rates.
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8. The EPR Effect and Beyond: Enhancement of Therapeutic Efficacy of
Cancer Nanomedicine

EPR-mediated drug systems have prodigious therapeutic potential. However, intra-
and inter-tumoral, inter-patient heterogeneity in EPR effect, and physiological barriers
associated with it pose a big challenge in drug delivery. Actively targeted drug deliv-
ery systems are greatly beneficial for the treatment of hematological malignancies. For
solid tumors, active targeting must rely on EPR-mediated accumulation in tumors. To
assess the EPR effect, the development of fast, quantitative EPR-imaging technologies is
necessary. Several strategies have also been proposed that bypass the EPR effect, includ-
ing cell-mediated delivery of nanoparticles and immune-modulating payload release in
tumors. Such approaches should be useful for the treatment of low-EPR tumors, hema-
tological malignancies, and metastatic cancers. Besides, local delivery of drugs using
nanoparticles, hydrogels, implants, etc., can bypass physiological barriers of EPR-targeted
delivery [5,20,21]. Moreover, the CAST therapy might be another approach to compensate
for the inadequate effect of the EPR targeting [14]. Recently, mAb-based therapies for
solid tumors has been proposed to overcome tumor heterogeneity, efficient delivery to
tumor, durable therapeutic and clinical outcome in a large subset of patients, and enhanced
prognosis [18]. Table 3 shows some selected EPR-based drug delivery systems [173].

Table 3. Selected EPR -based therapeutic systems.

Carrier Ligand Imaging/Therapeutic Agent Applications

Nanoemulsion PEGylated hydrophilic molecules
(Killiphore ELP)

Iodinated monoglyceride and
iodinated castor oil contrast agent

Blood pool imaging agents,
accumulated particularly in liver and

spleen and imaged by X-ray, CT.

Albumin nps - Tacrolimus (TAC) TAC-loaded HAS nps, target inflamed
joints of rheumatoid arthritis tissues

Polymeric nps C18PMH-PEG Fe3O4 contarst agents and
doxorubicin drug

Magnetically controlled drug delivery
and for T2-weighted MRI imaging

Lipid nanocapsules Polysaccharide lipochitosan and
liopdextran DiD fluorescent dye Selective to HEK293 (β3) cells bearing

mice, detected by imaging

Development of more predictive animal models, including PDX and organoids, and
EPR-imaging techniques and adoption of GLP, standardization guidelines, are necessary
for translation of ERP-based therapies to the clinic. Development of PDX and organoid
libraries to share information of the EPR patients, EPR tumors, and outcome of EPR-
mediated drug delivery research will be helpful to predict appropriate therapy for the
patients more rapidly and accurately. Scheme 1 shows the proposed workflow in the
development of EPR-based drug delivery systems.
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Active targeting can also be used as a complementary approach to EPR-mediated
tumor targeting to enhance drug delivery, accumulation, and retention in tumors [174].
Finally, pharmacological and physical co-treatments, nanoparticle-based combination
therapies, bio-inspired design of nanoparticles allowing tumor-selective drug release, ad-
vanced imaging techniques coupled with HTP computing technologies, and development
of 3D-models of cells, better animal models, and organoids are necessary to improve the
application and efficacy of EPR-targeted drug delivery for cancer therapy in both clinical
and pre-clinical settings.

9. Conclusions and Future Perspective

EPR-targeted drug delivery was first discovered by Maeda and colleagues in solid
murine tumors and reached the clinic about 30 years ago with the approval of the first
EPR-based drug. Interpersonal and intra-, as well as inter-tumoral heterogeneity, is a major
difficulty in EPR drug delivery studies. Since drug accumulation through EPR effect in the
tumor may not be enough to obtain therapeutic effect, penetration, internalization, effective
drug delivery, and cytoplasmic release are crucial for improvements with anticancer therapy.
Actively targeted drug delivery systems have been highly useful for the treatment of
hematological malignancies, whereas, for solid tumors, active targeting must rely on EPR-
mediated accumulation in tumors. Quantification of the EPR-effect is thus necessary. To
assess the EPR effect, the development of fast, quantitative EPR-imaging technologies is
essential. Combination therapeutic approaches using nanoparticles, complementary use of
passive and active targeting, and pharmaceutical as well physical co-treatments are crucial
for enhancing EPR-based drug delivery systems. Humanized advanced animal models,
3D-models and organoids development, and patient pre-selection may improve EPR-based
tumor targeting and clinical translation.
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Abstract: To selectively and continuously produce anti-cancer molecules specifically in malignant
tumors, we have established an in situ delivery and production system (iDPS) with Bifidobacterium as a
micro-factory of various anti-cancer agents. By focusing on the characteristic hypoxia in cancer tissue
for a tumor-specific target, we employed a gene-engineered obligate anaerobic and non-pathogenic
bacterium, Bifidobacterium, as a tool for systemic drug administration. This review presents and
discusses the anti-tumor effects and safety of the iDPS production of numerous anti-cancer molecules
and addresses the problems to be improved by directing attention mainly to the hallmark vasculature
and so-called enhanced permeability and retention effect of tumors.

Keywords: solid cancer; microenvironment; hypoxia; cancer therapy; DDS; anaerobic bacteria;
Bifidobacterium; bacterial therapy; iDPS; EPR

1. Introduction
1.1. Molecular Target Cancer Therapy and its Limitations

One of the greatest advances in recent cancer research is the identification of driving
genes, which are specific to cancer type and critically responsible for cellular growth. Many
molecular targeting drugs have now been developed, leading to increased specificity to
cancers and fewer side effects on bone marrow and digestive organs, the most common
areas harmed by classic chemotherapeutic anti-cancer drugs [1]. However, there remain
obstacles in cancer treatment, such as the appearance of drug-resistant cells from heteroge-
neous cancer cell populations, which leads to recurrence. There are also new types of side
effects differing qualitatively from those of conventional cytotoxic anti-cancer drugs [2]. In
the case of solid cancers, simple but troublesome problems exist in that the exposed dose
of drugs is often insufficient to kill cancer cells as compared with hematopoietic cancers,
which are more readily exposed to anti-cancer drugs. Accordingly, it is essential to develop
a selective drug administration system to deliver large amounts of anti-cancer drugs to
solid tumors and overcome the situation.

In their review on the hallmarks of recent cancer research leading to the identification
of driving genes and development of molecular targeting drugs and antibody drugs,
Hanahan and Weinberg pointed out the importance of the characteristic microenvironment
of cancer, including low oxygen pressure (pO2) and immune avoidance conditions [3],
as targets for emerging therapies [4]. Thus, it may be desirable to focus on the tumor
microenvironment rather than attack individual cancers, which contain heterogenous
populations of cells [5] that can produce drug resistance.

1.2. The Enhanced Permeability and Retention (EPR) Effect

To overcome the above difficulties, it was suggested that anti-cancer drugs of a high
molecular weight should be employed to make use of the characteristic vasculature of
tumor tissues [6]. In malignant tumors, leaky vasculature with 100–1000 nm pores is
generally formed due to the rapid but immature formation of vessels in association with
cancer growth. In addition to fragile blood vessels [7,8], there is usually poor lymphatic
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drainage, resulting in the retention of large molecules in tumor tissue. This phenomenon
was discovered by Maeda, who named it the EPR effect. By focusing on EPR, many trials
have managed to successfully target tumor tissues [9].

1.3. Our Approach Targeting the Low pO2 in Solid Cancers with Bifidobacterium

We have been working to establish a system for the selective and continuous pro-
duction of anti-cancer molecules in tumors [10,11]. For this purpose, we directed our
attention to the hypoxic conditions in solid cancers for a therapeutic target. As a tool
for the local production of anti-cancer drugs, we adopted the obligate anaerobic and
non-pathogenic bacterium, Bifidobacterium. Our first paper in 1980 showed the selective
growth of Bifidobacterium in the cancer tissues of tumor-bearing mice where the bacilli were
intravenously injected [12]. Currently, several gene-engineered Bifidobacterium lines have
been established to produce numerous anti-cancer molecules in a process we have termed
the in situ delivery and production system (iDPS). A new anti-tumor drug made with the
iDPS is now undergoing clinical testing.

1.4. Hypoxia and Immature Blood Vasculature in Malignant Tumors

Tumor hypoxia is a well-known phenomenon [13–15]. The median pO2 in tumor
tissues is lower than that in normal tissues, which is never below 10 mm Hg. Hypoxia
is generally observed in tumor tissues in spite of active angiogenesis. This paradoxical
phenomenon has been attributed to impaired vascular communication and networks
leading to functional, but chaotic, shunting and dysfunctional microcirculation [16]. Thus,
even in the presence of blood vessels carrying fresh oxygen and nutrients, shunts to other
blood vessels form easily, such that the downstream vessel will be not supplied, leading to
hypoxia and/or necrosis [16].

Our project idea of the iDPS originally derived from Malmgren’s work of injecting
anaerobic Clostridium tetani spores into animals [17]. In his experiments, tumor-bearing
mice died of tetanus due to the strongly toxic neuro-active substances produced by germi-
nated Clostridium tetani, while normal mice survived. This was a strong piece of biological
evidence for hypoxia existing in tumors; the spores of the anaerobic bacteria had germi-
nated and produced strong toxins in the hypoxic conditions of the tumors, and the highly
toxic poison leaked from the tumor tissues to kill the host despite very small amounts. This
led us to the idea of non-pathogenic anaerobic bacteria as a tool for safely and selectively
targeting solid cancers while sparing the host.

1.5. Bacterial Therapy for Cancer

Bacterial cancer therapy has a long history. The accidental tumor regression by
clostridial infection clinically observed by Vautier in 1813 [18] launched a number of bacte-
rial therapy experiments. Later, the recovery of a patient with inoperable lymphosarcoma
by erysipelas prompted Coley to begin treating cancer patients with live erysipelas agents
and/or bacterial toxins [19]. However, ensuing trials were limited, likely due to the diffi-
culty in controlling toxicity and a shift to chemotherapy and radiation treatment. Recently,
however, bacterial therapy has been revived with the use of genetic manipulation and is a
promising method for cancer therapy [20–23].

Nowadays, several clinical studies on bacterial cancer therapies, including our own,
are underway in the United States. In most cases, Salmonella or Clostridium is used. The
earliest clinical trials approved by the American Food and Drug Administration (FDA)
were carried out by Rosenberg’s group at the National Institutes of Health (NIH) using
Salmonella [24] and by a group at Johns Hopkins University with Clostridium [25]. Other tri-
als have produced anti-tumor responses in both animals and human clinical studies [26–28].
In the above cases, the bacteria are attenuated due to their highly virulent nature. Despite
concerns on the appearance of revertants and whether facultative anaerobic bacteria can
be completely removed from normal aerobic tissues and cells, recent clinical trials have
largely managed to maintain host safety [23].
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The EPR Effect’s Importance in Bacterial Therapy

Maeda’s group noted that though EPR effect is applicable to particles of µm size
(i.e., bacteria) or macromolecules of ∼1000 kDa, nanocarriers with diameters of ∼100 nm
are known to achieve better or optimal EPR-based tumor accumulation [29]. Thus, the
accumulation of even aerobic bacteria in tumors may be explained by the EPR effect [30].
Importantly, this effect can be augmented by vascular dynamic modifiers, such as nitro-
glycerin, from which nitric oxide is produced in the hypoxic conditions of tumors. In his
attempts to target tumors with lactobacillus, Maeda’s group showed that the number of
bacteria localized in tumors increased by ten-fold as compared with controls [30].

2. Our Trials for Bacterial Therapy
2.1. Selective Localization of i.v. Injected Bifidobacterium in Tumors

Figure 1 shows our first data reported in 1980 [12] on the growth of i.v. injected
Bifidobacterium in tumors (Figure 1a) along with the results of our genetically engineered
Bifidobacterium (Figure 1b) (Farumashia,15, (5), 438–440, 2015 [in Japanese]). In both cases,
Bifidobacterium selectively grew in tumor tissues and became rapidly diminished in the
blood and normal tissues, including the relatively hypoxic bone marrow known as a niche
for hematopoietic stem cells. No acute toxicity was observed, and the survival of mice i.v.
injected with Bifidobacterium was comparable with that of control animals, demonstrating
the absence of chronic toxicity [12].
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Figure 1. (a) Specific distribution of Bifidobacterium (bifidum) in tumor tissues following a single i.v.
injection of 5 × 106 c.f.u./mouse into Ehlich solid tumor-bearing mice. Each point represents the
mean c.f.u./g tissue (n = 8). This figure was adopted from a previous study [12]. (b) Recombinant
Bifidobacterium (longum) (6.9 × 108 c.f.u./mouse) was injected i.v. on day 1. Bacterial cells in each
tissue were counted on day 2, 3, 4, and 7 by plating assays. * Mean c.f.u./g tissue (n = 5). This figure
was adopted from Farumashia,15, (5), 438–440 (in Japanese).

It was noteworthy that the survival of the normal animals in Malmgren’s experi-
ments [17] indicated that the Clostridium spores did not geminate in the bone marrow,
thus demonstrating that bone marrow pO2 was insufficiently low for obligate anaerobic
bacteria germination and/or an inadequate EPR effect to trap the spores or bacteria. This
phenomenon also likely occurred in our experiments.

2.2. Transformation of Bifidobacterium with an Expression Vector for Cytosine Deaminase (CD)

Although we initially sought to transform the bacteria to produce anti-cancer molecules,
no plasmid was available for Bifidobacterium in the 1980s. In 1997, however, an expression
vector developed by Kano’s group [31] launched a series of collaborative trials for the
creation of anti-cancer drugs by Bifidobacterium. We first inserted the CD gene of E. coli
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into the vector. The CD enzyme can convert the low-toxic 5FC, a prodrug of 5FU, to the
toxic anti-cancer drug 5FU. 5FC is a well-known drug for mycosis, with almost no systemic
toxicity by oral administration. We transformed Bifidobacterium with the CD expression
vector and began experiments on solid cancers using genetically engineered Bifidobacterium
in combination with 5FC [32–35]. This was the first step towards our iDPS.

2.3. Therapy Experiments on Solid Cancers Using Transformed Bifidobacterium with 5FC

The procedure for our cancer treatment with Bifidobacterium carrying the CD gene is
as follows [11,36]. First, we i.v. injected the transformed Bifidobacterium into tumor-bearing
animals. Several days later when the specific localization of the bacteria inside the tumor
tissues was expected, we commenced oral 5FC administration to the animals. Although
the prodrug spread throughout the body, it was converted to 5FU only in tumor tissues by
Bifidobacterium expressing CD. We then checked for tumor growth suppression and systemic
toxicity by 5FU. In the first experiment, we used an autochthonous DMBA-induced rat
breast cancer system, and comparable results were obtained in various tumor-bearing
animals. The selective localization of Bifidobacterium in tumors was confirmed by tissue
homogenate cultures in vitro and Gram-positive staining of Bifidobacterium in the tumor
tissues. CD expression in Bifidobacterium was ascertained by immunostaining with anti-CD
antibodies.

The success of our therapy system, i.e., the suppression of tumor growth in chemically
induced autochthonous rat breast cancer, can be seen in Figure 2a. When we treated
human breast carcinoma transplanted into immunodeficient nude mice, tumor suppression
was again witnessed without systemic toxicity (Figure 2b). Indeed, relatively large 5FU
production was detected exclusively in tumors and not in normal tissues (Figure 2c). An
important point was that no apparent adverse effects were observed, which was also the
case in dogs, monkeys, and other large animal tests.
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given B. longum/e-CD at 1.1 × 1010 c.f.u./rat i.v. and 5FC by intragastric gavage for 4 days starting 
on day 4 after bacterium injection. The concentration of 5FU in normal tissues and tumor tissues 
was measured. Rats given 5FC without injection of B. longum/e-CD were used as controls. * p < 
0.05. These figures were adopted from a previous study [11,36]. 
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Figure 2. Anti-tumor effects of i.v. injected cytosine deaminase of Escherichia coli (e-CD)-transformed
Bifidobacterium longum (B. longum/e-CD) combined with oral 5-fluorocytosine (5FC). (a) Comparison of
tumor volumes of non-injected rats (n = 5) with those of B. longum/e-CD i.v. injected rats (n = 15). Rats
bearing 7,12-dimethylbenz(a)anthracene-induced mammary tumors received i.v. B. longum/e-CD and
500 mg/kg/day 5FC. * p < 0.05; ** p < 0.01. (b) Anti-tumor assessment of B. longum/e-CD in nude mice
transplanted with KPL-1 human mammary tumor cells. Tumor-bearing nude mice (n = 8) were given
a dose of transformed bacteria cells i.v. (5.9 × 109 c.f.u./mouse), followed by oral 5FC for 21 days.
(c) Measurement of 5-fluorouracil (5FU) concentration in various tissues in rats bearing MRMT-1
mammary gland carcinoma. Rats were given B. longum/e-CD at 1.1 × 1010 c.f.u./rat i.v. and 5FC by
intragastric gavage for 4 days starting on day 4 after bacterium injection. The concentration of 5FU in
normal tissues and tumor tissues was measured. Rats given 5FC without injection of B. longum/e-CD
were used as controls. * p < 0.05. These figures were adopted from a previous study [11,36].

We later sought to increase enzyme activity by modifying the active site of CD ac-
cording to Mahan’s method [37]. Since the original substrate for CD is not 5FC, but rather
cytosine, the enzymatic activity and affinity to 5FC was relatively low as compared with
that to cytosine. When we changed the amino acid at position 314 of the active center of
the enzyme from aspartic acid to alanine, the conversion rate of 5FC to 5FU was increased
by approximately ten-fold. In clinical trials, the modified expression vector was further
tailored by removing the resistance gene to an antibiotic, spectinomycin, to protect against
horizontal transmission.

2.4. Immunological Safety

To test for immunological toxicity and possible severe anaphylaxis from repeated
injection of the bacteria into animals, we evaluated for active systemic anaphylaxis (ASA)
reactions and passive cutaneous anaphylaxis (PCA) caused by IgG with a sensitive guinea
pig system (Table 1). In terms of ASA reactions, the positive control ovalbumin induced
severe shock, whereas little, if any, reactions were seen for Bifidobacterium. Regarding
PCA, although IgG antibody formation against Bifidobacterium had been suggested, experi-
ments using animals immunized with Bifidobacterium confirmed the safety and therapeutic
efficiency of the system.

We further examined for the induction of inflammatory cytokines related to Bifidobacterium
in collaboration with an expert of infectious immunity, Tsutsui, Hyogo College of Medicine
in Japan. As shown in Figure 3, the E. coli control predictably induced the cytokines seen
in sepsis, while Bifidobacterium did little [12]. Since cytokine production occurs through
Toll-like receptors, which are the main players in innate immunity, those results suggested
that Bifidobacterium was recognized neither by Toll-like receptors in vivo [38], nor by other
innate immunity systems activating IL-1β through inflammasomes in the cytosol [39]. It is
well known that inflammasomes are activated by the flagella of Salmonella to induce IL-1β.
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Table 1. Antigenic tests to estimate the toxicity of B. longum/S-eCD.

(a) ASA Reaction

Group Sensitized Antigen Cause Antigen No.of Animals Antigen Challenge Outcome

(-) (+/-) (+) (++) (+++)
A B.longum/S-eCD B.longum/S-eCD 5 4 1 0 0 0
B B.longum/S-eCD + FCA B.longum/S-eCD 5 5 0 0 0 0
C OVA + FCA OVA 5 0 0 5 5 4
D Saline + FCA B.longum/S-eCD 5 5 0 0 0 0

(b) PCA Reaction

Group Sensitized Antigen Cause Antigen No.of Animals PCA Titer

(×1) (×4) (×16) (×64) (×256)
A B.longum/S-eCD B.longum/S-eCD 5 0 0 0 0 0
B B.longum/S-eCD + FCA B.longum/S-eCD 5 3 2 2 2 2
C OVA + FCA OVA 5 5 5 5 5 4
D Saline + FCA B.longum/S-eCD 5 0 0 0 0 0

Note: (a)Actively immunized guinea pigs were injected intravenously with B. longum/S-eCD or OVA 14 days after the final sensitization.
Anaphylaxis symptoms were quantified by the following criteria: –, no symptoms; ±, scrub of face or ear and/or scratch of nose; +,
coughing or locomotion ataxia; ++, convulsion or roll, but no death observed within 1 h; and +++, death observed within 1 h. (b) In the PCA
reaction, immunized guinea pigs were killed and blood samples were collected 14days after final sensitization to obtain each antiserum.
Normal guinea pigs were shaved, and 0.05 mL of each serum dilution was injected intradermally into the dorsal skin. After 4 h, the animals
were injected i.v. with 1 mL of antigen (B. longum/S-eCD or OVA) and 0.5 mL of 1% Evans blue solution. After 30 min, the animals were
killed, the dorsal skin was peeled off, and blue spots within the intradermal sites were measured. A PCA reaction was judged to be positive
when the blue spot measured more than 5 mm2 in dimension. This table was adopted from a previous study [36].
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Figure 3. Production of inflammatory cytokines in C57BL/6 mice injected i.v. with cytosine deami-
nase of Escherichia coli (e-CD) -transformed Bifidobacterium longum (B. longum/e-CD) or non-pathogenic
E. coli (control). Cytokines were assessed by ELISA at 6 h after injection. Closed bars, blood of mice
injected with B. longum/e-CD; dotted bars, blood of mice injected with non-pathogenic E. coli; open
bars, normal blood. IFN, interferon; IL, interleukin; ND, not detected. This figure was adopted from
a previous study [10,11].

Concerning the above findings, an interesting report found that extracellular vesicles
in the blood inhibited the induction of NFκB expression by Bifidobacterium [40]. NFκB is a
well-known master gene for inflammatory cytokines. When Bifidobacterium was allowed
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to act on cultured human embryonic kidney cells, NFκB was induced in the absence
of serum. However, serum addition to the medium suppressed NFκB expression in a
concentration-dependent manner. It was also shown that extracellular vesicles in the serum
played a key role in suppressing NFκB. Those results suggested that the lack, if any, little
of inflammatory cytokine induction in mice by Bifidobacterium was partially attributed to
extracellular vesicles in the blood.

In the field of probiotic research, human intestinal flora changes have been exam-
ined for relationships between flora variety and health conditions. Shortly after birth,
Bifidobacterium becomes the main gut flora and coexists with the organism throughout life
at gradually decreasing amounts [41,42]. It is likely that humans and other mammals have
some immune tolerance against Bifidobacterium. These facts strengthen our notion that
Bifidobacterium can be safely used for an iDPS to produce anti-cancer molecules in humans.
Moreover, Bifidobacterium has been included in commensal microbiome work to enhance
the cancer therapy efficiency of anti-PD-1 antibodies [43].

2.5. Translational Research

For the purpose of applying iDPS/5FC for clinical cancer treatment in humans, rig-
orous testing was performed according to Chemistry, Manufacturing and Control (CMC)
and Good Manufacturing Practice (GMP) guidelines. CMC requires showing the physic-
ochemical properties of the product in detail, while GMP necessitates the provision of
quality assurance that products are consistently produced and controlled to quality stan-
dards. Since CMC and GMP are generally difficult processes even with simple chemical
compounds, certification for living bacteria has been much more challenging.

We have performed the precise characterization of various aspects of Bifidobacterium,
including its membrane composition, stability of the expression vector in which the antibi-
otic resistance gene for selective pressure and other sequences were removed for safety,
and bacterial survival measurement methods. Every attempt has been made to establish
virus-free and sterile preparations for GMP. Finally, through investigational new drug
discussion, our proposed first-in-man clinical trial was approved by the American FDA,
with NIH Recombinant DNA Advisory Committee approval of our protocol on biosafety.
The first-in-man phase 1 and 2 tests were approved in 2013 and carried out sponsored by
a bio-venture company, Anaeropharma Science Inc., Tokyo, Japan. Whereas the phase 1
test is almost completed, phase 2 has regrettably been postponed by the current COVID-19
pandemic.

The concept for applying the iDPS using genetically modified Bifidobacterium on
human cancer therapy is much the same as that with animals. Since the line of CD-
expressing Bifidobacterium for application on humans is named APS001F, the clinical trial
has been entitled “A Phase I/II Safety, Pharmacokinetic, and Pharmacodynamic Study
of APS001F with Flucytosine (5FC) and Maltose for the Treatment of Advanced and/or
Metastatic Solid Tumors” [44].

2.6. Combination Therapy of APS001F Plus 5FC (APS001F/5FC) in Combination with the
Immune Checkpoint Inhibitor (ICPI) Anti-PD-1

With recent developments in cancer treatment, the prominent anti-tumor effects of
ICPIs, such as anti-CTLA4 and anti-PD-1 antibodies, have been demonstrated world-
wide [45–47]. To augment the effects of ICPIs, combination treatments with chemotherapy,
molecular targeting anti-cancer agents, and/or radiation therapy have been tested. How-
ever, the associated side effects often increased in tandem with anti-tumor action. We
expected our iDPS using Bifidobacterium to enhance ICPI treatment by 5FU in tumors with-
out raising side effects by enhancing immune reactions through innate immunity locally
stimulated by Bifidobacterium.

Combination therapy experiments of the iDPS with APS001F/5FC and anti-mPD-1
antibodies have already yielded promising results [48]. The almost completed clinical
phase 1 test of APS001F/5FC also serves for prechecking whether the combination of
anti-PD-1 antibodies, which are already available for clinical use, with APS001F/5FC can
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be a potential treatment candidate. The rationality for this next step was made through
investigation of the literature [49–52] as follows: (1) combining ICPIs and anti-cancer drugs,
including 5FU, reportedly enhances anti-tumor effects, (2) 5FU has the potential to suppress
myeloid-derived suppressor cell inhibition of anti-tumor immune reactions, and (3) the
systemic administration of 5FU at a high dose rather impairs anti-tumor immunity. The
third consideration may be attributed to the systemic toxicity of 5FU, which is improved
by the iDPS with APS001F/5FC.

Combining APS001F/5FC with anti-PD-1 antibodies in therapeutic experiments en-
hanced treatment effects (Figure 4a) without increasing side effects. We first observed that
the tumor growth in animals treated with anti-PD-1 antibodies was slightly suppressed.
When combined with APS001F/5FC, however, this effect was significantly augmented.
Animal survival was also prolonged, including a complete remission case [48].

By analyzing the immune cells in tumors during combination therapy, we witnessed a
remarkable decrease in regulatory T (Treg) cells, which inhibit anti-tumor immune activity,
and consequently the ratio of CD8 cells to Treg cells was greatly increased (Figure 4b)
through a yet unspecified mechanism. In this therapy system, 5FU was produced in situ
in tumor tissues and Treg cells were suppressed without a change in CD8 activity, likely
raising the anti-tumor effect of combination therapy. We strongly believe that APS001F/5FC
in future clinical trials will exert promising effects in combination with anti-PD-1 antibodies
and other ICPIs. Furthermore, combined treatment with anti-tumor drugs and ICPIs may
be possible with a single gene-engineered Bifidobacterium clone. Although technically
challenging, we have already succeeded in establishing such a co-expression system with
Bifidobacterium.
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1 × 105 CT26 cells (day -13), and stratification was done on day 0. APS001F was administered i.v. at 
1.0 × 109 c.f.u./mouse via the tail vein on day 3 with 200 mg maltose supplementation (days 3 
through 16). 5-FC was administered i.p. at 250 mg/kg twice a day (500 mg/kg/day) on days 5 
through 9 and days 12 through 16. Anti-PD-1 mAb was administered i.p. at 200 µg/mouse on days 
1, 4, 8, and 11. Tumor volume was measured twice a week. (a) Change in tumor volume after 
treatment with APS001F/5-FC, anti-PD-1 mAb, and their combination. Results are the mean ± 
standard error of the mean of 9 mice. Analyses of 4 groups on day 21 were conducted using 
Tukey’s method of multiple comparisons. Means sharing a letter are not significantly different. 
Tumor Growth Inhibition was calculated on day 21. (b) Flow cytometric analysis of tumor cells in 
mice engrafted with CT26 cells. Results are the mean ± standard deviation of 8 mice. %CD45+ of 
total cells, %CD4+ of total cells, %Tregs (CD45+ CD4+ CD25+ Foxp3+ cells) of CD4+ cells, %CD8+ of 
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%TAMs (CD45+ CD11b+ Ly-6G−Ly-6Clow cells) of total cells were analyzed. Analyses of 4 groups 
were conducted using Tukey’s method of multiple comparisons. Means sharing a letter are not 
significantly different. This figure was adopted from a previous study [48]. 
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Figure 4. Anti-tumor effects of APS001F/5FC, anti-PD-1 mAb, and their combination were evaluated
in a syngeneic CT26 mouse model. Experiment schedule. Mice were s.c. inoculated with 1 × 105

CT26 cells (day -13), and stratification was done on day 0. APS001F was administered i.v. at 1.0 × 109

c.f.u./mouse via the tail vein on day 3 with 200 mg maltose supplementation (days 3 through 16).
5-FC was administered i.p. at 250 mg/kg twice a day (500 mg/kg/day) on days 5 through 9 and
days 12 through 16. Anti-PD-1 mAb was administered i.p. at 200µg/mouse on days 1, 4, 8, and
11. Tumor volume was measured twice a week. (a) Change in tumor volume after treatment with
APS001F/5-FC, anti-PD-1 mAb, and their combination. Results are the mean ± standard error of the
mean of 9 mice. Analyses of 4 groups on day 21 were conducted using Tukey’s method of multiple
comparisons. Means sharing a letter are not significantly different. Tumor Growth Inhibition was
calculated on day 21. (b) Flow cytometric analysis of tumor cells in mice engrafted with CT26
cells. Results are the mean ± standard deviation of 8 mice. %CD45+ of total cells, %CD4+ of total
cells, %Tregs (CD45+ CD4+ CD25+ Foxp3+ cells) of CD4+ cells, %CD8+ of total cells, CD8/Treg
ratio, and %neutrophils (CD45+ CD11b+ Ly-6G+ cells) of total cells, and %TAMs (CD45+ CD11b+

Ly-6G−Ly-6Clow cells) of total cells were analyzed. Analyses of 4 groups were conducted using
Tukey’s method of multiple comparisons. Means sharing a letter are not significantly different. This
figure was adopted from a previous study [48].

2.7. Establishment of a Protein-Secreting System

We are underway to engineer Bifidobacterium that not only express, but also secrete,
proteins such as anti-tumor antibodies and cytokines (Scheme 1). In spite of the prominent
effects of ICPIs, there remain problems including autoimmune diseases and other severe
side effects. Immune checkpoint molecules, such as CTLA4 and PD-1, inactivate T-cell
killing to terminate excessive inflammatory reactions in the body. It is physiologically
important to halt unnecessary immunoreactions, and blocking those molecules tends to
induce immune toxicities in the host [53–55].

To improve this situation, it will be useful to establish an iDPS for immune checkpoint-
modifying antibodies, including anti-CTLA4 and anti-PD-1 antibodies, and immune modi-
fiers, such as anti-tumor cytokines, with Bifidobacterium. We have therefore been attempt-
ing to establish Bifidobacterium that both express and secrete immunological anti-cancer
molecules (Scheme 1), such as anti-CTLA4 and/or anti-PD-1 antibodies, in addition to
such immune-stimulating anti-tumor cytokines as TNFα and INFγ.
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2.7.1. Anti-HER2 scFv

As it is generally difficult to produce the original structure of antibodies with bacteria,
we firstly tried to create single-chain variable fragments (scFvs), which were fusion proteins
of variable light and heavy chains connected with a linker for each antibody, such that the
scFv could be called a single-chain antibody.

In our attempts to produce scFvs for immune checkpoint molecules, we started by
expressing and secreting a biologically active scFv already made and confirmed by another
system. For this purpose, we turned to an anti-HER2 antibody, trastuzumab, since a
biologically active scFv for trastuzumab had been developed by Akiyama at the Shizuoka
Cancer Center in Japan. Trastuzumab is well known and widely used as a molecular
targeting antibody for human breast cancer, but occasionally induces cardiotoxicities [56,57].
Thus, we sought to establish Bifidobacterium secretion of the biologically active scFv for
anti-HER2 antibodies.

We succeeded in making not only an expression, but also a secretion, system for
a biologically active scFv derived from the anti-HER2 trastuzumab with Bifidobacterium
(Figure 5) [58]. Production of the scFv to human HER2 was confirmed by Western blot
analysis. We also verified biochemical activity by FACS and immunological staining [58].
The genetically modified bacteria were injected into nude mice bearing the human HER2-
positive breast cancer, NCI-N87. We witnessed selective localization of the bacteria inside
the tumor, secretion of anti-HER2 single-chain antibodies, and ultimately a suppressive
effect on tumor growth (Figure 5) [58]. This success in creating Bifidobacterium to express
and secrete the biologically active trastuzumab scFv prompted us to establish iDPS with
Bifidobacterium for ICPIs.
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Figure 5. (a) Structure of the pH1 and pH2 plasmids. (b) Molecular size of the trastuzumab scFV produced by Bifidobacterium.
Results for H1 scFv are shown. Regarding H2, identically sized scFv was confirmed at a markedly higher expression
amount. (c) FACS analysis. SK-MEL-28 (HER2−), BT-474 (HER2 +/−), and SK-BR-3 (HER2+) cells were stained with
His-tag-purified trastuzumab scFv. Blue line: control (buffer alone). Red line: stained with trastuzumab scFv from H2.
(d) Immunostaining of cultured cells by His-tag-purified trastuzumab scFv from B. longum H2. Immunofluorescent staining.
Blue: nucleus. Green: stained with trastuzumab scFv from H2. Right panels: stained with trastuzumab scFv. Left panels:
negative control (without trastuzumab scFv). Original magnification of all images was x400. (e) Growth suppression of a
human HER2(+) carcinoma transplanted into nude mice by recombinant Bifidobacterium H2. B. longum mock and H2 were
i.v. administered to NCI-N87 human gastric cancer tumor-bearing mice twice a week. Mean ± standard deviation values of
8 mice. *: p < 0.05 versus non-treated group, #: p < 0.05 versus mock-treated group. This figure was adopted from a previous
study [58].

2.7.2. scFvs for ICP Antagonistic or Agonistic Antibodies, including Anti-PD-1,
Anti-CTLA4, Anti-41BB, and Anti-Tumor Cytokines

We next established Bifidobacterium to secrete scFvs of anti-PD-1 [59], anti-CTLA4 [60],
and anti-41BB (an immune checkpoint agonist) [61] antibodies. All scFvs produced by the
iDPS were detected exclusively in tumor tissues and exhibited immunological activity and
anti-tumor effects without remarkable side effects.
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In addition to scFvs, we have also established Bifidobacterium expressing and secreting
INFγ and/or TNFα, which displayed notable anti-tumor effects [62,63]. It is well known
that the clinical application of INFγ and TNFα is difficult due to their severe systemic
toxicity in spite of strong anti-tumor effects [64]. However, this was not the case in our
iDPS using Bifidobacterium. When we systemically i.v. injected Bifidobacterium that could
secrete INFγ and/or TNFα into tumor-bearing animals, high amounts of cytokines were
detected in tumors, with little in the blood and thus no systemic toxicity. In addition to
the anti-tumor properties of Bifidobacterium expressing and secreting the cytokines, the
enhancement of anti-tumor effects by combination with ICPI antibodies or a popular anti-
cancer drug, Adriamycin, was observed as well. Taken together, drugs that have been
unsuitable for clinical use due to strong systemic toxicity despite formidable anti-cancer
properties may be revisited through the use of our iDPS. Most recently, a Bifidobacterium
clone, APS002, has been established to secrete diabodies against EGFR/HER3 and CD3
and redirect T cells to EGFR/HER3-positive cancer cells. This clone inhibited the growth of
human EGFR-positive cancer cells transplanted into humanized immunodeficient mice [65],
indicating a possible clinical application of this engineered Bifidobacterium.

3. For Further Improvement of the iDPS
3.1. Notes for the Presnt iDPS
3.1.1. Animal Experiments

The established methods for iDPS so far are detailed in our previous papers, especially
in [11] and patent information [63]. In animal experiments with Bifidobacteria, we used
chemically induced autochthonous tumor system, mouse tumor model, and allogenic
transplanted human tumors in immunodeficient mice (Figures 1 and 2). Generally, au-
tochthonous cancer is relatively difficult to cure compared with a transplanted tumor,
because the tumor is comprised of cells which have escaped from host immune surveil-
lance. In this sense, it is thought to mimic the human cancer system. In transplantation of
cancer cells, the number of cells should be as small as possible to mimic a human tumor
system where one nodule is produced from single or a few cancer cells. In such systems,
we have experienced that Bifidobacteria tended to be localized even in small tumors. While
Bifidobacterium could be safely administered to immunodeficient mice, immunodeficient
mice are always infected with various bacteria as compared with normal mice because
they are immunodeficient. Thus, during the assay of the number of Bifidobacteria in various
tissues, it was required to remove intrinsically contaminated germs in in vitro bacterial
culture system. Our genetically engineered Bifidobacteria have 5FU resistance in addition to
spectinomycin, so that we were able to eliminate such germs and to identify the colony of
Bifidobacterium by using both drugs in vitro bacterial culture.

In the assay for inflammatory cytokines, there was little or no induction of such
cytokines in our mouse system (Figure 3), however, it probably depends on the type
of animal, including human. More detailed analysis is needed from the viewpoint of
molecular immunology.

In our present chemotherapy system (Figure 2), 5FC have been used as the prodrug.
Since a Bifidobacterium clone expressing β-glucuronidase has also been established to
activate prodrugs inactivated by glucuronic acid conjugation. Such clone will be useful to
reuse drugs that have strong anti-tumor properties but severe systemic side effects.

In the protein secretory system (Figure 5), the optimum secretory signal peptide
depended on the secretory protein. We have searched various secretory signals of the
Bifidobacterium’s own secretory proteins and adequate promoter for the gene as well.
In order to improve combination therapy, we have established various vectors to co-
express/secrete anti-tumor cytokines and/or scFvs for various antitumor antibodies, which
will be useful for combination therapies of cancer in the future.

At the preclinical level, there are some studies using Bifidobacteria, though there
seems to be only our group that has advanced to clinical trials. One of the preclinical
studies similar to ours demonstrated the successful delivery and efficient expression of
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Tumstatin, a powerful angiostatin, with genetically engineered Bifidobacterium, leading to
antitumor effects through inducing apoptosis of tumorous vascular endothelial cells [66].
They observed that Bifidobacterium longum, selectively localizes to and proliferates in the
hypoxia location within solid tumor. The other investigated the therapeutic effect of
new recombinant Bifidobacterium breve strain expressing interleukin (IL)-24 gene on head
and neck tumor xenograft in mice and reported that new recombinant bacterium has the
capability of targeting tumor tissue in vivo [67]. These reports are consistent with our
results in terms of selective localization of Bifidobacterium in tumors.

3.1.2. As for Safety of iDPS with Bifidobacterium

For the clinical trial, bacteria dosage was initiated at less than a NOAEL (no observed
adverse effect level) in the most sensitive dogs, and the dose was gradually increased with
the minimum homing dose for rat transplanted cancer as a guide [44].

Since the Bifidobacterium we use is derived from enterobacteria in human, which is also
used as intestinal regulators and yogurt as a probiotics, and thus it has been considered
to be a priori non-toxic from experience. However, to evaluate the toxicity of genetically
modified B. longum, a number of preclinical studies have been also carried out in several
animal species, including normal mice, nude mice, normal rats, nude rats, dogs and
monkeys. Both pharmacological and preliminary general toxicity studies were done, none
of which revealed serious unfavorable toxicities [10]. Various antibiotics were examined
to eliminate excess Bifidobacteria after treatment, and many antibiotics were found to be
effective. In particular, we have confirmed that it can be easily removed with commonly
used penicillin antibiotics (data, not shown).

3.1.3. The Specific Advantages of Using Bifidobacterium for Our iDPS

The specific advantages of using Bifidobacterium and the reason why we have been
using Bifidobacterium longum for our iDPS are as follows: (1) It is an obligate anaerobic
bacterium, so that it can discriminate hypoxic malignant tumor tissues for the colony
formation from normal tissues. (2) It does neither produce toxic substances, nor has flagella
which activate inflammasome to induce IL-1β. (3) It has been generally regarded as a good
bacterium derived from human intestinal bacteria, so that it is easy to think about safety
a priori even if it is administered into the blood, thus leading to a sense of security for
the recipient. In addition, (4) it has also been shown to work positively in treatment with
antitumor immune check point inhibitor, anti-PD-1 antibody.

Since an expression vector has become available firstly for Bifidobacterium longum,
this Bifidobacterium longum has been used as a tool for iDPS and we came to apply for
IND with longum. However, if safety is ensured by other probiotic species and the use of
expression vectors becomes possible for them, they could become a better tool, so that it
seems important to continue to search such species in the future.

3.2. Seeking an Ideal Micro-Factory with Guaranteed Safety

Nowadays, bacteria can be modified to endow new phenotypes using gene engi-
neering [18,23]. It will be important to improve the efficiency of iDPSs by modifying
Bifidobacterium to develop ideal delivery and in situ production systems. The success and
safety of i.v. administration of APS001F with living Bifidobacterium in our clinical phase 1
trial was an encouraging first step. Based on the clinically confirmed safety of systemic
Bifidobacterium injection, we will next modify iDPS setups to produce an ideal micro-factory
of various anti-cancer molecules for selectively and continuously treating all types of solid
cancer.

To strengthen the concept of iDPS tolerance in clinical applications, its molecular safety
mechanism needs deeper understanding from the viewpoint of the innate and acquired
immunological reactions to i.v. injected Bifidobacterium. We believe that we can ameliorate
our system towards completely and safely eradicating cancer.

122



J. Pers. Med. 2021, 11, 566

There are several issues to consider when improving and strengthening iDPS micro-
factories in tumors. First, it will be necessary to increase the number of bacteria in tumors to
provide clear therapeutic effects. One way is the simple quantitative approach of increasing
the inoculation size as we have not yet determined the tolerable maximal dose. Concerning
qualitative modifications, it will be critical to consider two main factors: (1) The dynamics
of tumoral blood flow preventing bacteria entrance into the tumor, and (2) The capture of
bacteria by reticuloendothelial cells and neutrophils that rapidly reduces bacterial density
in the blood.

3.2.1. Modification of Tumor Hemodynamics with Vasodilators to Enhance the EPR Effect

In our research, the number of bacteria detected in each tumor-bearing animal varied
and depended on the tumor type. In order to consistently obtain a large number of bacteria
in any type of tumor, we will need to consider modifying the hemodynamics of lesions by
directing attention to the EPR effect [9].

Inside the tumor, it is well known that blood vessels occasionally become blocked by
poor blood flow dynamics, which may hinder the entrance of Bifidobacterium and other
macromolecules. In future clinical trials, transiently exposing tumor blood vessels to
vasodilators, such as nitroglycerin, may contribute to improved iDPSs. Since nitroglycerin
reportedly augments the anti-tumor effects of chemotherapies [68–71], it seems logical
to use this agent to enhance the accumulation of Bifidobacterium in tumors by increasing
the EPR effect. Maeda’s group targeted cancers with lactobacillus in animal experiments
in combination with nitroglycerin and showed that the number of bacteria localized in
tumors increased by ten-fold versus controls [30].

As an additional factor related to poor blood flow in tumors, we may have to consider
thrombus inhibition of the intra-tumoral accessibility of anti-cancer drugs. Thrombosis can
occur in cancer patients [72–74], in whom blood clots may form easily in tumor tissues [75].
The local administration of recombinant plasminogen activators may be effective to dissolve
such clots [76]. If bacteria are equipped with such an enzyme by gene-engineering, their
accumulation in tumors will likely become enhanced.

Another factor to potentially improve the bacterial accumulation is to make the
bacteria smaller. In a liposome study of pancreatic cancer, smaller liposomes could deliver
greater amounts of anti-cancer drugs to the lesion and augment therapeutic effects [77].
Tunability of bacterial size has been investigated [78]. Interestingly, it was reported that
deletion of the Bacillus subtilis ponA gene encoding for PBP1 (a class A penicillin-binding
protein), a bifunctional peptidoglycan synthase, led to thinner cells [79], indicating that it
may be possible to change the size of the bacteria by gene engineering.

3.2.2. Transient Evasion from Bacteria Trapping by the Reticuloendothelial System (RES)
and/or Neutrophils

Clinical trials using bacteria for cancer treatment have found that the amount of
bacteria accumulation in tumors appears to be less than expected based on the results of
animal experiments [23].

One reason may be a more rapid capture of injected bacteria by the RES and/or
neutrophils than in animal trials. A similar phenomenon is seen for liposome-type drugs.
The RES in the human liver and spleen is a major obstacle to the tumor delivery of
macromolecular drugs and liposomes [80,81], the effect of which seems to be stronger
than in animal systems. Therefore, higher doses may be needed to achieve satisfactory
therapeutic effects in humans along with a method to temporarily avoid trapping by the
RES.

In one study, covering liposomes with polyethylene glycol (PEG) by so-called PEGyla-
tion enabled a breakthrough in the field of liposomes to avoid RES trapping. PEGylation
has been also attempted at the cellular level with promising results [82,83]. Additional
trials may bring about the same and/or improved effects as PEGylation. In that way, the re-
moval of membrane molecules on bacteria responsible for phagocytosis by the RES and/or
neutrophils by gene-targeting [84] will help avoid trapping by the RES. Furthermore, the
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genes encoding the antigens recognized by reticulocyte-endothelial cells and neutrophils
can be replaced with ones produce anti-cancer molecules. As a result, the bacteria will
evade detection by the RES and neutrophils, leading not only to an increase in bacterial
number entering the tumor microcirculation, but also enabling the bacteria to more stably
express anti-cancer molecules.

In addition to genome editing, a sophisticated method to control plasmid copy number
has been reported [85], which will be a powerful tool for enhancing bacterial cancer therapy
in the future.

3.2.3. Other Factors for Improving the iDPS

Regarding other factors contributing to the improvement of iDPSs, bacterial proteolytic
activity [86] might be able to widen the localization area of bacteria, thus also being effective
to spread anti-cancer substances produced by bacterial micro-factories to the whole tumor
region from the central necrosis and/or periphery of the necrotic region where the anaerobic
bacteria are colonized. For better distribution of anti-cancer substances in tumor tissue,
there may be other ways to conjugate anti-tumor substances with oligopeptides to penetrate
tumor masses and consequently widen the diffusion area of therapeutic agents [87].

It is also possible that specific and effective energy sources or nutrients that selectively
stimulate the growth of bacteria in solid cancers can increase the number of intra-tumoral
bacteria, even if the initial localization number is small. In the case of Bifidobacterium,
lactulose was firstly used to enhance bacterial number in animal experiments. Lactulose
is a disaccharide made up of galactose and fructose that cannot be used by mammalian
cells as an energy source. Although considered an ideal bacterial energy source, the i.v.
administration of lactulose is not permitted in the clinical setting. Therefore, maltose
has been used in phase 1 testing as an alternative energy source. The search for an ideal
nutrient in clinical trials continues for Bifidobacterium [88]. If lactic acid can be used as
an energy source, it will be abundantly supplied by the tumor as a metabolite of cancer
cell glycolysis. Other bacteria, such as Veillonella, consume lactic acid as reported in a
meta-omics analysis of elite athletes as a performance-enhancing microbe that functions via
lactate metabolism [89]. Transferring this metabolic phenotype to Bifidobacterium through
gene transfer techniques may create a better micro-factory for anti-cancer drug production.

4. Conclusions

The present review of our novel iDPS with Bifidobacterium demonstrates its strong
potential to safely improve the current problems of solid cancer treatment. Further advances
will lower medical expenses through the continuous production of anti-cancer agents and
cost-effectively reintroduce discontinued drugs that have strong anti-tumor properties but
severe systemic side effects.

With a concerted global effort, it will be possible to pursue and realize an ideal
bacterial-based system, no matter what difficulties await; all that is needed is to remove
the unnecessary and undesirable genes and replace them with beneficial ones. Our novel
iDPS with Bifidobacterium represents a promising therapeutic candidate for solid tumors as
an in situ self-propagating micro-factory.
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Abstract: Triple negative breast cancer (TNBC) is the most aggressive breast cancer accounting for
around 15% of identified breast cancer cases. TNBC lacks human epidermal growth factor receptor
2 (HER2) amplification, is hormone independent estrogen (ER) and progesterone receptors (PR)
negative, and is not reactive to current targeted therapies. Existing treatment relies on chemothera-
peutic treatment, but in spite of an initial response to chemotherapy, the inception of resistance and
relapse is unfortunately common. Dasatinib is an approved second-generation inhibitor of multiple
tyrosine kinases, and literature data strongly support its use in the management of TNBC. However,
dasatinib binds to plasma proteins and undergoes extensive metabolism through oxidation and
conjugation. To protect dasatinib from fast pharmacokinetic degradation and to prolong its activity,
it was encapsulated on poly(styrene-co-maleic acid) (SMA) micelles. The obtained SMA–dasatinib
nanoparticles (NPs) were evaluated for their physicochemical properties, in vitro antiproliferative
activity in different TNBC cell lines, and in vivo anticancer activity in a syngeneic model of breast
cancer. Obtained results showed that SMA–dasatinib is more potent against 4T1 TNBC tumor growth
in vivo compared to free drug. This enhanced effect was ascribed to the encapsulation of the drug
protecting it from a rapid metabolism. Our finding highlights the often-overlooked value of nanofor-
mulations in protecting its cargo from degradation. Overall, results may provide an alternative
therapeutic strategy for TNBC management.

Keywords: TNBC; dasatinib; poly(styrene-co-maleic acid) micelles; nanoformulation; metabolism;
EPR; nanomedicine; targeted therapy

1. Introduction

Breast cancers are the top widespread type of tumor among females in the U.S., and
in 2021, it is predicted that 280,000 new breast cancers will be diagnosed [1,2]. The disease
is globally affecting about 1 in 8 women in the U.S. during their lifetime. Breast cancer
mortality could be attributed to metastasis by 80–90% [3].

Triple negative breast cancer (TNBC) is a long-lasting orphan disease and among the
most clinically challenging breast cancer subtype. TNBC is the most aggressive and hetero-
geneous breast tumor that lacks all of three therapeutically relevant biomarkers including
estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor
receptor 2 (HER2) [4]. The conventional treatment for TNBC involves surgical excision
and radiotherapy with a combination of adjuvant chemotherapies [5,6]. Despite current
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therapeutic regimens, patients affected by TNBC show frequently fatal prognosis and are
exposed to early relapse and metastatic spread, as a result of resistance to chemother-
apies [5]. Despite initially TNBC exhibiting more chemo-sensitivity than other groups
of breast cancer, it shows high propensity to spread and metastasize to vital organs, for
instance the lungs and brain, rendering the survival rate still significantly lower than
patients with non TNBC across any phase of diagnosis [7–9]. These aggressive phenotypes
can be at least to some extent ascribed to the incidence of breast cancer stem cells (BCSCs).
In addition, the lack of targeted therapies increases the use of traditional chemotherapy
often accompanied by severe side effects. The subclassification of TNBC based on gene
expression profiling analysis includes basal like 1 (BL1) and basal like 2 (BL2), immunomod-
ulatory (IM), mesenchymal (M), mesenchymal stem like (MSL), and luminal androgen
receptor positive (LAR) [10–12]. This classification is paving the way to the identification of
more specific molecular targets for TNBC treatment. In fact, these subtypes show different
drug sensitivity profiles to anticancer treatments such as cisplatin for BL1 and BL2, PI3K,
and proto-oncogene tyrosine-protein kinase (Src) inhibitors [13].

Src is a protein tyrosine kinase that regulates various cancerous events at an intracel-
lular level, such as cellular adhesion, invasion, growth, survival, and vascular endothelial
growth factor (VEGF) expression [14,15]. In addition, Src regulates an osteoclast function
in normal bone and bone metastases [16]. A number of literature reports have evidenced
in TNBC an abnormal activation and amplification of Src or Src-family kinases (SFK) and
an involvement in metastasis regulation [17]. Not surprisingly, TNBC shows increased
sensitivity to Src inhibitors compared to other cancer subgroups [18–20]. In addition, it has
been demonstrated that ER and HER2 expression levels affect the beneficial effects of Src
inhibitors in TNBC [21]. Therefore, Src can be considered as a new molecular target for
TNBC therapy, and Src inhibitors have long been proposed as new antitumoral treatments,
since they are able to prevent cell growth in liver, colon, breast, and ovarian cancers.

Dasatinib (Figure 1) is a Src, BCR-ABL, c-KIT, PDGFR-α and PDGFR-β, and ephrin
receptor kinase blockers accepted by the Food and Drug Administration (FDA) for treat-
ing cases of Philadelphia chromosome positive leukemias (chronic myeloid leukemia;
CML) [22,23]. Preclinical studies demonstrated significant inhibition of malignant breast
cells growth through reducing the percentage of aldehyde dehydrogenase-positive (ALDH+)
BCSCs within the BL-2 subtype of breast cancer [13,24]. Considering that BCSCs are of-
ten responsible for the onset of chemotherapy resistance, dasatinib has been considered
for the treatment of TNBC [24,25]. Similarly, preclinical studies evidenced synergistic or
additive dasatinib activity with chemotherapy, implying that this Src inhibitor can offer
clinical benefit in TNBC [26]. Regrettably, patients suffering from TNBC have inadequate
benefit from Src inhibitors treatment [27–29]. In fact, despite promising preclinical results,
a phase II clinical trial by administering dasatinib as a single agent highlighted only a 9%
clinical benefit rate, and other clinical trials terminated due to futility (e.g., NCT00817531,
NCT00780676, etc.) [29]. Moreover, dasatinib suffers from some limitations related to its
pharmacokinetic profile. Oral absorption of dasatinib is quick and produces around 80% of
bioavailability; however, it is rapidly eliminated through CYP3A4-mediated metabolism,
with a T1/2 of 3–4 h. In addition, dasatinib bioavailability has reduced the its ability to
modify gastric pH value (antacids, H2-receptor blockers, proton pump inhibitors) and is
modified according to the concomitant treatment with CYP3A4 inducers or inhibitors [30].

In recent years, considerable attention has been devoted to strategic application of
nanoscience to pharmaceutical development with the aim of improving efficacy, delivery
at the site of action, safety, physicochemical properties, and the absorption, distribution,
metabolism, and excretion (ADME) profile of bioactive compounds [31]. In particular,
nanoparticle formulations (NPs) can guarantee increased bioavailability of drugs adminis-
tered orally, enhanced half-life of intravenous drugs (by reducing both metabolism and
elimination), and augmented drug concentration in specific tissues [32]. Taking in account
the dasatinib ADME profile, encapsulation of the drug into NPs may improve the drug
efficacy, minimize side effects, and permit the active principle to assemble at the malignant
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tumor site by means of the enhanced permeability and retention (EPR) effect [33,34]. In
addition, using the SMA micellar system to generate dasatinib NPs has multiple advan-
tages over other nanoformulations. It produces a micelle with a nearly neutral or slightly
negative charge reducing opsonization of the micelles, recognition by the reticuloendothe-
lial system, and elimination from the blood circulation [35]. In our previous work utilizing
dasatinib micelles compared to free drug, we had shown enhanced anticancer activity
both in vitro and in vivo against various glioblastoma cell lines and in animal model of
the disease [36]. In this study, we encapsulated dasatinib into polystyrene co-melic acid
(SMA) micelles to generate micellar dasatinib system (SMA–dasatinib) that has been char-
acterized for physicochemical properties including size, loading, charge, and release rate.
In addition, SMA–dasatinib has been assessed for their anticancer effect in vitro using
4T1, MDA-MB-231, and MCF-7 cell lines and in vivo in a syngenic model of TNBC. The
cell lines chosen represents a spectrum of commonly used breast cancer cell lines of both
hormonal responsive and TNBC of human and murine origin. Our choice of cell lines
will allow the comparison of dasatinib formulation in different biological environments
and further allows the comparison of our results to earlier and subsequent research in the
field. Encouraging obtained results will pave the way for further study in the management
of TNBC.
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2. Materials and Methods

Dasatinib were retained from LC Laboratories (Woburn, MA, USA). Polystyrene
co-maleic anhydride (molecular weight~1600), Roswell Park Memorial Institute (RPMI)
1640 medium, Hank’s balanced salt solution, fetal bovine serum (FBS), bovine serum
albumin (BSA), and TrypLE express were bought from ThermoFisher Scientific (Dubai,
United Arab Emirates). N-(3-dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride
(EDAC), L-glutamine, antibiotic solution of penicillin/streptomycin were acquired from
(Merck Hertfordshire, UK). All consumable materials including petri dishes, conical tubes
(15 mL and 50 mL), cell culture flasks (25 and 75 cm2), and dialysis tubing were purchased
from (Merck Hertfordshire, UK).

2.1. SMA–Dasatinib Micelles Synthesis

SMA–micelles were synthesized as previously reported [36]. Briefly, SMA was hy-
drolyzed by adding the SMA powder to 1 M NaOH solution at 70 ◦C to reach a concentra-
tion of 10 mg/mL. After this time, the pH of the obtained solution of SMA was adjusted
to pH 5.0. This was followed by adding EDAC (1:1 weight ratio with SMA). Dasatinib
was dissolved in dimethyl sulfoxide (DMSO) at 25% weigh ratio to SMA. Dasatinib was
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added to the solution, and pH was kept at 5 by adding 0.1 HCL until pH remained stable
at 5.0. Then, the pH was raised up to reach 11.0 and kept until it become stable. The pH
was then dropped to 7.4, and the solution was filtered 4 times by meand of a Millipore
Labscale TFF system with a Pellicon XL 10 KDa cutoff membrane. Finally, the concentrated
SMA–dasatinib micelles were frozen at −80 ◦C and the following day lyophilized (5 mTorr
and −52 ◦C) to achieve a stable SMA–dasatinib powder.

2.2. SMA–Dasatinib Micelles Characterization

The SMA micelles loading was determined by using three different samples of
1.0 mg/mL of SMA–dasatinib micelles dissolved in DMSO for measuring absorbance
at 320 nm of dasatinib to a previously prepared standard curve of the drug intending to
determine the ratio between the micelle and the loaded dasatinib.

For size distribution and zeta potential determination of SMA–dasatinib micelles, a
Malvern ZEN3600 Zetasizer Nano series was used (Malvern Instruments Inc., Westborough,
MA, USA) by using 1 mg/mL of the SMA–dasatinib nanomicelles dissolved in both double
DW as a solvent for size measurement or for charge measurement. Then, to measure the
release rate of free drug (dasatinib) from SMA micellar system, two separate experiments
have been performed by measuring the release in PBS and in FBS. A 2 mg of the SMA–
dasatinib were dissolved in 2 mL of PBS or FBS, respectively, and inserted into a 10 kDa
cutoff dialysis membrane that was flooded in 20 mL of PBS or FBS for 72 h. At specified
time points, the surrounding water was collected from outside the dialysis bag and replaced
with PBS or FBS, and the absorbance was measured at 320 nm.

2.3. Cell Culture

The cell lines 4T1, MDA-MB-231, and MCF-7 were obtained from American Type
Culture Collection (ATCC) (Manassas, VA, USA). RPMI medium supplemented with 5%
fetal bovine serum (FBS) was used to culture the cell lines while being maintained in a
humidified atmosphere at 37 ◦C, 5% CO2.

In Vitro Anti-Proliferative Effect of Dasatinib and SMA–Dasatinib Micelles

Cells were seeded in 96-well plates (density: 4T1 5 × 103, MDA-MB-231 5 × 103,
MCF-7 5 × 103 cells/well, respectively) and incubated for 24 h at 37 ◦C in 5% CO2 and then
treated with a different of concentrations of dasatinib 0 to 10 µM) or SMA–dasatinib (0 to
10 µM). The cytotoxicity was assessed after 48 h incubation using a sulforhodamine B (SRB)
assay, as described previously [37]. Free SMA and DMSO at concentrations equivalent
to that used for testing dasatinib were used as controls. Cells were fixed using 10%
trichloroacetic acid and stained with SRB. The cytotoxicity experiments were performed
in triplicate (n = 3). Then, the 50% growth inhibition (IC50) was assessed by using SRB
assay after 48 h incubation. HepG-2 cells also were seeded at a density of 50,000 cells/cm2

onto a 25 cm2 flask. Then, cells were treated by various concentration of dasatinib and
SMA–dasatinib. Twenty-four hours after incubation, the supernatants were collected and
diluted accordingly to retreat 4T1 cells. Data were represented as mean ± SD of three
independent experiments of each cell lines.

2.4. Effect of Dasatinib and DMA-Dasatinib Treatment in In Vivo Syngeneic Model

The Laboratory Animal Care Facility of the Arabian Gulf University (AGU), Bahrain,
supplied the Female Balb/c mice (6–12 weeks old, mean weight 20–25 gm). Animals
were maintained under standard conditions such as controlled temperature (25 ◦C), a
12 h photoperiod, and had access to food and drinking water ad libitum. All animal
experiments were performed based on the rules and regulations of AGU Animal Care
Policy and approved by the Research and Ethics Committee, REC approval No: G- E003-
PI-04/17.

To propagate the tumor, female Balb/c mice (n = 3) were treated subcutaneously
with 1 million 4T1 mammary carcinoma cells in both sides (right and left side) of the
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mice back. The tumor then was collected and cut down into small pieces of average size
1–3 mm3 in sterile PBS to sustain tumor viability. Following this, 5 mice of each group
were cleanshaven, anesthetized, and injected with one small piece of the 4T1 tumor tissue
subcutaneously. When the tumors reached 100 mm3 in size, mice were casually divided
into three groups n = 5 in each group (negative control, dasatinib, and SMA–dasatinib)
subjected to drug treatment. Dasatinib was given once at a dose of 5 mg/kg via the tail vein,
whereas SMA–dasatinib at a dose of 5 mg/kg (dasatinib equivalent dose) dissolved in PBS
was given by IV injection. The first day of drug treatment was established as day 0. Tumor
volume was measured by manual caliber; the size was assessed by using this formula:

V (mm3) = ((transverse section (W)2 × longitudinal cross section (L))/ 2).

Tumor sizes were normalized by using the original tumor measure and represented
as mean ± standard error of the mean (SEM). Additionally, the body weight of mice was
estimated every day and normalized daily for 10 days.

2.5. In Vivo Biodistribution of Dasatinib and SMA–Dasatinib

Cells of 4T1 were injected into female Balb/c mice, bilaterally on the flanks to obtain
1–3 mm3 tumor size. When cancer volume reached 100 mm3, mice were casually divided
into 2 groups (4 mice per group). Mice were injected with both dasatinib or the equivalent
in SMA–dasatinib at 50 mg/kg via the tail vein. Mice were sacrificed 24 h after drugs
injection and different organs were collected. Organs such as heart, lungs, liver, spleen,
kidneys, and tumor tissue were examined for dasatinib content. SMA–dasatinib was taken
out using the method reported earlier [38]. In brief, organs were crushed, weighed, and
snap-frozen before pulverization. Obtained frozen tissue powder (1 mg) was treated with
67% ethanol and 1 mL of HCl 4M. The suspension was incubated at 70 ◦C for 30 min,
sonicated, and centrifuged to take out dasatinib from tissue samples. Dasatinib amount
was measured by absorbance at 332 nm and compared to a dasatinib calibration curve. The
amount of dasatinib was standardized to the weight of tissue and to the whole weight of
the organs from which it was extracted.

2.6. Statistical Analysis

The data from both experiments in vitro and in vivo were evaluated using GraphPad
prism software. Tumor size measurements are expressed as group means ± SEM in
the treatment groups. Cytotoxicity experiments with dasatinib and SMA–dasatinib are
reported as means ± SD. The statistical significance of difference between groups were
performed using a two-tailed t-test. Statistical differences were considered significant if the
p-value was <0.05.

3. Results
3.1. Synthesis and Characterization of SMA–Dasatinib

SMA–dasatinib was synthesized and characterized by a low critical micelle concen-
tration (CMC), as previously described [36]. Furthermore, the structural variation of
hydrophobic styrene and hydrophilic maleic groups stimulates the quick construction of
SMA micelles and facilitates the encapsulation of dasatinib. The loading of SMA–dasatinib
was 11.5%, calculated as the weight ratio of the dasatinib over the total amount of SMA
micelle weight. Micelles average size measuring showed that SMA–dasatinib micelles were
198 nm and had a polydispersity index (PDI) of 0.17, which was determined by dynamic
light scattering (DLS). As shown in Table 1, the zeta potential of SMA–dasatinib is near
neutral with a value of 0.0035 mV, which can sustain the micelle in the blood circulation
for a long time by lowering the clearance by the reticuloendothelial system and allows
accumulation in the tumor [39].
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Table 1. Characterization of SMA–dasatinib 1.

Micelle Recovery Loading (wt./wt.) Size (nm) PDI 2 Zeta Potential (mV)

SMA–dasatinib 65% 11.5% 198 0.17 −0.0035
1 Data are shown as mean values ± standard deviation (SD). Values are the mean of triplicate experiments;
2 PDI = polydispersity index.

Thus, the average size of SMA–dasatinib is within the size range to facilitate its accu-
mulation in tumor tissue by the effect of enhanced permeability and retention (EPR) [40].
Moreover, the release rate of the drug from the micelles was more efficient in an environ-
ment mimicking extracellular pH than in the blood (53 vs. 44%) following 96 h incubation).

The release of dasatinib from SMA micelles was assessed at physiological pH 7.4 in
PBS and FBS, respectively, for 96 h (Figure 1). The SMA–dasatinib micelles were stable
in solution with about half of the formulation released after 96 h. Moreover, in the first
2 h, the cumulative release was around 5%, as shown in Figure 1. The stability of the
micellar system depends on the slow release in the blood circulation, which promotes
the SMA–dasatinib accumulation at the tumor site through the EPR effect. A previous
study has demonstrated the endocytosis of SMA micelle through caveolin-1 [41]. Therefore,
SMA–dasatinib will be internalized by endocytosis and the release of dasatinib into the
TNBC tumor cells.

3.2. Cytotoxicity of Dasatinib and SMA–Dasatinib versus Breast Cancer Cell Lines

The assessment of the cytotoxic effect of SMA–dasatinib and dasatinib on cell viability
was achieved using different breast cancer cell lines, such as human MDA-MB-231, 4T1,
and MCF-7 cells. A cell’s cytotoxicity of dasatinib and SMA–dasatinib was determined by
means of the SRB assay. Equivalent concentrations of free SMA and DMSO were used to
dissolve the dasatinib and yielded no cytotoxic effect.

The treatment of MCF-7 cells (Figure 2A and Table 2) evidenced that either dasatinib
and SMA–dasatinib showed no noteworthy difference in their cytotoxic activity after 48 h
incubation and both displayed an IC50 > 10 µM. An IC50 value of 6.1 ± 2.2 µM was obtained
for the dasatinib treatment of MDA-MB-231 cells, while SMA–dasatinib exhibited an IC50
value of 8.16 ± 3.1 µM (Figure 2B and Table 2). An enhanced effect could be partially
attributed to greater internalization capability of MDA-MB-231 cells compared to MCF-7
cells [26].
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Table 2. Experimental IC50 values (µM) of free dasatinib and SMA–dasatinib towards human MDA-
MB-231, 4T1, and MCF-7 cells.

Cell Line
IC50 (µM) 1,2

Dasatinib SMA–Dasatinib

MCF7 >10 >10
MDA-MB-231 6.1 ± 2.2 8.16 ± 3.1

4T1 0.014 ± 0.003 0.083 ± 0.01
Hep-G2 >10 >10

4T1 after Hep-G2 0.21 ± 0.04 0.09 ± 0.012
1 IC50 value determination was performed using GraphPad Prism. Data are reported as IC3 values in
µM ± standard deviation (SD). Values are the mean of triplicate experiments.2 The IC50 value calculations
were calculated according to GraphPad prism algorithm and were included to have a numerical reference value
of comparison, although it is clear that a plateau is reached after certain concentrations in MCF-7 and MDA-MB
231 cell lines.

Both MDA-MB-231 and MCF-7 reached a plateau, which can be explained by the
inherent dependence of the breast cancer cell lines on tyrosine kinases signaling for growth
and division. Cells of 4T1 treated with free dasatinib and SMA–dasatinib showed a
significant cytotoxic effect when compared to MCF-7 and MDA-MB-231 cells with IC50 of
0.014 ± 0.003 and 0.083 ± 0.01 µM, respectively (Figure 2C and Table 2).

3.3. Effect of Dasatinib and SMA–Dasatinib on the Development of 4T1 Tumors

The anticancer activity of dasatinib and SMA–dasatinib was evaluated using Balb/c
mice harboring 4T1 tumor over a treatment period of 10 days. Figure 3A shows that
during the first days’ treatment with free dasatinib (5 mg/kg) tumor growth seems to be
delayed, while overall tumor size did not change significantly after 10 days in comparison
to control-treated mice. Very differently, treatment with SMA–dasatinib almost entirely
stopped the tumor growth for the duration of the study.
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Figure 3. In vivo antitumor activity of dasatinib and SMA–dasatinib on 4T1tumor bearing Balb/c mice. Mice were treated
for 10 days with single dose of either dasatinib 5 mg/kg and SMA–dasatinib 5 mg/kg. Control group was injected with PBS
(pH 7.4). Tumor volume changes (A) and body weight changes (B) were monitored over the treatment period. Data are
presented as the mean of triplicate experiments ± standard error.

The therapeutic efficacy of dasatinib and SMA–dasatinib treatments were not associ-
ated with any statistically significant weight loss during the treatment period, as shown in
Figure 3B and Table 3.
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Table 3. Body weight changes upon treatment with dasatinib and SMA–dasatinib were monitored
over the treatment period 1.

Day Control Dasatinib SMA–Dasatinib

0 23.5 23.5 22.6
9 24.6 25.1 24.6

Mean weight 23.8 24.2 23.9
Std. deviation 0.4637 0.7537 0.7987

1 Data are presented as the mean of triplicate experiments ± standard error.

3.4. In Vivo Biodistribution of Dasatinib and SMA–Dasatinib

The biodistribution of dasatinib and SMA–dasatinib were measured in vivo; to this
extent, immunocompetent Balb/c mice harboring 4 T1 tumors were intravenously injected
with equivalent doses of dasatinib or SMA–dasatinib, and the concentration of dasatinib
in various organs and tumor has been measured. As reported in Figure 4, dasatinib and
SMA–dasatinib are distributed to the heart, liver, lung, kidney, and spleen. There was
an increased accumulation of dasatinib following SMA–dasatinib injection in the spleen,
kidney, and lung when compared to the free dasatinib injection (Figure 4A). No significant
statistical difference was observed in the heart and liver. Additionally, in the tumor
when comparing SMA–dasatinib to the free dasatinib injection (Figure 4B), no statistically
significant difference was observed.

1 

 

 

 
 

(A) (B) 

 Figure 4. (A) Tissue and (B) tumor distribution of free dasatinib and SMA–dasatinib at 24 h after intravenous injection of
dasatinib or SMA–dasatinib (50 mg/kg) to Balb/c mice bearing 4T1 tumors (n = 5). Representation of the relative content of
dasatinib per 100 mg tissue expressed in free and micellar dasatinib.

3.5. Cytotoxicity of Dasatinib and SMA–Dasatinib Versus HepG2 Cell Line and 4T1 after Passage
in HepG2

The effect of SMA–dasatinib and dasatinib on HepG2 cell viability was assessed by
using SRB assay. HepG2 cells upon treatment with dasatinib and SMA–dasatinib micelles
did not show any significant toxicity (Figure 5A) after 48 h incubation and both displayed an
IC50 > 10 µM (Table 2). However, when the supernatants obtained from HepG2 treatment
with dasatinib and SMA–dasatinib, respectively, were added to 4T1 cells the correspondent
IC50s varied noticeably. While the SMA–dasatinib cytotoxicity did not change (IC50 = 0.09
vs. 0.083 µM, respectively, Table 2); dasatinib cytotoxicity resulted in a 15-fold decrease in
cytotoxicity (IC50 = 0.21 vs. 0.014 µM, respectively, Table 2).
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Figure 5. Cytotoxicity of dasatinib and SMA–dasatinib (A) against HepG2 cells, (B) 4T1 cells after treatment with HepG2.
The cells were treated for 48 h with specific concentrations of dasatinib and SMA–dasatinib micelles. The cell number was
determined using the SRB assay. Data are expressed as mean ± SEM (n = 8).

4. Discussion

Dasatinib is a multi-target kinase inhibitor, including BCR/ABL kinases and Src family
kinases (SFK) that are closely linked to multiple signal pathways that regulate proliferation,
invasion, survival, metastasis, and angiogenesis [42]. Dasatinib showed promising results
in the treatment of TNBC as a single agent or as a neoadjuvant; nevertheless, its use is
limited by its poor aqueous solubility (6.49 × 10−4 mg/mL). Moreover, after oral admin-
istration, dasatinib is subjected to extensive first pass metabolism, where multiple CYP
enzymes appear to have the potential to metabolize the drug [43]. Our current work aims at
encapsulating dasatinib into SMA micelles to generate an SMA–dasatinib micellar system
that can improve its solubility in water, protect the drug against enzymatic degradation,
potentiate its chemotherapeutic effect, and minimize the rate of drug resistance.

The characterization of SMA–dasatinib micelles showed successful encapsulation of
the drug with a loading capacity of 11.5%. Given that effective molecular size for EPR is
20–200 nm, the micellar size of 198 nm favors the accumulation of the nanoparticles in
the tumor cells. In addition, the particle size of the prepared drug-loaded micelles should
improve their circulation time and extend their plasma half-life by avoiding their rapid
elimination from the kidney. The surface charge of the obtained prepared SMA–dasatinib
micelles was almost neutrall, which is desirable to limit their interaction with active plasma
constituents such as complement system and coagulation factors. Further, a near neutral
charge will ensure selective EPR-based extravasation through tumor vasculature with mini-
mal interaction with normal endothelial cell membrane. The micellar formulations showed
a sustained slow-release rate of the drug for 96 h in both PBS and FBS (Figure 2), which
shows that they can function as a reservoir for delivering a consistent level of dasatinib
once concentrated extracellularly at tumor tissues and, hence, prolong the exposure of
tumor cells to effective doses of the drug.

The examination of dasatinib-induced inhibition of metabolic activity on three com-
monly studied TNBC cell lines showed different responses. The MCF7 cell line was the
least sensitive to treatment with SMA–dasatinib and free drug (IC50 > 10 µM) compared to
MDA-MB-231 (IC50 8.16 and 6.1 µM, respectively). This correlates with previous studies,
which suggested that MDA-MB-231 are more sensitive due to the presence of active ABL
kinase and their greater drug internalization capacity [26,44]. The 4T1 cell line exhibited a
significantly high sensitivity to dasatinib and SMA–dasatinib (IC50 = 0.014 and 0.083 µM,
respectively) compared to MDA-MB-231 and MCF7, which may be due to their sensitivity
to Src (Kin-2) receptor tyrosine kinase blockade [45]. Interestingly, there was no significant
difference in the cytotoxic effect of the SMA–dasatinib and the free drug on the different
types of TNBC cell lines in vitro. Nevertheless, Figure 4 showed that treatment with SMA–
dasatinib significantly inhibited the tumor growth in vivo compared to animals treated
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with the free drug. Both treatments resulted in no significant weight loss in treated animals,
indicating that it is relatively safe to use dasatinib and SMA–dasatinib micelles in this
animal model.

The biodistribution after IV administration showed a significantly high accumulation
of SMA–dasatinib in the spleen compared to the free drug. This could possibly be due
to the fact the size of SMA–dasatinib micelles is larger than the fenestration of the liver
vasculature, which can reduce the hepatic uptake of the micelles and may decrease the
metabolism of the drug. On the other hand, there was no significant difference between
the tumor distribution of dasatinib and SMA–dasatinib. Dasatinib is characterized by a
large volume of distribution and human plasma protein binding. In vitro studies showed
that plasma protein binding of dasatinib can reach 96%, creating a depot from which the
drug slowly releases its free form. It may also increase the molecular size of the drug and
enhance its accumulation at the tumor site by EPR effect similar to SMA–dasatinib [46].

Treatment of HepG2 cells with dasatinib and SMA–dasatinib micelles did not show
significant toxicity (IC50 > 10 µM). This is probably due to low expression levels of Src
kinase, which reduced the sensitivity of the cell line to the drug [42]. The passage of
dasatinib and SMA–dasatinib through HepG2 before treatment of 4T1 cells was carried
out to check the effect of metabolism on the cytotoxic ability of the treatments. Dasatinib
is significantly metabolized by CYP3A4 in the liver generating an active metabolite with
similar potency to the drug; however, it represents only 5% of dasatinib in plasma. The
co-administration of potent CYP3A4 inducer results in a considerable reduction on Cmax
and AUC of the drug [43]. Treatment of 4T1 cells with supernatants obtained from HepG2
treatment showed a significant decrease in cytotoxicity of the free dasatinib, while the
cytotoxic effect of SMA–dasatinib remained unchanged. The encapsulation of dasatinib
offered protection for the drug against enzymatic degradation. The size of the produced
micelles enhanced its accumulation at the tumor site by EPR effect and reduced its liver
uptake. Our work is an emphasis of the overlooked advantage of nano-delivery systems in
terms of cargo protection against degradation. This potential advantage was first described
by Maeda back in 1991 [47]. Neocarzinostatin (NCS) is a very potent anticancer pretentious
agent; however, NCS half-life is almost 1.9 min in tested mice. Using the nanoformulation
of SMANCS protected the drug from the proteolytic activities in the plasma as well as
extending its half-life by one order of magnitude. Further, this early work proved the safety
of clinical use of SMA as a polymeric carrier for various biological payloads. Overall, our
work further emphasizes the metabolic advantages of SMA–dasatinib nanosystems with a
potential application for treating TNBC.

5. Conclusions

In this work, we have successfully synthesized and characterized an SMA nanomicel-
lar system encapsulating the TKI dasatinib. Both the free drug and its nanoformulation
have shown comparable cytotoxic activity in vitro against an array of breast cancer cell
lines. The TKI and its nanoformulation proved to be more effective against TNBC cell lines
compared to a hormone-sensitive cell line. In an animal model of 4T1 TNBC, the nanofor-
mulations was about seven-fold more effective in controlling 4T1 implanted tumors. This
pronounced in vivo activity was attributed to the protection of an SMA micellar system of
TKI from the enzymatic degradation. Overall, our work can renew the interest in dasatinib
as an effective treatment modality against TNBC.
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Abstract: For more than three decades, enhanced permeability and retention (EPR)-effect-based
nanomedicines have received considerable attention for tumor-selective treatment of solid tumors.
However, treatment of advanced cancers remains a huge challenge in clinical situations because of
occluded or embolized tumor blood vessels, which lead to so-called heterogeneity of the EPR effect.
We previously developed a method to restore impaired blood flow in blood vessels by using nitric
oxide donors and other agents called EPR-effect enhancers. Here, we show that two novel EPR-effect
enhancers—isosorbide dinitrate (ISDN, Nitrol®) and sildenafil citrate—strongly potentiated delivery
of three macromolecular drugs to tumors: a complex of poly(styrene-co-maleic acid) (SMA) and
cisplatin, named Smaplatin® (chemotherapy); poly(N-(2-hydroxypropyl)methacrylamide) polymer-
conjugated zinc protoporphyrin (photodynamic therapy and imaging); and SMA glucosamine-
conjugated boric acid complex (boron neutron capture therapy). We tested these nanodrugs in mice
with advanced C26 tumors. When these nanomedicines were administered together with ISDN
or sildenafil, tumor delivery and thus positive therapeutic results increased two- to four-fold in
tumors with diameters of 15 mm or more. These results confirmed the rationale for using EPR-effect
enhancers to restore tumor blood flow. In conclusion, all EPR-effect enhancers tested showed great
potential for application in cancer therapy.

Keywords: isosorbide dinitrate; sildenafil citrate; EPR effect; EPR-effect enhancers; heterogeneity of
the EPR effect; nitric oxide donors; tumor blood flow

1. Introduction

The enhanced permeability and retention (EPR) effect is believed to be a univer-
sal mechanism occurring in most solid tumors and a key issue for selective delivery of
nanomedicines to tumors [1–6]. Suppressed blood flow or obstructed blood vessels in
advanced cancers lead to heterogeneity of the EPR effect [7–12]. Criticisms of the EPR
effect were recently raised [13,14], probably because of inaccurate understanding of the
EPR effect together with the use of inappropriate nanomedicines, particularly those lacking
good stability in vivo and those with an inadequate or poor experimental design [7–9]. For
instance, if the release of active pharmaceutical ingredients from liposomes is too slow
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because the complexes are very stable, even though they accumulates in tumors by EPR
effect, the therapeutic outcome is poor [7–12,15].

The EPR effect was first demonstrated in mouse tumor models in which the tumor size
was usually smaller than 10 mm and the tumors were highly vasculated; nanomedicines
thus had high permeability. In contrast, human tumors diagnosed in clinical situations are
frequently larger than 3 mm and up to 10 cm or more. In such large tumors, blood flow is
often suppressed or blood vessels are occluded because of the formation of vascular clots or
thrombi [9–12,15–18]. This blood-flow suppression thus results in little or no drug delivery
and, therefore, a highly limited EPR effect [9,12,15–18]. However, Ding et al. observed that
more than 87% of human renal tumors manifested a considerable EPR effect with significant
diversity and heterogeneity in different patients [19]. Also, Lee et al. reported that nanopar-
ticles conjugated with positron-emitting radionuclei such as 64Cu resulted the EPR effect in
breast cancer, including metastatic cancer [20]. We demonstrated similar results by using
arterial angiography of the polymer-conjugate drug SMANCS, i.e., neocarzinostatin (NCS)
conjugated to poly(styrene-co-maleic acid) (SMA), in lipiodol [21–24]. In these situations,
restoration of tumor blood flow led to successful treatments with nanomedicines [1,23,24].
The review article by Maeda covers these issues [24].

In our studies to overcome the problem of occluded blood flow in advanced tumors,
we achieved a breakthrough by using the nitric oxide (NO) donors nitroglycerin (NG),
L-arginine (L-Arg), hydroxyurea (HU), and an ACE (angiotensin-converting enzyme)
inhibitor as well as other agents including carbon monoxide (CO)-releasing micelles,
such as SMA-encapsulated CO-releasing molecule-2 (SMA/CORM2) and polyethylene
glycol-hemin (PEG-hemin) [7–12,25–27]. Some of these NO-releasing agents are routinely
used in clinical situations. They generate NO in tumors in a selective manner so that
tumor blood vessels open mostly through the effect of vasodilation. NO thereby facilitates
the EPR effect and delivery of drugs to tumors [7,9–12,25]. These enhancers increased
drug delivery to different implanted tumors (S180, C26, and B16) two- to three-fold in
mice. They also improved the therapeutic effect two- to three-fold in autochthonous colon
tumors induced chemically with azoxymethane and 2% dextran sodium sulfate in mice
and 7,12-dimethylbenz[a]anthracene-induced advanced breast tumors in rats [9,12,25].
These two tumor models are similar to naturally occurring tumors and tumors seen in
clinical conditions.

In this study, we investigated three EPR-effect enhancers—isosorbide dinitrate (ISDN),
sildenafil citrate, and L-Arg—in C26 tumor models in mice, which exhibit less tumor blood
flow and are not easy to cure compared to S180 tumor model. ISDN is an organic nitrate
compound used to treat angina pectoris, heart failure, and esophageal spasms; to treat
and prevent cardiac infarction; and to restore blood flow to the heart [28–30]. ISDN is
absorbed at several sites, including the gastrointestinal tract, mucous membranes, and skin,
depending on the formulation [31], after which the nitroxyl (-O-NO2) moiety releases the
nitrite ion [32]. Nitrite (NO2) is converted to NO by nitrite reductase [32,33]. A patient with
lung adenocarcinoma with multiple tumor masses was treated with Nitrol® (ISDN) by
means of arterial infusion of SMANCS/lipiodol (0.5 mg/0.5 mL total), the outcome being
marked tumor suppression even after only one infusion of SMANCS/lipiodol. This patient
remained in good health and free of tumors, as judged by computed tomography (CT),
after at least one year and six months [11]. However, a positive effect of the intravenous
infusion of Nitrol® and polymer-drug conjugate in an aqueous formulation was not fully
demonstrated in this clinical setting. In contrast, sildenafil citrate, another EPR enhancer
recently described to have a positive effect in tumor delivery [34], is widely used for male
erectile dysfunction. It is a selective inhibitor of phosphodiesterase type 5 that enhances
extravasation in target tissues by inhibiting cGMP degradation [35], with results similar to
those of NO; however, it does not contain a nitro group.

We report here our utilization of these vascular mediators in combination with three
macromolecular drugs to increase delivery of the drugs to tumors and thereby improve
therapeutic efficacy in advanced C26 tumors in mice. These three drugs tested are the fol-
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lowing: a complex of SMA encapsulated cisplatin (registered name Smaplatin®), in which
cisplatin is used in cancer chemotherapy [36]; SMA glucosamine-conjugated boric acid
complex (SGB-complex) that was designed for boron neutron capture therapy (BNCT) [37];
and poly(N-(2-hydroxypropyl methacrylamide) (P-HPMA) copolymer-conjugated zinc
protoporphyrin (PZP), used for photodynamic therapy (PDT) [38]. Our data showed about
two- to four-fold enhancement of therapeutic outcome for all these drugs. These findings
again indicate the importance of EPR-effect enhancers to restore tumor blood flow for
successful treatment of solid tumors.

2. Materials and Methods
2.1. Chemicals

ISDN was purchased from Eisai Co. Ltd., Tokyo, Japan. Sildenafil citrate was
purchased from Yoshindo Co. Ltd., Toyama, Japan. cis-Diamminedichloroplatinum(II)
(CDDP, cisplatin®) was purchased from Sigma-Aldrich, Tokyo, Japan. SMA (molecular
size 5500–6500 Da) was obtained from KJ Chemicals, Tokyo, Japan. Smaplatin®, with a
particle size of 100.2 nm as described previously [36]; SGB-complex, with a diameter of
12–15 nm, containing about 16–18% (w/w) glucosamine; and 7–8% (w/w) boric acid was
synthesized by Maeda’s group [37]. P-HPMA-conjugated zinc protoporphyrin (PZP) [38]
was developed previously for PDT. All other reagents and solvents of reagent grade were
from commercial sources and were used without additional purification.

2.2. Animals, Cells, and Tumor Models

All animals used in in vivo studies were maintained at 22 ± 1 ◦C and 55 ± 5% relative
humidity with a 12-h light/dark cycle. Each cage contained 4 mice in this study. All
experiments were approved by the Animal Ethics Committee of Kumamoto University
and carried out according to the Laboratory Protocol of Animal Handling, Kumamoto Uni-
versity, Kumamoto, Japan. Mice were randomly assigned to study groups, and endpoints
of experiments were governed by tumor volume (up to ~4000 mm3). Male BALB/c mice,
all 6 weeks old, were purchased from SLC, Shizuoka, Japan.

For solid tumor model experiments, mouse colon cancer C26 cells were maintained
and cultured in vitro by using Dulbecco’s Modified Eagle’s Medium (Wako Pure Chem-
ical Industry, Osaka, Japan) and supplemented with 10% fetal bovine serum (Biosera,
Kansas City, MO, USA) and antibiotics (100 U/mL penicillin and 100 µg/mL streptomycin)
(Nacalai Tesque, Kyoto, Japan) in 5% CO2/air at 37 ◦C. Cultured C26 cells were collected
and suspended in physiological saline to a concentration of 2 × 107 cells/mL. We implanted
0.1 mL of cell suspension in the dorsal skin of BALB/c mice to obtain C26 solid tumors.

2.3. Enhancement of Drug Delivery by Using ISDN and Sildenafil Citrate in Advanced C26 Tumors

For this study, we utilized BALB/c mice, 6 weeks old, that had relatively large-sized
(diameter of >15 mm) or advanced tumors. Tumor diameters measured about 15 mm at
15–18 days after injection of C26 cells into the dorsal skin. Those mice bearing tumors
without wound, collapse, and necrosis were included in this study. PZP (10 mg/kg) was
then infused intravenously (iv) or was infused as part of the combination treatment with
EPR-effect enhancers, which were injected after the PZP infusion: ISDN at 30 mg/kg
intraperitoneally (ip) or sildenafil citrate at 30 mg/kg subcutaneously (sc). At 24 h after
the PZP infusion, mice were killed, and blood samples were withdrawn; other tissues,
including the heart, lung, liver, spleen, kidney, intestine, and tumor, were collected after
perfusion with 20 mL of phosphate-buffered saline to remove blood from the tissues. Each
tissue sample was added to 100 mg/mL dimethyl sulfoxide and homogenized very well.
Samples were then centrifuged at 12,000× g for 30 min, and supernatants were collected.
Finally, the amounts of PZP in the plasma and each tissue were measured in supernatants by
means of fluorescence spectroscopy (excitation wavelength 422 nm, emission wavelength
590 nm).
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2.4. Improvement in Drug Delivery to Tumors by ISDN as Evaluated by Inductively Coupled
Plasma Mass Spectroscopy (ICP-MS)

We used two drugs, SGB-complex and Smaplatin®, to quantify the increased drug
delivery induced by ISDN. When tumor diameters were 15–16 mm, we injected 15 mg/kg
SGB-complex (boric acid equivalent) or 10 mg/kg Smaplatin® (cisplatin equivalent) into
mice via the tail vein. The EPR-effect enhancer ISDN, at 30 mg/kg, was administered ip
immediately after the drug injection. After 24 h, mice were killed, and blood samples and
other tissues were collected as described above. For elemental quantification by ICP-MS,
specimens of about 100 mg of tumor and normal tissues, including the liver, spleen, kidney,
intestine, heart, lung, and skin, were excised and placed into test tubes, followed by the
addition of a 1:1 mixture of concentrated nitric acid and sulfuric acid (0.25 mL), and samples
were digested at 80 ◦C for 2 h. Samples were then cooled, 10 mL of deionized water was
added to each tube, followed by vortexing, and then samples (about 1 mL) were analyzed
by using ICP-MS. The amounts (parts per billion, ppb) of 10B and platinum in each tissue
were measured and compared.

2.5. Ex Vivo Imaging of PZP with ISDN and Sildenafil Citrate in Advanced Mouse C26 Tumors

When tumor diameters were about 18 mm, we infused 5 mg/kg PZP (ZnPP equivalent)
iv. We administered the EPR enhancer ISDN or sildenafil citrate immediately after the PZP
infusion. After 24 h, mice were killed, and tumor tissues were removed and subjected to
fluorescence imaging by IVIS (IVIS XR; Caliper Life Sciences, Hopkinton, MA, USA). As
a positive control, we used L-Arg at 50 mg/mouse in combination with PZP in similar
experimental settings.

2.6. Augmentation of the Therapeutic Effects of Micellar Anticancer Agents Used in Combination
with EPR-Effect Enhancers

To evaluate the therapeutic results of using two EPR-effect enhancers (ISDN and
sildenafil citrate) with Smaplatin® or SGB-complex, we administered Smaplatin® iv at
6 mg/kg as the high dose or 3 mg/kg as the low dose to mice with C26 tumors when the
tumors had diameters of 10–12 mm. For the combination therapy with the low Smaplatin®

dose, we added ISDN at 30 mg/kg ip or sildenafil citrate at 10 or 30 mg/kg sc. For the
combination therapy with the SGB-complex, 10 mg/kg or 5 mg/kg (boric acid equivalent)
was infused iv, and immediately after the infusion, the enhancers were injected. In a control
experiment, we investigated another EPR-effect enhancer, L-Arg, together with Smaplatin®,
with 50 mg/mouse L-Arg being injected ip.

Tumor volumes and body weights were determined throughout the experimental
period. After we measured the length (L) and width (W) of the tumors, we calculated
tumor volume (mm3) as (W2 × L)/2.

2.7. Cytotoxicity of ISDN and Sildenafil Citrate in HeLa and C26 Cells

In vitro cytotoxicity of ISDN and sildenafil was determined by using the MTT method
with HeLa and colon carcinoma C26 cells. Both types of cells (1 × 104 cells/well) were
plated in 96-well culture plates and cultured overnight in D-MEM with 10% FBS and
antibiotics (100U penicillin/mL and 100 µg/mL of streptomycin) at 37 ◦C under 5% CO2
and 95% air atmosphere. The medium was then replaced with fresh medium, and treat-
ment proceeded with various concentrations of ISDN and sildenafil. After treatment,
cells were incubated at 37 ◦C for 24 h. The MTT assay was then performed, and the
toxicity was quantified as the fraction of surviving cells compared with that without drug
treatment (control).

2.8. Statistical Analyses

In all experiments, error bars represent the standard deviation (SD) unless otherwise
noted. Data were analyzed by using analysis of variance followed by the Bonferroni t-test.
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A difference was considered to be statistically significant when p < 0.05; n ≥ 5 samples for
each group unless noted.

3. Results
3.1. Augmentation of Delivery of Nanomedicines to C26 Tumors in Mice by Using ISDN or
Sildenafil Citrate

We investigated the use of ISDN and sildenafil citrate to increase delivery of different
nanomedicines to advanced tumors that were 15–18 mm in diameter (about 2000–3000 mm3),
in C26 tumors-model mice. The three nanomedicines used were PZP, SGB-complex, and
Smaplatin®. Table S1 summarizes their characteristics [36–38]. We first determined tumor
delivery of PZP by means of fluorescence spectroscopy. Data showed high accumulation of
PZP in tumors except in the liver and spleen. When PZP was used in combination with
ISDN or sildenafil citrate, tumor accumulation increased about two-fold at 24 h after iv
administration of PZP compared with use of PZP alone but no EPR enhancers (Figure 1). As
an interesting finding, drug delivery increased significantly only in tumor tissue; in other
normal tissues, no significant drug accumulation was seen (Figure 1). Therefore, restoration
of blood flow by using EPR-effect enhancers improved EPR effect-based drug delivery to
this tumor. This finding (Figure 1) is consistent with our previous data: when P-HPMA-
conjugated pirarubicin (P-THP) [39] or P-HPMA-conjugated pyropheophorbide [40] was
administered in combination with an NO donor, NG, L-Arg, or HU, drug accumulation
in tumors increased two- to three-fold in S180 and C26 tumor-bearing mice [12,25]. As
a notable result, ISDN enhanced drug accumulation about 20% more than did sildenafil
citrate (Figure 1). The reason for this result with ISDN is not clear, but one possibility may
be that direct NO production by ISDN occurred selectively in tumor tissue.

Figure 1. Enhancement of delivery of PZP to tumors by using EPR-effect enhancers. Male, 6-week-old,
BALB/c mice bearing Colon 26 tumor were given 10 mg/kg PZP iv; ISDN at 30 mg/kg intraperi-
toneally or sildenafil citrate at 30 mg/kg subcutaneously immediately after PZP. The amount of drug
in each tissue was quantified by using fluorescence spectroscopy, with the excitation wavelength of
422 nm (corresponding to ZnPP). Data are expressed as means ± SD. See text for details.

We also studied delivery of SGB-complex and Smaplatin® given with ISDN in the
same tumor model and observed increased delivery of the boron in the SGB-complex and
the platinum in Smaplatin® to the tumor tissues, as determined by ICP-MS. We found
that 15 mg/kg SGB-complex given iv in combination with 30 mg/kg ISDN given ip led to
significantly enhanced delivery of 10B to tumor tissues by about two-fold at 24 h after drug
administration; no other tissue demonstrated similar results (Figure 2A). Also, 10 mg/kg
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Smaplatin® given with ISDN demonstrated increased accumulation in tumor tissues 1.5-
to 2-fold at 24 h after iv infusion (Figure 2B). Again, these data indicate the importance of
EPR-effect enhancers to increase delivery of drugs to late-stage tumors.

Figure 2. ISDN-enhanced accumulation of SGB-complex (A) and Smaplatin® (B) in C26 tumor tissues. SGB-complex at
15 mg/kg (boric acid equivalent) or Smaplatin at 10 mg/kg (Cisplatin equivalent) was administered iv; 30 mg/kg ISDN
was administered ip as an EPR-effect enhancer. At 24 h after drug treatment, the amounts of 10B and platinum in tissues
were quantified by means of ICP-MS according to the manufacturer’s procedure. Data are expressed as means ± SD. (n = 5)
See text for details.

3.2. Enhanced Drug Delivery to Advanced Tumors by Using ISDN or Sildenafil Citrate as
Revealed by Ex Vivo Fluorescence Imaging

We continued to investigate the enhancement of delivery of PZP nanoparticles given
alone or with ISDN or sildenafil citrate by using ex vivo fluorescence imaging by IVIS
to study cut surfaces of tumor tissues. In this study, we utilized large-size tumors about
18 mm in diameter (3000 mm3), i.e., advanced C26 tumors in which tumor blood flow
may be suppressed or blood vessels may be embolized by clots. Fluorescence intensity
data showed that, again, ISDN enhanced drug delivery about three-fold at 24 h after
PZP infusion compared with PZP alone (Figure 3A,B). Sildenafil citrate also improved
PZP delivery about two-fold compared with PZP alone (Figure 3A,B). In addition, by
using this ex vivo tumor-imaging method, we confirmed enhanced drug delivery with
L-Arg, 50 mg/mouse: PZP accumulation increased about three- to four-fold after 24 h of iv
infusion compared with PZP without L-Arg (Supplementary Figure S1).
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Figure 3. Ex vivo imaging of advanced mouse tumors after treatment with PZP plus ISDN or
sildenafil. To study EPR-effect enhancers, we used late-stage C26 tumors (about 18 mm in diameter).
PZP, 5 mg/kg, was injected iv, after which ISDN or sildenafil was administered. After 24 h of iv
infusion, tumors were removed from mice, and fluorescence images were obtained by IVIS. Both
enhancers augmented drug delivery to tumors about two- to three-fold (A). (B) shows the comparison
quantitative measurement of PZP drug accumulation with/without EPR-effect enhancers based on
the fluorescence intensity. Data are expressed as means ± SD (n = 3).

3.3. Improvement in the Antitumor Effects of Nanomedicines by Using EPR-Effect Enhancers

We studied two EPR-effect enhancers—ISDN and sildenafil citrate—given in combi-
nation with different concentrations of the two micellar nanomedicines, Smaplatin® and
SGB-complex (Table S1), in C26 tumors. We found that 3 mg/kg Smaplatin® given with
30 mg/kg ip ISDN resulted in a better therapeutic effect at day 30 than that for 6 mg/kg
Smaplatin® given alone (no ISDN) (Figure 4A). In contrast, 3 mg/kg Smaplatin® given
alone showed very little antitumor effect at day 12 or later (Figure 4A). These data suggest
that ISDN enhanced the therapeutic effect of Smaplatin® about three- to four-fold in C26
tumor-bearing mice, a result that was consistent with our previous findings for P-THP
given in combination with NO-generating agents (NG, L-Arg, and HU) [7,10,25], all of
which selectively generated NO in tumor tissues. These agents produced two- to three-fold
greater antitumor effects in various tumor models [7,10,25].

Smaplatin®, 3 mg/kg, given with 10 mg/kg sildenafil citrate sc suppressed tumor
growth about 1.5-fold at day 7 after treatment (Figure 4B). To study whether the therapeutic
effect would be enhanced by using a different sildenafil citrate concentration, we used
30 mg/kg sildenafil citrate at day 8 and found that the combination treatment enhanced
the antitumor effect about two-fold at day 30 (Figure 4B).

We also found that the combination treatment of Smaplatin® with L-Arg in the C26
tumor model improved the therapeutic efficacy of Smaplatin® two-fold (Supplementary
Figure S2).
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Figure 4. Improvement in the therapeutic effect of different concentrations of Smaplatin® by using ISDN (A) and sildenafil
(B) in C26 tumors. When tumor diameters measured about 12 mm, 6 mg/kg or 3 mg/kg Smaplatin® was injected iv; ISDN
(30 mg/kg, ip) or sildenafil (30 mg/kg sc) was given with 3 mg/kg Smaplatin®. The 3 mg/kg Smaplatin® given with
ISDN showed improved therapeutic efficacy compared with 6 mg/kg Smaplatin® given alone (A); the result for 3 mg/kg
Smaplatin® plus sildenafil was similar to that for 6 mg/kg Smaplatin® given alone (B). Arrows indicate times of drug
administration. * p < 0.05, ** p < 0.01, *** p < 0.001, combination group vs Smaplatin® 3 mg/kg group. Data are expressed as
means ± SD. (n = 5).

In addition, we confirmed an enhanced therapeutic effect by using another micellar
drug, SGB-complex, which was developed for BNCT. We previously reported that SGB-
complex itself suppressed tumor growth in vivo and in vitro by inhibiting glycolysis and
by damaging functions of mitochondrial membranes in cancer cells [37]. To increase the
antitumor effect of the SGB-complex, in our study here, we used ISDN or sildenafil citrate
as an EPR-effect enhancer. We observed almost no therapeutic effect when 5 mg/kg SGB-
complex alone was infused iv, whereas 5 mg/kg SGB-complex given iv in combination
with 30 mg/kg ISDN produced an enhanced antitumor effect compared with that for
10 mg/kg SGB-complex given alone (Figure 5A). These data suggest that combination
therapy with ISDN can enhance the therapeutic effect of nanomedicines about two- to
three-fold. Sildenafil citrate was also given twice, at day zero (10 mg/kg sc) and day eight
(30 mg/kg sc), and we found an improved antitumor effect of about two-fold (Figure 5B).

To see the cytotoxicity of ISDN and sildenafil, we examined two cancer cells, e.g.,
HeLa and C26, and we found both EPR-effect enhancers did not show any significant cyto-
toxicity in both cells after 24 h incubation based on MTT assay (Supplementary Figure S3).
Furthermore, we evaluated the in vivo toxicity of Smaplatin® (Supplementary Figure S4A)
and SGB-complex (Supplementary Figure S4B) with or without EPR-effect enhancer (ISDN
or sildenafil) by monitoring the mouse body-weight changes. We observed that the com-
bination treatment did not exhibit any notable body-weight changes up to 30 days after
treatment (Supplementary Figure S4).

148



J. Pers. Med. 2021, 11, 487

Figure 5. Improvement in the antitumor effect of SGB-complex by using EPR-effect enhancers in the C26 tumor model.
(A) Antitumor effect of the SGB-complex given with ISDN. (B) Antitumor efficacy of the SGB-complex given with sildenafil.
ISDN increased the antitumor effect of the SGB-complex about 3-fold; sildenafil, 1.5- to 2-fold. Arrows indicate times of
drug administration. Data are expressed as means ± SD. * p < 0.05, ** p <0.01, *** p < 0.001, combination group vs. SGB
5 mg/kg group. See text for details.

4. Discussion

Commonly used cancer chemotherapeutic agents, including immunotherapy drugs,
have shown failure rates of 90% (±5%) for solid tumors [15]. One reason for this low
success rate is that most drugs currently used in clinics to treat solid tumors are low-
molecular-weight compounds. As a consequence, these drugs travel throughout the body
and diffuse indiscriminately when administered iv. They thus cause severe adverse effects
in normal tissues and organs and result in a lower therapeutic effect [7,9,12,15,24,41,42]. In
contrast, when biocompatible nanodrugs are administered iv, they remain in circulating
blood for a long time, and they gradually penetrate tumor tissue and selectively accumulate
there because of the EPR effect [7,15,24]. One criticism raised about the EPR effect was that
this effect was not observed in human cancers. However, Lee et al. recently demonstrated
the presence of the EPR effect in breast cancer, including metastatic tumors [20], and Ding
et al. reported a positive EPR effect in about 87% of patients with renal cancer [19]. These
data are consistent with the clinical findings of Maeda’s group with SMANCS/lipiodol
infused into tumor-feeding arteries, with this method showing remarkable results. Their
method of using an arterial infusion of SMANCS/lipiodol (drug) selectively delivered the
drug to tumors by virtue of the EPR effect, and the selective delivery was clearly visualized
by using CT [3,5,11,12,22–24]. Also demonstrated in radio scintigraphy imaging of a tumor
using γ-emitting gallium-67 citrate, when it was infused iv, it formed a complex with
transferrin (90 kDa) in the plasma. This complex behaves as a nanomedicine. After 48–72 h,
this complex accumulated selectively in solid tumors, as visualized by a γ-scintillation
camera [43], which provides clear evidence of the EPR effect.

The heterogeneity of the EPR effect presents another problem in that tumor blood
vessels are frequently embolized or occluded, and blood flow is suppressed, as discussed
above. When tumor blood flow is obstructed, no typical EPR effect is observed even when
nanomedicines are administered [7,8,18,24]. We had previously reported restoration of
obstructed tumor blood flow by using NO donors, L-Arg, NG, and HU [7,10–12,25], and
micellar forms of CO donors such as SMA/CORM2 and PEG-hemin or an inducer of heme
oxygenase-1 (HO-1), which also generates CO [26,27]. These vascular mediators remarkably
increased the tumor delivery of nanomedicine by augmenting tumor blood flow and
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vascular permeability, consequently improving the therapeutic efficacy of nanomedicines
two- to three-fold in various tumor models in mice and rats and also in humans [23,44].

In this report, we confirmed that the two EPR-effect enhancers ISDN and sildenafil cit-
rate, in addition to L-Arg, improved delivery of three different micellar drugs—Smaplatin®,
SGB-complex, and PZP—to tumors, and we also confirmed the therapeutic effect of these
three nanomedicines on C26 tumors in mice. Table S1 summarizes the physicochemical
properties of these three nanomedicines.

We first investigated the delivery of PZP to mouse tumors by using ISDN and sildenafil
citrate, which enhanced delivery about two-fold (Figure 1). We previously showed that
PZP produced an excellent anticancer effect in various tumor models when used with light
irradiation in PDT. In addition, even without light irradiation, PZP also suppressed HO-1 in
cancer cells [38,45], inhibited HSP-32 (tumor survival factor), and downregulated oncogene
expression so that it ultimately suppressed tumor growth [46,47]. PZP showed relative
high liver and spleen accumulation, which is commonly seen for many nanomedicines
because liver and spleen are rich in reticuloendothelial systems to capture macromolecules.
However, NO donors did not significantly increase the drug accumulation in liver and
spleen but only remarkably increased tumor accumulation, suggesting these EPR enhancers
will not increase the side effects of nanomedicine. Furthermore, for PZP that is used for PDT
upon light irradiation, the side effects or toxicities to the liver and spleen are not significant
because light irradiation is applied to the tumor but not to the liver or spleen. Smaplatin® is
a pH-sensitive micellar drug (cisplatin complexed with SMA polymer [36]) that releases free
cisplatin in an acidic milieu after tumor-selective accumulation, and the released cisplatin
inhibits DNA synthesis of cancer cells [36]. We showed that ISDN improved delivery of
these nanomedicines to tumors, thereby increasing anticancer efficacy more than 3-fold;
sildenafil improved delivery 1.5- to 2-fold (Figures 2B and 4A). We also confirmed that
the use of SGB-complex with ISDN resulted in an improved therapeutic effect, by two- to
three-fold, in the same tumor model and by the same mechanisms (Figures 2A and 5A).

In Figures 1 and 2, high uptake is seen for PZP and Smaplatin® in the liver and spleen, so
called by reticuloendothelial system (RES). To suppress this uptake, we are now investigating
how to avoid this issue by pretreating lipid microparticles of Intralipid® or lipiodol by
blocking scavenger receptor of RES. This strategy seems effective to prevent RES uptake [48]

SGB-complex was initially designed for use in BNCT. We discovered by chance that
this complex can inhibit hypoxia-adapted tumor-cell growth under mildly hypoxic condi-
tions (pO2, 6–10%) by inhibiting glycolysis and by damaging functions of mitochondrial
membranes in cancer cells [37] without neutron irradiation. SGB-complex also significantly
suppressed tumor growth two- to three-fold when used with ISDN in vivo compared with
SGB-complex alone (Figure 5A). We later confirmed a much improved therapeutic effect
after utilization of neutron irradiation [37]. Therefore, we expect that the use of EPR-effect
enhancers plus neutron irradiation will enhance the therapeutic effects of this method even
more. Experiments investigating this possibility are under way and should usher in a new
era in BNCT.

We also confirmed the EPR-enhancing effect of sildenafil citrate. The mode of action of
sildenafil citrate is not by generation of NO, but the ultimate result of using it was similar to
that related to NO generation. Das and Fisher and their colleagues showed that sildenafil
citrate enhanced apoptosis and the antitumor efficacy of doxorubicin in a xenograft model of
prostate-tumor-bearing mice [49,50]. This finding may be attributed to the EPR-enhancing
effect. We report here that sildenafil citrate enhanced the delivery of PZP to advanced
tumors by two- to three-fold, as judged by fluorescence imaging (Figures 1 and 3); it also
improved the anticancer efficacy of both SGB-complex and Smaplatin® by about 1.5- to
2-fold (Figures 4B and 5B). Moreover, we confirmed that ISDN or sildenafil citrate itself did
not show any toxicity in vitro (Supplementary Figure S3), and in the combination treatment
with nanomedicine, we did not find significant body-weight loss in mice (Supplementary
Figure S4A,B). These data suggest that EPR enhancers play a critical role for the improvement
of tumor drug delivery of nanomedicines and thus enhancement of the therapeutic effect.
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5. Conclusions

We present here examples of the effective influence of the EPR enhancers ISDN and
sildenafil citrate, which we evaluated with three micellar polymer drugs—SGB complex,
Smaplatin®, and PZP—in a mouse model with relatively advanced C26 tumors. Smaplatin®

releases free cisplatin in tumor tissues and damages cancer cells by inhibiting their DNA
synthesis [36]. SGB-complex, in contrast, generates free boric acid in tumors which exhibit
microenvironmental acidic pH, and boric acid thus generated competes with phosphate in
phosphorylation reaction of glucose by hexokinase in glycolysis. As a result, it inhibits gly-
colysis in cancer cells; the glucosamine moiety of this complex seems to damage functions of
mitochondrial membranes in cancer cells [37]. We also showed that the delivery to tumors
and antitumor effects of Smaplatin® and SGB-complex were enhanced by using ISDN and
sildenafil citrate by about 2- to 4-fold and 1.5- to 2-fold, respectively (Figures 2, 4 and 5). A
similar EPR effect-enhancing result was observed with another fluorescent macromolecular
drug PZP, with two-fold enhancement (Figures 1 and 3). Previous studies of the NO donors
L-Arg, NG, and HU and the ACE inhibitor (ACE-1) showed about two-fold enhancement
of therapeutic effects in the same C26 and S180 tumors in mice. These data further confirm
the efficacy of EPR-effect enhancers in the treatment of advanced cancer.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jpm11060487/s1, Figure S1: Enhancement of tumor drug delivery of PZP using L-arginine
evaluated by fluorescence imaging (IVIS), Figure S2: Improvement of therapeutic effect of Smaplatin®

by using L-arginine in C26 tumor, Figure S3: Cytotoxicity of ISDN and sildenafil citrate in HeLa
and C26 cells, Figure S4: In vivo toxicity of Smaplatin® and SGB-complex with EPR effect enhancers
revealed by body weight change, Table S1: Characteristics of micellar drugs used in this study.
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Abstract: This Special Issue on the enhanced permeability and retention (EPR) effect commemorates
the 35th anniversary of its discovery, the original 1986 Matsumura and Maeda finding being published
in Cancer Research as a new concept in cancer chemotherapy. My review here describes the history
and heterogeneity of the EPR effect, which involves defective tumor blood vessels and blood flow. We
reported that restoring obstructed tumor blood flow overcomes impaired drug delivery, leading to
improved EPR effects. I also discuss gaps between small animal cancers used in experimental models
and large clinical cancers in humans, which usually involve heterogeneous EPR effects, vascular
abnormalities in multiple necrotic foci, and tumor emboli. Here, I emphasize arterial infusion of
oily formulations of nanodrugs into tumor-feeding arteries, which is the most tumor-selective drug
delivery method, with tumor/blood ratios of 100-fold. This method is literally the most personalized
medicine because arterial infusions differ for each patient, and drug doses infused depend on tumor
size and anatomy in each patient. Future developments in EPR effect-based treatment will range
from chemotherapy to photodynamic therapy, boron neutron capture therapy, and therapies for free
radical diseases. This review focuses on our own work, which stimulated numerous scientists to
perform research in nanotechnology and drug delivery systems, thereby spawning a new cancer
treatment era.

Keywords: EPR effect; enhanced permeability and retention effect; nanomedicines; cancer therapy;
drug delivery; nanotechnology; tumor-selective drug delivery; photodynamic therapy; boron neutron
capture therapy

1. Background: Discovery of the Enhanced Permeability and Retention (EPR) Effect,
Criticism, and Reality
1.1. Status Quo of Enhanced Permeability and Retention (EPR) Effect and Tumor Targeting

Thirty-five years of investigation into the EPR effect [1–4] have led to the true value of
this discovery being increasingly recognized [5–8]. A recent report by the multinational
European Technology Platform on Nanomedicine, set up with the European Commission,
stated “the nanomedicine field is concretely able to design products that overcome critical barriers
in conventional medicine in a unique manner” [9]. This view agrees with the opinions of
Lammers et al. [10], Martins et al. [11], and our own [4–7,12,13]. These viewpoints, however,
disagreed with those of Prof. Park [14] and Wilhelm and Tavares [15].

In my opinion, these negative opinions of the EPR effect are based on experimental
data for poorly designed nanomedicines. Most of the examples of failed cases reflect
the use of so-called nanomedicines with very poor plasma half-lives (t1/2) in vivo, or
active pharmaceutical ingredients (APIs) in nanomedicines that rapidly became free low-
molecular-weight (LMW) drugs. Therefore, similar to the parental LMW APIs, they lacked
an essential requirement for nanomedicines of reasonably long t1/2 values (i.e., several
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hours or longer in circulation in vivo). Failures include examples of block copolymer
micelle carriers containing doxorubicin such as NK911 (code No. of the drug by Nippon
Kayaku Co., Ltd.) or drug-polymer conjugates of inadequate size (less than 30 kDa).
Their plasma t1/2 values were too short in humans (<3 h). Cases reported by Wilhelm
and Tavares [15] demonstrated the same problems. The size of macromolecular drugs
that exhibit the EPR effect should be larger than 40 KDa to above 250 KDa, or above a
molecular size larger than renal clearance (>5 nm to 100 nm). When the enhancers of the
EPR effect are used, it is observed that a limit of this endothelial cell gaps will be increased
as discussed later [1–7]. Furthermore, these findings suggest that the biocompatibility of
these conjugates or nanomedicines must not be sufficient to demonstrate good stability
during circulation. In contrast, if micellar or liposomal drugs are too stable, they may not
release APIs from complexes or nanomedicines, even if they are delivered to tumors via
the EPR effect, as is the case with Doxil (doxorubicin [DOX]-containing liposomes), which
has a surface coating of polyethylene glycol (PEG) [16].

One should also realize that the milieu into which such drugs are infused is 100%
blood, meaning a physiologically acceptable nature is required, and that the drugs are not
subject to clearance by reticuloendothelial or phagocytic cells. Blood is quite different from
physiological saline or deionized water because it contains many dye-binding proteins;
dense negative charges also exist on vascular surfaces and will interact with APIs; and APIs
may be abstracted from the micellar complex with APIs (drugs) before getting to tumor.
Our previous reviews documented these problems related to failed cases [4–7,12,13].

1.2. Issue Concerns Passive Targeting to Tumor vs. the EPR Effect Driven Tumor Targeting

I want to emphasize, in this occasion, a critical difference between “passive targeting”
and “EPR-effect based tumor targeted drug delivery”. During the arterial angiography, a
LMW x-ray contrast agent such as Angioconray® is infused intraarterially (i.a.), then this
x-ray contrast agent of a LMW nature is taken up more selectively into the tumor tissues
than normal tissues. This is indeed passive targeting. However, this LMW contrast agent
administrated will be rapidly washed out within a minute or so, as seen by x-ray imaging.
In contrast, when macromolecular agents of >40 KDa or albumin binding dye Evans blue
is injected i.v., they will be more selectively accumulated in the tumor tissue than normal
tissues, and retained in the tumor for a prolonged period, more than several hours to
weeks. This does not happen for LMW agents as they will be washed out rapidly. Similar
to macromolecular drugs, when the lipidic contrast agent Lipiodol®, which is iodinated
and ethylated poppy seed oil, is injected into the tumor feeding artery, Lipiodol becomes
microparticles as it is broken up during its passing through the branched capillaries.
Consequently, Lipiodol behaves like nanoparticles, and it will be retained in tumor tissue
selectively more than several hours to months as easily seen by x-ray CAT scan, but this
does not happen in normal tissues. This account is discussed in detail later.

Arterial infusion of LMW anticancer agents was tried extensively in the past as well as
bolus intratumor injection, but both modalities were not so effective. Then, slow continuous
arterial infusion using a infusion pump was conducted, though the drugs being infused
will diffuse back quickly to the circulating blood, and result is more or less similar to
i.v. infusion.

In conclusion, passive targeting only showed a short period of tumor retention, which
is almost insignificant compared to the prolonged time of drug retention seen in EPR driven
tumor delivery of macromolecular anti-cancer agents. The key issue here is that the passive
targeting of drug does not implicate prolonged tumor retention of the drugs. This is the
rationale of the EPR effect driven cancer therapy with longer retention time in tumors, but
it needs to use nanomedicines, but not by LMW drugs.

In addition, the initial finding of the EPR effect was based primarily on experiments
with tumor models in mice, whereas many large advanced tumors that are frequently
seen in clinical situations differ from the small tumors in mice [12,13]. Nevertheless, we
have ample evidence of the EPR effect occurring in human cancers. For example, neocarzi-
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nostatin (NCS) conjugated to poly(styrene-co-maleic acid) (SMA)—the conjugate named
SMANCS—dissolved in Lipiodol® and given intra-arterially accumulated selectively in
human solid tumors, as described below. Traditional radioscintigraphy with radioactive
67Ga, which binds to the plasma protein transferrin (90 kDa), showed selective accumula-
tion of 67Ga in tumors by virtue of the EPR effect. More recently, intravenously injected
nanomedicines demonstrated a tumor-selective EPR effect in breast cancer [17] and renal
cancer [18].

1.3. Inflammation and EPR Effect Observed in Bacterial Infection Protease and Permeability
Inducing Factors; Bradykinin and Other Mediators

As a historical aside, before I describe the vascular permeability of solid tumors, I
should mention that we first studied bacterial infection and inflammation with a focus
on the role of proteases produced by bacteria [19–22]. We then found that the bradykinin-
generating cascade of endogenous proteases was activated by exogenous proteases pro-
duced by bacterial infection. That is, the sequence of the cascade was Hageman fac-
tor or factor XII → kallikrein → kininogen → bradykinin (kinin) (Figure 1). Kinin is
a nonapeptide (RPPGFSPFR) cleaved off from kininogen in the plasma, and it induces
vascular permeability, severe pain, and various signaling molecules. All microbial pro-
teases including fungi trigger the cascade system, of which multiple steps are affected
(Supplementary Figure S1) [21,22]. Activated endogenous proteases function in two impor-
tant pathways: (i) thrombin activation and then fibrin formation, and (ii) kinin generation
(Supplementary Figure S1), which is a key factor in vascular permeability in tumors, bacte-
rial infections, and inflammation [23–27]. Ascitic and pleural effusions in carcinomatosis
also largely depend on kinin generation in vivo [23–30].

Figure 1. The enhanced permeability and retention (EPR) effect in tumor vasculature. The mechanism
of this tumor-selective macromolecular drug targeting depends on various effectors affecting vascular
tone, as shown here. Aprotinin is an inhibitor of kallikrein; HOE-140 is a peptide antagonist of
kinin. SBTI, soybean trypsin inhibitor; NO, nitric oxide; eNOS, endothelial nitric oxide synthase;
iNOS, inducible form of nitric oxide synthase; COXs, cyclooxygenases; PGs, prostaglandins; MMP,
metalloproteinase; ONOO−, peroxynitrite; O2

−, superoxide anion radical; MΦ, macrophage; VEGF,
vascular endothelial growth factor; VPF, vascular permeability factor; uPA, urokinase plasminogen
activator; IL, interleukin; TNF, tumor necrosis factor; B2 receptor, bradykinin B2 receptor (see also
Supplementary Figure S1, adapted from ref [23]).

In large advanced tumors, blood vessels are often occluded or embolized, although
individual tumor pathology varies. For example, some liver metastases, pancreatic tumors,
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and prostate cancers have avascular areas with less vascular density, whereas primary liver
and kidney cancers have extremely high vascular densities and therefore a correspondingly
significant EPR effect (see also the discussion below). However, animal research ethics
committees at most institutions restrict the use of large tumors, more than 5000 mm3, in
experimental settings. Such large tumors have occluded or embolized tumor blood vessels,
as above-mentioned, and the degree of vascular density can be demonstrated by means of
arterial angiography with a contrast agent such as Lipiodol®.

Since 1983, we have been studying blood vessels and their characteristics [6–8,31–36]
in human cancers of the liver, kidney, lung, and other solid tumors. Contrast-enhanced
arterial angiography showed highly stained areas that indeed corresponded to the EPR
effect. We also demonstrated the effect of EPR effect enhancers in the above tumors
including angiotensin II induced high blood pressure [34–36]. In contrast, pancreatic,
prostate, and metastatic liver cancers showed low-density staining, thus indicating poor
blood flow or avascular nature of tumors. These tumors have either occluded blood flow,
or a weak or heterogeneous EPR effect.

2. Nanomedicines: Proceeding from Tissue EPR Effects to Tumor Cellular Uptake to
Molecular Targets in Tumor Cells

After a nanomedicine has reached a tumor, the drug (the API) must enter the tumor
cells and then affect target molecules in the cells. Doxil is delivered to tumor tissues
because of its high stability in vivo and does have an EPR effect [16,37], but it has a low
rate of API (DOX) release from the liposomes. DOX, liberated from Doxil, also has a low
rate of internalization by tumor cells, which is a crucial issue. Although once DOX is
internalized into cells, then to the nucleus, it forms an intercalated complex with target
DNA. In this case, DOX is retained in the nucleus for a long time [38]. However, slow
cell uptake of DOX is more critical before bending to the target. For instance, we found
great different rates of internalization of DOX vs. pirarubicin, which is a derivative of
DOX in which one mole of extra tetrahydropyranyl group is added. Pirarubicin showed
a 10- to 100-fold higher rate of internalization, even though both DOX and pirarubicin
possess the same anthracycline structure as their biologically active component [12,39,40]
(see Figure 2). This rapid intracellular uptake of free pirarubicin continued even after the
conjugation of pirarubicin with the N-(2-hydroxypropyl) methacrylamide (HPMA) polymer
(Figure 2A). In contrast, the same DOX-polymer conjugate showed an extremely poor
cellular uptake, and its biological activity was also poor (Figure 2B). The superior cellular
uptake of pirarubicin may be attributed to the pyranyl group (i.e., its structure), which is
similar to that of glucose (pyranose). Pyranose can be utilized in the cell uptake step by the
glucose transporter system of tumor cells, which is highly upregulated in tumor cells.

With regard to the physicofchemical properties of macromolecular drugs
(nanomedicines), we have described the importance of hydrophobicity and pH in the
tumor microenvironment, which affects protonation and deionization of the carboxyl
group in SMANCS, for instance [41–43]. That is, in addition to the styrene group’s hy-
drophobicity, which results in an affinity to cell membranes; the maleyl carboxyl group
becomes a pH sensor in the tumor environment. When the pH becomes lower than neu-
tral, that is, the COO− is fully ionized to the protonated form (–COOH), hydrophobicity
increases [41–43]. The result is a 100- to 200-fold increase in uptake by tumor cells in
culture. As an additional advantage of this amphiphilic polymer conjugate, SMANCS and
its parental proteinaceous antitumor agent (NCS) are active against drug (DOX)-resistant
cell lines [44].
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Figure 2. Comparison of the cellular uptake of P-THP—the poly(hydroxypropylmethaacrylamide [HPMA]) conjugate
of pirarubicin (THP)—and P-DOX (HPMA polymer-DOX conjugate) by human pancreatic cancer cells (SUIT-2) in vitro.
(A) Polymeric P-THP shows a far greater uptake by tumor cells compared with P-DOX: at 30 min, P-THP had a 33.2-fold
higher uptake, and its cytotoxicity had greatly increased (see Table at lower left). (B) Penetration of P-DOX, DOX, P-THP,
and THP into spheroidal tumor colon cancer (Adapted with permission from ref. [39,40]. 2016 American Chemical Society,
2019 American Chemical Society). Far greater penetration of P-THP into the tumor spheroid (similar to Figure 2, Table)
is seen.

3. Future Prospects for the EPR Effect: Toward Clinical Application
3.1. Restoration of Tumor Blood Flow and Augmentation of the EPR Effect

The discussion above on the EPR effect for cancer-selective drug delivery is based
on the assumption that tumor blood flow is normal—without vascular embolization,
semi-necrotic areas that have poor blood flow, or necrotic tissue with blocked blood flow.
However, the EPR effect, as just discussed, is often reduced in clinical settings, which
is a most critical issue for proper tumor drug delivery [12,44–46]. The success of cancer
chemotherapy with nanomedicines as based on the EPR effect thus requires normal tumor
blood flow. For this purpose, we have worked on vasodilators or EPR effect enhancers
including nitroglycerin [4–8,13,34–36], isosorbide dinitrate, L-arginine, and angiotensin
I-converting enzyme inhibitors such as enalapril, among others. Our earlier and recent
publications have emphasized this topic [8,9,12,13,34–36,45–47]. In this Special Issue,
readers will find other tactics to enhance the EPR effect such as using bubble liposomes,
microwaves, and heat [48,49].

In my opinion, very few nanomedicines are available for cancer chemotherapy
that fulfill all the ideal requirements for use in patients, although many candidate nan-
odrugs are under development [11]. Our prototype polymeric drug, for example, the
poly(hydroxypropylacrylamide) conjugate of pirarubicin (P-THP), so far seems to meet
these requirements, although it needs approval by a regulatory agency before clinical
use [47–51]. Many patients who received P-THP as compassionate use in a hospice mostly
with stage IV or terminal disease, showed no apparent toxicity at the therapeutic dose level
and responded very well to the treatment. Metastatic bone tumors or tumor nodules in the
pleural compartment disappeared as expected ([52,53], and unpublished data]).
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3.2. Arterial Infusion of Nanomedicines with Extremely High Accumulation in Tumors

Another option exists for enhanced tumor-targeted drug delivery. This method has
not been so widely used because x-ray angiography and arterial infusion using a catheter re-
quires qualified skills. The method involves application of a lipid formulation of lipophilic
nanodrugs and trans-arterial infusion into tumor-feeding arteries via a catheter under
x-ray monitoring. This modality produces by far the best tumor-targeted drug delivery
as well as tumor imaging [31–36] and a tumor/blood ratio of more than 100 can easily be
achieved [34,54,55]. We have successfully utilized this technique with SMANCS dissolved
in Lipiodol®, and the method was approved for clinical use by the Ministry of Health,
Labor, and Welfare of Japan. SMANCS in Lipiodol® solution becomes microparticles as it
is pushed into arterial vessels, that is, SMANCS/Lipiodol® selectively extravasates into
tumor tissues as microparticles, with results that are based on the EPR effect [31–36].

Arterial infusion of lipophilic drugs dissolved in Lipiodol® can be so selectively tar-
geted to a tumor that the dose of the drug used in the infusion can be far reduced compared
with the conventional systemic (i.e., intravenous) dosage. Therefore, we proposed that
the doses for such arterial injections should be based on tumor size, not the body surface
area or body weight of a patient [56]. Additionally, infusions for particular tumors such
as bronchial, lung, or colon require special attention because a targeted area may suffer
damage caused by a high concentration of drug and complications may ensue. For this
reason, the dose of the drug should be 1/10 of the liver or gallbladder cancer. It is thus
not strictly based on the tumor size [36,56]; high drug concentrations in such tissues with
neighboring void spaces may cause the tissue to rupture, the results being perforation
and bleeding.

4. Enhancement of Cancer Chemotherapy, Utilization of Photodynamic Therapy
(PDT), Innovation in Boron Neutron Capture Therapy (BNCT), and Use of Reactive
Oxygen Species (ROS)/Reactive Nitrogen Species (RNS) as Scavengers for Cancer and
Inflammation via Nanodrugs
4.1. Enhancement of Photodynamic Therapy (PDT)

We and others have reported the many advantages of the EPR effect, primarily for
cancer chemotherapy with nanomedicines. However, the usefulness of nanomedicines
for photodynamic therapy (PDT) and boron neutron capture therapy (BNCT), which have
been known for more than a century and several decades, respectively, would be far greater
with nanotechnology when LMW photosensitizers (PSs) as well as boron containing drugs
were converted to nanomedicine.

With regard to PSs, one can clearly demonstrate tumor-selective accumulation of
polymer-conjugated PSs via in vivo models (Figure 3). We developed polymer conju-
gates of PEG, SMA, and HPMA to LMW zinc protoporphyrin (ZnPP) [4–6,13,50,57–62]
(Figure 3). The PSs yielded fluorescence values above 500 nm and generated singlet oxygen
or ROS, which can kill tumor cells. Selective fluorescence can be clearly detected in tumors
in vivo (Figure 4A,B). This evidence is clear proof of the EPR effect.

Despite the long history of PDT-use in cancer therapy, its clinical impact has been
insignificant. The reasons for this are: (i) most PSs developed so far such as Photofrin and
Laserphyrin are of LMW with little EPR effect; and (ii) PSs being used contain a porphyrin
chromophore, which is best excited at about 390–450 nm. However, in the past, most
human applications used a HeNe laser that emits light only at 633 nm, which is far from
the proper excitation wavelength of about 400 nm. Another criticism concerns hemoglobin
interference: PSs composed of porphyrin derivatives with excitation wavelengths of about
400 nm will be affected in vivo by hemoglobin, which exists in massive amounts in the
blood and will absorb excitation energy that is similar to the wavelength of the PSs being
used, so the irradiating light will be absorbed before reaching the PSs. We can assume that
the irradiating light will not effectively excite the PSs, which is a consequence of using
improper wavelengths (633 nm) to excite PSs. However, this assumption may be true
only in heme-rich organs such as the liver, spleen, and blood vessels. In contrast, tumor
tissues do not have many blood cells. Red blood cells have a diameter of about 6 µm and
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cannot easily extravasate into tumor tissues or normal tissues. In addition, some PSs such
as HPMA-polymer ZnPP and PEG-conjugated ZnPP have a compact micellar form, so that
aromatic rings of the PSs molecules are packed within a close distance of each other. Thus,
π–π interactions will quench the fluorescence and no singlet oxygen will be generated
(Figure 3B). These PSs will fluoresce after the micelles traverse via endocytosis through
cell membranes, which contains the lipid-bilayer into tumor cells and then the micelles
disintegrate due to the detergent effect of the lipid bilayer (Figure 3B, in cell, right).

Figure 3. Self-assembling PS polymer conjugates of HPMA and ZnPP. (A) Chemical structure of the HPMA-PS polymer
conjugate. (B) Polymer-ZnPP in solution. Spontaneous micelles were formed. Quenching occurs in the self-forming micellar
form of P-ZnPP, which leads to a lack of fluorescence in the micellar form. When tumor cells take up these micelles, the
micelles disintegrate during the traversing lipid bilayer due to its amphiphilic nature. Then, fluorescence becomes positive
and singlet oxygen (ROS) are generated in the tumor upon light irradiation (B). ZnPP itself also inhibits heme oxygenase-1
(HO-1) and suppresses tumors (see text for details).

The therapeutic effect depends on both the PS (polymeric PS) dose and the intensity
of the irradiating light (Figure 5B,C). We adapted the light source used for conventional
endoscopy for this purpose (Figure 4A).

Drawbacks associated with current conventional PDT will not be seen with nano
PSs because of the highly tumor-selective nature of the fluorescent nanoprobe, polymer-
conjugated protoporphyrin (P-ZnPP) (Figure 4B,C). One problem involves hyper-sensitivity
to light: patients who have undergone injections of conventional PSs are required to stay
in a dark environment for a few weeks because of hypersensitivity of the skin: PSs will
spread throughout the body including normal tissues, particularly the skin of the face
and hands.

Our ZnPP has another beneficial effect. Even without light irradiation, it inhibits
heme oxygenase (HO-1) as well as heat shock protein-32, and it downregulates oncogene
expression [63–65]. HO-1 generates carbon monoxide and biliverdin/bilirubin as prod-
ucts of heme degradation by heme oxidation. Both carbon monoxide and bilirubin are
potent antioxidants and block the actions of ROS/RNS, which are generated to produce a
tumoricidal effect by host macrophages and neutrophils as part of the innate immunity
mechanism. Therefore, PEG-ZnPP and SMA-ZnPP have antitumor effects themselves by
potentiating tumor cell killing by ROS/RNS that are generated by leukocytes [62,66].
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Figure 4. Fluorescence imaging of breast cancer in a rat and of implanted S180 tumor in a mouse, after intravenous injection
of P-ZnPP. (A) DMBA (7,12-dimethylbenz[a]anthracene)-induced breast cancer in a rat. Under fluorescent light (left) and
under normal light (right). (B) Fluorescent image of nano-PSs: polymeric HPMA-ZnPP (P-HPMA-ZnPP) and free ZnPP.
(C) Rhodamine-conjugated bovine albumin (BSA) vs. free rhodamine. Images show no accumulation of LMW free PSs in
tumors (B,C). (A, adapted from [58]; B,C, adapted from ref. [4]).

4.2. A Hot Progress in Boron Neutron Capture Therapy (BNCT) with Boron Nanomedicines

BNCT, like PDT, has been poorly developed. BNCT utilizes compounds containing
10B and thermal neutron irradiation generated by a nuclear reactor or an accelerator. In this
modality, 10B compounds, as in PDT, must reach the local tumor for the best therapeutic
effect without adverse effects. This requirement of tumor selective localization of 10B means
that the possibility exists for application of EPR effect-based 10B-containing nanomedicines.
In contrast to radiotherapy with x-ray or γ-ray irradiation, which require oxygen that will
become effector ROS molecules, the thermal neutrons of BNCT, however, do not need
oxygen molecules. The thermal neutrons need to hit 10B atoms, the result being a yield
of α-particles and lithium atoms as active principles that can kill cancer cells within a
radius of 10 micron (see Figures 6 and 7A′). Current conventional BNCT in clinical settings
uses an LMW 10B derivative such as boronophenylalanine (BPA). Similar to the situation
with chemotherapy with LMW cytotoxic drugs, BPA is not expected to be tumor selective
(Figure 7B′). A continuous intravenous infusion of BPA during neutron irradiation is
necessary to maintain an adequate boron concentration in the tumor tissue because its
urinary excretion is quite rapid.
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Figure 5. Photodynamic therapy (PDT) with polymeric PSs. (A) View of the light source for the
endoscope; a xenon lamp was used. (B) Dose dependence of P-ZnPP dosage, marked D. (C) Dose
of light irradiation intensity. The D indicates the time of drug injection of P-ZnPP in B and C. The
power of irradiation light (%) is relative to full power output of the endoscope (100%). (D) Results of
PDT treatment of DMBA-induced breast cancer in rats. L, light irradiation. D, drug injection. Control
received only light. Boxed images at right show growth and suppression of tumor after PDT and
P-ZnPP treatment (right) and tumor without treatment (left).
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Figure 6. This represents the mode of action of poly(styrene-co-maleic acid) conjugated glucosamine
(SGB-complex), which forms complex with boric acid, then forms micelles (~15 nm) and exhibits
the EPR effect, about 10 times more boron accumulation in the tumor than other normal tissue [67].
When this SGB-complex is used, it exhibits three different cell killing mechanisms as denoted by “ 1©,
2©, and 3©” in this figure. By neutron irradiation at right, 3©, it elicits the production of α-particles

which will kill the tumor cells within 10 micron radius. SGB-complex is rapidly incorporated into
the tumor cells and inhibit both glycolysis 1© and production of lactic acid; 2© it also affects the
structural integrity of mitochondria, and its size will shrink and suppress ATP production in the cells
(Reprinted with permission from ref. [67]. 2020 Elsevier Ltd.).

Figure 7. Body distribution of boron-containing drugs. (A) Body distribution of a macromolecular
10B compound (e.g., SGB-complex). (B) Distribution of an LMW 10B compound. In (A), boron-
containing micelles such as the SGB-complex accumulates predominantly in tumor tissue (T), with
the accumulation being about 10 times greater than that of a LMW compound or all other normal
tissues in (B). (A’,B’) at right represent enlarged views of the neutron irradiation sites. In (A’), only
tumor tissue is damaged: boron micelles (back dots) are evident only in the tumor (T). In (B’),
neighboring normal tissue to tumor the boron compound are distributed in most normal tissues such
as skin, which will be then be damaged. Red specks around black dots indicate the area of emission
of α-particles. (B’) shows that a wide area of tissue is damaged in (B’) (adverse effect).

As Figure 7B illustrates, BPA exists in both normal and cancer tissues. Therefore, BPA
may affect normal tissue such as the skin as well as cancer-neighboring normal tissues other
than tumor tissue. For instance, when treating an oral cancer with BNCT, vocal cords and
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superficial skin may be harmed. Use of BNCT thus carries the probability of adverse effects.
However, we can avoid this problem by using macromolecular boron derivatives [67].

We recently published a report on such macromolecular boron derivatives in which
SMA was first linked with glucosamine (SG) [67]. Glucosamine forms a stable complex
with boric acid (SGB complex). Natural boric acid contains about 25–30% of 10B, with
the remainder being 11B. 10B-enriched boron derivatives are available, however. The SGB
complex forms micelles of about 12 nm, as seen with election microscopy, about 65 kDa in
solution (Sephacryl S200), and it can bind with albumin in solution, so that its size increases
to more than 120 kDa [67]. This size is ideal for the EPR effect to operate. In experiments
with a tumor-bearing mouse model, the accumulation of the SGB complex in tumors was
about 10-fold higher than that in all normal tissues including the liver and kidney [67].

The SGB complex has multiple actions in addition to the generation of α-particles
such as the inhibition of glycolysis; see reference [67] for details, and Figure 6. Similar
to glucosamine, one can conjugate BPA to the SMA polymer, and similar results will be
expected, but neither inhibition of glycolysis (suppression of lactic acid formation), nor
damage to mitochondria are expected. Preliminary data for neutron irradiation in vitro
and in vivo were validated: tumors shrunk without any effects on skin or on toxicity in the
liver and kidney, or on blood counts. I can thus envision new possibilities for BNCT with
boron nanomedicines, where a new wave is coming.

5. Development of ROS and RNS Generators or Scavengers Utilizing the Advantages
of Nanodrugs, and Future Clinical Applications
5.1. Elimination of Toxic Free Radical ROS/RNS in Infection and Cancer by Using Nanomedicines

Oxygen free radicals, or ROS, and RNS cause various diseases. ROS and RNS species
are produced primarily at sites of infection, inflammation, and cancer. Maeda et al. demon-
strated that excessive generation of ROS and RNS, together with nitric oxide (NO), occurs
during influenza virus infection in mice. These species are responsible for the pathogenesis
of influenza and influenza-related pneumonia; they are also associated with other microbial
infection, and they also further accelerate viral mutations [68–71].

We have investigated the effects of a free radical-scavenging enzyme, superoxide
dismutase (SOD; MW about 20 kDa), in influenza virus-infected mice. Intravenously
injected native SOD was not effective by itself, because the t1/2 of native SOD is too
short (<1 h), as discussed above. Conjugating SOD to pyran copolymer (pyran-SOD)
considerably improved the pharmacological and therapeutic effects, and diseased mice
were cured. Namely, mice that received injections of pyran-SOD had a 95% cure, whereas
native SOD had no effect on the survival of the mice [68,69].

ROS have no single source, but are initially derived from macrophages or neutrophils,
followed by activation of xanthine dehydrogenase to xanthine oxidase (XO) in diseased
tissue such as the lung [68–70]. In contrast, more extensive production NO is derived from
the inducible form of NO synthase in macrophages in the inflamed tissue or in cancer. Two
of these molecular species, O2

− and NO, react quite rapidly in situ and form peroxynitrite,
which is more reactive than O2

− and NO and has highly oxidative and nitrative effects on
DNA, RNA, proteins, and lipids. A free radical storm (i.e., NO, O2

−, HClO, ONOO−, etc.)
are likely operating behind the scenes in this complicated current COVID-19 pandemic and
must be controlled [69–72]. This pandemic may be out of control until we have effective
vaccines or antiviral agents as well as control of the ROS/RNS storm [72]. As with ROS,
O2
− is converted to H2O2 (a less reactive ROS) by SOD, and when myeloperoxidase in

neutrophils is accessible to H2O2 and chlorine, HClO (hypochlorite) will be formed, which
will also damage DNA, RNA, proteins, and lipids as well as bacteria, tumors, and normal
tissues, the consequence being a triggering of many diseases. ROS/RNS generation thus
formed in microbial infection will result in the accelerated formation of mutation unless
the formation of ROS/RNS is controlled [73–76].

Shashni and Nagasaki prepared a unique polymer conjugate of 4-amino-TEMPO, a
redox-cycling nitroxide (4-hydroxy-TEMPO; (4-hydroxy-2,2,6,6-tetramethylpiperidine-1-
oxyl)-TEMPO), another free radical scavenger with poor pharmacokinetic properties by
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itself [77]. When they conjugated this redox-sensitive prosthetic group (amino-TEMPO) to
a diblock copolymer (PEG) plus [poly(tetramethyl-piperidine-1-oxyl)aminomethylstyrene],
the polymer conjugate was superior, with far better pharmacokinetics and showed sup-
pressive effects on tumor growth (see [77]). The finding of this polymer conjugate may be
applied to ROS/RNS-related diseases with inflammation or complicated infections such as
COVID-19.

5.2. Using ROS/RNS Generation to Kill Cancers by Means of ROS-Generating
Polymer-Conjugated Enzymes, or Rescuing ROS-Caused Damage by Means of Enzyme
Replacement Therapy via Conjugation with Synthetic Polymers

An important early use of PEGylated enzymes was enzyme replacement therapy. Use
of PEGylated adenosine deaminase (ADA) for congenital disease is well documented [78];
the t1/10 in humans was about one month, which may be better than that for the infusion
of recombinant lymphocytes with ADA being the t1/2 of normal lymphocytes in general is
about a month. Additionally, PEG-L-asparaginase has long been used in clinical situations
for patients with leukemia [79]. Its t1/2 was 3 min and converted to 56 h, and its t1/10 was
>11 days. In this context, the HPMA-polymer conjugate of protein may be preferable to
PEGylated enzymes because it is so far free from immunogenicity or less immunogenic
compared with PEGylated enzymes. Namely, PEGylation generates an anti-PEG antibody,
which becomes a problem a few weeks later after initial infusion, even in the case of
PEG-L-asparaginase. On the basis of a similar principle, we addressed hyper-bilirubinemia
(jaundice). High concentration of bilirubin in blood causes jaundice and at higher con-
centrations, it becomes toxic to many cells. We PEGylated bilirubin oxidase produced by
fungus and found that its t1/10 became much higher (1.8 min→ 48 h in rats) [80].

We also investigated an opposite direction to utilize ROS generation by XO as a possi-
ble cancer cure [81,82]. PEGylated XO (PEG-XO) produced significant antitumor activity
after three PEG-XO injections in two weeks; each PEG-XO injection was followed by daily
injections of its substrate, hypoxanthine. Here again, native XO alone followed by infusion
with hypoxanthine resulted in no therapeutic effect, but conjugation of biocompatible PEG
improved the pharmacokinetics of XO and exhibited an EPR effect, and therapeutic benefit
was improved.

We later applied a similar strategy to D-amino acid oxidase (DAO), which is another
ROS (H2O2)-generating enzyme. When we injected a D-amino acid such as D-proline or
D-alanine to tumor bearing mice i.v., PEGylated-DAO (PEG-DAO) generated H2O2 in the
tumors because of selective tumor accumulation of PEG-DAO by virtue of the EPR effect;
this antitumor strategy worked well to control tumor growth in the mouse [83,84]. In a
different investigation, Fang et al. achieved successful therapeutic results with polymer
(SMA)-conjugated AHPP (4-amino-6-hydroxypyrazolo[3,4-d]pyrimidine), an XO inhibitor [85]
with an anti-inflammatory and antihypersensitivity activity.

More examples may exist of which I am not aware, but so far, no drugs that utilize
free radical generation or scavengers are in clinical use.

H2O2 generation is an important event in healthy organisms and is essential in that it
occurs (predominantly) via NADPH oxidase or other enzymes in leukocytes. Congenital
deficiency of NADPH oxidase results in chronic granulomatous disease (CGD), particularly
in infant and children because of the lack of H2O2 or O2

− to kill bacteria, and constant
or chronic infections will lead to CGD. We therefore prepared PEGylated DAO to deliver
PEG-DAO to inflamed sites and thus supply ROS, in parallel with administration of D-
proline or D-alanine, the DAO substrates. When H2O2 is generated, it will be converted
to the more powerful bactericidal molecule. HClO is generated by neutrophils in the
presence of both myeloperoxidase and chloride ion, which will kill bacteria [82,83]. Normal
healthy cells contain enzymes for defense against ROS, which is catalase for H2O2 and SOD
for O2

−.
Many cancer cells lack these anti-oxystress enzymes or have downregulated levels of

these enzymes, so they are vulnerable to oxystress. Many advanced cancer cells propagate
well under anaerobic conditions, and antioxidant enzymes may be lost [6,7,12,81,82] due to

166



J. Pers. Med. 2021, 11, 229

elevated levels of hypoxia due to embolization or clotting in the blood vessels [46,86]. To
dissolve fibrin clots to activate plasminogen to plasmin, Mei et al. used redox sensitive poly-
mer conjugate, and made enhanced vascular permeability by newly generated plasmin [87],
and also modulate an extra cellular tumor environment [86,88]. Thus far, delivery of ROS-
generating or scavenging enzymes conjugated to synthetic polymers may be an intriguing
therapeutic strategy.

6. Concluding Remarks

This Special Issue commemorates my 35th year after discovery of the EPR effect [1,2],
and therefore this review includes many of my own papers related to this area. I have focused
primarily on synthetic and artificial nanomedicines, so I have not included antibody-linked
drugs, cytokines such as interferon, interleukin-6, and tumor necrosis factor-β, and liposomes.

The ultimate purpose of personalized medicine is to provide the best benefits for
individual patients. The EPR effect is a ubiquitous phenomenon found in almost all
solid tumors, with sizes from less than 1 mm to larger than 10 cm; this effect also occurs
in inflamed tissues and applies to biocompatible macromolecules. To utilize the EPR
effect or the related drug delivery system more effectively, vascular blood flow must
be restored and maintained. Nanomedicines are of prime importance for receiving the
benefits of the EPR effect. The issues of vascular flow in tumor tissues is a relatively
recent issue in cancer therapy [4,7,12,13,45,47,63,86,88], although vascular embolism in
cardiology, for example, has been investigated often for some time, but not much in relation
to cancer [13,45,67,86,89].

Various advantages of the unique properties of nanomedicines as well as selective
drug targeting to tumors and inflamed tissues were easily demonstrated via pharmacoki-
netics and pharmacodynamics and imaging; the use of EPR effect enhancers exhibit fewer
adverse effects and improved therapeutic results are thus expected when combined with
nanomedicines compared with conventional medicines in the future. Nanomedicine is
therefore worthy of study and challenges for the benefit of patients. Wider applications
of PDT and BNCT as well as strategies to control the ubiquitous undesirable molecules
like ROS/RNS are future lines of study (e.g., [77]). The growing knowledge of the tumor
microenvironment, as discussed by Subrahmanyam and Ghandehari in this volume [86],
will provide many clues for the future delivery of nanomedicines and may make use of
many intelligent or sophisticated sensors or probes.

Supplementary Materials: The following are available online at https://www.mdpi.com/2075-4
426/11/3/229/s1, Figure S1: The bradykinin (kinin)-generating cascade of host animals that is
activated by various microbial proteases at different steps and inhibitors.
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Abstract: Targeted tumor accumulation, tumor environment responsive drug release, and effective
internalization are critical issues being considered in developing anticancer nanomedicine. In this
context, we synthesized a tumor environment-responsive nanoprobe for anticancer photodynamic
therapy (PDT) that is a hyaluronan conjugated zinc protoporphyrin via an ester bond (HA-es-ZnPP),
and we examined its anticancer PDT effect both in vitro and in vivo. HA-es-ZnPP exhibits high
water-solubility and forms micelles of ~40 nm in aqueous solutions. HA-es-ZnPP shows fluorescence
quenching without apparent 1O2 generation under light irradiation because of micelle formation.
However, 1O2 was extensively generated when the micelle is disrupted, and ZnPP is released.
Compared to native ZnPP, HA-es-ZnPP showed lower but comparable intracellular uptake and
cytotoxicity in cultured mouse C26 colon cancer cells; more importantly, light irradiation resulted
in 10-time increased cytotoxicity, which is the PDT effect. In a mouse sarcoma S180 solid tumor
model, HA-es-ZnPP as polymeric micelles exhibited a prolonged systemic circulation time and
the consequent tumor-selective accumulation based on the enhanced permeability and retention
(EPR) effect was evidenced. Consequently, a remarkable anticancer PDT effect was achieved using
HA-es-ZnPP and a xenon light source, without apparent side effects. These findings suggest the
potential of HA-es-ZnPP as a candidate anticancer nanomedicine for PDT.

Keywords: EPR effect; tumor targeting; photodynamic; hyaluronan; zinc protoporphyrin

1. Introduction

Targeted cancer therapy has been recognized as a key issue for achieving a successful
anticancer outcome and is becoming a trend for developing anticancer drugs. In the past
few decades, molecular target drugs designed to selectively inhibit the oncogene products
and other molecules involved in tumor growth have attracted attention, and many such
drugs get approved and used in clinics. However, the tumor heterogeneity, diversity, and
frequent mutation of tumor-related molecules largely limit the application and availability
of molecular target drugs [1,2]. To solve these problems and to increase the efficacy of
molecular target drugs, personalized medicine or precision medicine has recently been
proposed to intensely focus on the major genes/molecules in a single cancer patient [3].
This strategy is promising. However, there is still a long way to go, and extensive efforts
and costs are needed to achieve success.

Recently, an alternative tumor-targeting strategy has drawn considerable interest,
which targets the tumor tissues as a whole by using macromolecular drugs or nano-
designed drugs, i.e., nanomedicine [4,5]. The principle of tumor tissue targeting is based
on the unique phenomenon of tumor vasculature’s pathophysiological nature called the
enhanced permeability and retention (EPR) effect [6–9]. Compared to normal blood vessels,
tumor blood vessels have larger fenestration along with high vascular permeability due to
the extensively produced vascular mediators such as nitric oxide (NO), bradykinin (BK),
vascular endothelial growth factor (VEGF), etc. These vascular mediators contribute to
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macromolecules’ selective entry and accumulation in tumor tissues [7–9]. Furthermore,
because of the dysfunctional lymphatic recovery system in tumors, macromolecules accu-
mulated in tumor tissues could not be removed effectively, resulting in prolonged retention
times [7,10]. Thus, by using nanomedicines, one could achieve much higher tumor con-
centrations of drugs than using conventional low molecular drugs. At the same time, a
decreased distribution of nanomedicines in normal tissues could also be achieved because
nanomedicines could not cross normal blood vessels, a benefit of their larger size, which is
vastly different from conventional low molecular drugs that distribute indiscriminately
in normal tissues. Consequently, a superior antitumor effect, as well as greatly lowered
side effects, could be achieved for nanomedicines compared to conventional low molecular
anticancer drugs [4,5,9,11,12]. To date, many anticancer nanomedicines have been devel-
oped, some are approved in the clinic, and more are in clinical trials or under preclinical
evaluation [4,5,9].

Photodynamic therapy (PDT) is a promising therapeutic regimen for cancer. Singlet
oxygen (1O2) and other reactive oxygen species (ROS) generated from photosensitizers
(PS) upon light irradiation, are the effector molecules of PDT [13,14]. Namely, a PS is first
administered, followed by irradiation using light with the appropriate wavelength, where
PS in the tumor is excited, and the energy is transferred to molecular oxygen to generate
1O2. As a group of highly reactive molecules, ROS, including 1O2, rapidly react with and
damage different biomolecules, including proteins, DNA, and lipids, which leads to the
apoptosis of tumor cells [14]. Now PDT is already in use for the treatment of some cancers,
for example early-stage lung (bronchogenic) and superficial skin cancers [15–17]. However,
to achieve the ideal PDT effect, PS must be delivered selectively into the tumor, otherwise
an insufficient tumor concentration of PS will not generate enough ROS to kill cancer cells.
Also, an unpreferable distribution may induce adverse side effects. For overcoming this
drawback, EPR effect-based nano-designed PS is becoming popular for the targeted deliv-
ery of PS to tumor tissues. Many nano-platforms have been utilized to modify PS, including
polymer conjugates, polymer micelles, liposomes, and antibody-drug conjugates [18–21].
In our group, by utilizing zinc protoporphyrin (ZnPP) and pyropheophorbide-a as PS, we
have developed several polymeric micellar types of nanoprobes for PDT using different
polymers, including polyethylene glycol (PEG), styrene maleic acid copolymer (SMA),
N-(2-Hydroxypropyl) methacrylamide (HPMA) copolymer, and hyaluronan (HA), all of
which showed a superior tumor-selective accumulation and thus therapeutic effect in
different murine solid tumor models [22–27].

Among different polymers for preparing nanomedicines, HA as a natural polydis-
accharide composed of alternative repeating units of d-glucuronic acid and N-acetyl-d-
glucosamine, has attracted substantial interest as a biomaterial for medical applications as
well as drug delivery systems because of its high biocompatibility, non-immunogenicity,
non-toxicity, biodegradability, high water-solubility, and so on [28]. Many nanomedicines
or nanoparticles using HA have been reported for the treatment of various diseases, includ-
ing cancer and inflammatory diseases [29,30]. In our laboratory, we previously developed a
HA conjugated ZnPP through an amide bond (HA-ZnPP), which formed micelles of 156 nm
in aqueous solutions [27]. The micelle formation was relatively stable in physiological
solution (e.g., circulation), and thus accumulated in tumors more selectively than free
ZnPP [27]. Subsequently, after being taken up by tumor cells, the micelle formation was
disrupted by lipid components in the cell membrane (i.e., lecithin), consequently fulfilling
tumoricidal activity under xenon light irradiation [27]. However, compared to native
ZnPP, the in vivo therapeutic effect of HA-ZnPP was not significantly improved, which
is considered mostly due to its much lower rate of internalization than native ZnPP [27].
Namely, because of the stable uncleavable amide bond, HA-ZnPP could not release free
ZnPP in tumors, thus remaining as a micelle, which quenched the activity of PS (ZnPP)
and hindered ROS generation. It is thus of necessity and reasonable to further improve the
therapeutic efficacy of HA-ZnPP by modulating the release of free ZnPP in tumor tissues.
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In this context, tumor environment responsive release of free drugs from nanomedicines
is known as a key issue for the design of anticancer nanomedicines. One focus is on the pH
of tumor tissues that is weakly acidic (6~7) compared to the neutral pH (~7.4) of normal
tissues [31,32]. Utilization of acidic pH-responsive chemical bonds such as the hydrazone
bond is becoming a consensus for the development of anticancer nanomedicines, which
have been proven to be an excellent strategy with high tumor targeting and therapeutic
efficacy by many research groups and by using different polymers and drugs [12,33]. An-
other strategy focuses on the proteases in tumors. It is known that many tumors exhibit
high levels of various proteinases, such as cathepsin B, cathepsin K, and esterase [13,34].
Thus, a protease/esterase-sensitive linker can be used to increase the tumor-specific release
of free drugs, which has been proven as an effective approach in many studies [34,35]. As
a proof of concept, in previous studies, we compared PEGylated ZnPP (PEG-ZnPP) with
different chemical bonds (i.e., ester bond, ether bond, and amide bond) for the release
properties under different conditions and in different tissues, including cancer [36]. The
results clearly showed that PEG-ZnPP with ether bond and amide bond rarely released
ZnPP derivatives in tumors as well as normal tissues, whereas, in the case of PEG-ZnPP
with ester bond, cleaved ZnPP derivatives became the major components in the tumor but
not in normal tissues except for liver due to its high esterase expression [36]; consequently,
this tumor-responsive cleavage of the free drug resulted in a much stronger anticancer
effect than those PEG-ZnPP with ether and amide bonds [36].

Along this line, in this study, we designed and synthesized a HA conjugated ZnPP via
ester bond (HA-es-ZnPP) and investigated its potential as a nanoprobe for tumor-targeted
PDT, especially focusing on its tumor environment-responsive release properties. Also, the
tumor imaging capacity of HA-es-ZnPP toward anticancer theranostics was evaluated and
is discussed here.

2. Materials and Methods
2.1. Materials

HA with a mean molecular weight of 30,000 (polydispersity index of 1.212) was
purchased from MRC polysaccharide Corp., Ltd (Toyama, Japan). RPMI 1640 medium, 4-
dimethylaminopyridine (DMAP) isoflurane, 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT), Tween 20, sodium dodecyl sulfate (SDS) and zinc acetate were pur-
chased from Wako pure chemical (Osaka, Japan). Protoporphyrin IX (PP) and cetyltrimethy-
lammonium bromide (CTA) were from Sigma-Aldrich Chemical (St. Louis, MO, USA).
Water-soluble carbodiimide (WSC) was purchased from Dojindo Laboratory, Kumamoto,
Japan. Additionally, 2,2,6,6-Tetramethyl-4-piperidone (4-oxo-TEMP) was purchased from
Tokyo Chemical Industry (Tokyo, Japan). Esterase from porcine liver was purchased from
Roche Diagnostics GmbH (Mannheim, Germany). The other reagents and solvents of a
reagent grade were from commercial sources and were used without further purification.

2.2. Synthesis of HA Conjugated ZnPP via Ester Bond (HA-es-ZnPP)

Cetyltrimethylammonium salt of HA (CTA-HA) was first synthesized according to
a previous report [37] with some modifications. Briefly, 110 mg of CTA bromide was
dissolved in 1.5 mL of deionized water at 40 ◦C, to which an aqueous solution of HA
(100 mg, 0.5% w/v) was added dropwise. The white precipitate thus formed was collected
after centrifugation (10,000× g, 5 min), and washed three times with 40 mL of hot water,
and finally dried under vacuum.

ZnPP was prepared by inserting zinc into PP as described previously [38]. In brief,
a 10-time molar excess of zinc acetate was added to PP in dimethyl sulfoxide (DMSO)
and stirred at 60 ◦C for 24 h. After cooling, cold deionized water was added 5-fold to the
volume of DMSO to precipitate the product ZnPP, which was purified by centrifugation to
remove excess zinc acetate and washed thrice with cold deionized water.

CTA-HA obtained as described above was dissolved in 20 mL of DMSO, and 10 mg of
ZnPP that was dissolved in 1 mL of DMSO was added dropwise, then DMAP (500 mg)
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and WSC (500 mg) were added to the reaction mixture. The reaction was continued for
3 days at 50 ◦C. The solution was then subjected to dialysis using a dialysis bag with an
average cutoff of 8000 (Wako) against a 1:1 (v/v) sodium phosphate buffer (0.3 M, pH = 7.4):
DMSO mixture for 1 day, then against 5% sodium bicarbonate for 1 day, and finally against
deionized water for 1 day. Each solvent was changed every 8 h. The solution was then
lyophilized to give a brown powder. Figure 1 shows the synthetic scheme of HA-es-ZnPP.
During the reaction, high-performance liquid chromatography (HPLC) was performed to
monitor the reaction by using LC-2000Plus series HPLC system (JASCO, Tokyo, Japan)
with an Asahipak GF-310 HQ column (7.5 × 300 mm) (Showa Denko, Tokyo, Japan). Using
a mobile phase of 70% methanol/30% DMSO with 0.001% trifluoroacetic acid (Wako) at a
flow rate of 0.8 mL/min, the eluate was monitored at 415 nm for ZnPP.
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Figure 1. Synthesizing protocol of hyaluronan (HA) conjugated ZnPP through ester bond (HA-es-
ZnPP). Inset shows the gel permeation chromatograph of HA-es-ZnPP and free ZnPP, by using a
high-performance liquid chromatography (HPLC) system with an Asahipak GF-310 HQ column.

2.3. Characterization of HA-es-ZnPP
2.3.1. UV–Visible Spectrophotometry and Fluorescence Spectroscopy

UV/vis absorption spectra and fluorescence spectrum of ZnPP and HA-es-ZnPP were
measured by a spectrophotometer (Hitachi U-3900, Tokyo, Japan), and a spectrofluorometer
model FP-6600 (Jasco Corp., Tokyo, Japan), respectively. For spectroscopy, the sample
solution was excited at 420 nm, and emissions from 550 to 700 nm were recorded.

2.3.2. Determination of the ZnPP Content in HA-es-ZnPP

Standard ZnPP solutions at 0.05–1 mg/mL and HA-es-ZnPP (1 mg/mL) were pre-
pared in DMSO. The standard curve of ZnPP was then created by measuring the absorbance
of samples at 421 nm (absorption maximum of ZnPP), and the content of ZnPP in HA-es-
ZnPP was calculated according to the standard curve.
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2.3.3. Dynamic Light Scattering (DLS) and Zeta Potential

HA-es-ZnPP was dissolved in phosphate-buffered saline (PBS) at 5 mg/mL and
filtered through a 0.45 µm filter. The particle size and surface charge (zeta potential) were
measured by using an electrophoretic light-scattering analyzer (ELS-Z2, Otsuka Electronics
Co., Ltd., Osaka, Japan).

2.4. Release of ZnPP from HA-es-ZnPP

To investigate the release of ZnPP from HA-es-ZnPP conjugate, HA-es-ZnPP of
5 mg/mL was dissolved in a 0.2 M sodium phosphate buffer (PB) of different pHs (i.e.,
6.5, 7.4, 8.5) with 0.5% Tween 20. For the study of an enzymatic effect on drug release,
porcine liver esterase solution (10 units/ml) was added to a HA-es-ZnPP solution in a
pH 7.4 PB buffer with 0.5% Tween 20. In some experiments, HA-es-ZnPP was added to
100% fetal bovine serum (FBS) or supernatant of tumor homogenate from mouse sarcoma
S180 as described below, to the final concentration of 5 mg/mL. All samples (each of
5 mL) were then placed in dialysis tubes with a cutoff of ~8000 Da and were dialyzed
against PBS (25 mL) with shaking (1 Hz) at 37 ◦C. At each indicated time point, 0.1 mL
of the solution outside the dialysis bag was collected, which was diluted by 2 mL DMSO
followed by fluorescence measurement as described above. The amount of released ZnPP
was quantified according to a standard curve using standard ZnPP samples.

O2 Generation from HA-es-ZnPP as Measured by Electron Spin Resonance
(ESR) Spectroscopy

HA-es-ZnPP (40 µg/mL ZnPP equivalent) was dissolved in PBS with/without 0.5%
Tween 20, to which 20 mM of 4-oxo-TEMP (spin trapping agent) was added. Samples were
placed in a flat quartz cell (Labotec, Tokyo, Japan), and then subjected to light irradiation,
using a xenon light source (MAX-303; Asahi Spectra Co. Ltd., Tokyo, Japan) at a wavelength
of 400–700 nm. The ESR spectra were recorded by using a JEOL JES FA-100 spectrometer
(Tokyo, Japan) at 25 ◦C, with a microwave power of 1.0 mW, amplitude of 100 kHz, and
field modulation width of 0.1 mT.

2.5. Intracellular Uptake of HA-es-ZnPP

Mouse colon cancer C26 cells were seeded in a 12-well plate (5 × 105 cells/well).
After overnight pre-incubation, 20 µg/mL (ZnPP equivalent) of ZnPP dissolved in DMSO,
or HA-es-ZnPP dissolved in PBS was added to the cells. After washing thrice with cold
PBS at the scheduled time point, the cells were harvested, collected, and sonicated (30 W,
30 s, Dr.Hielscher, UP50H homogenizer, tip drip type) in ethanol on ice, followed by
centrifugation (10,000× g, 5 min). The amount of ZnPP/HA-es-ZnPP in the supernatant
was quantified by measuring fluorescence intensity as described above.

2.6. In Vitro Cytotoxicity Assay

Mouse colon cancer C26 cells were maintained in RPMI-1640 medium supplemented
with 10% fetal bovine serum (FBS, Nichirei Biosciences Inc.,Tokyo, Japan) under 5%
CO2/air at 37 ◦C. For cytotoxicity assay. Cells were seeded in 96-well plates (3000 cells/well).
After overnight incubation, HA-es-ZnPP or free ZnPP of different concentrations was
added, and the cells were cultured for 24 h. Irradiation was then carried out by using
fluorescent blue light with a peak emission at 420 nm (TL-D; Philips, Eindhoven, The
Netherland), at a total energy of 1.0 J/cm2 (3.3 mW/ cm2, 5 min). After a further 24 h of
culture, cell viability was measured by MTT assay.

2.7. In Vivo Tissue Distribution of HA-es-ZnPP

Male ddY mice that were 6 weeks old were purchased from SLC Inc., Shizuoka, Japan.
All animals were maintained at 22 ± 1 ◦C and a 55% ± 5% relative humidity, with a 12-h
light/dark cycle. All of the experiments were approved by the Animal Ethics Committees

177



J. Pers. Med. 2021, 11, 136

of Sojo University (no. 2020-P-009, approved on April 01, 2020) and were carried out
according to the Laboratory Protocol for Animal Handling of Sojo University.

A mouse sarcoma S180 solid tumor model was established by injecting S180 cells
(2 × 106) that were maintained in the ascitic form in the ddY mice into the dorsal skin of
the ddY mice. After 10-12 days of tumor cell inoculation, when the tumor grew to ~10 mm
in diameter, HA-es-ZnPP (5 mg/kg, ZnPP equivalent) dissolved in physiological saline
was injected intravenously (i.v.) via the tail vein. For comparison, free ZnPP (5 mg/kg) that
was dissolved in 0.01 N NaOH with 10% DMSO was injected i.v. At 24 h after i.v. injection,
mice were killed, and tumors as well as normal tissues (e.g., liver, spleen, kidney, etc.) were
collected. Tissues were first subjected to fluorescence imaging using IVIS XR (Caliper Life
Science, Hopkinton, MA, USA) with Ex-420 nm/Em-DsRed. Then, to 100 mg of each tissue,
1 mL of DMSO was added, followed by homogenization. After centrifugation (10,000× g,
10 min), the extracted HA-es-ZnPP in the supernatant was quantified by fluorescence
intensity (Ex 420 nm/Em 630 nm).

2.8. In Vivo Antitumor Activity of HA-es-ZnPP

Mouse sarcoma S180 solid tumor model, as described above, was used in this assay. At
7–10 days after tumor inoculation, when the diameters of the tumors became 8–10 mm, HA-
es-ZnPP dissolved in physiological saline at indicated concentrations was administered i.v.
Physiological saline was used for control mice. At 24 and 48 h after injection of HA-es-ZnPP,
irradiation to the tumors was carried out using xenon light (MAX-303; Asahi Spectra) at
400–700 nm for 5 min (36 J/cm2), under anesthesia with isoflurane gas. The tumor volume
(mm3), which was calculated as (W2 × L)/2 by measuring the width (W) and length (L) of
the tumor, and body weight of mice were recorded every 2–3 days during the study period.

2.9. Statistical Analyses

All data were expressed as means ± SD. Statistical analyses were performed by using
GraphPad Prism 8.0 (GraphPad Software, Inc. La Jolla, CA, USA). Data were analyzed by
using ANOVA followed by the Bonferroni correction for multiple comparisons (p-value
was corrected by multiplying it by the number of comparisons), and unpaired Student’s
t-test for dual comparisons. A difference was considered to be statistically significant when
p < 0.05.

3. Results
3.1. Synthesis and Characterization of HA-es-ZnPP

HA-es-ZnPP was synthesized by using the carboxyl group of ZnPP and hydroxyl
group of HA, which forms an ester bond (Figure 1). Gel permeation chromatograph using
a HPLC system with an Asahipak GF-310 HQ column as described above, showed a
single peak of the product HA-es-ZnPP with a retention time of 5.453 min, whereas ZnPP
exhibited a retention time of 7.940 min (inset of Figure 1), suggesting the completion of the
conjugation.

The resulted HA-es-ZnPP had a ZnPP loading of 10% (wt/wt, 5–6 ZnPP units in one
HA molecule) based on absorbance of ZnPP at 421 nm in DMSO, and showed very good
water-solubility (>20 mg/mL). In an aqueous solution, HA-es-ZnPP showed an average
particle size of 41.2 nm by DLS with a polydispersity index of 0.012 (Figure 2A), and the
zeta potential of HA-es-ZnPP was −37.12 mV. These results indicated the micelle formation
of HA-es-ZnPP in which ZnPP creates the hydrophobic core and hydrophilic HA forms
the outer surface, as similarly seen in other examples of polymeric ZnPP reported in our
previous studies [24,26,27,38–40]. The decreased absorbance of ZnPP supported the micelle
formation in PBS compared to that in DMSO (Figure 2B). More pieces of evidence were
obtained by quenching of fluorescence from HA-es-ZnPP in an aqueous solution (i.e., PBS)
compared to the strong fluorescence of DMSO solution of HA-es-ZnPP (Figure 2C,D). The
micelle formation would be disrupted by detergent SDS and Tween 20 in a concentration-
dependent manner, as evidenced by the increased fluorescence (Figure 2C,D). However, no
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apparent change was found in the presence of urea (Figure 2E). These findings suggested
the micelle was formed mostly by the hydrophobic interactions, but hydrogen bond is not
involved. Moreover, increased fluorescence intensity was found in the presence of 10%
FBS, but an increase of FBS concentration did not result in a further increase of fluorescence
intensity (Figure 2E), suggesting that micelle formation could be partially disrupted in
the circulation.
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Figure 2. Micelle formation of HA-es-ZnPP. HA-es-ZnPP showed a hydrodynamic diameter in physiological saline of
41.2 nm, as measured by DLS (A). The micelle formation was supported by decreased absorbance as seen in UV/vis
spectra (B), and more importantly, fluorescence quenching, the fluorescence intensity of HA-es-ZnPP in PBS was almost
undetectable compared to that in DMSO (C,D). The micelle formation could be effectively disrupted by detergent SDS (C)
and Tween 20 (D), as evidenced by increased fluorescence, but it could not be affected by urea (E). Increased fluorescence
intensity/disruption of micelles was also found in the presence of FBS (F). See text for details.

3.2. Release Profiles of HA-es-ZnPP

As shown in Figure 3, in PB of physiological pH (7.4) and weak acidic pH (6.5), almost
no release of ZnPP from HA-es-ZnPP was found till 12 h, while the release reached to
0.7–1.4% in 36 h. However, in the presence of esterase, a significant increase of ZnPP
release was triggered; almost 10% of ZnPP was released in 36 h (Figure 3), which is another
side supported that ZnPP was conjugated to HA via an ester bond. In parallel with this
finding, in 100% FBS, which is known to exhibit esterase activity [41], increased release
was observed, which were 6.5% and 8.6% in 24 h and 48 h, respectively (Figure 3). More
importantly, when HA-es-ZnPP was incubated in the homogenate of mouse solid tumor
(S180), relatively high levels of ZnPP release were achieved, e.g., 3.5% after 36 h incubation
which is about 3-time higher that in PB (Figure 3), suggesting a preferable release behavior
of HA-es-ZnPP in the tumor site.
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Figure 3. ZnPP release from HA-es-ZnPP at different conditions. In sodium phosphate buffer, almost
no ZnPP was released from the conjugate at both physiological pH and weak acidic pH up to 12 h.
Much rapid release of ZnPP occurred in presence of either esterase or FBS having esterase activities.
A relatively high level of ZnPP release was also found in tumor homogenate.

3.3. Generation of 1O2 from HA-es-ZnPP after Light Irradiation

The capacity of HA-es-ZnPP to generate 1O2 was evaluated by means of ESR spec-
troscopy under light irradiation using a xenon light source. Similar to our previous studies
of polymeric ZnPP using HPMA copolymer [24,27], as the micelle form in aqueous so-
lution (i.e., PBS), no apparent generation of 1O2 was observed even after 6 min of light
irradiation (Figure 4). However, when micelle formation was disrupted in the presence of
0.5% of Tween 20, a strong ESR signal of 1O2 was found in an irradiation time-dependent
manner (Figure 4). These findings agree with those of fluorescence spectroscopy showing
fluorescence quenching in PBS and appearance of fluorescence in Tween 20 (Figure 2D).
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Figure 4. Electron Spin Resonance (ESR) spectra of HA-es-ZnPP in phosphate-buffered saline (PBS)
in the presence/absence of Tween 20 under light irradiation. 1O2 generation from HA-es-ZnPP was
captured by 4-oxo-TEMP, and triplet 4-oxo-TEMP signal as the indicator of 1O2 was detected by ESR
spectra. In the presence of Tween 20, a relatively high level of 1O2 generation was observed in an
irradiation time-dependent manner, whereas no 1O2 generation occurred in PBS without Tween 20,
in which HA-es-ZnPP behaves as micelles.
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3.4. Intracellular Uptake of HA-es-ZnPP

Free ZnPP was rapidly and extensively internalized into C26 colon cancer cells as early
as 1 h after incubation and maintained similar levels for up to 8 h (Figure 5A). Compared
to free ZnPP, HA-es-ZnPP exhibited a slower but constant uptake by C26 cells, at 8 h
after incubation, the intracellular fluorescence from internalized ZnPP in cells treated with
HA-es-ZnPP was one-third of that in free ZnPP treated cells (Figure 5A).
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Figure 5. Intracellular uptake (A) and in vitro cytotoxicity (B) of HA-es-ZnPP in C26 colon cancer cells. (A), free ZnPP
or HA-es-ZnPP (20 µg/mL ZnPP equivalent) was added to C26 cells for the indicated time. The intracellular ZnPP or
HA-es-ZnPP was detected and quantified by measuring fluorescence intensity. (B), free ZnPP or HA-es-ZnPP at different
concentrations was added into the cells, and the cells were treated for 48 h. In a separate plate, cells were irradiated by
using fluorescent blue light (1.0 J/cm2, 5 min irradiation) at 24 h after HA-es-ZnPP treatment followed by further 24 h
incubation. The cell viability was then measured by MTT assay. Data are mean ± SD.

3.5. In Vitro Cytotoxicity of HA-es-ZnPP

In vitro cytotoxicity of HA-es-ZnPP was examined in a C26 colon cancer cell line. As
shown in Figure 5B, without light irradiation, ZnPP per se showed a cell-killing effect
with an inhibitory concentration (IC50) of 12.5 µg/mL, whereas a more than 15-time
increased cytotoxicity was achieved after light irradiation, indicating a remarkable PDT
effect. Compared to free ZnPP, HA-es-ZnPP itself exhibited lower cytotoxicity with an IC50
of 50 µg/ml (ZnPP equivalent). However, after light irradiation, significantly increased
cytotoxicity (IC50 of 4.5 µg/mL) was observed, which is 10-fold higher than that of HA-es-
ZnPP per se (Figure 5B). These results are parallel with the findings of intracellular uptake
shown in Figure 5B.

3.6. In Vivo Tissue Distribution of HA-es-ZnPP after I.V. Injection

Tissue distribution of HA-es-ZnPP in mice bearing sarcoma S180 solid tumor at 24
h after i.v. administration of HA-es-ZnPP was shown in Figure 6. Compared with native
ZnPP which showed very low or negligible distribution in all tested tissues, including
tumor (Figure 7A), HA-es-ZnPP exhibited a significantly prolonged circulation time, while
the blood concentration of HA-es-ZnPP was 2.5-times more than that of ZnPP (Figure 7A).
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Figure 6. In vivo tissue distribution of HA-es-ZnPP in S180 solid tumor-bearing ddY mice. HA-es-
ZnPP or free ZnPP was injected i.v. in the mice. After 24 h, mice were killed, and tissues, including
tumors were collected. Tissue samples were homogenated using DMSO, and extracted HA-es-ZnPP
or ZnPP in the supernatant was quantified by fluorescence spectroscopy. Inset shows the fluorescence
images of mice-tumors treated with free ZnPP or HA-es-ZnPP. The tumors were cut in the middle
of tumor nodules, and the cross-sectional views were shown. Data are mean ± SD. **, p < 0.01;
***, p < 0.001.

More importantly, tumor accumulation of HA-es-ZnPP was 10-times higher than that
of free ZnPP (Figure 7A). Moreover, the amount of HA-es-ZnPP in the tumor was higher
than those in most of the normal tissues except the liver, which is rich in reticuloendothelial
systems and is the primary organ for the protoporphrin metabolism [24,39,42]. These
findings suggest a preferentially targeted delivery of HA-es-ZnPP in the tumor by taking
advantage of the EPR effect. The tumor-selective delivery of HA-es-ZnPP was also visual-
ized and confirmed by using fluorescence imaging involving detecting the fluorescence
from ZnPP, during which much-intensified fluorescence was detected in tumors from mice
treated by HA-es-ZnPP compared to those in free ZnPP treated mice (inset of Figure 6).
In addition, the pictures shown in the inset of Figure 6 were the cross-sectional view of
tumors, which clearly showed a strong fluorescence of HA-es-ZnPP in the core of the tumor
(inset of Figure 6).

3.7. In Vivo Antitumor Effect of PDT Using HA-es-ZnPP

The in vivo therapeutic effect of PDT using HA-es-ZnPP was evaluated in a mouse
sarcoma S180 solid tumor model. Irradiation was carried out twice at 24 h and 48 h
after HA-es-ZnPP administration using a xenon light source, at 36 J/cm2, which is a
relatively low irradiation dose [25]. By using this protocol, a dose-dependent PDT effect
was observed, i.e., one round of treatment resulted in a slight suppression of tumor growth,
whereas significantly delayed tumor growth was found when the treatment protocol was
repeated 3 times (Figure 7A). Moreover, three injections of HA-es-ZnPP alone without light
irradiation, or light irradiation alone without HA-es-ZnPP did not show apparent tumor
suppression (Supplemental data Figure S1). In addition, a weight gain but no loss of body
weight was observed in all groups during the treatment (Figure 7B).
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Figure 7. In vivo therapeutic effect of HA-es-ZnPP based PDT. In a mouse sarcoma S180 solid tumor model, HA-es-ZnPP (5
mg/kg, ZnPP equivalent) was injected i.v. when the tumor grew to 8–10 mm in diameter. At 24 and 48 h after injection of
HA-es-ZnPP, irradiation to the tumors was carried out using xenon light (MAX-303; Asahi Spectra) at 400–700 nm for 5 min
(36 J/cm2). This treatment protocol was carried out 1 time or 3 times in different groups. The tumor volume (A) and body
weight (B) of mice were recorded every 2–3 days during the study period. Arrows indicate the PDT treatments. Data are
mean ± SD. *, p < 0.05; **, p < 0.01.

4. Discussion

For the development of anticancer nanomedicine, several critical issues must be con-
sidered. The first necessary step is the EPR effect-based tumor accumulation. For this
aim, nanomedicine must be stable enough in circulation to ensure there is a sufficient
circulation time that is essential for achieving the EPR effect. Otherwise, disruption of
unstable nano-formulation in circulation will result in similar behaviors to those of small
molecular drugs [10,12,43]. In this context, HA-es-ZnPP behaves as micelles of ~40 nm
(Figure 2A) and maintains the stable micelle formation in an aqueous solution as evidenced
by the fluorescence quenching (Figure 2C,D). In the presence of FBS, though fluorescence
quenching was partly liberated, complete disruption of micelles was not seen (Figure 2F),
indicating HA-es-ZnPP could maintain at least a partially stable micelle formation in circu-
lation. As a consequence, relatively large amount of HA-es-ZnPP remained in circulation
compared to ZnPP at 24 h after i.v. injection, indicating a much longer blood half-life of
HA-es-ZnPP than native ZnPP (Figure 6). In accordance with this finding, HA-es-ZnPP
remarkably accumulated in the tumor, which showed a 10-times higher concentration than
that of native ZnPP (Figure 6). Moreover, when we cut the tumors, we found stronger fluo-
rescence (HA-es-ZnPP) in the tumor center than in the peripheral area (inset of Figure 6).
It is known that the core of tumors is usually poor in blood vessels with many necroses,
while the peripheral areas are actively growing parts with rich vasculature. This finding
suggests that HA-es-ZnPP could penetrate tumor tissue effectively after extravasation
from tumor blood vessels, which is probably due to its relatively small size (i.e., 40 nm)
as demonstrated by Kataoka’s group; smaller nano micelles (i.e., 30 nm) penetrate much
deeper into tumor tissues than larger micelles (i.e., 80 nm) [44]. Together, these findings
strongly indicate the preferable properties of HA-es-ZnPP as a nanomedicine to target
tumors by the EPR effect.

However, nanomedicine should quickly and effectively unload active pharmaceutical
ingredients (API) to fulfill a therapeutical effect after reaching the tumor in a way that
benefitted from the EPR effect. Otherwise, too stable nanomedicines with little API release
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in tumor sites will suffer from insufficient therapeutic activity [10,12,45]. In this context,
nanomedicines with tumor environment responsive linkers have attracted more and more
attention. Many strategies have been developed by utilizing, as examples, acidic pH-
sensitive bond (e.g., hydrazone bond) or a protease cleavable peptide linker [31,32,34,35],
as described above in “Introduction”. Besides, other strategies such as using magnetically
responsive peptide [46], thermosensitive nano-platform [47], and Arg-Gly-Asp (RGD)
linker [48] have been challenged which showed promising results. In the present study,
we focused on the relatively high esterase activity in tumors [36], and designed a HA
conjugated ZnPP with ester bond, i.e., HA-es-ZnPP. As expected, the covalent bond of
HA-es-ZnPP ensures little release of ZnPP in water solutions, but ZnPP release could be
triggered in the presence of esterase as well as FBS (Figure 3), indicating that HA-es-ZnPP
will release ZnPP in circulation and more importantly, in tumor tissues. However, it
should also be noted that the release of ZnPP in FBS was less than 10% in 36 h (Figure 3),
which again supported that HA-es-ZnPP behaves as a relatively stable nano-micelles in
circulation.

Intracellular uptake of API released from nanomedicines is also a critical matter for
achieving a satisfactory anticancer effect, because in most cases, entering the cell and
accessing the cellular components are necessary for anticancer drugs’ actions. Regarding
this issue, low molecular weight hydrophobic drugs usually show rapid and extensive
internalization. In contrast, most nano-drugs modified with hydrophilic polymers such
as PEG suffer from the low cellular absorption and thus therapeutic effect, as known as
“PEG dilemma” [49]. Our previous studies also showed that polymer conjugated ZnPP
with covalent bonds exhibited much lower intracellular uptake than the corresponding
native drugs [24,50]. Given this situation, the release of API from nanomedicine in the
tumor site is an important matter of concern for developing anticancer nanomedicines,
as described above. By use of the ester bond, in this study, we found that although the
intracellular uptake of HA-es-ZnPP was slower and lower than free ZnPP, the uptake
increased gradually in a time-dependent manner, which reached a level of one-third of that
of ZnPP after 8 h (Figure 5). This result is partly parallel with the release profiles in the
presence of FBS (Figure 3), suggesting that effective internalization of active drug (ZnPP)
could be achieved in HA-es-ZnPP by benefiting from the esterase-dependent cleavage
of ester bond and release of ZnPP. In addition, it is well known that CD44, the primary
membrane receptor of HA, is highly expressed in many tumor cells [51]; thus, the CD44
mediated endocytosis may also contribute to the internalization of HA-es-ZnPP. As a
consequence, HA-es-ZnPP alone showed relatively potent cytotoxicity to tested cancer
cells with a IC50 of 50 µg/mL, which is one fourth the cytotoxicity of free ZnPP (12.5
µg/mL) (Figure 5B), and is much more potent than polymer conjugate of ZnPP using
uncleavable bonds previously developed in our laboratory (i.e., IC50 > 100 µg/mL for
HPMA conjugated ZnPP) [24].

More importantly, after light irradiation, the cytotoxicities of both free ZnPP and HA-
es-ZnPP were remarkably (10–15 times) augmented (Figure 5B). The increased cytotoxicity
was attributed to the generation of 1O2, i.e., PDT effect, which was confirmed in ESR
measurement as indicated by the time-dependent intensified spin-polarized triplet signal
(Figure 4). One concern about anticancer PDT is the off-target generation of toxic 1O2,
namely, generation of 1O2 in normal tissues will induce adverse side effects. This could be
substantially improved by nano-designed PS to target tumor tissue by taking advantage of
the EPR effect as discussed in “Introductions”. In this regard, HA-es-ZnPP, as a micellar
type nanomedicine, exhibited much higher accumulation in tumors than most normal
tissues, which could not be seen in case of small molecule free ZnPP (Figure 6). In addition,
interestingly, we found that HA-es-ZnPP in micellar form did not emit 1O2 as well as
fluorescence under light irradiation (Figures 2 and 4). This was probably due to a π–π
stacked structure of ZnPP in the core of micelles, in which excited fluorochrome dissipates
the energy [24]. This property will further ensure the safety of anticancer PDT using
HA-es-ZnPP. Namely, in circulation HA-es-ZnPP behaves mostly as micelles with relative
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stability, so no or largely reduced 1O2 will be generated under ambient light. During
circulation, HA-es-ZnPP will accumulate and retain in the tumor due to the EPR effect,
during which micelles will be gradually disrupted and free ZnPP is released and is then
taken up by tumor cells. The following light irradiation will thus trigger the generation
of 1O2 mostly in the tumor to fulfill the anticancer effect, whereas less side effects to
normal tissues and organs will be induced. Thus, the PDT using HA-es-ZnPP will confer a
superior therapeutic effect over conventional PDT using low molecular weight PS as well
the improved safety of the treatment and quality of life in patients. As expected, we found
significant suppression of tumor growth by PDT using HA-es-ZnPP (Figure 7A), whereas
we did not observe body weight loss in this treatment regimen that indicates no apparent
side effects (Figure 7B). It should be noted that the dose of HA-es-ZnPP (i.e., 5 mg/kg)
and intensity of light irradiation (36 J/cm2) are relatively low compared to many other
studies [25]; we thus believe the therapeutic effect could be optimized by modulating the
dosing/irradiation regimen which will be investigated in future studies.

Compared to other polymeric PS, HA-es-ZnPP also potentially has some other advan-
tages beyond the PDT effect. Besides the EPR effect-based tumor targeting and CD44-driven
tumor targeting as described above [52], HA could also work in a tumor microenvironment
to trigger the reprogramming of tumor-associated macrophages towards anti-tumor M1
type macrophages. Thus, a synergistic anticancer effect could be achieved using HA-based
nanomedicine [53]. Moreover, because of the extensive tumor accumulation of HA-es-ZnPP
(Figure 6), it may become possible to visualize tumors, especially tiny metastatic tumor
nodules and disseminated cancer by using fluorescence imaging, as indicated in Figure 6
(inset). Namely, HA-es-PDT could be a theranostic nanoprobe for PDT as well as for
photodynamic diagnosis, which warrants further investigations.

Taken together, in this study, we successfully synthesized a HA conjugated ZnPP via an
ester bond, (Figure 1), which exhibits high water-solubility and forms micelles in aqueous
solutions (Figure 2). As micellar formation, HA-es-ZnPP shows fluorescence quenching,
and 1O2 generation does not occur under light irradiation. However, it is extensively
generated when the micelle is disrupted, and ZnPP is released (Figure 4). On the other
hand, the micelle formation imposes a prolonged circulation time and tumor-selective
accumulation upon HA-es-ZnPP based on the EPR effect (Figure 6). Consequently, a
remarkable anticancer PDT effect is achieved both in vitro (Figure 5) and in vivo (Figure 7),
suggesting the potential of HA-es-ZnPP as a candidate anticancer nanomedicine for PDT.

Supplementary Materials: The following are available online at https://www.mdpi.com/2075-442
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Abstract: The use of nanomedicine for antitumor therapy has been extensively investigated for a long
time. Enhanced permeability and retention (EPR) effect-mediated drug delivery is currently regarded
as an effective way to bring drugs to tumors, especially macromolecular drugs and drug-loaded
pharmaceutical nanocarriers. However, a disordered vessel network, and occluded or embolized
tumor blood vessels seriously limit the EPR effect. To augment the EPR effect and improve curative
effects, in this review, we focused on the perspective of tumor blood vessels, and analyzed the rela-
tionship among abnormal angiogenesis, abnormal vascular structure, irregular blood flow, extensive
permeability of tumor vessels, and the EPR effect. In this commentary, nanoparticles including
liposomes, micelles, and polymers extravasate through the tumor vasculature, which are based on
modulating tumor vessels, to increase the EPR effect, thereby increasing their therapeutic effect.

Keywords: nanoparticles; tumor vascular regulation; EPR effect; angiogenesis; blood perfusion;
vascular permeability

1. Introduction

Solid tumors are the major cause of death worldwide and their treatment remains a
challenge [1–3]. Chemotherapy is one of the few treatment options available for metas-
tasized tumors which cannot be removed surgically; however, the effectiveness of this
therapeutic modality is not yet satisfactory [4]. This problem mainly stems from the lack
of tumor selectivity by these agents; hence, the occurrence of severe adverse effects limits
the usage of chemotherapy [5]. Nanomedicines have been designed to guide drugs more
precisely to tumor cells and away from sites of toxicity. These agents have numerous
theoretical advantages over low-molecular-weight drugs, including high drug loading,
specific targeting, and the ability to protect the payload from degradation and release the
drug in a controlled or sustained manner [6]. Theoretically, nanomedicines with larger
particle size leak more slowly from blood vessels compared with most chemotherapy drugs.
Fortunately, vascular leakage is a major feature of the vasculature of solid tumors. Specifi-
cally, tumor neovasculature has larger lumens and wider fenestrations (200 nm to 1.2 µm
in diameter) due to its lack of a smooth muscle layer and pericytes [7]. When injected
intravenously, nanomedicines ranging in size from 10 to 500 nm tend to circulate for a long
time and can preferentially access the tumor tissue through the leaky tumor vasculature;
subsequently, they are retained in the tumor bed due to reduced lymphatic drainage [8–12].
This pathophysiological phenomenon based on abnormal tumor angiogenesis to increase
the delivery of nanomedicines in tumors is known as “the enhanced permeability and
retention” (EPR) effect [10–13]. Matsumura and Maeda first reported the EPR effect in
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1986 [11]. Follow-up studies rigorously verified that the EPR effect can be observed using
macromolecules with an apparent molecular size >45 kDa (the threshold for renal clearance)
and a longer plasma half-life. In recent years, Ding et al. conducted real-time research
on human kidney tumors using X-ray computed tomography to confirm the existence
of the EPR effect in humans. The results showed that the significant EPR effect can be
found in >87% of human kidney tumors [14]. However, low-molecular-weight contrast
agents do not stay in the tumor and can be washed out in a minute from tumor, which
greatly differs from macromolecular drug retention in tumors. Therefore, Maeda et al.
reported a more distinct method to prove the EPR effect in human by conjugating lipiodol
with a macromolecular nanodrug [15]. This method lasts longer than X-ray computed
tomography, and it can be used to further explore the significant difference between the
EPR effect of macromolecular drugs and low-molecular-weight counterparts.

Nanodrug delivery is based on the accumulation of drugs in tumors due to the EPR
effect, and the subsequent release of the therapeutic payload [11,16]. However, the EPR
effect is inadequate in tumors; this inadequacy can be attributed to the high interstitial
fluid pressure (IFP), the dense extracellular matrix (ECM), and the occluded or embolized
tumor blood vessels [12,17,18]. Moreover, the prolonged circulation of the drug increases
the ability of extravasation into the tumor through the EPR effect. Clinically, it has been
demonstrated that the function of long-circulating liposomes, for example, doxorubicin
(DOX)-loaded polyethylene glycol (PEG)ylated liposomes (Doxil), reduces opsonization
and premature clearance, increases the blood circulation time, and potentially enhances
drug accumulation in the tumor [19]. However, when the EPR effect is insufficient, the
drug may extravasate and bring more toxicity into normal tissues. Thus, there is an urgent
need to identify the physiological barriers that affect the EPR effect of tumors. The aim of
such research would be the development of methods to enhance tumor penetration and
retention, thereby improving tumor targeting and the therapeutic effect. In this review, we
analyzed the barriers to drug delivery, focusing on the influence of tumor vasculature on
the EPR effect. Moreover, we discussed the method utilized for the regulation of tumor
blood vessels through the nanodrug delivery system to enhance the EPR effect [20–24].

2. Abnormal Vascular Functions Affect the Tumor EPR Effect

To satisfy the overgrowth of tumor cells, solid tumors need to induce and maintain a
dedicated tumor blood supply, which is termed neovascularization. Under inflammatory
or hypoxic tumor conditions, cells such as vascular endothelial cells release vascular
permeability mediators, resulting in more enhanced tumor vascular permeability than in
normal tissue, which can be demonstrated by angiography [25]. However, due to their short
half-life and the rapid dilution in the bloodstream, these mediators mainly affect tumor
vessels, but not normal tissue blood vessels. In such regions, macromolecules ranging from
10 to 500 nm (e.g., macromolecular anticancer agent, albumin, immunoglobulin, micelles,
liposomes, and protein–polymer conjugates) can selectively leak out from the vascular
bed and accumulate inside the interstitial space. However, in solid tumors, the EPR effect
exhibits great heterogeneity. Tumors show different EPR effects regardless of their types
and sizes, patients, or their developmental stages. Tumors with high blood vessel density
(e.g., hepatocellular carcinoma) show a strong EPR effect, whereas others with low vascular
density (e.g., pancreatic cancer) show a weak EPR effect [5]. Therefore, accurate monitoring
and evaluation of the EPR effects in different tumors is essential for the development of
personalized EPR-mediated plans for the treatment of tumors.

In principle, due to the widespread presence of EPR in tumors, nanomedicines based
on the EPR effect show great promise for improving the efficacy of systemic anticancer
drug therapy. However, their full anticancer potential has been hindered because of
biological and pathophysiological barriers [26]. Obviously, the vascular system of tumors,
which exhibit different vessel density, maturity, perfusion, and pore cutoff size, could
be considered one of the main factors that affect the EPR effect [27]. In this review, we
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summarize the three main approaches through which abnormal tumor blood vessels affect
the EPR effect and the related vascular mediators (Table 1).

Table 1. Relationship between tumor vascular-related mediators and three typical vascular characteristics.

Features Vascular Mediators Functions Tumors with This
Substance Reference

Abnormal angiogenesis

Vascular endothelial
growth factor (VEGF)

Key factors in angiogenesis, VEGFs
bind to the kinase function of VEGF

receptor (VEGFR)-activated receptors,
triggering a variety of downstream

signaling cascades, such as increased
capillary permeability, nitric oxide

(NO) production (relaxation of
vascular smooth muscle), endothelial
cell (EC) proliferation, migration, and

survival under stress.

Overexpression in most
solid tumors [28–30]

Tumor necrosis factor
(TNF)-α

TNF-α mediates monocyte
differentiation into angiogenic cells

that support tumor angiogenesis. It is
also a multipotent proinflammatory
cytokine with vascular permeability
activity, which can enhance vascular

leakage by disrupting the EC adhesion
junction VE-cadherin.

[22,31–36]

Acidic fibroblast growth
factor (FGF)/FGF-1

Interacts with receptor tyrosine kinase
subtypes to induce EC proliferation
and maintain tumor angiogenesis.

[37]

Basic FGF/FGF-2
Controls angiogenesis by inducing the
expression of VEGF through paracrine

and endocrine mechanisms.
[38–40]

Platelet-derived growth
factor (PDGF)

PDGF signals through two cell-surface
tyrosine kinase receptors, PDGF

receptor α (PDGFRα) and PDGFRβ,
and induces angiogenesis by

upregulating the production of VEGF
and regulating the proliferation and

recruitment of perivascular cells.

[41–43]

Placenta growth factor
(PLGF)

PLGF only binds to VEGFR-1 and
induces tumor angiogenesis,

promoting the survival of ECs in
tumor-associated blood vessels.

[44]

Epidermal growth factor
(EGF)

A key EGF receptor (EGFR) ligand is
one of many growth factors that drive

the expression of VEGF.
[45]

Hepatocyte growth factor
(HGF)

Stimulates cell motility and the
secretion of proteinases and plays an
important role in tumor invasion and

progression.

[46]

Hypoxia-inducible factor
(HIF)-1α

Upregulates VEGF gene expression by
hypoxia response element binding to

the promoter region of VEGF.
[47–51]

Transforming growth
factor (TGF) -β

Induces strong VEGF production in
recruited hematopoietic cells, leading
to activated angiogenesis and vascular

remodeling. Low TGF-β levels
contribute to angiogenesis, and high

levels of TGF-β can inhibit EC growth.

[52–54]
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Table 1. Cont.

Features Vascular Mediators Functions Tumors with This
Substance Reference

Interleukin (IL)-1β
Induces angiogenesis indirectly by

activating the expression of VEGF in
smooth muscle cells.

[55]

IL-3

Stimulates EC movement and
promotes the formation of new blood

vessels in vivo. It also stimulates
migration and proliferation of vascular

smooth muscle cells.

[56]

IL-6
Regulates the synthesis of VEGF and

influences tumor angiogenesis by
inducing the production of VEGF.

[57]

IL-8

Enhances EC survival, proliferation,
and matrix metalloproteinase

production, and regulates
angiogenesis.

[58]

Neuropilin 1 and 2 Regulates receptor–ligand interactions
of the VEGF family. [59]

Adrenomedullin

Promotes angiogenesis, protects cells
from apoptosis and vascular injury,

and affects vascular tone and
permeability.

[60]

Stromal cell-derived factor
1 (SDF-1), a chemokine

Synergizes with VEGF to induce
angiogenesis in human ovarian cancer

tumors. Furthermore, in invasive
breast cancer, stromal

fibroblast-derived SDF-1 promotes
angiogenesis by recruiting bone

marrow-derived endothelial
precursors. It plays an angiogenic role

through the receptor CXC motif
chemokine receptor type 4.

[61]

Endostatin
Inhibits cell cycle control and

antiapoptotic genes in proliferating
ECs, thus inhibiting angiogenesis.

[62]

Integrin

Adhesion molecules such as α6β1 and
α6β4 integrins mediate VEGF-induced

angiogenesis, which regulates the
adhesion of ECs to the ECM, thereby

promoting the migration and survival
of tumor vasculature. Other integrins
(e.g., αvβ3, αvβ5, and α5β1) have also
been shown to mediate angiogenesis.

[63,64]

Pigment
epithelium-derived factor

Inhibits angiogenesis via
downregulation of VEGF. [65]

Nuclear factor kappa-B
(NF-κB)

Activated NF-κB can bind to DNA,
promote cell proliferation, regulate cell
apoptosis, promote angiogenesis, and

stimulate invasion and metastasis.

[66]

Thyroid hormone

Thyroid hormones have proangiogenic
effects on ECs and vascular smooth

muscle cells initiated by integrin αvβ3
extracellular domain hormone

cell-surface receptors.

[67]
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Table 1. Cont.

Features Vascular Mediators Functions Tumors with This
Substance Reference

Matrix metalloproteinases
(MMPs)

Involved in the process of angiogenesis
through its proteolytic role in tissue
remodeling, as well as the growth of
new blood vessels and the release of
angiogenic factors sequestered in the

matrix.

[68]

Endogenous carbon
monoxide (CO) and heme

oxygenase (HO)

Play an important role in regulating
vascular tension and inducing

angiogenesis, and can significantly
increase vascular permeability and

blood flow.

[69–73]

Angiogenin

Undergoes nuclear translocation in
ECs where it stimulates ribosomal

RNA transcription and cell
proliferation.

[74]

Angiopoietin 1

Activates matrix-degrading enzymes,
including plasminogen activators and

MMPs, to loosen the matrix and
promote ECs migration.

[75]

Vashohibin-1

A novel angiogenesis inhibitory
protein regulates angiogenesis, inhibits

pathological angiogenesis, and
promotes tumor vascular maturation

by negative feedback.

High expression in liver
cancer, prostate cancer,

renal cancer, and
colorectal cancer

[76,77]

Vascular permeability

VEGF
(VEGF-A/B/C/D) As mentioned above. Overexpression in most

solid tumors [28–30]

Bradykinin (BK)

Activates EC-derived NO synthase,
which leads to an increase in NO and

plays a role in increasing vascular
permeability.

[78,79]

Hydroxyprolyl3 BK As mentioned above. Advanced cancer [80–82]

Inducible nitric oxide
synthase (iNOS) and NO

NO is an effective
endothelium-derived vascular

regulator, which plays an important
role in vascular permeability, cell

proliferation, and extravasation (EPR
effect), inducing vasodilation and

increasing blood flow.

[83–85]

Prostaglandin E1 and I2

Usually involved in inflammation and
cancer, it has similar effects as NO and

can enhance extravasation and EPR
effects.

[83,86]

TNF-α As mentioned above. [22,31–36]

Angiotensin receptor type
2 (AGTR2)

AGTR2 can induce vasoconstriction in
healthy tissues and increase systemic

blood pressure, and is an effective
substance to enhance blood flow and

promote vascular permeability in
tumors.

[87]

IL-2 Increased vascular permeability by
inducing NO production [76,77]

Endothelin-1 (Et-A, Et-B) Endothelin is an endogenous
long-acting vasoconstrictor regulator. [76,77]

Irregular blood flow
AGTR2 As mentioned above. [87]

Endogenous CO and HO As mentioned above. [69–73]
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2.1. Abnormal Angiogenesis

Angiogenesis is essential for the continuous growth and development of solid tu-
mors. Tumor vessels provide oxygen and nutrients and remove waste products, supply
a favorable niche for cancer stem cells, and serve as a conduit for tumor cell metastatic
spread and immune cell infiltration. Unlike normal blood vessels, tumor blood vessels with
abnormal structure and function impede the delivery of adequate and effective oxygen, as
well as therapeutic drugs to cancer cells [88,89]. In cancer progression, the overexpression
of proangiogenic factors drives the pathological angiogenesis. An imbalance between local
proangiogenic and antiangiogenic factors may lead to the proliferation, migration, and
new vessel formation of endothelial cells (EC). Furthermore, pericyte coverage of EC is
often absent in the tumor vasculature. Compared with normal tissue with an organized
microvasculature with regular branching order, the vascular organization of tumor tissue
is disorganized and lacks the conventional hierarchy. Abnormal angiogenesis may lead
to structural and functional abnormalities of the vascular system, which are often charac-
terized by tortuous, unorganized, and excessive leakage [90,91]. This feature contributes
to the vascular permeability of fluids and the escape of metastatic cancer cells [92,93].
Furthermore, the solid pressure generated by the proliferation of cancer cells compresses
the blood and lymphatic vessels in the tumor, further impairing blood and lymphatic flows.
These abnormal vascular structures collectively lead to an abnormal tumor microenviron-
ment (TME), characterized by high IFP, hypoxia, and acidosis [88,94,95]. A physiological
consequence of these vascular abnormalities is heterogeneity of tumor blood flow, which
can interfere with the EPR effect and the uniform distribution of drugs within the tumor.

Tumor cells can promote blood vessel sprouting by releasing angiogenic molecules that
bind to their respective receptors in adjacent cells or by paracrine signals [96,97]. Vascular
endothelial growth factor (VEGF) appears to play the most critical role in physiological and
pathological angiogenesis among all the known angiogenic molecules. It is overexpressed
in the majority of solid tumors [28,29] and can promote the survival and proliferation of ECs,
increase the display of adhesion molecules on these cells, and increase vascular permeability.
By downregulating VEGF signaling in solid tumors, the vasculature may return to a more
“normal” state, accompanied by decreased IFP, increased tumor oxygenation, and improved
drug permeability in these tumors [98].

In addition to VEGF, other factors and proteins can also promote the abnormal forma-
tion of tumor blood vessels. Thus far, 28 proangiogenic factors/genes have been found to
mediate tumor angiogenesis [76,77], including the fibroblast growth factor (FGF), hypoxia-
inducible factor (HIF), platelet-derived growth factor-B (PDGF-B), tumor necrosis factor-α
(TNF-α), chemokines, integrins, and transforming growth factor-β (TGF-β), as well as their
receptors [76,99–103]. Acidic and basic FGF (FGF1 and FGF2) have the ability to induce
angiogenesis [39]. FGFs stimulate the proliferation and migration of ECs, as well as the
production of collagenase and plasminogen activator (PDGF), which stimulate angiogen-
esis and are related to the aging process of the tumor vasculature in vivo [42,43]. TGF-β
possesses dual pro- and antiangiogenic properties. At low levels, TGF-β participates in
the switch of angiogenesis by upregulating angiogenic factors and proteinases. At high
levels, it can inhibit EC growth, stimulate the differentiation and recruitment of smooth
muscle cells, and promote the reorganization of the basement membrane [52]. Moreover,
as effective angiogenic factors, chemokines can induce the migration and proliferation of
ECs, and they have pro- or antiangiogenic activities [104]. As an angiogenic factor, HIF
cooperates with TNF inhibitors to initiate angiogenesis under hypoxic conditions [48–51].
It activates the signaling pathway and upregulates the expression of VEGF. Growth factors
generated by this pathway activate the mitogen-activated protein kinase and protein kinase
B signaling pathways, leading to increased levels of HIF-1 protein, thereby promoting
tumor angiogenesis. Adhesion molecules (e.g., α6β1 and α6β4 integrins) mediate VEGF-
induced angiogenesis, which regulates the adhesion of ECs to the ECM, thereby promoting
the migration and survival of tumor vasculature. Other integrins (e.g., αvβ3, αvβ5, and
α5β1) also mediate angiogenesis [63,64].
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2.2. Irregular Blood Flow

Compared with normal vessels, newly formed tumor vessels are irregular or inconsis-
tent [87]. It has been reported that tumor vessels are insensitive to angiotensin receptor
type 2 (AGTR2). In addition, there is intermittent flow (only one flow in 15–20 min) and
reverse flow of blood at the tumor site [105,106]. Moreover, blood often flows in the op-
posite direction. Irregular blood flow in the tumor is usually caused by irregular vascular
structure. Unlike normal tissues, angiogenic factors in tumors at the late stage of vascular
maturation will continue to be activated, leading to vascular abnormalities, which are char-
acterized by irregular vascular structure and spatiotemporal heterogeneity [107]. Tumor
vessels with irregular structure are characterized by a curved vascular shape, filling of
the EC septum, and damage of the basement membrane. These effects lead to distortion
of the vascular morphology and high permeability of the vascular EC space [31,108–110].
The distortion of blood vessels increases the geometric resistance of blood flow. The high
permeability of blood vessels increases the hematocrit of tumor blood, thus increasing the
blood viscosity [111]. In addition, the phenomenon of rapid proliferation of tumor cells
in a finite space and excessive deposition of ECM can lead to large solid stress between
adjacent cells and matrix components. The continuous accumulation of solid stress can
lead to the compression of tumor blood vessels and the reduction of cross-sectional area
and pressure difference in the direction of blood vessels [112]. The increase in vascular
resistance and blood viscosity and the compression of accumulated solid stress significantly
increases the resistance to blood perfusion. The increased resistance of tumor vessels to
blood perfusion results in a low blood perfusion rate and a slow blood flow rate [113]. The
change in blood flow velocity on the transport of nanoparticles through blood vessels has
been investigated. A computer simulation explained the effect of blood flow velocity on the
transport of nanoparticles. The results showed that the pressure at the vessel wall and the
pressure gradient between the vascular wall and interstitial tissue increase in turn with the
increase of fluid velocity in the vascular domain. Moreover, the trans-vascular transport
efficiency of nanoparticles initially increases and subsequently decreases [114]. In addition,
driven by the difference in pressure along the vascular direction, blood perfusion has the
characteristics of convection–diffusion. Convection–diffusion differs between tumor blocks
and depends on the local pressure gradient and flow resistance due to the heterogeneity of
tumor blood vessels [115].

In addition to an irregular structure, the abnormal blood vessels of tumors also
exhibit spatiotemporal heterogeneity [116,117]. This heterogeneity indicates the differing
distribution of tumor vessels in various parts of the tumor or during the proliferation period.
This is mainly indicated by the fact that the distribution of vessels in the periphery of the
tumor is usually very rich, while their extension into the interior of the tumor gradually
decreases. Therefore, this uneven distribution complicates the delivery of nanodrugs to the
tumor center, which seriously hinders the penetration and extravascular transport of such
agents. Of note, the high heterogeneity of tumor vessels in experimental mice and humans
reduces the antitumor effects of some nanomedicines [26,118].

2.3. Extensive Vascular Permeability

Increased vascular permeability is widely found in endothelium discontinuous tumor
vessels such as neovessels and immature vessels, as well as in other pathological tissues
with disturbed vascular function. Compared with normal blood vessels, macromolec-
ular drugs can reach the tumor stroma through the leaky vessel wall with large pores
without hindrance [12]. However, excessive vascular leakage can cause plasma escape
and hemoconcentration. This results in flow stasis and high IFP, which greatly hinder
the extravasation of drugs and their movement to the tumor parenchyma. Furthermore,
deposited clots of fibrin transiently promote the formation of blood vessels and ECM and
prevent the penetration of antitumor therapeutic agents. The vascular media affecting the
tumor vascular permeability are summarized below.
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Bradykinin (BK) is of great importance in elevating the permeability of inflammatory
sites and tumor tissues, thereby maintaining tumor growth [79,81]. Overexpression of BK
receptors in solid tumors has been observed, resulting in defective vascular architecture
with large intracellular gaps [119]. Kinin can activate EC-derived nitric oxide (NO) synthase,
leading to increased levels of NO, a well-established and effective endothelium-derived
vascular modulator [85,120,121]. NO is of great significance in vascular permeability, cell
proliferation and extravasation (EPR effect), blood vessel dilation, and elevation of blood
flow [83,84]. For example, NO generated from L-arginine under the action of NO synthase
induces tumor vascular permeability. It has been demonstrated that the inhibition of
NO generation can decrease vascular permeability, thereby weakening the EPR effect.
This further confirms that NO is inextricably linked to vascular permeability in solid
tumors [84,85]. Prostaglandins E1 and I2 are commonly involved in inflammation and
cancer, exert similar effects to those of NO, and can enhance extravasation and EPR
effects [83,86]. In summary, vascular permeability in tumors is often directly or indirectly
related to kinins.

In addition, it has been shown that several vascular mediators, such as vascular
permeability factor (VPF), which is important in tumor angiogenesis, TNF-α, and others
elevate the vascular permeability of tumors [31]. EC survival and vascular permeability are
closely related to the level of VPF/VEGF, as increasing this level can lead to upregulation
of the corresponding receptors on ECs. [34,35]. TNF-α, a multifunctional proinflammatory
cytokine with vascular permeabilizing effects [22], can enhance vascular leakiness via
disrupting the EC adherence junction vascular endothelial cadherin [36]. TNF-α can
increase the sensitivity to nanoparticles through serving as a vascular disrupting agent
(VDA). At low levels, TNF-α may promote angiogenesis; however, at higher concentrations,
it destroys the tumor vessels and increases the accumulation of drug in tumors [122].

3. Nanoparticles for Enhancing the Tumor EPR Effect

The EPR effect is an effective way for nanoparticles to passively target tumor cells.
As opposed to passive drug targeting, nanoparticles based on the use of targeting lig-
ands are termed “active drug targeting”. Actively targeted nanomedicines have failed
to demonstrate benefit at the clinical level. This failure can be attributed to the fact that
nanomedicines may face an insufficient endothelial vascular gap and a number of phys-
iological barriers, such as high cellular density within solid malignancies and high IFP.
Consequently, actively targeted nanoparticles have difficulties in identifying target cells
due to the inadequate EPR effect. Therefore, enhancing the EPR effect through the use of
nanoparticles can provide a better platform for subsequent treatment by elevating blood
pressure, or conjugating with antibodies or EPR enhancers such as NO-generating agents.
Several techniques have been employed to enhance the EPR effect, including the inhibition
of angiogenesis, upregulation of tumor blood perfusion, and disruption of vascular or
enhancement of vessel penetration to modulate the tumor vasculature [15,79,109,123,124].
Moreover, Ojha et al. described several pharmacological strategies for vascular regulation
(Figure 1). Combined with nanoparticles, these strategies can enhance the EPR effect and
improve treatment (Table 2).
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Figure 1. Schematic illustration of the impact of pharmacological vascular regulation strategies on tumor vasculature and
tumor-targeted drug delivery. Vascular permeability enlarges the gap between ECs by vasodilating and increasing the
gap between ECs and perivascular cells. Vascular normalization promotes vascular maturation and improves vascular
perfusion, thereby restoring the morphology and function of tumor vasculature to a certain extent. Vascular rupture
enhances vascular permeability by disrupting the endothelial lining while reducing perfusion (especially in immature
vessels). Vascular facilitation increases relative blood volume in tumors by increasing vascular density and distribution.
Reproduced from Ojha [20].

Table 2. Nanoparticles for enhancing the tumor enhanced permeability and retention (EPR) effect.

Types of
Nanoparticles Size Range Types of Tumor Active Ingredients Mechanisms for Enhancing

EPR Effect Reference

Polyetherimide–g–
PEG–RGD ~200 nm CT-26 colon

adenocarcinoma
sFLT1 protein and

siRNA
Inhibiting tumor-specific

VEGF [125,126]

Tetraiodothyroacetic
acid (tetrac)

combined with
poly(lactide-co-
glycolic acid)
nanoparticles

~200 nm
Drug-resistant breast

cancer orthotopic
tumor

tetrac Suppressing angiogenesis [127–130]

Hydralazine
(HDZ)–liposomes 88 ± 4 nm Desmoplastic

melanoma HDZ Expanding blood vessels [131]

Captopril combined
with

paclitaxel-loaded
nanoparticles

~100 nm Human glioma (U87) Captopril

Increasing tumor blood
perfusion and enlarging

endothelial gaps in tumor
blood vessels

[132]

Cisplatin–sildenafil
co-loaded

nanoparticles
~200 nm Murine melanoma Sildenafil Inducing vasodilation [133]

Tissue plasminogen
activator

(t-PA)-installed
redox-active
nanoparticles

48 ± 2 nm Mouse colorectal
carcinoma t-PA

Increasing drug delivery near
the solid tumor through fibrin
degradation and blood flow

restoration.

[134]
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Table 2. Cont.

Types of
Nanoparticles Size Range Types of Tumor Active Ingredients Mechanisms for Enhancing

EPR Effect Reference

(Losartan+ DOX) @
hollow mesoporous

prussian blue
nanoparticles

~187 nm Mouse breast cancer Losartan + DOX

Near-infrared
spectroscopy-activated

losartan in Prussian blue
nanoparticles to degrade

ECM, which improved the
penetration of most

nanoparticles

[135]

Nanocells (comprises
a nuclear

nanoparticle within
an extranuclear
PEGylated lipid

envelope)

80–120 nm Melanomas or Lewis
lung carcinoma

DOX and
combretastatin A4

phosphate
Enhancing vessel penetration [136]

Platelet
membrane-coated
mesoporous silica

nanoparticles
(MTD@P)

~130 nm Mouse colorectal
carcinoma (CT26)

Tirapazamine and
5,6-

dimethylxanthenone-
4-acetic acid
(DMXAA)

Increasing vascular
permeability, through the

tumor vessel disrupting effect
of DMXAA.

[137]

Leukolike vector
(LLV) modified

nanoporous silicon
particles

- BALB/c 4T1 breast
cancer LLV

Activating the endothelial
receptor intercellular
adhesion molecule-1

(ICAM-1) pathway, and
leading to increased vascular

permeability through the
phosphorylation of vascular

endothelial cadherin

[138]

radiofrequency-
assisted

gadofullerene
nanocrystals

(GFNCs)

140–170 nm

Human liver
hepatocellular

carcinoma
(HepG2-luc cells)

GFNCs

Significantly downregulating
tumor vascular endothelial

cadherin, leading to vascular
collapse and destruction,

thereby increasing vascular
penetration

[139]

PEGylated 131I
labeled bovine serum

albu-min
(131I-BSA)-liposomes

<200 nm 4T1 murine breast
cancer

131I-BSA
Increasing vascular

permeability by damaging
tumor vascular ECs

[140]

Temperature-
sensitive

liposomes
~200 nm

Human squamous
cell carcinoma and
B16BL6 melanomas

DOX Enhancing vessel penetration [141]

3.1. Antiangiogenesis

VEGF, FGF and their receptors, matrix metalloproteinases (MMPs), tubulin, and
integrins are closely related to tumor survival, migration, metastasis, and angiogene-
sis [49,142,143]. It has been reported that drugs targeting these factors can inhibit tumor
angiogenesis, thereby increasing blood perfusion and reducing the IFP [21,98,144]. Antian-
giogenic agents, to some extent, can restore the pressure gradient between the vascular wall
and tumor interstitium. Subsequently, they decrease the blood flow stasis to allow more
nanoparticles to penetrate the blood vessels and reach the interstitial tissue [29,98,145].
Hence, antiangiogenesis improves the delivery of the therapeutic entities via maintain-
ing the integrity of the EPR effect and reducing the IFP. Numerous different types of
nanoparticles have been extensively investigated to facilitate the delivery of antiangio-
genic agents [62,125,127].

Several studies have shown the potential effectiveness of soluble VEGF receptors on
inhibiting pathological tumor angiogenesis. Nanoparticles are able to carry VEGF inhibitors
to vascular EC. These inhibitors block pathological angiogenesis and promote tumor cell
apoptosis, thereby inhibiting tumor growth and metastasis. Although nanoparticles are
potentially applicable to antiangiogenesis, better delivery carriers that can improve the
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targeting activity are urgently sought. The arginylglycylaspartic acid (RGD) peptide can
specifically bind to the integrin receptor of tumor vascular ECs with high affinity [146,147].
Grafting RGD onto nanoparticles may improve their active targeting ability and increase
the drug transfection efficiency under conditions of sufficient EPR. However, Storm et al.
stated that the potential of RGD-conjugate tumor targeting should not be overestimated
due to the RGD receptors being widely distributed on blood vessels, which can induce the
less tumor selectivity [148,149].

Some RNA interference (RNAi) strategies that require entry into tumor cells to func-
tion, such as small interfering RNA (siRNA) and short hairpin RNA (shRNA), are ideal
for tumor-specific VEGF inhibition. The strategy of silencing VEGF by RNAi has achieved
satisfactory results in some solid tumor models [150–154]. The angiogenesis of VEGF
is mediated by binding to two endothelium-specific receptor tyrosine kinases with high
affinity, namely, FLT1 (VEGFR1) and FLK1/KDR (VEGFR2). The use of homologous tyro-
sine kinase receptor soluble FLT1 (sFLT1) gene therapy has illustrated that the transduced
sFLT1 protein can bind to VEGF and inhibit its activity, and this binding is similarly char-
acterized by high affinity. Kim et al. reported an angiogenic EC-targeted polymeric gene
vehicle, polyetherimide-g-polyethylene glycol (PEG)–RGD, which contained sFLT1 protein
and siRNA [125,126]. These nanoparticles can effectively transfer therapeutic genes to
angiogenic ECs, but not to nonangiogenic cells, and effectively inhibit the proliferation of
VEGF-responsive ECs by the delivered genes. Kanazawa et al. prepared the amphiphilic
and cationic triblock copolymer as an siRNA carrier to efficiently deliver small interfering
VEGF into tumor tissues and significantly inhibit tumor growth because of the suppression
of VEGF secretion from tumor tissues [155].

Some other vascular mediators are also involved in tumor angiogenesis. Targeting
these mediators can also effectively inhibit abnormal tumor angiogenesis. Endostatin, a
peptide cleaved from the carboxy terminus of collagen XVIII, suppresses the cell cycle
and expression of antiapoptosis genes in proliferating ECs, thereby suppressing angio-
genesis. To assess the endostatin gene therapy, Oga et al. prepared polyvinylpyrrolidone–
pentostatin nanoparticles which exhibit a strong antiangiogenic effect and effective inhi-
bition of metastatic growth in the brain [62]. Moreover, the combined use of sFLT1 with
endostatin could be an effective antiangiogenic approach to the treatment of unresectable
hepatocellular carcinoma [156]. Pigment epithelium-derived factor is a type of glycoprotein
that plays a universally acknowledged role in the inhibition of angiogenesis via down-
regulation of VEGF [65]. The cyclic RGD–PEG–polyetherimide exhibited increased gene
transfection efficiency in human umbilical vein ECs via binding to αvβ3, and significantly
inhibited tumor growth and angiogenesis [157]. The binding of activated NF-κB to DNA
can promote angiogenesis in addition to its role in facilitating cell proliferation, regulating
apoptosis, facilitating angiogenesis, and stimulating invasion and metastasis [66]. Xiao
et al. inhibited the growth and metastasis of breast cancer through delivering p65 shRNA
into cells with a bioreducible polymer to block the signaling of NF-κB [158]. The proan-
giogenic effects of thyroid hormone on ECs and vascular smooth cells are initiated from
the cell surface receptor for the hormone on the extracellular domain of integrin αvβ3 [67].
Tetraiodothyroacetic acid (tetrac) is a deamination product of L-thyroxine that blocks thy-
roid hormone binding with the integrin receptor [159]. Therefore, tetrac combined with
liposomes and poly(lactide-co-glycolic acid) nanoparticles can achieve tetrac targeting of
cell membrane integrin αvβ3 receptors and significantly inhibit angiogenesis [127–130].
MMPs participate in the process of angiogenesis in tissue reconstruction and neovascular
growth through their proteolytic effect. Moreover, they release angiogenic factors residing
in the matrix. Therefore, MMP inhibitors decrease angiogenesis and the migration of tumor
cells, leading to slower progression of transplanted tumors [68]. Indeed, the antitumor
efficacy of angiostatin and tissue inhibitor of metalloproteinases (TIMPs) has been demon-
strated in various types of solid tumors [160,161]. Dendrimers containing plasmids of
angiostatin and TIMP-2 showed high antitumor and antiangiogenic activity [162]. Never-
theless, antiangiogenic drugs also reduce the gap between tumor vascular ECs. Hence, the
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size of nanoparticles has to be strictly controlled if antiangiogenic drugs are employed to
enhance the EPR effect [114].

3.2. Upregulated Tumor Blood Perfusion

The main obstacle of blood perfusion in intravascular transport is due to irregular vas-
cular structure and accumulated solid stress. Therefore, in accordance with the above two
points, the blood perfusion of tumor vessels can be upregulated by vascular normalization
and decompression, respectively (Figure 2). Yang et al. concluded that the former can use
angiogenesis inhibitors to improve blood perfusion, so as to reduce the transport resistance
of nanoparticles [115,163]. The latter can effectively reduce the solid stress through ablation
of cells or the ECM, thus increasing the diameter of blood vessels to promote intravascular
transport. Reduced blood flow directly limits the perfusion of nanoparticles into the tumor
site [164]. In addition, the proliferating cancer cells in the center of the tumor tissue will
form excessive pressure and compress the blood vessels and lymphatic vessels, leading to
vascular collapse [88,94,95]. This results in an abundance and scarcity of functional blood
vessels and lymphatic vessels in the periphery and center of the tumor, respectively [165].
This uneven distribution of blood vessels further worsens the relatively weak penetration
ability of nanoparticles.

J. Pers. Med. 2021, 11, 124 11 of 26 
 

 

tumors [160,161]. Dendrimers containing plasmids of angiostatin and TIMP-2 showed 

high antitumor and antiangiogenic activity [162]. Nevertheless, antiangiogenic drugs 

also reduce the gap between tumor vascular ECs. Hence, the size of nanoparticles has to 

be strictly controlled if antiangiogenic drugs are employed to enhance the EPR effect 

[114].  

3.2. Upregulated Tumor Blood Perfusion  

The main obstacle of blood perfusion in intravascular transport is due to irregular 

vascular structure and accumulated solid stress. Therefore, in accordance with the above 

two points, the blood perfusion of tumor vessels can be upregulated by vascular nor-

malization and decompression, respectively (Figure 2). Yang et al. concluded that the 

former can use angiogenesis inhibitors to improve blood perfusion, so as to reduce the 

transport resistance of nanoparticles [115,163]. The latter can effectively reduce the solid 

stress through ablation of cells or the ECM, thus increasing the diameter of blood vessels 

to promote intravascular transport. Reduced blood flow directly limits the perfusion of 

nanoparticles into the tumor site [164]. In addition, the proliferating cancer cells in the 

center of the tumor tissue will form excessive pressure and compress the blood vessels 

and lymphatic vessels, leading to vascular collapse [88,94,95]. This results in an abun-

dance and scarcity of functional blood vessels and lymphatic vessels in the periphery and 

center of the tumor, respectively [165]. This uneven distribution of blood vessels further 

worsens the relatively weak penetration ability of nanoparticles. 

 

Figure 2. Schematic representation of vascular-related problems and countermeasures faced in the 

process of nanodrug penetration. (1) Intravascular transport: vascular irregularity and cumulative 

solid stress are resolved by normalization and decompression, respectively. (2) Trans-vascular 

transport: elevated interstitial fluid pressure (IFP) and limited endothelial space are improved by 

decreasing intertumoral IFP and increasing vascular permeability, respectively. Adapted from 

Yang et al. [115]. 

Vascular promotion is a vascular regulation strategy that addresses the issue of poor 

accumulation and distribution of drugs in tumors via increasing the vascular density and 

upregulating blood perfusion. Induction of angiogenesis appears to promote tumor 

growth. However, moderate induction of angiogenesis or vascular promotion may also 

Figure 2. Schematic representation of vascular-related problems and countermeasures faced in the
process of nanodrug penetration. (1) Intravascular transport: vascular irregularity and cumulative
solid stress are resolved by normalization and decompression, respectively. (2) Trans-vascular
transport: elevated interstitial fluid pressure (IFP) and limited endothelial space are improved
by decreasing intertumoral IFP and increasing vascular permeability, respectively. Adapted from
Yang et al. [115].

Vascular promotion is a vascular regulation strategy that addresses the issue of poor
accumulation and distribution of drugs in tumors via increasing the vascular density and
upregulating blood perfusion. Induction of angiogenesis appears to promote tumor growth.
However, moderate induction of angiogenesis or vascular promotion may also contribute
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to better enrichment and distribution of anticancer drugs and improve their anticancer
efficacy in some tumor models [20]. Among the recently developed strategies, the use
of vasodilator-encapsulated nanoparticles for tumor angiectasis has been investigated
as a potential option for promoting the extravasation of nanoparticles in tumors. Some
vasodilator formulation nanoparticles have been employed, including angiotensin inhibitor,
antihypertensive agents, gaseous vascular mediator-generating vasodilators, and ECM
degradation agents.

The change of angiotensin I to angiotensin II mediated via carboxypeptidase can
be inhibited by angiotensin-converting enzyme inhibitors (ACEI). AGTR2 is an effective
agent in enhancing blood flow and promoting vascular permeability in tumors due to
its vasoconstrictive function in healthy tissues, as well as increasing the systemic blood
pressure. It has been shown that the perfusion of tumor vessels is gradually shifted
from poor to good after slow systemic administration of AGTR2 [87]. An increase in
BK levels leads to the activation of endothelial NO synthase. ACEIs (e.g., captopril)
inhibit the degradation of BK, thereby increasing its local concentration in tumor tissues.
Captopril, an ACEI, acts by downregulating the expression of AGTR2, thereby dilating
blood vessels and lowering blood pressure. A combination of captopril with paclitaxel-
loaded nanoparticles has been employed to simultaneously ameliorate tumor perfusion
and expand EC gaps, thus enhancing nanodrug delivery to cancer cells [132]. Meanwhile,
losartan is an angiotensin II receptor antagonist that increases nanodrug delivery through
two mechanisms [166]. Losartan can lower solid stress that compresses blood vessels, thus
improving vessel perfusion and drug delivery. However, it also increases the intratumoral
penetration of the intraperitoneally or intravenously injected nanoparticles into the tumors
by decreasing the ECM [167].

In addition to AGTR2, other drugs may also expand blood vessels. Hydralazine
(HDZ), a drug applied to hypertension and heart failure therapy, has been used as a tumor
vasodilator to modulate the TME. It is thought that HDZ functions by dilating blood
vessels. Therefore, Chen et al. prepared HDZ-encapsulated liposomes which can expand
tumor vessels and strengthen tumor permeability. These liposomes also ameliorated the
accumulation and permeation of nanoparticles inside the tumor. Compared with free
HDZ, intravenous injection of these liposomes in desmoplastic tumor-bearing mice pro-
longed the blood circulation time of HDZ. Moreover, its vasodilation effect increased the
penetration and accumulation of nanoparticles into tumors mediated by the EPR effect
to some extent [131]. Of note, in vivo and in vitro studies have shown that HDZ exerts
certain antiangiogenesis effects [168]. Therefore, such nanomedicines have great potential
in upregulating tumor blood perfusion. Sildenafil, a conventional medicine utilized for pul-
monary hypertension therapy, can be utilized for developing effective and tumor-selective
angiectasis approaches. Sildenafil can be encapsulated into the hydrophobic core of a
cisplatin-incorporated polymeric micelle to form a nanoparticle with a hydrophobic center
and a dense PEG shell. This polymeric micelle is effective in dilating tumor vessels and
boosting the accumulation of cisplatin–sildenafil coloaded nanoparticles in tumors [133].

Endogenous signal molecule endogenous carbon monoxide (CO) and heme
oxygenase (HO) play an important role in regulating vascular tension and inducing
angiogenesis [69,70]. Fang et al. clearly demonstrated that vascular permeability and
blood flow were significantly increased after using CO donors or HO-1 inducers (PEGy-
lated heme) [72]. They designed two CO generators with tumor selectivity. The first was
the CO external donor tricarbonyldichlororuthenium (II) dimer nanomicelle, which can
slowly enhance the release characteristics and selective accumulation of tumors mediated
by the EPR effect [71]. The second was the HO-1 inducer (PEGylated hemin), which can be
selectively enriched in tumors after injection and produce CO by inducing HO-1 expression
in tumors [72,73]. In solid tumor models, both nanodrugs exhibited higher selectivity for
CO production in tumor tissues versus normal tissues, which resulted in augmented tumor
blood flow recovery [72].
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Platelets preserve tumor vessel integrity and prevent nanomedicines from diffusing
into solid tumors. Previous findings have shown that the specific depletion of tumor-
associated platelets may be a potent approach for disrupting vascular barriers and enhanc-
ing the extravasation of nanoparticles from tumor vessels [169–171]. Nie et al. showed that
drug delivery can be facilitated via functionalizing nanoparticles, thereby locally depleting
tumor-associated platelets that normally restore the leaky vessels [172]. They developed
a polymer lipid peptide nanoparticle core consisting of a charged amphiphilic polymer
where the positively charged region adsorbs the antibody R300. The platelet-specific R300
antibody can bind to platelets, leading to their micro-aggregation and subsequent removal
by macrophages, and further increasing the intratumoral accumulation and retention
of drugs.

Excessive constituents of ECM, such as collagen, fibrin, laminin, elastin, and aggre-
gated platelet in the TME, deposit in the tumor vessels [173]. This hinders the blood
supply, impairing the delivery of drugs to the tumor site and reducing efficacy. How-
ever, degradation of ECM components by enzymatic treatment (e.g., collagenase) can
improve the vascular properties and upregulate blood perfusion at tumor sites [174,175].
Tissue plasminogen activator (t-PA) binds to drug carriers to degrade fibrin. Mei et al.
developed t-PA-assembled redox-active nanoparticles (T-PA@iRNP) by degrading fibrin to
reduce the pressure on tumor blood vessels, thereby increasing the perfusion of blood and
nanomedicines in tumors (Figure 3). When applied to colon cancer models, T-PA@iRNP
degradation of deposited fibrin enhances the infiltration of iRNP and immune cells into
tumor tissues through an increase in blood flow. This enhances the EPR effect and conse-
quently amplifies the inhibitory effect on tumor growth [134]. Zhang et al. encapsulated
DOX and near-infrared spectroscopy-activated losartan in hollow mesoporous Prussian
blue nanoparticles to degrade the ECM. The results showed that losartan-containing
nanoparticles can enhance the penetration of DOX, and exhibit a good tumor inhibition
effect under the synergistic action of photothermal therapy/chemotherapy [135].
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Figure 3. Schematic representation of transmission and action in the microenvironment of large
amounts of fibrin around colon tumors and their tissues. Compared with free tissue plasminogen
activator (t-PA), using t-PA-assembled redox-active nanoparticles (T-PA@iRNP) can effectively relieve
the compressed tumor vessels and upregulate blood perfusion, and improve the poor distribution of
nanodrugs in tumors. Reproduced from Mei [134].
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3.3. Enhanced Vessel Penetration

The gap in tumor vascular ECs is one of the important bases of the EPR effect. How-
ever, in some tumors with poor permeability, the size and rate limitation of large-scale
nanodrugs by the vascular endothelial space cannot achieve the purpose of trans-vascular
transport [115]. Therefore, augmenting the permeability of tumor vessels and even destroy-
ing the vascular system can effectively promote extravasation [176,177]. Nanodrugs with a
size <10 nm can effectively permeate inside tumors via trans- and extravascular transport.
However, the rapid clearance by the kidneys is a problem, resulting in an insufficient EPR
effect. Nanodrugs, with size ranging 50–200 nm, can realize long-time circulation and
passively target the tumor site by intravascular transport. However, due to the existence
of various barriers, they often have difficulty in reaching the core of the tumor. Therefore,
nanodrugs of variable size can be used to simultaneously achieve long-time circulation,
good passive targeting, and high permeability [178–183].

Integrating VDAs in nanomedicines is a promising therapy for meliorating vascular
permeability and the EPR effect. Several VDAs have been evaluated; for example, combre-
tastatin A4 phosphate (CA4P) is a tubulin-binding agent which induces vessel disruption
by suppressing tubulin polymerization. Furthermore, flavonoid acetic acid-based agent
5,6-dimethylxanthenone-4-acetic acid (DMXAA) increases the levels of NO and serotonin,
resulting in weak endothelial function. Sengupta et al. introduced poly(lactide-co-glycolic
acid) nanoparticles conjugated to DOX, which were trapped in a phospholipid block-
copolymer membrane containing CA4P [136]. The nanoparticles were designed to first
release CA4P, which initially induces vessel disruption, thereby creating a niche for the
release of DOX. This approach was linked to significant tumor inhibition and improvement
in overall survival. VDAs and other physiological agents are commonly used to enhance
vascular permeability and, thus, promote the extravasation of nanoparticles. Zhang et al.
developed a bioinspired nanodesign, which combined vasculature-destructive DMXAA
and hypoxia-activated tirapazamine with a mesoporous silica nanoparticle core, as well as
a hidden platelet membrane shell [137]. The platelet membrane can be continuously “re-
cruited” by the tumors with characteristics of artificial blood vessel destruction. The results
indicated that disruption of the tumor vasculature caused by DMXAA and the platelet
membrane-mediated targeting of the intratumoral disrupted vasculature were beneficial to
each other and strengthened mutually. Studies have shown that the EPR effect of nanopar-
ticles is induced by rupture of blood vessels, which is closely related to tumor density and
the speed of blood flow [176]. As mentioned above, the tumor vasculature consists of only
a single layer of ECs with a missing or incomplete basement membrane [184]. Furthermore,
the vasculature is closely related to the blood supply of tumor cells [185,186]. Destruc-
tion of the vasculature can significantly improve the EPR effect and, if the vasculature is
inadequate, the tumor tissue will undergo programmed death [187–189].

The development of strategies for interacting with ECs or destroying vascular EC
connections is another effective approach to improving vascular permeability. Inspired
by this, Palomba et al. transferred the purified leukocyte membrane onto nanoporous
silicon particles to produce a type of leukolike vector (LLV) [138]. Multiple receptors on
LLV can interact with ECs and reduce the vascular barrier function. The investigators
also demonstrated that the leukocyte plasma membrane on the surface of LLV can effec-
tively interact with the overexpressed intercellular adhesion molecule-1 (ICAM-1) in the
tumor vasculature, activate the endothelial receptor ICAM-1 pathway, and boost vascu-
lar permeability through the phosphorylation of vascular endothelial cadherin. Li et al.
found that phase-induced size expansion through radiofrequency-assisted gadofullerene
nanocrystals (GFNCs) can destroy abnormal tumor vasculature. Biocompatible GFNCs
with a nanoparticle size were designed to penetrate the leaking tumor blood vessel. With
the assistance of radiofrequency, the phase transition occurs when GFNCs spill over the
tumor vessels. In addition, the abrupt and drastic changes in nanoparticle structure caused
by phase transition directly disrupt the abnormal tumor blood vessels (Figure 4). Treatment
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with this method can cause rapid ischemia, necrosis, and atrophy of tumor tissues, while
significantly reducing the toxic and side effects of other antivascular treatments [139,190].
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Figure 4. Schematic diagram of the mechanism of tumor vascular rupture after radiofrequency-
assisted gadofullerene nanocrystal (GFNC) treatment. GFNC particles injected intravenously into
tumor-bearing mice penetrate the vulnerability of tumor vascular ECs. When radiofrequency irra-
diation is applied, the sudden volume expansion of GFNCs can lead to the destruction of vascular
endothelial cadherin at the junction of endothelial adhesion bodies of tumor vessels, thereby increas-
ing vascular permeability and realizing the destruction of tumor vessels. Reproduced from Li and
Zhen et al. [139,190].

In addition to chemotherapy, some physical therapies can also significantly enhance
blood vessel penetration and improve the effects of antitumor treatment. Ionizing irradia-
tion can increase vascular leakiness by inducing EC apoptosis and enhancing the expression
of VEGF and FGF [191]. Liang et al. designed a radioisotope therapy by encapsulating
the radioisotope iodine-131 (131I)-labeled bovine serum albumin (BSA) in liposomes. 131I-
BSA-liposomes were intravenously injected into 4T1 tumor-bearing mice. Compared with
untreated mice, those treated with 131I -BSA-liposomes showed high retention in the tumor
site, demonstrating enhanced tumor vascular permeability and improved EPR effect [140].
Koukourakis et al. underlined the value of combining radiotherapy with drug delivery
systems based on nanomedicines [192]. Patients were treated with radiolabeled PEGy-
lated liposomal DOX, and achieved an overall remission rate >70%. This is an effective
anticancer treatment modality for inducing hyperthermia in tumors. This generally leads
to an increase in blood flow and vascular permeability in tumors, thus promoting drug
and oxygen supply to tumors [193]. Hyperthermia can be applied to increase the EPR
effect, particularly in nonleaky tumors with low baseline levels of nanomedicine accumu-
lation [194]. Temperature-sensitive liposomes have developed into an ideal nanocarrier
for coadministration with hyperthermia, enabling triggered drug release locally at the
heated tumor site. Several studies have demonstrated that drug delivery and intratumoral
distribution can be ameliorated through combining temperature-sensitive liposomes with
modest hyperthermia. It was found that the human ovarian carcinoma tumor model was
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rather impermeable to liposomes with a size of 100 nm at room temperature. However,
as the temperature increased, the release of liposomes was significantly elevated [195].
Manzoor et al. established temperature-sensitive liposomes containing DOX, which can
enhance blood vessel penetration and liposome accumulation [141].

4. Conclusions and Future Perspectives

The EPR effect, which involves the pathophysiological mediators and unique anatom-
ical architecture of tumor tissues, is becoming a promising avenue for targeted anti-tumor
therapy. Thus, the tumor-selective delivery of anticancer nanomedicines based on the
EPR effect is becoming possible. However, the EPR effect can be highly heterogeneous.
Specifically, in the complex tumor environment, it is difficult for nanoparticles to diffuse
into vascular areas of the tumor due to high IFP, abnormal ECM, and massive interaction
sites in the tumor. Hence, in the last couple of years, on the basis of the EPR effect, sci-
entists have investigated other mechanisms of nanoparticle entry into solid tumors [196].
Recently, Sindhwani et al. proposed that most of the tumor vasculature is continuous and
does not have sufficient EC gaps to explain the accumulation of nanoparticles in tumors.
Moreover, they stated that most nanoparticles can reach the interior of the tumor via active
trans-endothelial pathways rather than passive transport via gaps [197]. Although they
found that the trans-endothelial pathways play a significant role in the accumulation of
nanoparticles in tumor sites, their experimental method had certain limitations. Firstly,
they only utilized PEGylated gold nanoparticles as simulated nanoparticles to examine the
accumulation in the tumor, and could not cover the accumulation of other nanoparticles in
tumors. Secondly, they used a Zombie mouse model to distinguish the contribution of the
passive gap from active trans-endothelial transport. This model could deactivate active
mechanisms and retain the passive way that fixed the mouse by transcardiac perfusion and
relied on a peristaltic pump to retain a physiologically relevant flow rate. This could not
simulate the blood vessels and blood flow under normal physiological conditions. Lastly,
the blood driven by the peristaltic pump only circulated for a short period of time (15 and
60 min). In summary, trans-endothelial pathways may be a reason for the accumulation of
nanoparticles in tumor sites; nevertheless, the EPR effect remains the basis of nanodrug de-
livery to tumors. Furthermore, nanoparticles which can improve tumor vessel penetration,
reduce IFP, and degrade the ECM can be applied to enhance the EPR effect [26].

Herein, we summarized the mechanism of abnormal vascular functions, such as tumor
angiogenesis, irregular blood flow, and extensive vascular permeability, as well as their
influence on the EPR effect. In addition, we analyzed some nanoparticles developed to
facilitate the EPR effect in tumors in response to the above factors. In terms of antian-
giogenesis, gene therapy nanomedicines targeting angiogenic growth factors and their
receptors are the most widely studied, and offer another approach to directly inhibiting
tumor angiogenesis early in the process. Its diverse nanocarrier form provides a rich selec-
tion for delivery to different types of tumors. For irregular blood flow caused by abnormal
vascular morphology and structure, blood perfusion can be effectively upregulated by
slight vascular facilitation, vasodilation, or removal of excessive ECM in the TME. Nanopar-
ticles encapsulated with different types of drugs exhibit the diversity and universality of
nanocarriers, providing more possibilities for the selection of nanodrugs. However, EPR
effect-based drug delivery strategies continue to be characterized by numerous problems
and limitations. For example, enhancing the EPR effect may help maintain nutrient and
oxygen transport, thereby accelerating tumor growth. Therefore, when designing such
nanoparticles, it is particularly important to properly balance the relationship between
tumor killing or inhibition and tumor growth promotion caused by the EPR effect.
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FLT1 vascular endothelial growth factor receptor 1
GFNC gadofullerene nanocrystal
HDZ hydralazine
HGF hepatocyte growth factor
HIF hypoxia-inducible factor
HO heme oxygenase
131I iodine-131
ICAM-1 intercellular adhesion molecule-1
IFP interstitial fluid pressure
IL interleukin
iNOS inducible nitric oxide synthase
LLV leukolike vector
MMP matrix metalloproteinase
NO nitric oxide
NF-κB nuclear factor kappa-B
PDGF platelet-derived growth factor
PDGFR platelet-derived growth factor receptor
PEG polyethylene glycol
PLGF placenta growth factor
RGD arginylglycylaspartic acid
RNAi RNA interference
SDF-1 stromal cell-derived factor 1
sFLT1 soluble vascular endothelial growth factor receptor 1
shRNA short hairpin RNA
siRNA small interfering RNA
tetrac tetraiodothyroacetic acid
TGF-β transforming growth factor-β
TIMP tissue inhibitor of metalloproteinase
TME tumor microenvironment
TNF-α tumor necrosis factor-α
t-PA tissue plasminogen activator
VDA vascular disrupting agent
VEGF vascular endothelial growth factor
VEGFR vascular endothelial growth factor receptor
VPF vascular permeability factor
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Abstract: Recently, numerous polymer materials have been employed as drug carrier systems in
medicinal research, and their detailed properties have been thoroughly evaluated. Water-soluble
polymer carriers play a significant role between these studied polymer systems as they are ad-
vantageously applied as carriers of low-molecular-weight drugs and compounds, e.g., cytostatic
agents, anti-inflammatory drugs, antimicrobial molecules, or multidrug resistance inhibitors. Co-
valent attachment of carried molecules using a biodegradable spacer is strongly preferred, as such
design ensures the controlled release of the drug in the place of a desired pharmacological effect
in a reasonable time-dependent manner. Importantly, the synthetic polymer biomaterials based
on N-(2-hydroxypropyl) methacrylamide (HPMA) copolymers are recognized drug carriers with
unique properties that nominate them among the most serious nanomedicines candidates for human
clinical trials. This review focuses on advances in the development of HPMA copolymer-based
nanomedicines within the passive and active targeting into the place of desired pharmacological
effect, tumors, inflammation or bacterial infection sites. Specifically, this review highlights the safety
issues of HPMA polymer-based drug carriers concerning the structure of nanomedicines. The main
impact consists of the improvement of targeting ability, especially concerning the enhanced and
permeability retention (EPR) effect.

Keywords: HPMA copolymers; EPR effect; drug delivery; controlled release; nanomedicines

1. Introduction

Generally, polymer nanomedicines are macromolecule-based water-soluble, particular
or micellar constructs with the 1–100 nm size range in at least one dimension that can
load or attach active molecules, e.g., drugs, to a carrier to enable targeted delivery and/or
site-specific controlled release of biologically active molecules [1]. Polymer nanomedicines
are generally employed for the delivery of a variety of drugs, but their most important
research applications fall in the field of anti-inflammatory, antibiotics, and mainly anti-
cancer drug delivery [2,3]. Nanomedicines delivering antibiotics, anti-inflammatory, or
anticancer drugs substantially reduce the overall toxicity of carried chemotherapeutics,
accumulate in the inflamed or solid tumor tissue, and highly improve drug solubility, stabil-
ity against degradation and biotransformation, and pharmacokinetics [4,5]. “Impeccable”
nanomedicines deliver drugs directly into the target cells and their compartments with
minimal drug release in the bloodstream, and thus reducing side effects on healthy tissue.

Polymer-based nanomedicines are intensively studied for several decades, and the
concept of polymer-drug constructs became generally accepted and thoroughly studied [6].
Polymer nanomedicines restrain much of the drawbacks associated with the application
of conventional low-molecular-weight chemotherapeutics, such as short circulation time,
a low area under the curve, and significant systemic toxicity. Moreover, polymer-based
nanomedicines enable targeted delivery and controlled drug release in the treated tissue.
Although the application of polymer-based nanomedicines is wide, in this review, we
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focus mainly only on polymer-drug conjugates intended for cancer treatment with the
possible application also to anti-inflammatory compounds or antibiotics delivery. A potent
anticancer efficacy devoid of substantial systemic toxicity has been thoroughly documented
in tumor-targeted therapies based on conjugates containing various consisting of N-(2-
hydroxypropyl) methacrylamide (HPMA) copolymers (pHPMAs). They are biocompatible,
non-toxic, and non-immunogenic and enable the attachment of the drug to the carrier via
suitable biodegradable spacer responsive to various tumor- or inflammation-site associated
stimuli. Importantly, pHPMA or other water-soluble polymers are used in drug delivery
due to their hydrophilic nature of the polymer backbone, which hydration, i.e., tightly
bound water layer, increases the energetic barrier of protein or other biomacromolecules
adsorption during the blood circulation [7,8]. Moreover, the binding of active compounds to
the pHPMA can solubilize water-insoluble drugs, dramatically improve pharmacokinetics,
and eliminate the side effects of drugs. Recently, many examples of polymer prodrugs
showed prolonged blood clearance, enhanced localization in solid tumors via the enhanced
and permeability retention (EPR) effect [9], followed by controlled release of the active drug
in target tumor tissues or cells. For example, an excellent antitumor activity of polymer
prodrugs containing cytostatics, e.g., doxorubicin (Dox), pirarubicin (THP), or docetaxel
bound by pH-sensitive spacer stable during circulation in the blood (pH 7.4), but rapidly
hydrolysable in tumors upon pH decrease to pH 6 in the tumor microenvironment or
pH 5–5.5 in endosomes/lysosomes of target cancer cells, was shown repeatedly [10–12].

Polymer design, including polymer structure, molecular weight, spacer structure, etc.,
strongly influences the overall therapeutic activity. An enormous effort has been pushed
on the development of pHPMA-based nanomedicines taking advantage of the EPR effect.
Their high molecular weight (HMW) prevents fast blood clearance of carried drugs and
thus enables their increased uptake in solid tumors. The extent of accumulated polymer
carriers primarily depends on their molecular weight [13]. Nevertheless, there is an upper
limit in molecular weights due to the slower extravasation of polymers with quite high
Mw. For example, the star-like pHPMA-Dox conjugate with Mw = 1,000,000 g/mol was
accumulated much lower than the conjugate with Mw = 600,000 g/mol [14]. To prevent
the undesired accumulation of carriers in the body, which can lead to serious long-term
side-effects, the elimination of carriers after fulfilling their role must be ensured.

The polymer biomaterial serving as the carrier should be removed from the body
after the carried cargo is delivered to the target tissue and released. The clearance of
polymer carriers by glomerular filtration is mainly controlled by the size of the polymer
coil in solution, which is correlated to polymer Mw. Non-charged copolymers with a size
smaller than the size of glomerular pores can permeate through them, resulting in the
elimination of polymers from the body by urine. Polymer carriers with biodegradable
backbone, e.g., poly (glutamic acid) [15], can be hydrolyzed and degraded directly in the
body. Nevertheless, methacrylamide-based polymer biomaterials are non-degradable in
general; thus, their direct biodegradation cannot be taken into consideration. Polymer
carriers consisted of non-degradable polymers that undergo renal filtration only up to a
certain limit of Mw, which differs for various types of polymers. For example, for the vinylic
type of polymers, it is known that this limit is about 50,000 g/mol [16]. Nevertheless, a
thorough study using various water-soluble HPMA polymer-Dox conjugates showed that
even linear polymers with Mw around 70,000 g/mol had been found in the urine [17].
Interestingly, star conjugates with Mw around 50,000 g/mol have been found in urine,
nicely illustrating the role of flexibility or vice versa rigidity of polymer carriers. Here,
more flexible linear polymer chains above 50,000 g/mol were able to penetrate through
glomerular pores (although slower than that below this value), rather rigid branched star
polymer structures could not.

Hence, HMW pHPMA carriers exhibiting the significant EPR effect should contain
biodegradable linkages between single non-degradable polymer chains with Mw below the
limit of renal filtration to increase passive targeting and to allow the following elimination
of the carrier fragment from the body. Alternatively, HMW supramolecular structures such
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as micelles formed by self-assembly of amphiphilic copolymers with a molecular weight
below the limit of the renal threshold have been proposed. The variety of such HMW
polymer carriers is described in Chapter 3.

The EPR effect is a vascular issue that is dynamic and flexible. Vascular dilatation
by various mediators or tumor-selective passive gap opening augment the EPR effect and
thus enhance the accumulation of nanomedicines in tumor tissue. Such modulation of
therapy using nanomedicines is discussed in Chapter 4. The effectiveness and applicability
of nanomedicines designed for passive versus active tumor targeting are considered in
Chapter 5. Nevertheless, prior demonstration of the variety of pHPMA carriers, let us
focus on safety issues related to HPMA homopolymer in the following chapter.

2. Safety Features of HPMA Polymers Per Se

The pHPMAs have been “invited to the stage” of drug delivery in the early 1970s.
In 1974 two patent applications were filed, which covered the synthesis of N-substituted
(meth) acrylamides containing oligopeptide sequences and their application as drug and
other biologically active compounds carriers [18,19]. The HPMA polymer was originally de-
veloped as a fully synthetic plasma expander under the commercial name Duxon™ [20–22].
Therefore, early in the 1980s, HPMA polymer was also tested in vitro as well as in vivo in
several animal models [23–28] for biocompatibility and immunogenicity.

Selected types of cell lines have been used to evaluate the toxicity of Duxon™ (HeLa,
L-cells, WI-38), and none of the tested cell lines showed any toxicity. Moreover, Duxon™
in saline solution was completely apirogenic, as was demonstrated in guinea pigs after
intraperitoneal administration of 5 mL of the 5% solution of Duxon™ in saline [22,23]. As a
further test of HPMA polymer biocompatibility, an attempt to heal experimental implants
of pHPMA crosslinked with 1 mol% methylene-bis-acrylamide subcutaneously implanted
in experimental rats and pigs was chosen. Macroscopically, the implant was well tolerated
by the organism in all groups and at all time intervals, both in rats and pigs, and did not
elicit any adverse reaction [29]. The implant was encapsulated with a fine fibrous sheath.
Microscopically, in the first days after implantation, the implant was surrounded by a
border of polynuclear leukocytes and fibrin. On the tenth day after implantation, in most
cases, the polynuclear leukocytes disappear, and the implant was surrounded by a sheath
of fine collagen fibers and fibrocytes. Importantly, the sheath was highly vascularized. At
longer intervals, the collagen fibers became coarser, and the sheath was less cellular. The
vascularization of the capsule persists. The histological picture does not change from the
tenth day after implantation [25,30].

Šprincl et al. in 1976 observed that, in some organs (spleen, lymph nodes), the amount
of the polymer first decreases and then increases again, which was attributed to the release
and trapping of the polymer in RES. More pronounced accumulation was observed in
organs with phagocytic activity. The usual histological examination did not reveal any
changes in the individual organs [21]. Říhová et al. concluded that HPMA homopolymer
is not recognized as a foreign macromolecule in any of the five inbred strains of mice, and
no detectable antibodies were formed against it [31].

3. Structural Aspects

The preferable way of pHPMA carrier elimination is renal filtration; thus, the molecu-
lar weight of non-degradable polymer carriers or fragments remaining after biodegradation
of HMW polymer carriers must be below the limit of renal filtration. The pHPMA carrier,
which does not meet such criterium, could be excluded from the organism by a very slow
process through the hepatobiliary pathway, as documented elsewhere [32,33]. However,
this option is not ideal and generally preferred as the slow clearance of even biocompatible
polymer carrier could cause in the long term in the body adverse effects unnoticed in the
experiments focusing on the acute toxicity of the used polymer biomaterial.

This chapter is divided into three subchapters. The first chapter is focused on the
employment of linear polymer with Mw reaching the limit of renal filtration. The influence
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of the synthetic method on the properties of pHPMA nanomedicines is shown in detail.
The second chapter presents various HMW polymer constructs containing biodegradable
linkages in their structure. Moreover, the third part introduces HMW supramolecular
structures formed by self-assembly of amphiphilic pHPMAs.

3.1. Linear Polymer Carriers

The improvement of controlled polymerization techniques in the last two decades
enabled the synthesis of polymer carriers with quite narrow dispersity. Specifically, the
reversible addition–fragmentation transfer (RAFT) polymerization has been successfully
employed for the synthesis of HPMA copolymers and their drug conjugates [34–36]. Re-
cently, also Cu-RDRP polymerization (part of atom transfer radical polymerization (ATRP)
technique family) was employed for successful HPMA polymerization and copolymer-
ization. Here, the reaction was optimized with respect to monomer conversion (82–99%),
product dispersity (<1.25), and Mw control (from 20,000 up to 100,000 g/mol). For this
purpose, different chlorine-based initiators in conjunction with a CuCl/CuCl2/PMDETA
catalytic system have been used. The utility of the optimized method was exemplified in
the preparation of the pHPMA carrier having the anticancer drug Dox conjugated through
a pH-sensitive hydrazone bond [37].

A preliminary study comparing pHPMA-drug conjugates bearing Dox bound by
pH-sensitive hydrazone bond differing in the dispersity of polymer carriers showed the
potential of low-dispersed conjugates prepared using RAFT polymerization [38]. While
the polymer precursors have the same Mw, about 30,000 g/mol, the dispersity was highly
different (Ð = 1.13, or 1.75) due to the utilization of controlled RAFT or free radical
polymerization, respectively. The higher antitumor activity of the low-dispersed conjugate
could be ascribed to an enhanced tumor accumulation due to the retention of polymer
chains with sufficient molecular weights and vice versa the absence of fraction of polymer
chains with lower molecular, which are fast cleared from the blood circulation and removed
by urine. Therefore, it can be expected that such polymer–drug conjugates will be efficient
in the treatment of solid tumors and still capable of carrier removal from the body.

The following more detailed study using fluorescently- or 89Zr-labeled polymer car-
riers differing in dispersity and also in Mw showed similar results [39]. The pHPMA
characterized by low dispersity (Ð = 1.1) and Mw close to renal threshold (Mw ≈45 kg/mol)
prepared by RAFT polymerization exhibited the slowest blood clearance and the high-
est tumor accumulation, as was demonstrated by positron emission tomography (PET)
on Figure 1.

Recently, also a thorough comparative study between polymer conjugates with THP
bound by hydrazone bond differing in Mw (38,200 vs. 51,700 g/mol) and Ð (1.92 vs. 1.17)
showed approximately two times higher accumulation in sarcoma S-180 tumors in the
majority of time intervals for the low-dispersed conjugate with Mw about the renal thresh-
old [40]. Importantly, a quite high amount of polymer was found in urine within the first
hour in the case of the high-dispersed polymer conjugate. Consequently, prolonged blood
circulation and higher accumulation resulted in higher antitumor activity. Nevertheless,
although the trend was repeatedly documented in these studies, the increase was not
always significant. It was found that both polymer conjugates, despite their different
accumulation rate in tumors, exhibited a similar therapeutic effect on early-stage tumors
(initial volume about 40 mm3), which have highly active angiogenesis and show better
EPR effect. However, the efficacy of the low-dispersed conjugate was significantly higher
than that of the high-dispersed conjugate during the treatment of well-developed S-180
tumors (initial volume about 150–250 mm3).
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Figure 1. In vivo positron emission tomography (PET) imaging and biodistribution study: (a) se-
rial maximum intensity projection (MIP) images, (b) time–activity curves, (c) and comparison of
radioactivity retained in liver, blood, tumor and muscle of 89Zr-labeled linear pHPMAs; HD-P + Def
(Mw = 27,800 g/mol, Ð = 1.74), 89Zr-LD-P-30 + Def (Mw = 33,300 g/mol, Ð = 1.06) and 89Zr-LD-P-45
+ Def (Mw = 45,200 g/mol, Ð = 1.07). Reprinted with permission from [39]. Copyright (2017) The
Royal Society of Chemistry.

It can be concluded that pHPMAs characterized by quite low Ð and Mw near the limit
of renal filtration is very promising carriers of imaging agents and/or drugs for highly
efficient solid tumor treatment and diagnostics with minimal side effects.

Recently, linear pHPMAs have also been employed for the targeted delivery of anti-
inflammatory drug dexamethasone [41,42]. Preferable accumulation of dexamethasone
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carrying nanomedicines within the inflamed tissue was detected, showing the potential
of these nanomedicines to be passively accumulated within the inflammation tissue upon
intravenous or intraperitoneal injection. Importantly, the intraperitoneal injection of these
nanomedicines led to the highly elevated anti-inflammatory effect in the treatment of
induced rheumatoid arthritis in mice or rats.

3.2. Biodegradable HMW Polymer Carriers

After it was recognized that pHPMAs accumulate in solid tumors due to the EPR
effect in a molecular weight-dependent manner, various HMW biodegradable conjugates
differing in the inner structure and biodegradability have been designed and synthesized.
Four basic types of HMW nanomedicines have been designed and studied in detail, in,
which diblock [43], multiblock [44–47], grafted [48], or star [49–52] structure was employed.
All the HMW pHPMA constructs can be synthesized directly using modern controlled
polymerization techniques [37,47] or by multiple-step synthesis. Star-shaped systems with
high molecular weight could be synthesized via grafting-from approach utilizing the RAFT
polymerization or via grafting to approach [52] employing the pre-prepared polymers for
controlled grafting procedure.

As we discussed above in the Introduction, the effective extravasation of nanomedicines
in solid tumors cannot be achieved above a certain limit. For example, star pHPMA above
600,000 g/mol, which corresponds to hydrodynamic size around 50 nm, exhibited markedly
reduced accumulation in EL-4 lymphoma [14]. Moreover, also, there is a limit to renal
filtration. While more flexible linear pHPMAs with Mw up to 70,000 g/mol can be ex-
creted by the urine, more rigid star pHPMAs have a lower renal threshold of around
50,000 g/mol [17].

Biodegradable linear diblock or multiblock pHPMA drug carriers have been synthe-
sized with the aim to create nanomedicines with prolonged blood circulation, and enhanced
drug accumulation in solid tumors or inflamed tissues than that achieved previously by
simple linear pHPMA. Disulfide spacers that are degraded reductively in the cytoplasm
or GFLG spacers that are degraded enzymatically in lysosomes were positioned between
polymer blocks, enabling intracellular polymer carrier degradation and the subsequent
elimination of the resulting shorter degradation fragments. Importantly, the size of the
polymer coil in solution controls the rate of polymer elimination by glomerular filtration
rather than the polymer’s Mw per se, although the Mw is a convenient and easily calculated
measure and is often used as a characteristic for the elimination limit of polymers. The re-
sulting long-circulating carriers have been used to deliver potent drugs (Dox [53], THP [54],
gemcitabine [55], paclitaxel [44], prostaglandin [53]) and also proved its suitability for
combination therapy, thus delivering a combination of drugs [56–58]. Biodegradation of
the diblock conjugates in solution modeling the intracellular condition resulted in the for-
mation of polymeric degradation products with Mw values below the renal threshold [59].
Another HMW biodegradable multiblock carriers and conjugates have been synthesized
using well-defined diblocks as a click reaction substrate. Diblock precursors have been
synthesized via RAFT polymerization using a specific GFLG oligopeptide containing chain-
transfer agent, [45,47,60] Figure 2. All these diblock and multiblock conjugates have been
summarized and reviewed last year by Kopeček and Yang [61].

A new simplified approach for the synthesis of biodegradable diblock carriers was
published recently. In the novel synthetic route, the diblock copolymers are directly formed
from linear pHPMAs with TTc end groups during the removal of these groups with
butylamine in water. The molar ratio of butylamine and the TTc group (20:1) was selected
to reach a high reaction yield. The formed thiol groups on the polymer ends in situ reacted
with each other to form a disulfide bond between polymer chains. The conversion reached
its maximum after 1 h (from 80 up to 90% of diblock was formed) [63].
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Figure 2. Synthesis of multiblock biodegradable N-(2-hydroxypropyl) methacrylamide (HPMA) copolymer (pHPMA)–drug
conjugates. Reprinted with permission from [62]. Copyright (2017) American Chemical Society.

Grafted and branched polymer carriers received great attention in the 1990s and
in the first decade of the current century. Today, they are out of the main interest of
researchers and have been replaced by diblock or star-shaped structures due to controlled
polymerization techniques. The results of grafted and branched pHPMA carriers have
been partially summarized in a recent review [64].

The effect of size and 3D structure of pHPMA biomaterials on in vitro transport and
in vivo organ accumulation was investigated thoroughly by Pearce et al. [65]. Through
aqueous RAFT polymerization, they successfully produced a set of polymer materials span-
ning a size range from 5 to 60 nm, with the linear, hyperbranched, star, or self-assembling
micellar structures and investigated the contribution of the structure, size and degrad-
ability on in vivo distribution by maintaining the same materials chemistry throughout.
The results showed promising behavior of pHPMA biomaterials as stealth carriers both
in vitro and in vivo. In vitro macrophage uptake studies demonstrated significantly dif-
ferent behaviors governed by surface zeta potential and size. The small hyperbranched
structures were taken up by macrophages to a significantly lower degree than the larger
hyperbranched and star constructs, which was in concordance with reduced mononuclear
phagocytic system uptake and increased renal clearance in vivo. Hyperbranched and star
carriers have been conjugated with anticancer drug Dox and showed improved efficacy
over free drug in 2D and 3D cell culture models as well as in an aggressive orthotopic
model of human triple-negative breast cancer in mice.

The newest members of the HMW conjugate family are the star-like conjugates. Star-
shaped carriers based on pHPMA have been recently summarized in two reviews [64,66].
The newest generation of star-shaped nanomedicines based on pHPMA was synthesized
with the grafting to approach using a biodegradable hyperbranched polyester core based
on 2,2-bis (hydroxymethyl)propionic acid (bisMPA), described first by Kostková et al. [67].
In general, also the grafting from approach could be employed along with the development
of novel controlled RAFT polymerization techniques, Figure 3. The HMW star system
containing hydrolytically degradable ester bonds on a bis-MPA core was constructed as a
long-circulating polymer carrier, enabling prolonged drug circulation with highly enhanced
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accumulation in solid tumors. The time-dependent hydrolytic biodegradation of the HMW
system in normoxic physiologic conditions in model buffers and human plasma ensures the
safe elimination of polymer carriers from the body after fulfilling their function. Moreover,
the pH-sensitive release of the active drug Dox in a hypoxic tumor microenvironment
showed the stimuli-responsive behavior of the star polymer conjugates.

Figure 3. Schematic description of pHPMA-based star-like nanomedicine synthesis. The grafting-to
approach is based on the covalent one-point attachment of semitelechelic polymer precursors (the
light blue dot is reactive group on main chain end of polymer) onto the core (green star) containing
functional groups. The grafting-from approach is employing the reversible addition–fragmentation
transfer (RAFT) polymerization using the core containing several chain-transfer agents (violet dots)
leading to the growth of the polymer chain from monomers (small violet dots) directly on the core.

Recently, a whole library of star materials based on semitelechelic pHPMAs and
bisMPA cores was described, and the biological behavior in mice tumor models was
determined, Figure 4 [52]. The hydrodynamic diameter of the star copolymer biomaterials
was tuned from 13 to 31 nm, with corresponding molar mass ranged from 87 to 720 kg/mol.
Therefore, the star nanomedicines and their size could be adjusted to a given purpose by a
proper selection of the bisMPA dendritic core type and generation and by considering the
semitelechelic copolymer Mw and polymer-to-core molar ratio. The hydrolytic degradation
was proved for both the star copolymers containing either dendron or dendrimer core, in
aqueous buffers and plasma in vitro and in vivo using PET imaging. An excellent clearance
from the body was shown in vivo for the dendron-based material, with more than 60%
of biomaterial mass eliminated after 7 days. It has been shown unequivocally that the
therapy by the biodegradable star conjugate with attached Dox strongly the tumor growth
in mice and was fully curative in most of the treated animals at a dose corresponding
approximately to one-fourth of the maximum tolerated dose (MTD). The newly developed
biodegradable star nanomedicines showed superior efficacy and tumor accumulation over
the first generation of star copolymers containing a non-degradable PAMAM core.
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Figure 4. Schematic sketch of the formation of adjustable star-shaped nanomedicine based on semitelechelic pHPMAs and
polyester-based core. Green stars are bisMPA cores, light and dark blue lines are polymers, violet dots represent drugs.

Indeed, the tumor spheroid penetration study showed identical penetration through
spheroids of linear and star-like pHPMA and their constructs with pirarubicin. Neverthe-
less, the THP penetration after application of pHPMA conjugated THP was considerably
deeper than for free THP, thus proving the benefits of polymer carriers, notwithstanding
their inner structure [68]. Moreover, the cytotoxicity of THP conjugates against tumor
cell spheroids was nearly the same as for free THP, whereas the 2D cell cytotoxicity of
the pHPMA-conjugated drug is usually lower. Star-shape nanomedicines contain β- or
γ-cyclodextrins as the biodegradable core have also been described recently [69]. Two
synthetic approaches differing in the method of polymer grafting have been employed
with the aim to obtain similar polymer carriers with different degradation rates.

3.3. Self-Assembled HMW Polymer Carriers

Another approach of how to prepare long-circulating HMW polymer carriers to con-
sist of the utilization of self-assembled supramolecular structures, e.g., polymer micelles.
Recently, micellar pHPMA nanomedicines with controlled degradation have been reviewed
in detail [6,70]. Generally, amphiphilic copolymers self-assemble into supramolecular struc-
tures, usually termed as micelles, with a size exceeding the limit of the renal filtration.
Moreover, polymer micelles disintegrate under their critical micellar concentration (CMC)
into individual polymer chains, unimers, whose Mw should be under the limit of the renal
threshold. The micelle-forming polymer carriers do not need to comprise any biodegrad-
able linkages to enable their elimination from the body. It is a known fact that any shift in
hydrophilicity of polymer carriers to a more hydrophobic nature could lead to undesired
accumulation in the organism, often in the liver or other organs. Thus, there have been
several attempts to disintegrate supramolecular structures after they deliver their cargo to
the target tissue and facilitate their elimination from the body.

Typical structures of amphiphilic copolymers are block or graft copolymers. The
hydrophobic blocks or molecules constitute the micelle core, which is surrounded by a
hydrophilic shell formed by an HPMA homopolymer or copolymer, which should protect
the micellar carrier from undesired interactions with proteins in blood and recognition by
RES [6].

Amphiphilic block copolymers can be comprised of various diblock or triblock copoly-
mers where the hydrophobic block consists of e.g., poly (laurylmethacrylate) [71], poly
(ε-caprolactone) [72], poly (L-lactide) [73], poly (propyleneoxide) [74]. Moreover, the
hydrophobic block can also be formed by pHPMA modified with valproate [75], or mono-
lactate, dilactate, or benzoyl [76] on the hydroxyl group of HPMA. After hydrolyzes of
these ester bonds, the hydrophilicity of the polymer carrier increased, and the micellar
structure disintegrates. Similar behavior is also expected in the case of hydrolytically
degradable polyesters core-containing amphiphilic copolymers mentioned above. Indeed,
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amphiphilic copolymers can also be designed as graft copolymers. Recently, semitelechelic
pHPMA have been grafted to poly (ε-caprolactone) by azide-alkyne click reaction leading
to the formation of amphiphilic copolymer self-assembling to micelles enabling both the
physical entrapment of hydrophobic drugs, i.e., venetoclax, and covalent attachment via
pH-sensitive hydrazone bond, i.e., Dox [77].

Another approach consists in the “decorating” of a hydrophilic polymer chain with
rather small hydrophobic molecules. Oleyl, dodecyl, or various cholesterol-derived moi-
eties have been attached to linear pHPMAs and used as carriers of Dox [78–80]. Alterna-
tively, a hydrophobic moiety can be introduced into the hydrophilic polymer main chain
end. For example, the presence of hexaleucine oligopeptide resulted in the formation of
micelles [81]. Interestingly, hydrophobic moieties have been bound to pHPMA by means
of a pH-sensitive hydrazone bond, enabling the tumor low pH-driven disintegration of
supramolecular structure, Figure 5 [79,82]. In this case, the stability of the micellar struc-
ture at neutral pH strongly influenced the extent of their accumulation in solid tumors.
The overall stability of micelles can be additionally improved by core crosslinking using,
e.g., disulfide bridges [83] or hydrazone linkages [80], which can be further reduced by
glutathione, or hydrolyzed in tumor cells, respectively. Another important feature for the
successful utilization of amphiphilic polymer drug carriers in medicine is the absence of
interaction with serum proteins, i.e., non-fouling behavior. Such proof was described for
albumin and several other proteins and cholesterol-based pHPMA micelles [84–86].

Figure 5. Schematic structure of amphiphilic pHPMA−doxorubicin (Dox) conjugates P1–P3 differing in the hydrophobic
moiety (A) and star pHPMA−Dox conjugate (B). Release of cholesterol moieties from copolymers P1−P3 at pH 7.4 and
37 ◦C, mimicking the bloodstream environment (C). Reprinted with permission from [82]. Copyright© American Chemical
Society (2018).
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Generally, drugs can be entrapped in the micellar core or bound by biodegradable
bonds, which can enable precise control over drug release. Often, the covalent attachment
of hydrophobic drugs switched the physicochemical properties of the conjugates to a more
hydrophobic or amphiphilic nature according to the content and chemical structure of
drugs. For example, the polymer coil of linear polymer conjugates with Dox bound by
the hydrazone bond collapsed with the increasing content of the drug [87]. The second
virial coefficient changed to negative at about 13 wt %, and at about 18 wt %, the formation
of dynamic aggregates was observed. Such behavior was found even for different drugs,
e.g., docetaxel, dexamethasone [11,56]. However, in the case of a much more hydrophobic
drug, betulinic acid, the formation of micelles was determined [88]. Here, the micelles were
disintegrated after the drug derivative release in an acidic condition of tumor cells and
thus facilitated polymer carrier elimination.

A specific part of micelle-forming polymer carriers represents thermoresponsive
copolymers that are characterized by low critical solution temperature. They form micelles
above a certain temperature, while they are fully soluble as polymer coils at room tem-
perature, which is important for the simple and define preparation of micellar samples.
Block or statistical copolymers of HPMA and N-isopropylacrylamide (NIPAM) [89], 2-(2-
methoxyethoxy) ethyl methacrylate (DEGMA) [90,91], or HPMA-dilactate [92] have been
synthesized and transition temperature set by tuning of monomer ratio.

4. Augmentation of the Passive Accumulation in Solid Tumors

Current clinical results of conventional chemotherapy are still not appropriate even
they are used in clinical practice for more than 60 years [93]. The major issue in the insuffi-
cient anticancer efficacy is driven by the lack of tumor selectivity of such anticancer drugs.
Thus, the development of selective tumor-targeted drug systems, i.e., nanomedicines, is an
urgent need in current anticancer therapy. Within the last decades, molecular drugs have
attracted serious attention, as they target important particular molecules, growth factors,
and/or specific oncogenes highly expressed by tumor cells. Their preclinical results were
highly positive, showing their serious potential to treat tumor cells of various origins. Nev-
ertheless, recently described results of the clinical investigation have not fully confirmed
the positive expectations. These investigations showed unsatisfactory results in the efficacy
of molecular target drugs, especially for solid tumors [94]. There are several pieces of
evidence that the intrinsic heterogeneity of tumors and several mutations in individual
patients may lead to the failure of these treatments [95]. It is believed that the intratumor
heterogeneity, associated with heterogeneous protein function, can cause and foster tumor
adaptation and therapeutic failure through a Darwinian selection of tumor cells.

Moreover, even nanomedicines showing excellent efficacy in mice models when in-
travenously injected do not effectively reach the tumors due to the biological barriers in
the body [96]. Importantly, the use of nanomedicines in humans often resulted in a lack of
overall patient response and survival [97]. The PEGylated liposomal Dox nanoformulations
(Doxil®) generally reached safety improvements, but not an increase in efficacy compared
to the standard therapies [98]. Recently, considerable effort has been expended to develop
advanced nanomedicines alternative to the approved liposomal formulations; unfortu-
nately, their clinical translation has been frequently depleted by various technical, cost, and
efficacy-related issues. Thus, skepticism about the use of nanomedicines increased in the
scientific community in recent years [99].

Extensive angiogenesis is the key factor in tumorigenesis of early growth stages of
solid tumors, thus enabling accelerated tumor growth as the cancer cells are fully supplied
by nutrients and oxygen. As a consequence, the early-staged solid tumors are often
endowed with higher vascular density compared with normal healthy tissues. Indeed, for
large-size tumors, more precisely in late-stages, the vascular blood flow is, on the contrary,
seriously obstructed. In that case, the needs of tumor cells are not fulfilled, as the vascular
oxygen supply and nutrients are not sufficiently delivered, and tumor tissues become
strongly hypoxic, the tumor cells are dying, and tumors become avascular [100].
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Nevertheless, most clinical tumors are large and advanced or late-stage tumors, and
their structure is known for the necrotic and avascular areas that lead to an insufficient EPR
effect [101]. Recently, it was found that tumor tissue coagulation or thrombogenicity was
highly enhanced as tumors grew up [102,103], which lead to the occlusion and blocking of
tumor blood vessels and consequently to a poor EPR effect, highly depleting the success
of cancer chemotherapy in advanced cancer. Moreover, tumor interstitial fluid pressure
(IFP) has become an important barrier to efficient drug delivery via the EPR effect [104].
Most solid tumors are connected with increased IFP, which is most probably linked to
the osmotic pressure of the extravasated fluid and the dysfunctional lymphatic system of
tumor tissues. Importantly, the rapid growth of tumors reporting a short doubling time of
24 h to 1 week will, in addition, enhance the physical and mechanical pressure that can be
even summed up with osmotic pressure, which is caused by increases in tumor mass [93].
In summary, advanced large tumors are frequently heterogeneous containing regions of
defective vasculature and highly restricted blood flow, which finally deplete the EPR effect
and linked drug delivery to tumors.

Recently, a novel approach based on the augmentation of the EPR effect was de-
scribed [101,105]. Various vascular mediators, the nitric oxide (NO) generators nitroglyc-
erin (NG) [106], hydroxyurea [107], and L-arginine [105], have been studied as potential
enhancers of the EPR effect in order to improve the therapeutic effect of nanomedicines
(Figure 6). It was described that all the studied compounds are able to generate the NO with
relatively high selectivity in solid tumors [105]. The augmentation of therapeutic effect via
the EPR effect enhancement was studied in detail using pHPMA nanomedicines carrying
cytostatic drug THP, or photodynamic therapy (PDT) nanoprobes pyropheophorbide-a,
or zinc protoporphyrin. Interestingly, the NO-donor–base augmentation significantly
increased, almost twice, the tumor accumulation of nanomedicines and nanoprobes in
various solid tumor models. As a consequence, the antitumor effects, either cytostatic or
PDT-based, were also markedly improved, showing the potential for further clinical appli-
cation. Indeed, in a murine autochthonous colon tumor, NO donors markedly enhanced the
therapeutic effects of THP bearing pHPMA even after one single administration, and the
therapy outcome was comparable with those achieved with three weekly nanomedicines
treatments. Moreover, a similar positive effect of the NO donors was described in the
compassionate use in human trials. Nitroglycerine was used to increase the efficacy of
the THP bearing polymer conjugates in a patient with stage IV prostate cancer [108]. The
augmentation of the EPR effect, in this case, led to the enhanced efficacy proving even the
remission of the lung and bone metastasis.

Similarly, carbon monoxide (CO) was utilized as a potential enhancer of the EPR
effect. Recently, Fang et al. employed two CO generating agents, either extrinsic CO donor
micelle containing tricarbonyldichlororuthenium (II) dimer or endogenous CO donor using
PEGylated hemin inducing heme oxygenase-1 [109]. It was proved that the agents induced
the generation of CO selectively in solid tumors, thus enhanced the EPR effect leading to a
two- to three-fold increased tumor accumulation of used nanomedicines. Importantly, the
CO enhancers worked similarly for the pHPMA nanomedicines containing THP as well as
for the pHPMA nanoprobe with pyropheophorbide-a. The application of CO generators
altogether with anticancer nanomedicines resulted in a significant increase of efficacy in
various transplanted solid tumor models.
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Figure 6. Schematic description of the enhanced and permeability retention (EPR) effect and application of EPR effect
enhancers for the solution of heterogenicity of tumor tissue. Reprinted with permission from [101]. Copyright (2020)
Elsevier B.V. (Amsterdam, Netherlands).

As mentioned above, the utilization of low-molecular-weight NO and CO donors
leads to the enhancement of nanomedicine accumulation and efficacy in the treatment of
various solid tumor models. Nevertheless, the use of small NO and CO donors could also
cause vasodilatation in healthy organs leading in combination with nanomedicines to some
obstructions. Thus, another approach based on the binding of the organic nitrate precursor
of NO to a water-soluble pHPMAs was published [110], Figure 7. Four different pHPMA-
bound NO donors differing in structure and hydrolytic stability have been investigated.
These polymer-bound NO donors have been able to overcome some drawbacks related
to low-molecular-weight NO-releasing compounds, namely systemic toxicity, lack of site-
specificity, and fast blood clearance.

A significant increase in the EPR effect was found for pHPMA-Dox conjugate in a
murine lymphoma model. The augmentation of the EPR effect enhanced the therapeutic
outcome of Dox-containing nanomedicines, but not of free Dox. Similarly, the study using
an S-nitrosated human serum albumin dimer was recently published, showing the syner-
gistic effect when used as a pretreatment agent in albumin-bound paclitaxel nanoparticle
(Abraxane®) therapy carried on various tumor models [111,112]. Interestingly, in the C26
murine colon cancer, the NO-generating dimer enhanced tumor selectivity of paclitaxel con-
taining nanoparticle and attenuated myelosuppression. Augmentation of the tumor growth
inhibition during the treatment by paclitaxel bearing nanoparticles was also seen in the low
vascular permeable B16 murine melanoma model. In summary, the tumor-site localized
augmentation of the EPR effect via the polymer-bound NO delivery system is recognized
as a highly promising strategy to a highly potentiate nanomedicines-based tumor therapy
without increasing systemic toxicity. The proper selection of delivering vectors altogether
with the proper NO release profile should be investigated for further development.
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Figure 7. Synthesis of polymer-bound nitric oxide (NO) donors. Reprinted with permission from [110]. Copyright (2018)
Elsevier B.V. (Amsterdam, Netherlands).
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5. Active Targeting Versus Passive Accumulation of pHPMA Nanomedicines

Generally, targeted nanomedicines have several advantages, which lays mainly in
the protection of healthy cells during the treatment, serious reduction of the side adverse
effects, and overcoming various biological barriers making the cancer cells highly resistant
to the treatment [6]. Highly specific characteristics of the tumor tissue in general and of
its microenvironment made it possible to design nanomedicines that are able to deliver
biologically active molecules, e.g., drugs, to tumors [113]. Conventional anticancer drugs
show inappropriate pharmacokinetics and are localized within the body nonspecifically.
Thus, it is impossible to solely reach the target tumor tissue, and their use is associated
with serious side effects. The development of nanomedicines enabled more favorable
pharmacokinetics and enhanced tumor accumulation. It has been generally accepted
that nanomedicines can reach solid tumors through the leaky vasculature utilizing the
above-mentioned EPR effect. Nevertheless, specific targeting of the tumor tissue is still
a remaining challenge for researchers around the world, especially in the case of poorly
vascularized and dispersed tumors. The interest has been focused on nanomedicines
bearing specific molecules enabling to mediate the active targeting by selective interaction
to the receptors overexpressed on the cancer cells or tumor endothelium. Recently, a huge
number of reviews was published discussing the possibility and pros and cons of passive
nanomedicine accumulation and active targeting [114,115].

Already in the 1990s, Seymour et al. described the influence of Mw of pHPMA on
passive accumulation in tumors, namely sarcoma 180 or B16F10 melanoma models [116].
From this time, an enormous number of reports describing the dependence of passive
accumulation of polymers onto their structure, Mw and size was published [5,117,118].
The tumor-selective accumulation was improved either by the synthesis of more complex
structures, e.g., grafted, multiblock, or star polymers, or by the controlled self-assembly
of the amphiphilic HPMA copolymers [66,70], or by the utilization of various EPR effect
enhancers as we discussed in previous chapters.

On the other hand, many attempts have been made to design and synthesize actively
targeted pHPMA nanomedicines. Various targeting ligands, e.g., monoclonal antibodies,
immunoglobulins, peptides, lectins, saccharides, have been employed and studied in
detail [6]. In general, the two targeting approaches have been employed, i.e., direct
targeting to cell receptors overexpressed on the tumor cell or tumor endothelium as the
final destination of the targeting ligand. Generally, the targeting efficacy was found
significantly higher for the monoclonal antibodies in contrast to smaller molecular weight
targeting ligands. Even in the case of multiple presentations of oligopeptides originated
from the active site of antibodies, it is not able to reach the same affinity to their target
ligands [119]. Recently, the targeting efficacy of antibody-targeted pHPMA nanomedicines
was reviewed in detail [120].

Importantly, H. Maeda recently analyzed repeated failures in cancer therapy for solid
tumors [93]. Regardless of the huge financial support of bullet-like therapies targeting
site-specific cancers, i.e., molecular drugs for the depletion of specific enzymes such as
kinases or inhibitors of growth factor receptors, the therapeutic results are unsatisfactory
and disappointing. The main scientific reasons leading to the malfunction of the mentioned
drug development approaches should be linked to the infinite number of genetic mutations
in a chaotic molecular environment of solid tumor tissue. It was found, the outcome
failure rates of approximately 90% on current therapeutic approaches for solid tumors
are estimated. Partial success was achieved with drugs such as Gleevec or few other
molecules that are used for treating patients with hematopoietic cancers and soft tissue
or seminoma. Similar to the new molecular therapies, the active targeting in the case of
solid tumors reach the limitation of a huge number of genetic mutations in the tumor
environment, which strongly suppresses the overall targeting ability of solid tumors.
Nevertheless, the antibody-targeted pHPMA nanomedicines reached significant benefits in
the treatment efficacy in the case of various hematological malignancies studies in vivo.
Various lymphomas [121,122] and leukemias [123,124] have been efficiently eradicated by
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the antibody-targeted pHPMA conjugates, showing the potential of the active targeting
in the case of hematological malignancies, which are known for low genetic mutations in
contrast to other solid tumors [93].

Indeed, the efficacy of the active targeting was also thoroughly studied in a time-
dependent manner to prove the potential benefit of the active targeting. Either epidermal
growth factor (EGF)-based [125] or tumor endothelium-based targeting [119] have been
employed to study the time dependence of the active targeting. In both cases, it was
observed that the active targeting is worth being effective in short times up to the 1 or 4 h,
respectively. After that time, the passive accumulation of nanomedicines with similar hy-
drodynamic sizes reach the same accumulation as the actively targeted polymer conjugates.
Specifically, in mice bearing both highly leaky CT26 and poorly leaky BxPC3 tumors, it
was observed that tumor vascular endothelium could be targeted effectively, showing
the rapid and efficient early binding to tumor blood vessels [125]. Nevertheless, over a
short period of time, the passive targeting based on the EPR-driven accumulation highly
prevailed, leading to a higher overall accumulation. Similarly, the EGF-targeting to FaDu
head and neck carcinoma in mice showed a short time effective prevalence of the active
targeting showing the rapid accumulation in tumors within 15 min. Nevertheless, after 4 h,
the nontargeted star-like nanosystems reached the same accumulation of similarly sized
antibody-targeted conjugates [119].

In summary, the active targeting seems to be suitable for the design of highly effective
nanomedicines, especially against the hematological malignancies, where in the last decade,
several antibody–drug conjugates have been approved for clinical use [120]. In the case
of solid tumors of other origins, it seems that the passive targeting based on the tumor
microenvironment abnormalities is more favorable and should be taken into consideration
more frequently.

6. Future Prospects

Within the last three decades, a serious number of structures of pHPMA prodrugs
have been designed, synthesized and their properties have been described. Even though
most of them showed highly promising therapeutic activity or imaging properties in animal
models during preclinical development, only a few of them came to any clinical evaluation.
Unfortunately, none of them have been approved so far for clinics and marketed yet.

Nevertheless, for future prospects, the application of novel controlled polymeriza-
tion techniques and advanced synthetic routes, including click chemistry and oriented
binding, should enlarge the potential of the wider exploitation of pHPMA-prodrug-based
nanomedicines, as shown recently in compassionate clinical use [108]. Employment of
tailored tumor-, inflammation- or bacteria-linked stimuli-sensitive spacers should enlarge
the importance of the controlled drug release. Similarly, controlled biodegradability of
novel pHPMA structures should lead to the next-generation of pHPMA nanomedicines
with higher clinical potential. Thus, to sum up, the design of tailor-made pHPMA
nanomedicines with increased specificity of tissue- or cell-specific drug delivery is a promis-
ing step in terms of future applicability of these prodrugs.

It was shown that the efficacy of passively targeted nanomedicines could be highly
improved by the controlled application of various EPR-effect enhanced, both the low-
molecular-weight compounds and polymer-based enhancers. Most probably, the appli-
cation combining the augmentation of the EPR effect with tailored nanomedicines will
improve the therapeutic efficacy of such polymer–drug conjugates and thus even their clin-
ical usefulness. Last, but not least, the strong potential is envisioned also in controlled drug
delivery for the treatment of specific inflammatory diseases, i.e., site-specific rheumatic
musculoskeletal diseases or bacterial infections.

Nevertheless, recently a study showing that the interendothelial gaps in the tumor
endothelium are not responsible for the transport of nanoparticles into solid tumors was
published [126]. Importantly, the authors found that up to 97% of nanoparticles are
entering tumors using an active process through endothelial cells. These results could
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open a new paradigm for developing cancer nanomedicines and could suggest novel
approaches using the understanding of these active pathways to unlock strategies to
enhance tumor accumulation.
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acrylamide gemcitabine and paclitaxel conjugates for ovarian cancer cell combination treatment. Int. J. Pharm. 2013, 454, 435–443.
[CrossRef]
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mide Copolymer Conjugates with Gemcitabine and Paclitaxel: Impact of Molecular Weight on Activity toward Human Ovarian
Carcinoma Xenografts. Mol. Pharm. 2017, 14, 1384–1394. [CrossRef]

63. Koziolová, E.; Kostka, L.; Kotrchová, L.; Šubr, V.; Konefal, R.; Nottelet, B.; Etrych, T. N-(2-Hydroxypropyl)methacrylamide-Based
Linear, Diblock, and Starlike Polymer Drug Carriers: Advanced Process for Their Simple Production. Biomacromolecules 2018, 19,
4003–4013. [CrossRef]

64. Kostka, L.; Etrych, T. High-Molecular-Weight HPMA-Based Polymer Drug Carriers for Delivery to Tumor. Physiol. Res. 2016, 65,
S179–S190. [CrossRef]

65. Pearce, A.K.; Anane-Adjei, A.B.; Cavanagh, R.J.; Monteiro, P.F.; Bennett, T.M.; Taresco, V.; Clarke, P.A.; Ritchie, A.A.; Alexander,
M.R.; Grabowska, A.M.; et al. Effects of Polymer 3D Architecture, Size, and Chemistry on Biological Transport and Drug Delivery
In Vitro and in Orthotopic Triple Negative Breast Cancer Models. Adv. Healthc. Mater. 2020, 9, 2000892. [CrossRef] [PubMed]

66. Kotrchová, L.; Kostka, L.; Etrych, T. Drug carriers with star polymer structures. Physiol. Res. 2018, 67, S293–S303. [CrossRef]
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Abstract: Elevated reactive oxygen species (ROS) have been implicated as significant for cancer
survival by functioning as oncogene activators and secondary messengers. Hence, the attenuation of
ROS-signaling pathways in cancer by antioxidants seems a suitable therapeutic regime for targeting
cancers. Low molecular weight (LMW) antioxidants such as 2,2,6,6-tetramethylpyperidine-1-oxyl
(TEMPO), although they are catalytically effective in vitro, exerts off-target effects in vivo due to their
size, thus, limiting their clinical use. Here, we discuss the superior impacts of our TEMPO radical-
conjugated self-assembling antioxidant nanoparticle (RNP) compared to the LMW counterpart in
terms of pharmacokinetics, therapeutic effect, and adverse effects in various cancer models.

Keywords: cancer; reactive oxygen species; antioxidant; self-assembling drug

1. Introduction

Reactive oxygen species (ROS) are intracellular free oxygen radicals with one or
more unpaired electrons in their valency shell. These unpaired electrons are capable
of independent existence and are highly reactive, who tend to stabilize their shell by
donating or extracting electron(s) from the oxidizable molecules. These target oxidizable
molecules become a radical entity, which further starts a chain reaction of damaging
other molecules [1]. The concept of organic free radical began in 1900 by Gomberg, who
speculated the presence of triphenyl methyl radical (Ph3C•) in the living system. In 1954, a
free radical theory was proposed by Gershman, who pointed out the toxicity of oxygen and
its reduced forms due to the highly oxidizing power [2,3]. In 1969, McCord and Fridovich
discovered the first cellular antioxidant enzyme, superoxide dismutase (SOD) [4].

ROS are broadly classified into radical and non-radical species. Radical species involve
entities with unpaired electron(s) such as superoxide (O2

•−), hydroxyl radical (OH•−),
oxygen biradicals (O2

••), peroxyl radicals (ROO•), and alkoxy-radicals (RO•). In contrast,
non-radical species include entities that do not contain an unpaired electron but can easily
convert to free radicals in the living system. The primary reported species are hydrogen
peroxide (H2O2), hypochlorous acid (HOCl), ozone (O3), singlet oxygen (1O2), organic
peroxides (ROOH), aldehydes (RCHO), and so on [5]. ROS can be produced both through
endogenous and exogenous sources. Endogenous sources of ROS are mitochondria, perox-
isomes, endoplasmic reticulum, and activated inflammatory neutrophils. Large amount
of ROS is generated in mitochondria via several enzymatic reactions such as an electron
transport chain, NADH dehydrogenase, and ubiquinone cytochrome C reductase, etc.
Several enzymatic reactions generate ROS in peroxisomes (β-oxidation of fatty acids; acyl
CoA oxidase, uric acid metabolism; urate oxidase, xanthine metabolism; xanthine oxi-
dase, D-proline metabolism; D-amino acid oxidase), and in the endoplasmic reticulum
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(cytochrome P450, b5 enzymes, diamine oxidase, thiol oxidase enzyme Erop1p). Activated
inflammatory cells such as neutrophils also produce numerous ROS in the inflammatory
sites.

In contrast, exogenous sources include pesticides, ultraviolet light, air, and water
pollution, metals such as iron, copper, cobalt, cadmium, arsenic, etc. [6,7]. Under normal
conditions, a small amount of ROS escapes during the intracellular processes regulated by
the enzymatic antioxidant system, viz., superoxide dismutase, catalase, peroxiredoxins,
glutathione peroxidases, glutathiones, bilirubin, etc. [6]. Although antioxidant systems
maintain a tightly controlled redox homeostasis in the normal cells, irreversible or non-
repairable oxidative damage to nuclear and mitochondrial DNA, protein, and lipids are
inevitable due to their prolonged overexposure to exogenous ROS producers. These over-
produced ROS lead to oxidative stress-related diseases such as cancer, cardiovascular
diseases, diabetes, rheumatoid arthritis, neurogenerative diseases, liver disease, and is-
chemic and post-ischemic pathologies [6–8]. Exogenous oxidative stress or prolonged
chronic endogenous oxidative stress such as inflammation has been linked to tumor initia-
tion, promotion and progression, which are evident from the fact that cancer cells are under
constant oxidative stress, a hallmark of cancerous phenotype [8,9]. Considering a contin-
uous elevated ROS level in the tumor environment, which is crucial for tumorigenesis,
metastasis, and angiogenesis, antioxidant therapies seem to be the most intuitive and apt
intervention to attenuate various cancers. Although various low molecular weight (LMW)
antioxidants such as vitamin C, vitamin E, selenium, and TEMPOL, showed effectiveness
in vitro and in some cases in vivo; however, clinically, they failed to show any conclusive
efficacy [10]. Their clinical failure may be attributed to their metabolism and rapid excre-
tion, preventing them from reaching the target ROS production site of the tumor cells in
enough amount to scavenge ROS to a critical level to have sufficient anti-cancer efficacy.
Another significant and severe problem of the LMW antioxidants is that they internalize in
the healthy cells and disturb their redox homeostasis, including the mitochondrial electron
transport chain. Here, we conceptualized new antioxidants, “self-assembling antioxidants”,
which significantly vary in their pharmacokinetic characteristics and reduce undesired
adverse side effects related to the LMW antioxidants. In this review, an implication of
ROS in cancer, the status of antioxidant cancer therapies using LMW compounds and the
precedence of self-assembling antioxidants (we abbreviate them as redox nanoparticle
hereafter; RNP) over LMW antioxidant compounds for the cancer therapeutics will be
discussed in detail.

2. Oxidative Stress and Cancer

As described in the above section, evidence from the clinical and bench studies
indicate that the elevated intracellular ROS contributes to cancer initiation, promotion
and progression [8,9]. The intracellular antioxidant system can quench the overproduced
ROS generated through the exogenous source or chronic inflammation in the normal cells
to some extent and under their capacity. However, ROS that could not be completely
eliminated could be mutagenic and induce carcinogenesis [9,11,12]. For instance, white
blood cells convert to neutrophils and invade the inflamed colon in ulcerative colitis. These
activated neutrophils generate ROS such as O2

•− and HOCl, which are known to stimulate
mutagenesis and cause colon cancer [13,14]. Similarly, constant exposure to free radical
producers such as ultraviolet, tobacco smoke, and metal ions may stimulate mutagenesis
and induce melanoma, bronchogenic carcinoma, and colorectal cancer, respectively [8].

Tumor initiation is triggered by damaging cellular genes, mainly by the oxidation
with ROS. It is reported that about 10,000 oxidative hits to DNA per cell are observed
daily in humans [15], which are eventually recovered by the cellular repairing system.
However, sometimes, when oxidative stress damage is beyond their repair capacity, DNA
base adduct with non-scavenged ROS may be observed [8,16]. For instance, one of ROS,
hydroxide radical (•OH) attacks the guanine (G) base at the eighth position to become
8-OH-G, which leads to Guanine-Cytosine to Thymine-Adenine transversion, called point

238



J. Pers. Med. 2021, 11, 92

mutation [8,16,17]. In addition, DNA helix alterations such as single or double-strand
breaks and inter-strand crosslinks are also observed upon damage by free radicals gener-
ated through ultraviolet or ionizing lights [18,19]. Such alteration in the DNA results in
genomic instability, which may further modulate transcription and transduction pathways
favoring carcinogenesis and tumor progression [20,21].

ROS in tumors participates in the intracellular signaling and regulation by acting as
secondary messengers [6–8]. Ras protein family, one of the membrane-bound G protein
families, regulates transcription, cell growth, and apoptosis [22]. Ras is activated by
ROS derived from ultraviolet radiation and metal ions and is known to be frequently
mutated in humans cancers such as skin, liver, and colon cancers [22]. It should be noted
that Ras-dependent cell proliferation requires ROS, which is unconditionally elevated in
cancers [23].

Another tumor suppressor protein, p53, a transcriptional factor, is known to be in-
volved in cell cycle arrest, senescence, apoptosis, DNA repair, and redox homeostasis [24–26].
Upon oxidative stress by ionizing radiation or genotoxic insults, DNA lesions are accu-
mulated, which are repaired before the DNA replication by arresting the cell cycle. Once
the DNA lesion is repaired, the normal cell resumes cell division. p53, known as “the
guardian of the genome”, preserves this DNA integrity [27]. However, when the TP53
gene is mutated, the DNA damage is carried down to several cell divisions, leading to
chromosomal rearrangement [28]. TP53 gene is often known to be mutated in various solid
cancers [27].

Another popular redox-sensitive transcription factor is NF-kB, which is reported to be
involved in cell survival, differentiation, growth, angiogenesis, and inflammation [29,30].
NF-kB is activated by carcinogenic stimuli such as ultraviolet radiation, phorbol esters, toxic
metals, and asbestos, all of which are oxidative stress inducers [31]. Although it is evident
from several reports that ROS activates NF-kB, recent studies confirm the bidirectional
regulation by ROS, which is not clearly understood [30]. Nonetheless, it is reported that
the NF-kB pathway is often excessively activated in tumor tissues, promoting tumor cell
proliferation and survival [32].

It is reported that ROS also activates protein kinases C (PKCs), critical for cancer
proliferation, by increasing the cytosolic calcium concentration and the cysteine oxidization
of their regulatory domains [33,34]. This activates downstream cell proliferation, differenti-
ation, and apoptosis pathways, involving mitogen-activated protein kinases (MAPKs) such
as extracellular-regulated (ERKs), c-jun-NH2-terminal kinase (JNKs), and p38 MAPK [35].
Furthermore, ROS also regulates hypoxia-inducible factor, HIF-1, in tumors, which further
modulates many cancer-related genes, such as VEGF, involved in tumor progression and an-
giogenesis [36]. Other ROS-sensitive regulatory proteins such as AP-1 and nuclear factor of
activated T cells are also known to be involved in tumorigenesis [37–39]. Interestingly, ROS
also regulates pro-proliferative signaling in tumors and prevent apoptosis by activation of
proto-oncogene BCL-2, which is an anti-apoptotic protein. BCL-2 family is overexpressed
in many cancers such as breast, lung, colorectal, and melanoma, which not only prevents
tumor cell death but also promotes their migration, invasion, and metastasis [40].

From the evidence stated above, it is obvious that oxidative stress is critical for tumor
initiation and growth by inducing genomic instability and acting as signaling molecules to
modulate factors favoring tumorigenesis, angiogenesis, and metastasis, respectively. Since
the critical roles of the elevated ROS-signaling pathways are revealed in various cancers,
the antioxidant therapies seem to be the most appropriate strategy to impede their growth.
The next section will discuss the status of conventional antioxidants for cancer therapy.

3. Conventional Antioxidants for Potential Cancer Therapy

As mentioned above, since ROS is strongly associated with carcinogenesis, tumori-
genesis, and metastasis, antioxidant treatments to inhibit cancers have been investigated.
Sharma et al. reported that patients with locally advanced squamous cell carcinoma of
the tongue had significantly elevated plasma lipid peroxidation levels and conjugated
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dienes. At the same time, primary endogenous antioxidants such as glutathione, vitamin C,
vitamin E, glutathione peroxidase, and superoxide dismutase were significantly decreased,
as compared to the healthy controls, implying that oxidative stress plays an essential role in
the pathophysiology of tongue cancer [41]. Considering the critical role of ROS in tumors,
various antioxidants, including natural antioxidants have been tested to dampen the ROS
levels as therapeutic interventions. Numerous natural and synthetic antioxidants have
been investigated as potential anti-cancer drugs. These investigations have shown positive
effects in vitro and/or in vivo against various cancer models. For example, one of the
famous synthetic antioxidants, N-acetylcysteine (NAC), has shown the anti-cancer effect on
prostate carcinoma, PC-3 cells (in vitro) and human tongue squamous carcinoma, HSC-3
cells (in vivo) [42,43]. Natural vitamins are also reported to exert anti-cancer effects. For
instance, vitamin C inhibited invasion and metastasis of breast cancer cells (in vivo) and
impaired tumor growth and eradicated liver cancer stem cells in the xenograft model of a
hepatocellular carcinoma cell line [44,45]. Vitamin E analog, RRR-α-tocopherol succinate,
is known to induce apoptosis mediated death in MDA-MB435, MDA-MB231, and SKBR-3
human breast cancer cells [46,47]. Quercetin, a bioflavonoid, is also known to inhibit cancer
growth by arresting the cell cycle and induced apoptosis in breast cancer, prostate cancer
and colorectal cancer [48–50].

TEMPOL, a redox-cycling nitroxide (4-hydroxy-TEMPO; 4-hydroxy-2,2,6,6-tetrameth-
ylpiperidine-1-oxyl), is known as a probe of electron spin resonance due to the pres-
ence of unpaired electron in the compound. Since this unpaired spin is stable because
of the steric hindrance of the surrounding four methyl groups, so they do not react to
each other. However, it is known that TEMPOL can rapidly react with free radicals of
ROS. Thus, they can be regarded as one of the most potent antioxidants, like a super-
oxide dismutase [51]. Luo et al. reported a comparative superoxide inhibition activity
of TEMPOL and several other antioxidants in angiotensin II-stimulated preglomerular
vascular smooth muscle cells assessed by lucigenin-enhanced chemiluminescence. They
confirmed that PEGylated-SOD and TEMPOL exhibited the maximum catalytic actions
to scavenge O2

•− than NAC, vitamin C and E analogues such as ascorbate, α-tocopherol
and 6-hydroxy-2,5,7,8-tetramethylkroman-2-carboxy acid (Trolox) and other uncharac-
terized antioxidants; 5,10,15,20-tetrakis (4-sulphonatophenyl)porphyrinate iron (III)(Fe-
TTPS), 2-phenyl-1,2-benzisoselenazol-3(2H)-one (ebselen), nitroblue tetrazolium (NBT) and
(–)-cis-3,3′,4′,5,7-pentahydroxyflavane (2R,3R)-2-(3,4-dihydroxyphenyl)-3,4-dihydro-1(2H)-
benzopyran-3,5,7-triol(-epicatechin) [51,52]. With such high catalytic activity, TEMPOL has
been the most preferred choice for antioxidant-based therapy for various oxidative stress-
related models such as fibrosis, diabetes, neurodegenerative diseases, radio-protection,
ischemia-reperfusion injury and inflammation, hypertension, and cancer [53]. Several
studies have demonstrated that TEMPOL inhibits tumor growth and decreases tumor inci-
dence. For instance, TEMPOL induced apoptotic cell death in MDA-MB231 breast cancer
cell line [54]. Gariboldi et al. reported the inhibitory effects of TEMPOL on the growth of
neoplastic than non-neoplastic cell lines such as breast cancer cell line MCF-7, p53-negative
human leukemia cell line HL60, and C6 glioma cells [55–57]. Schubert et al. reported
that dietary TEMPOL administration to ataxia telangiectasia mutated (ATM)-deficient
young mice (develop tumors), prolonged latency to tumors, decreased ROS and oxidative
damage, and increased their life span [58]. Corroborating this, Mitchell et al. confirmed
that long-term TEMPOL treatment decreased spontaneous tumorigenesis in C3H mice [59].
TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl) administration into LNCaP tumor-bearing
mice also showed significant inhibition to prostate tumor growth [60].

As described above, there are many publications about antioxidant-based cancer
chemotherapy. Although numerous antioxidants have been proposed as an efficient anti-
cancer agent in vitro and in vivo, these antioxidants failed to show any cumulative effect
clinically on healthy, at-risk, and cancer population [10]. For instance, daily supplemen-
tation with selenium (200 µg) and/or Vitamin E (400 IU) did not reduce the incidence of
prostate or other cancers. Instead, vitamin E supplementation resulted in 17% increase in
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prostate cancer incidence [61,62]. Corroborating this, daily supplementation of β-carotene
(50 mg) also did not reduce the incidence of prostate cancer or other cancers [63]. However,
daily supplementation of beta-carotene (15 mg), alpha-tocopherol (30 mg), and selenium
(50 µg) to Chinese at-risk population of developing esophageal cancer and gastric cancer
reduced cancer mortality associated with gastric cancer, no effect was seen in esophageal
cancer suffering population [64]. In another clinical study, a population who were occu-
pationally exposed to asbestos were supplemented with β-carotene (30 mg) and retinyl
palmitate (25,000 IU) daily, which tended to associate with increased lung cancer incidence
and mortality [65].

Such contrasting effects of conventional antioxidants in tumorigenesis and incon-
clusive clinical trials indicate that these conventional antioxidants cannot be used for
anti-cancer therapy. Because several elegant studies confirmed the role of elevated ROS in
cancer, it is striking to see the failure of antioxidant-based cancer therapy. Their clinical
failure could be attributed to several factors such as the level and the location of ROS
scavenged and the tumor stage at which antioxidants were introduced. In addition, since
most conventional antioxidants are LMW, their extremely rapid renal clearance and very
low bioavailability may have led to their insufficient accumulation in the tumors resulting
in low efficacy.

Another significant problem with the conventional antioxidants is their molecular
size-based adverse effects. Mitochondria in the healthy cells generate ATP via an electron
transport chain by oxidation of glucose. During this process, a considerable amount of
ROS is produced. LMW antioxidants can rapidly spread to the entire body and internalize
into the healthy cells, which causes the dysfunction of the essential redox homeostasis,
including the electron transport chain, known as “Mithohormesis” [66]. It is reported that
treatment with beta carotene, vitamin A, and vitamin E increased mortality in a randomized
clinical investigation of more than 230,000 participants [67]. This means that high dose of
LMW antioxidants cannot be administered due to their ability to damage mitochondria.
Contrarily, the limited dose of the LMW antioxidants may scavenge low ROS sufficiently
to stimulate the survival and proliferation of tumor cells rather than impeding it. This
was evident in the studies by Gal et al., who reported that administration of NAC and
Trolox, Vitamin E analog, increased lymph node metastasis of malignant melanoma [68].
Furthermore, due to the limited dose and poor pharmacokinetic properties, it is also
possible that in clinical trials, LMW antioxidants did not reach the target location to quench
crucial ROS, e.g., mitochondria of cancer cells. Porporato et al. reported that mitochondrial
superoxide promotes migration, invasion, and clonogenicity of tumor cells, which was
prevented upon its scavenging [69].

As mentioned above, most antioxidants are small molecules, which contributes to
poor bioavailability, prevents target accumulation and causes mitochondrial damage.
To overcome these limitations of LMW antioxidants, a delivery platform (nanoparticle)
to modulate their pharmacokinetics property has been employed. Nanoparticles-based
delivery of antioxidants may scavenge ROS below critical levels in tumors to inhibit their
growth due to their higher bioavailability and enhanced permeability and retention (EPR)
effects as compared to their LMW counterparts [70]. Several groups have reported the
use of antioxidants with various delivery (drug delivery system; DDS) platforms. For
example, quercetin-encapsulated liposomes showed in vitro anti-proliferation effect on
the breast cancer cells, MCF-7 [71]. Nanoparticles with intrinsic redox ability also showed
anti-proliferative and anti-tumor effects, such as mesoporous silica nanoparticles and
cerium oxide nanoparticles [72,73]. However, several antioxidant-based delivery platforms
have shown practical inhibitory effects in vitro with limited or no in vivo application.
Furthermore, silica and cerium oxide have been reported to exert toxicity in mice models
with biodegradability issues, thereby limiting their further use [72,74]. One of the major
problems with conventional DDS is that the physically encapsulated drug leaks out of
the system before reaching their target, which diminishes their efficacy and increases
adverse effects. In order to achieve effective antioxidant cancer chemotherapy, a new
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strategy should be required to overcome the limitation of nanoparticles with physically
encapsulated antioxidants. For the last decade, we have devoted a novel designed self-
assembling antioxidants to treat oxidative stress-related diseases. The next section will
discuss the design, structure, and advantages of our newly developed self-assembling
antioxidants for cancer therapy.

4. Novel Self-Assembling Antioxidants; Nitroxide Radical-Containing Nanoparticle
(RNP)
4.1. Design and Structure of RNPs

Although TEMPO is one the most potent antioxidants known, similar to the antioxi-
dant enzyme, SOD, its clinical use is greatly limited due to its off-target effects, which can
be attributed to its poor pharmacokinetic properties as stated above. In order to improve
the pharmacokinetic properties to obtain high efficacy with negligible off-target effects,
we have functionalized TEMPO and developed two different types of nitroxide radical-
containing nanoparticles (RNPs); pH-sensitive (RNPN) and pH-insensitive (RNPO), and
evaluated their ROS-reduction mediated anti-cancer effect in various in vitro and in vivo
models of cancers as stand-alone or as adjuvants to reduce the aggressiveness or sensitize
several cancers for the chemotherapy (Figure 1). Since TEMPO possesses an unpaired elec-
tron, it is an electron spin resonance (ESR) active species, which could be used for magnetic
resonance imaging and pharmacokinetic studies. This property along with its powerful
ROS scavenging ability, prompted us to employ TEMPO over other LMW antioxidants for
developing self-assembling antioxidants for the biomedical applications [53,75,76].
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Figure 1. Illustration displaying the therapeutic efficacy of pH sensitive redox nanoparticle (RNP)N and pH in-sensitive
RNPO in various cancer models as stand-alone or as adjuvants with conventional anti-cancer drugs; doxorubicin (Dox) and
pioglitazone (Pio).

RNPs are comprised of self-assembling amphiphilic block copolymer consisting of a
hydrophilic poly (ethylene glycol) (PEG) segment and a hydrophobic poly (chloromethyl-
styrene) (PCMS) segment (Figure 2a). The chloromethyl groups of the PCMS segment
are converted to TEMPO via the substitution of PEG-b-PCMS polymer with either 4-
amino-TEMPO or with 4-hydroxyl-TEMPO to form base polymers: PEG-b-PMNT and
PEG-b-PMOT, respectively [75–78]. Under physiological conditions, the block copolymer
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assembles into a core shell-type micelles with the hydrophobic segment (PMNT or PMOT,
which contains TEMPO moieties as a side chain) in the core and hydrophilic PEG in the
shell (cumulative average diameter of approximately 20–50 nm).

Since TEMPO moiety conjugates via ether linkage to the PMOT segment, PEG-b-
PMOT gives a pH-insensitive RNPO. In contrast, PEG-b-PMNT gives pH-sensitive RNPN,
because TEMPO conjugates to the PMNT segment via the amine linkage, which protonates
under the acidic environment and changes its water solubility. Since the pKa of the
amino group of the PMNT segment is ca. 6.5, most of the amino groups in RNPN are not
protonated under physiological conditions. However, under the acidic conditions, the
protonated amine in the PMNT segment increases, converts their hydrophobic character
to the hydrophilic, which weakens the core-coagulation force, leading to the collapse the
micelle. Since the inflamed area such as the tumor environment, is known as decreased
pH, we anticipated an increase in their antioxidant capacity by the exposure of TEMPO
moiety due to collapsed RNPN (Figure 2b,c). This means that both pH-insensitive RNPO

and pH-sensitive RNPN will remain intact as a nano-sized self-assembling structure in the
blood (pH 7.4). In contrast, under a low pH environment, e.g., cancer, only pH-sensitive
RNPN will collapse into individual polymers and show higher ROS scavenging potential
than its intact micelle structure and RNPO [78].
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Following are the characteristics of RNPs validating its suitability for their use in
in vivo applications.

i. Structure: RNP, a polymeric micelle made of amphipathic block copolymers, can
stably disperse in in vivo harsh conditions due to the entanglement of hydrophobic
segments in its core (Figure 2a) [79]. It is reported that PEG imparts biocompatible
characteristic to nanoparticle by inhibiting electrostatic and hydrophobic interac-
tions with proteins and cells sterically, thereby increasing the stability of nanopar-
ticle [80]. Unpaired radical in TEMPO is stable by preventing the coupling with
each other due to the protection by four methyl groups surrounding it. However,
since ROS are small molecular radical species, they rapidly react with TEMPO’s
nitroxide radical. Although TEMPO is a highly reactive radical, it is conjugated via
covalent linkage in the nanoparticle core; hence, non-specific interaction like LMW
TEMPOL can be avoided upon administration. These characteristics potentially
improve their accumulation in the target site via the EPR effect, which increases
their therapeutic effects and prevents their premature renal excretion.

ii. Size: Core-shell type polymer micelles with several tens of nanometer in size
(20–50 nm) ensures efficient accumulation in target intestinal mucosa (oral adminis-
tration; colon cancer) or tumor vicinity (intravenous administration: breast cancer),
additionally supported by the EPR effect [70,81,82]. It should be noted that the size
range of RNP used in various anti-cancer studies, were small enough to prevent
activation of the phagocytic system (≤100 nm cutoff size). Conversely, RNPs were
large enough to evade rapid renal clearance (≥5.5 nm cutoff size) [83,84].

iii. Stability: Dynamic light scattering studies confirmed that RNPO is stable under
various pH 4–8.5, whereas pH-sensitive RNPN was stable at pH 7.4 but decreased
with a decrease in pH, confirming its collapse at low pH (diseased condition; tumor)
(Figure 3a). Nonetheless, both the micelles maintained structural integrity at physi-
ological pH 7.4, confirming the structural stability in the blood [77]. Furthermore,
in ex vivo spiking experiments, we demonstrated that RNP do not internalize in
the blood cells and prevents blood cell aggregation on the glass beads, which was
in sharp contrast to TEMPOL (Figure 3b,c) [85]. This inert characteristic of RNPs
with blood is extremely important for the systemic administration of nanoparticles.

iv. ESR active properties: ESR measurement shows a characteristics sharp triplet peak
of the exposed TEMPO radical (an interaction between 14N nuclei and the unpaired
electron), but when confined in the core of RNP, the ESR signal of TEMPO broadens
at the same magnetic field, due to restricted mobility of the radicals in RNP’s solid
core (Figure 2b) [75]. Due to this characteristic, it is very convenient to confirm the
integrity and collapse of RNP and localization of RNPs for the pharmacokinetics
studies.

RNPs have shown remarkable therapeutic effects with characteristics mentioned
above than LMW antioxidant, TEMPOL, in various oxidative stress-related diseases such
as cancer, colitis, cerebral hemorrhage, acute renal injury, Alzheimer’s disease and so on,
attributed to their favorable pharmacokinetic properties [86].

4.2. Safety of RNPs

It was previously reported that TEMPOL induces apoptosis by impairing the oxidative
phosphorylation and targeting complex I of the respiratory system affecting mitochondrial
membrane potential in HL-60 cells [87]. In our studies, similar findings confirmed that
LMW TEMPOL exerts adverse effects in various models, potentially caused due to its facile
internalization into the normal cells and disruption of critical redox balance attributed
to highly reactive nitroxide radicals. On the other hand, due to their higher molecular
weight (ca. 10 kDa) and the self-assembling size (ca. 20–50 nm), RNPs avoid internalization
into the normal cells and prevents disruption of their redox homeostasis [85,88]. For
instance, as shown in Figure 3d, when zebrafish were maintained in 3 mM and 30 mM
TEMPOL solution, they died within five days of TEMPOL addition. In contrast, in 30 mM
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RNPO-treated group, more than 95% of zebrafish survived at day 5, confirming low
toxicity of RNPs. This safety was further confirmed by the negligible damage to zebrafish
mitochondria in the RNP-treated group, while the elevated damage was observed in the
TEMPOL-treated group (Figure 3e) [88]. In the ex vivo blood spiking experiment, we also
confirmed that RNPs do not interact and internalize into the healthy blood cells (Figure 3c)
and disrupt mitochondrial membrane potential of blood cells, which was in sharp contrast
to TEMPOL [85]. In addition, the median lethal dose (LD50) of TEMPOL in C3H mice
was 341 mg/kg through intravenous administration, whereas for RNPN, LD50 value was
higher than 600 mg/kg (960 mmol N/kg) in ICR mice [77,89]. Extremely low toxicity of
RNPs than LMW TEMPOL confirms that the confinement of conjugated TEMPO in the
core of several tens of nanometer-sized self-assembled nanoparticles is necessary to avoid
off-target effects and attain enhanced accumulation in the target tissue, leading to higher
therapeutic effect.
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Figure 3. Characterization and non-toxicity of RNPs. (a) Laser light scattering intensity of RNPO and RNPN as a function
of pH, assessed by dynamic light scattering [77]. (b) SEM images of glass beads spiked in rat whole blood with saline,
TEMPOL, and RNPO (5 mM) for 30 min [85]. (c) The cellular uptake of TEMPOL and RNPO by rat whole blood cells
evaluated by ESR [85]. (d) Cumulative survival of zebrafish embryo maintained in RNPO (30 mM) and TEMPOL (3 and
30 mM) [88]. (e) Microscopic images of the mitochondrial damage in zebrafish larva after 12 h of treatment, assessed by
mitotracker and analyzed using a fluorescent confocal microscope system, scale bar 100 µm [88]. * p < 0.05 was considered
significant. This figure is reproduced with permission from References [77,85,88]. Copyright 2011, Elsevier; Copyright 2014,
JCBN; Copyright 2016, American Chemical Society.
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4.3. Pharmacokinetic Properties of RNPs

TEMPOL, a low molecular weight compound with an exposed reactive nitroxide
radical, has poor pharmacokinetics, which excretes rapidly after the administration. Thus,
to suppress the rapid excretion and avoid the unwanted adverse effects, we covalently
conjugated TEMPO to the amphiphilic block copolymer backbone with self-assembling
characteristics, forming nanoparticle with several tends nanometer in size and accumula-
tion tendency in the target inflamed site, such as a tumor. We confirmed this improvement
of the pharmacokinetic property of RNPs in the renal ischemia-reperfusion induced acute
kidney injury mice model [77]. In this study, an equal dose of RNPO, RNPN, and TEMPOL
(TEMPO: 75 mmol/kg) were administered to ICR mice, after which TEMPO concentration
was measured in the blood and kidneys by ESR. As shown in Figure 4a, TEMPOL cleared
from the blood within 0.1 h of the administration, whereas RNPO and RNPN remained in
the blood for more than 10 h. In the injured kidney (Figure 4b), TEMPOL was excreted
within 0.5 h of administration, whereas RNPO remained for 24 h and RNPN managed to
stay more than 10 h. This data confirmed that the kidneys, a major clearance organ, do
not remove the RNPs as fast as LMW TEMPO due to their suitable structure and size. It is
known that after reperfusion in the ischemic kidney, ROS level is significantly elevated,
causing inflammation and decreased pH via acidosis [90]. As shown in Figure 4a, RNPO

and RNPN in the blood are observed as intact micelles, assessed through a broader ESR
signal than TEMPOL radical. In kidneys with acidic lesions, RNPO integrity remains intact.
In contrast, the ESR signal of RNPN resembles to that of free TEMPOL radical (Figure 4b),
implying the micelle collapse in response to acidic pH in the injured kidneys. This data
confirms the pH sensitivity of RNPs in the diseased condition and their stability during
systemic circulation compared to LMW TEMPOL.

We also confirmed the pharmacokinetics of RNPN in a mice model of colon cancer,
by intravenous administration of RNPN and TEMPOL (40 mg/kg of TEMPO), which
was assessed by ESR measurement [82]. As shown in Figure 4c, RNPN remains in the
blood even until 24 h (AUC, 769.49). In contrast, the LMW TEMPOL signal decreases
drastically within 2 h (AUC, 19.2), which may be attributed to their diffusion into the
normal cells and preferential renal clearance. The total accumulation of RNP in the tumor
tissues (AUC, 39.6) was at least 6–7 fold higher than LMW-TEMPOL (AUC, 6.5). After 24 h
of administration, RNPN in tumor tissues was 8–9 fold higher (3.3% ID/g tumor tissue)
compared to TEMPOL (0.4% ID/g tumor tissue) (Figure 4d). Interestingly, RNPN remained
intact as micelle in the blood and collapsed in a low pH tumor area, as assessed by ESR
spectra. The reports mentioned above confirm that the covalent conjugation of TEMPO
with amphiphilic copolymer and their self-assembling core-shell structure significantly
suppresses their adverse effect and prolongs their presence in the systemic circulation. Due
to the long blood circulation of RNP, they gradually accumulate in the target site via the
EPR effect with negligible diffusion in the normal cells compared to LMW highly reactive
TEMPO radical. With such favorable pharmacokinetics and negligible toxicity compared to
LMW antioxidants, we evaluated the therapeutic efficacy of RNPs in various cancer models.
The next section will discuss the application of RNPs in breast cancer, colon cancer, prostate
cancer, and resistant epidermoid cancers as stand-alone or as adjuvants with conventional
anti-cancer drugs.
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Figure 4. (top) Pharmacokinetic property of RNPN and RNPO in the blood and diseased organs. Time profile changes
in the concentration of RNPO, RNPN, and TEMPOL; (a) blood and (b) injured kidney, after intravenous administration
(75 mmol/kg of TEMPO concentration) in a renal ischemia-reperfusion induced acute kidney injury mice model [75,77]. The
graph also displays ESR spectra of TEMPO radical of RNPs and TEMPOL. The ESR spectra of RNPs are broad under the
physiological pH conditions (7.4), confirming their micelle integrity, in contrast with the sharp triplet peak of free TEMPOL.
Under the decreased pH conditions, a typical diseased state, the pH-sensitive RNPN group shows sharp triplet ESR signals,
indicating the micelle collapse as compared to pH-insensitive RNPO, whose micelle integrity is unaffected. (bottom).
Biodistribution of RNPN and TEMPOL in a colon tumor (C-26 colon cancer cell line) bearing mice after intravenous
administration with 40 mg/kg of TEMPO concentration; (c) blood and (d) tumor [82]. These data confirm that RNPN is
stable in the blood (broad ESR signal), while it is collapsed in the tumor environment due to the reduced pH (sharp ESR
peaks). This figure is reproduced with permission from References [75,77,82]. Copyright 2011, Elsevier; Copyright 2014,
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim; Copyright, 2013 Elsevier B.V.

4.4. RNPs for Cancer Therapy
4.4.1. RNPs Inhibit the Tumorigenic Potential of Triple-Negative Breast Cancer

As stated above, we have succeeded in developing novel self-assembling antioxidants,
which is less toxic and do not cause intracellular disturbance to the redox homeostasis of the
normal cells. With these characteristics, the functionality of RNP as an anti-cancer drug was
investigated in breast cancer. Breast cancer is the most common cancer occurring in women
worldwide, with 2 million new cases diagnosed in 2018 (American Institute for Cancer
Research). Due to the increase in the mortality rate of breast cancer patients, an alternative
treatment is needed [91]. It was reported that breast cancer patients have significantly
higher ROS levels such as superoxide and hydrogen peroxide in plasma, which correlated
with the severity of the disease and altered antioxidant enzyme levels such as SOD in
the tumor cells [92,93]. Copper, a potent oxidant, was also significantly elevated in the
serum and tumor of cancer patients than the healthy subjects [94]. It is reported that copper
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induces HIF-1α and VEGF expression through the activation of the EGFR/ERK/c-fos
transduction pathway promoting breast tumor angiogenesis and progression, which were
reversed upon the addition of copper chelating agent and antioxidant NAC [95]. Menon
et al. reported that the loss of redox control of the cell cycle might contribute to the aberrant
proliferation of breast cancer cells [96]. Another report suggested that sublethal oxidative
stress by H2O2/hypoxanthine and xanthine oxidase inhibited tumor cell adhesion to
laminin and fibronectin and enhanced lung tumors of murine mammary carcinoma in an
experimental metastasis model [97]. Based on these critical roles of oxidative stress in breast
cancer survival, we evaluated the efficacy of our antioxidant self-assembled nanoparticle
in a breast cancer model.

We investigated the anti-tumor and anti-metastatic effects of RNPO and RNPN using
the triple-negative breast cancer cell line, MDA-MB231 (Figure 5a) [98,99]. Colony-forming
assay was carried out in vitro using breast cancer cell lines, metastatic MDA-MB-231 and
non-metastatic MCF-7. Treatment with IC50 values (RNPO; MDA-MB-231 = 2.20 mM,
MCF-7 = 1.14 mM, RNPN; MDA-MB-231 = 3.00 mM, MCF-7 = 1.08 mM, and TEMPOL;
MDA-MB-231 = 0.56 mM, MCF-7 = 0.46 mM), revealed that RNPN showed the highest
inhibition of colony-forming potential, followed by RNPO and TEMPOL (Figure 5b). This
data clearly indicates that the TEMPO-based antioxidants, RNPN and RNPO, exerted a
long-term inhibitory effect on the breast cancer cell growth regardless of their metastasis
tendency than LMW TEMPOL with less toxicity. We next investigated in vivo efficacy of
RNPs in a mouse xenograft model of breast cancer cell line, MDA-MB231. Intravenous
administration of RNPO and RNPN (TEMPO; 74.13 mg/kg, five times, three days interval)
showed a significantly decreased tumor growth than the untreated control and TEMPOL
(Figure 5c). The tumor growth profile graph clearly shows that RNPs inhibit tumor growth
much higher than TEMPOL and comparable to the conventional anti-cancer drug paclitaxel
(10 mg/kg, five times, three days interval), indicating the importance of ROS scavenging
in breast cancer treatments. We also confirmed that RNPs showed anti-metastatic effect by
inhibiting the growth of MDA-MB231 lung tumors in an experimental metastasis model,
which was higher than TEMPOL (TEMPO: 18.53 mg/kg/mouse, 10 times, 3 days interval)
and comparable to paclitaxel (5 mg/kg/mouse, 10 times, 3 days interval) (Figure 5d). This
decrease in tumor size exerted by RNPs corroborated with decreased tumor ROS, which
was negligibly reduced in the TEMPOL-treated group (Figure 5e).

NF-kB is a redox-sensitive transcriptional factor which regulates expression of metallo-
matrix protease (MMP-2) and α 2,6-sialyltransferae. MMPs function to degrade the extra-
cellular matrix proteins and has been correlated with poor clinical outcome in breast cancer
patients [10,100]. α 2,6-sialyltransferae catalyzes the addition of sialic acid to terminal
oligosaccharides attached on the lipid or protein moieties of the tumor surface, which
contributes to tumorigenesis, progression, and metastasis [101]. As shown in Figure 5f,g,
both RNPs downregulate the expression of NF-kB, MMP-2, and α 2,6-sialyltransferae in
MDA-MB231 tumors and cells, suggesting the mechanism of anti-tumor and anti-metastatic
effect of RNPs. It should be noted that such high efficacy of our antioxidant nanoparticle
was achieved with negligible adverse effects on the kidneys and livers, in contrast to LMW
TEMPOL, and paclitaxel-treated group (Figure 5h,i). These reports suggest that our RNPs
alone are more effective in inhibiting ROS-mediated tumorigenesis and metastasis of breast
cancer as compared to LMW antioxidants.
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4.4.2. RNPs Inhibit the Tumor Growth and Progression of Colitis-Associated Cancer

An increase in oxidative stress and oxidative cellular damage promoting carcinogene-
sis has been observed in inflammatory bowel disease patients [102,103]. Ulcerative colitis
(an inflammatory bowel disease) associated with colon cancer (CAC) is the third most
common malignancy and one of the major causes of cancer-related death [104]. With these
facts, we tested the efficacy of RNPs to suppress the oxidative stress-mediated tumor for-
mation in the mice colon [105]. The pharmacokinetics of RNPO by free drinking confirmed
that RNPO accumulates in the colon with negligible internalization in the blood (ESR
measurement) (Figure 6a). The localization of rhodamine-labeled RNPO further validated
the colon accumulation of RNPO after 4 h of administration. As shown in Figure 6b, the
rhodamine-labeled RNPO was strongly observed in the colon, especially in the colon’s
mucosa area. In contrast, no fluorescent was observed in rhodamine administered group,
as it was excreted out sooner than RNPO. This data confirmed that LMW antioxidants
might not be suitable for CAC treatment due to their poor retentivity in the colon [106].
The effect of RNPs on colon cancer was investigated by a CAC mice model, which was
prepared by intraperitoneal injection with azoxymethane (AOM) (10 mg/kg body weight)
followed by two cycles of 7d-treatment of 3% dextran sodium sulfate (DSS) (Figure 6c). As
shown in Figure 6d,e, the oral administration of RNPO during DSS treatment significantly
suppressed the tumor formation in the colon, which was confirmed by endoscopy and H
and E stained colon tissues. In the RNP-treated group, no change in the body weight was
observed compared to AOM/DSS control, which was significantly reduced during DSS
treatment (data not shown).

It is worth noting that such an effect of RNPO was supported with decreased colitis
disease index and pro-inflammatory cytokine interferon-gamma (IFN-γ). These results
indicate the potential of RNPO to reduce colitis-induced inflammation, which is a major
factor for the induction of colon cancer. Ad libitum drinking of RNPO solution (5 mg/mL)
after AOM and DSS treatment also significantly suppressed the tumor formation in the
colon as assessed by endoscopy and histology (Figure 6f–h). These reports confirmed that
RNPO is an effective and suitable nano-antioxidant for the treatment of colon cancer.

4.4.3. Synergistic Effects of RNP and Fibrinolytic Tissue Plasminogen Activator for Colon
Cancer Therapy

It is well known that the efficacy of drugs to inhibit tumor growth depends on whether
the drug has sufficiently reached the target site or not, which depends on the blood
perfusion status within the tumor vessels [107]. The tumor microenvironment is complex,
comprising of extracellular matrix (ECM) components such as fibrin, elastin, laminin,
collagen, platelet aggregation, etc. The ECM is known to obstruct the blood flow and
perfusion to the tumor areas, limiting the effective delivery of drugs, contributing to
inadequate drug response, and promoting drug resistance [108].

Degradation of ECM components from the tumor environment is a robust strategy to
improve vascularization and blood supply to the tumors. Fibrinolytic tissue plasminogen
activator (t-PA), is a member of the serine protease family, physiologically involved in the
matrix regulation and homeostasis of the blood coagulation/fibrinolysis [109]. Zhang et al.
reported on the use of t-PA for modulating the tumor microenvironment to improve the
delivery efficiency of anti-cancer drug to the target site [110].

250



J. Pers. Med. 2021, 11, 92

J. Pers. Med. 2021, 11, x FOR PEER REVIEW 14 of 25 
 

 

(an inflammatory bowel disease) associated with colon cancer (CAC) is the third most 
common malignancy and one of the major causes of cancer-related death [104]. With these 
facts, we tested the efficacy of RNPs to suppress the oxidative stress-mediated tumor for-
mation in the mice colon [105]. The pharmacokinetics of RNPO by free drinking confirmed 
that RNPO accumulates in the colon with negligible internalization in the blood (ESR 
measurement) (Figure 6a). The localization of rhodamine-labeled RNPO further validated 
the colon accumulation of RNPO after 4 h of administration. As shown in Figure 6b, the 
rhodamine-labeled RNPO was strongly observed in the colon, especially in the colon’s 
mucosa area. In contrast, no fluorescent was observed in rhodamine administered group, 
as it was excreted out sooner than RNPO. This data confirmed that LMW antioxidants 
might not be suitable for CAC treatment due to their poor retentivity in the colon [106]. 
The effect of RNPs on colon cancer was investigated by a CAC mice model, which was 
prepared by intraperitoneal injection with azoxymethane (AOM) (10 mg/kg body weight) 
followed by two cycles of 7d-treatment of 3% dextran sodium sulfate (DSS) (Figure 6c). 
As shown in Figure 6d,e, the oral administration of RNPO during DSS treatment signifi-
cantly suppressed the tumor formation in the colon, which was confirmed by endoscopy 
and H and E stained colon tissues. In the RNP-treated group, no change in the body 
weight was observed compared to AOM/DSS control, which was significantly reduced 
during DSS treatment (data not shown). 

 
Figure 6. Anti-tumor effect of RNPO in colitis-induced colon cancer (CAC) model. (a) Accumulation of RNPO in the gas-
trointestinal tract by ad libitum drinking, assessed by ESR measurement [105]. (b) Localization of rhodamine-labeled 
RNPO (rhodamine-RNPO) in the colon section, 4 h after the oral administration with 5 mg/mL of rhodamine-RNPO (1 mL), 
scale bar 200 μm [106]. (c) The scheme showing anti-tumor effect (protective) of orally administered RNPO in 
azoxymethane (AOM) and dextran sodium sulfate (DSS) (AOM/CAC) induced colitis-associated cancer in mice. RNPO 
(200 mg/kg/d) was administered by oral gavage during the two weeks of the DSS treatment period. (d) RNPO inhibits the 
formation of colon tumor, confirmed by tumor score and assessed by endoscopy. (e) The endoscopic imaging of mice 
colon, displaying tumor shown by white arrows and H and E-stained colon tissues (scale bar 100 μm) at the experimental 
endpoint (day 70). (f) The scheme showing anti-tumor effect (therapeutic) of ad libitum drinking of RNPO in AOM/CAC-
induced colitis-associated cancer in mice. RNPO (1, 2.5, and 5 mg/mL) was available as ad libitum drinking after AOM/DSS 
treatment. (g) The therapeutic effect of RNPO to inhibit the formation of colon tumor as confirmed by tumor score, which 

[B] 

[F]             
[G] 

[E] 

[H] 

Rhodamine          Rhodamine-RNPO

Colon section (4h)

En
do

sc
op

ic
im

ag
e

H
 a

nd
 E

En
do

sc
op

ic
im

ag
e

H
 a

nd
 E

(a) (b) 

(c) Oral gavage
(d) (e) 

(f) Free drinking (g) (h) 

Figure 6. Anti-tumor effect of RNPO in colitis-induced colon cancer (CAC) model. (a) Accumulation of RNPO in the
gastrointestinal tract by ad libitum drinking, assessed by ESR measurement [105]. (b) Localization of rhodamine-labeled
RNPO (rhodamine-RNPO) in the colon section, 4 h after the oral administration with 5 mg/mL of rhodamine-RNPO (1 mL),
scale bar 200 µm [106]. (c) The scheme showing anti-tumor effect (protective) of orally administered RNPO in azoxymethane
(AOM) and dextran sodium sulfate (DSS) (AOM/CAC) induced colitis-associated cancer in mice. RNPO (200 mg/kg/d) was
administered by oral gavage during the two weeks of the DSS treatment period. (d) RNPO inhibits the formation of colon
tumor, confirmed by tumor score and assessed by endoscopy. (e) The endoscopic imaging of mice colon, displaying tumor
shown by white arrows and H and E-stained colon tissues (scale bar 100 µm) at the experimental endpoint (day 70). (f) The
scheme showing anti-tumor effect (therapeutic) of ad libitum drinking of RNPO in AOM/CAC-induced colitis-associated
cancer in mice. RNPO (1, 2.5, and 5 mg/mL) was available as ad libitum drinking after AOM/DSS treatment. (g) The
therapeutic effect of RNPO to inhibit the formation of colon tumor as confirmed by tumor score, which was assessed by
endoscopy. (h) The endoscopic imaging of mice colon, displaying tumor shown by white arrows and H and E stained colon
tissues (scale bar 100 µm), at the experimental endpoint (day 70). Black arrows in H and E colon stained tissues indicate
the necrotic cells surrounded by cancer cells, blue arrows indicate adenoma, and red arrows display normal crypts [105].
* p < 0.05 was considered significant. This figure is reproduced with permission from References [105,106]. Copyright 2018,
Elsevier Ltd.; Copyright 2012, AGA Institute (Elsevier publisher).

Because the half-life of the naked t-PA is extremely short (<5 min), continuous and
invasive intravenous administrations are required to show their effectiveness [111]. In
this line, we employed RNP as a new delivery platform for t-PA, which not only acts
as DDS with favorable pharmacokinetics but also contributes to the anti-tumor effect
through ROS scavenging characteristic (Figure 7a) [112,113]. t-PA@iRNP (hereafter “i” in
iRNP denotes the core composed of polyion complex) is a core-shell structured polyion
complex (PIC) micelle consisting of three components: (i) ROS scavenging cationic PEG-
b-PMNT diblock amphiphilic copolymers, (ii) anionic poly (acrylic acid) (PAAc) and (iii)
fibrinolytic t-PA (Figure 7a). We found that t-PA@iRNP retained their enzymatic activity
after 2 h (t1/2 = 71 min) of intravenous administration, whereas the activity of naked t-PA
decreased within 0.5 h (t1/2 = 8 min) (Figure 7b) [113]. The prolonged enzymatic activity of
t-PA@iRNP than naked t-PA is due to the stable encapsulation of t-PA in the iRNP matrix,
which protected it from the enzymatic degradation. We have previously confirmed that t-
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PA@iRNP had almost no enzymatic activity under the physiological pH (7.4). On the other
hand, upon decreasing the pH, its enzymatic activity was significantly increased, indicating
the pH responsive collapse of t-PA@iRNP. Intravenous administration of t-PA@iRNP (t-PA;
0.04mM and iRNP; 5.3 mM TEMPO, five times with interval of three days) to mouse
xenograft model of C-26 colon cancer cell line, showed effective suppression of tumor
growth as compared to control, t-PA@niRNP (no antioxidant capacity), naked t-PA, and
iRNP, validating the synergistic effect of iRNP and t-PA (Figure 7c) [112]. Interestingly,
iRNP alone also showed a significant anti-tumor effect on colon tumors. It should be noted
that the pharmacokinetics of t-PA upon encapsulation by iRNP is favorably changed for
in vivo application. This pattern can be seen in t-PA@niRNP, where a higher effect of t-PA
could be observed when encapsulated in niRNP (no antioxidant capacity), than the naked
t-PA itself, indicating the importance of delivery systems for the proteins (Figure 7c,d).
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Figure 7. Anti-tumor effect of fibrinolytic tissue plasminogen activator installed in radical containing nanoparticles (t-
PA@iRNP). (a) Schematic illustration of the delivery and therapeutic effect of t-PA@iRNP in tumors characterized by dense
fibrin extracellular matrix [112]. (b) Ex vivo thrombolytic activity of t-PA enzyme, after intravenous administration in mice
with equimolar dose of naked t-PA and t-PA@iRNP, measured using t-PA’s ability to hydrolyze a tri-peptide chromogenic
substrates of H-D-isoleucyl-L-prolyl-L-arginine-p-nitroanilide dihydrochloride to p-nitroaniline. Liberated p-nitroaniline
was measured spectrophotometrically at 405 nm by using a UV-Vis spectrometer [113]. (c) Tumor growth profile in a C-26
colon murine cancer model, intravenously administered (5 times) with saline (control), t-PA (0.04 mM), and iRNP (TEMPO;
5.3 mM). (d) Representative images of fibrin immunofluorescence (white arrow) in the tumor tissues, scale bar 10 µm. (e)
Superoxide level in tumor tissue homogenate measured by ROS sensitive dye, dihydroethidium. (f) Tissue factor in tumor
lysates measured by ELISA [112]. * p < 0.05 was considered significant. This figure is reproduced with permission from
References [112,113]. Copyright 2020, Elsevier Ltd.; Copyright 2019, Elsevier Ltd.

We also confirmed that the higher effect of t-PA@iRNP was due to higher fibrin degra-
dation in the tumor area by t-PA (Figure 7d), decreased ROS (Figure 7e), and downregulated
NF-kB by iRNP (data not shown). Both t-PA@iRNP and iRNP-treated group significantly
reduced the expression of ROS-regulated tissue factor, which activates coagulation and
platelets essential for tumor growth and metastasis increase (Figure 7f) [114,115]. Based
on these results, it is clear that RNP possesses bidentate roles, viz., effective carriers for
t-PA to target solid tumors and suitable anti-cancer drugs, which effectively scavenge
overproduced ROS around the tumor environment.
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4.4.4. RNPs Enhances the Therapeutic Efficiency of Pioglitazone on Prostate Cancer

Pioglitazone belongs to thiazolidinediones family that shows efficacy in type 2 dia-
betes mellitus and cancer, accompanied by several adverse effects such as hepatotoxicity,
cardiac abnormalities, and weight gain due to fluid retention [116]. In addition to severe
toxicity exerted by pioglitazone, poor solubility and low bioavailability due to extensive
liver metabolism are also its drawbacks [117]. Several reports have confirmed that liver
metabolism of pioglitazone forms reactive oxidative intermediates that potentially damages
hepatocytes [118]. Considering this, we prepared RNP encapsulated with pioglitazone
(Pio@RNPN) to prevent premature metabolism of pioglitazone in the liver by modulating its
pharmacokinetics property and decrease its ROS-mediated adverse effect by TEMPO radi-
cal of RNP (Figure 8a) [116]. Pharmacokinetic studies revealed that oral administration of
Pio@RNPN, enhanced systemic presence of pioglitazone (AUC: 113.2) to twice as compared
to free pioglitazone (oral) (AUC: 51.2), whereas intravenous administration Pio@RNPN

showed the highest plasma concentration of pioglitazone (AUC: 723.9) (Figure 8b). In
this study, free pioglitazone was administered orally in a CMC formulation due to its low
solubility, whereas no such issue was observed in the encapsulation of pioglitazone in RNP.
Biodistribution studies confirmed that Pio@RNPN (intravenous; i.v.) accumulated highest
in tumor tissues (10% ID/g tissue) followed by oral administration of Pio@RNPN (3.8%
ID/g tissue) and oral pioglitazone (1.2% ID/g tissue) (Figure 8c).
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Figure 8. RNP increases the chemotherapeutic efficiency of pioglitazone (Pio) and suppresses its adverse effects. (a)
Chemical structure of RNPN’s polymer (PEG-b-PMNT) and illustration of pioglitazone encapsulated in RNPN. (b) Systemic
bioavailability pioglitazone (oral), Pio@RNPN (oral), and Pio@ RNPN (i.v.) in mice administered with 15 mg/kg of
pioglitazone. (c) Biodistribution of pioglitazone in various organs of mice after the treatment period of 25 days. (d) Tumor
growth profile of prostate cancer (PC-3) in a mouse model, administered with PBS (control), free pioglitazone and Pio@
RNPN (Pio: 15 mg/kg and RNPN: 300 mg/kg). (e) RNPN suppresses the adverse effect exerted by pioglitazone as assessed
by liver histology stained by H and E (SD: sinusoidal dilatation, KC: Kupffer cells). (f) Superoxide inhibitory activity in
liver homogenates administered with samples (from tumor xenograft studies) as evaluated by xanthine-xanthine oxidase
assay [116]. * p < 0.05 was considered significant. This figure is reproduced with permission from Reference [116]. Copyright
2016, Elsevier Ltd.

With such favorable pharmacokinetic properties of Pio@RNPN over free pioglitazone,
its anti-cancer therapeutic efficacy was tested in a mouse xenograft model of prostate
cancer (PC-3) (Figure 8d). At the experimental endpoint, orally administered pioglitazone
reduced tumor volume by only 25%, Pio@RNPN (oral) by 36%, while Pio@RNPN (i.v.)
showed the highest anti-tumor effect with 60% growth inhibition. In addition, intravenous
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administration of Pio@RNPN largely protected the liver toxicity exerted by ROS induced by
the pioglitazone treatment (Figure 8e). An ex vivo xanthine/xanthine oxidase (superoxide
scavenging) assay was conducted to measure the ROS scavenging effect of the TEMPO in
the liver homogenates of the treated mice. In this assay, the xanthine/xanthine oxidase
system generates superoxide ion radicals detected by nitro blue tetrazolium. When liver
homogenates from treated mice are spiked with xanthine/xanthine oxidase, the generated
superoxide ions are scavenged by antioxidants in liver homogenates, in our case, nitroxide
radical (TEMPO). Higher the TEMPO in the liver homogenates, the higher the superoxide
inhibition/scavenging ability. Figure 8f shows that Pio@RNPN (i.v.) exerts highest super-
oxide ion inhibition potential than orally administered Pio@RNPN, and pioglitazone itself,
suggesting the localization of RNPN in liver which might have contributed to the inhibition
of pioglitazone-mediated adverse effect. This data corroborated with the result of lipid
peroxidation status in the liver. We confirmed that Pio@RNPN (i.v.) treated group had
a significantly lower lipid peroxidation level than pioglitazone (data not shown). These
reports highlights the potential of RNPN as a DDS that increases the therapeutic efficacy of
pioglitazone and decreases its adverse effects.

4.4.5. RNPs Enhances the Therapeutic Efficiency of Doxorubicin on Colon Cancer and
Epidermoid Cancers

The effectiveness of cancer chemotherapy is greatly limited due to the drug-resistant
characteristics of tumor cells, attributed largely to their drug efflux system [119]. It is
reported that P-glycoprotein (P-gp) and multi-drug resistance-associated protein-1 (MRP1),
which belong to the ATP-binding cassette (ABC) transporter superfamily, are overexpressed
in various cancers [120]. P-gp and MRP-1 both have been reported to confer resistance
to various cancers against anti-cancer drugs [121]. With this fact in mind, several drug
combination approaches have been applied that use ABC transporter inhibitors as adju-
vants to overcome the drug resistance and potentiate the anti-cancer drug efficacy. For
instance, administration of dofequidar, a P-gp inhibitor, with anti-cancer drugs such as
cyclophosphamide, doxorubicin (Dox) and fluorouracil to patients with advanced or re-
current breast cancer, increased progression-free survival days from 241 (without P-gp
inhibitor) to 366 [122]. However, several clinical trials have largely failed to manifest the
therapeutic efficacy of such anti-cancer drugs/adjuvants. For instance, no improvement
in the disease-free survival was observed in recurring or refractory multiple myeloma
patients with and without P-gp inhibitor, valspodar, in conjunction with vincristine, Dox,
and dexamethasone [123]. Although drug-efflux system inhibition for multi-drug resis-
tance tumor therapy seems to be robust, these effects are not noteworthy. Binkhathlan
et al. attributed the apparent failure of these adjuvants (drug efflux inhibitors) to demon-
strate clinical efficacy to their non-specific action and distribution, causing toxicities due
to their LMW [124]. Another possibility might be that the inhibitors themselves were not
compelling enough. In this line, improved drug efflux inhibitors or the use of the delivery
platform that specifically accumulates in the resistant tumors are highly desirable.

It was reported previously that oxidative stress is strongly related to this drug resis-
tance. For example, ROS activates NF-kB, which increases drug efflux proteins such as P-gp
and MRP-1, located in the cellular membrane [125]. It was also previously reported that
P-gp and MRP-1 both are regulated independently by ROS in cancers [126,127]. Therefore,
antioxidants are one of the candidates to suppress this drug resistance and increase the
efficacy of anti-cancer drugs. Although pre-administration of LMW antioxidants such as
edaravone and TEMPO have been evaluated to suppress the drug resistance of cancers, the
results are not satisfactory [60,128]. Despite the fact that the antioxidant application for the
chemoresistant cancer treatment may be in the right direction, however, they might not be
effective due to the preferential clearance properties or low systemic retention as stated
above. Therefore, in this line, we applied antioxidant RNPs to overcome the shortcoming
of LMW drug efflux protein inhibitors/antioxidants by decreasing the ROS associated drug
resistance.
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Dox, is known to generate ROS in vivo, which results in severe adverse effects in
the normal tissues and increases the drug resistance of tumors [129]. Thus, we evaluated
the ability of our RNPs to sensitize cancer cells and potentiate the efficacy of Dox by
scavenging ROS in the colon and epidermoid cancer models. We have previously shown
that intravenous administration of RNP accumulates significantly higher in C-26 colon
tumors, while LMW TEMPOL excretes faster (Figure 4c,d) [82]. To confirm the sensitiz-
ing effect of RNPs, in a C-26 colon cancer model, we pre-administered RNPN (i.v.) for
4 days, followed by Dox administration (10 mg/kg) [82]. The RNPN + Dox-treated group
showed the highest tumor growth suppression, followed by the free Dox administration
group, as shown in the tumor growth profile graph (Figure 9a). It is interesting to see that
pre-administration of TEMPOL did not decrease any tumor growth at all as compared
to Dox alone, which indicates the poor systemic and tumor presence of TEMPOL com-
pared to RNPN (Figure 4c,d and Figure 9a). As previously mentioned, Dox increases the
ROS, which is one of the reasons for its off-target effects on the heart and several other
organs. We confirmed that pre-administration of RNPN decreases the ROS in the heart
tissues (Figure 9b), which prevented Dox-induced cardiotoxicity as assessed by creatine
phosphokinase, a marker for myocardial damage (Figure 9c). Such protective effect was
not seen in the TEMPOL treated group. These data implied that RNP not only potentiate
the efficacy of Dox against colon cancer but also decreases its adverse effects.
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Figure 9. (top). RNP increases the therapeutic effect of doxorubicin (Dox) in a colon cancer model. (a) Tumor growth profile
of subcutaneous colon tumor (C-26) pre-treated with RNPN (i.v., 100 mg/day for 4 days, days−4 to −1), followed by a
single injection of DOX (i.v., 10 mg/kg on day 0). The ability of RNPN to inhibit the cardiotoxicity of Dox mediated by
increased ROS [82]; (b) inhibition of superoxide level by RNPN in the heart homogenates, (c) creatine phosphokinase (CPK)
in plasma, a marker of heart damage. Mice were intravenously injected with RNPN (25 mg/kg/day) and LMW-TEMPOL
(4 mg/kg/day), followed by DOX (20 mg/kg, i.v.) 30 min later. 3 days post Dox administration, samples were analyzed.
(bottom). RNPs increases the therapeutic effect of Dox by overcoming drug resistance in the epidermoid cancer cell lines.
(d) Cytotoxicity of combination treatments: RNPN (2 mg/mL) and Dox (5 µg/mL) for 48 h in epidermoid cancer cell
lines-drug sensitive KB-31, drug-resistant KB-MRP overexpressing drug efflux transporter, MRP-1 and drug-resistant KB-C2
overexpressing drug efflux transporter, P-gp; (e) Dox uptake in epidermoid cancer cell lines after 2 h of treatment (RNPN

(2 mg/mL) and Dox (5 µg/mL)). (f) ROS level after 24 h of treatment with RNPN (2 mg/mL) and Dox (5 µg/mL) in
epidermoid cancer cell lines [130]. * p < 0.05 was considered significant. This figure is reproduced with permission from
Reference [82] and adapted from [130]. Copyright 2013, Elsevier B.V.; Copyright 2017, Elsevier Ltd.
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In our next study, we confirmed this effect by co-treatment of RNPN with Dox in 3
different types of epidermoid cancer cells: Drug-sensitive KB-31, drug-resistant KB-C2
(overexpressing P-gp) and KB-MRP (overexpressing MRP-1) (Figure 9d–f) [130]. As shown
in Figure 9d, the viability of resistant cancer cell lines with the combination treatment
of RNPN + Dox decreases significantly as compared to the Dox alone (48 h treatment).
These significantly different efficiencies corroborated with Dox uptake tendencies; where in
RNPN treatment (2 h), a significantly higher Dox uptake was observed in contrast to cells
without RNPN (Figure 9e). Figure 9f shows that ROS is elevated in the resistant cancer cells
that may further confer resistance to the cancer cells, which was significantly reduced upon
RNPN treatment. It should be noted that the drug-sensitive cell line, KB-31, was sensitive
to RNP and Dox treatment, with high internalization of Dox, confirming negligible drug
resistance level due to low drug efflux proteins. These data imply that the antioxidant
activity of RNP is essential to modulate the drug efflux proteins by scavenging regulatory
ROS, allowing the enhanced internalization and toxicity of Dox. Based on these data, it is
concluded that RNP is a potential antioxidant to decrease the drug resistance of various
cancers.

5. Conclusions

Cancers are characterized by persistent elevated intracellular ROS, critical for their
survival, proliferation, angiogenesis, and metastasis. Therefore, the use of antioxidants
is a suitable choice of therapeutic interventions to impede tumorigenesis. However, the
failure of LMW antioxidants to inhibit tumors clinically accentuates the need for new
therapeutic strategies to limit various cancers. In this line, our newly developed self-
assembling antioxidants, RNPO and RNPN, both have shown effective ROS-reduction
mediated anti-cancer effect in vitro and in vivo as stand-alone or as an adjuvant to reduce
aggressiveness and/or sensitize several cancers for chemotherapy. Higher bioavailability,
specific tumor accumulation, and negligible toxicity of RNPs make them more suitable
antioxidant therapeutic intervention than LMW counterparts for the cancer treatment.
Recently, several other groups have started antioxidant therapy based on their own design.
For instance, Moriyama et al., prepared antioxidant micelles from poly (ethylene glycol)-
b-poly (dopamine) block copolymers that inhibits angiogenesis in the chicken ex ovo
chorioallantoic membrane assay [131]. Rocha et al., also developed epigallocatechin-3-
gallate incorporated polysaccharide nanoparticles which inhibited Du145 prostate cancer
cells in vitro [132]. Including their work, the authors hope to establish a new field for
antioxidant-based cancer therapeutics.
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Abstract: The extracellular matrix (ECM) plays an active role in cell life through a tightly controlled
reciprocal relationship maintained by several fibrous proteins, enzymes, receptors, and other com-
ponents. It is also highly involved in cancer progression. Because of its role in cancer etiology,
the ECM holds opportunities for cancer therapy on several fronts. There are targets in the tumor-
associated ECM at the level of signaling molecules, enzyme expression, protein structure, receptor
interactions, and others. In particular, the ECM is implicated in invasiveness of tumors through
its signaling interactions with cells. By capitalizing on the biology of the tumor microenvironment
and the opportunities it presents for intervention, the ECM has been investigated as a therapeutic
target, to facilitate drug delivery, and as a prognostic or diagnostic marker for tumor progression
and therapeutic intervention. This review summarizes the tumor ECM biology as it relates to drug
delivery with emphasis on design parameters targeting the ECM.

Keywords: extracellular matrix; drug delivery; tumor; cancer; targeting

1. Introduction

Targeted drug delivery capitalizes on biological aspects of the tumor ECM, and can
thus be informed by an understanding of the intricate dynamics that affect the tumor mi-
croenvironment. Many drug carriers are modified to target specific upregulated biomarkers,
proteins, receptors, and other epitopes within the tumor ECM in order to increase local-
ization by capitalizing on a biological change in the tumor microenvironment compared
to healthy tissue. Here we summarize both drug delivery and cancer biology literature to
understand the local dynamics that influence drug delivery.

The ECM, the complex non-cellular environment, is essential to cell processes [1].
It has a reciprocal relationship with cells, providing signaling cues that influence nearly
all aspects of cell life [2]. Once thought to be merely a structural support, the ECM is
now well-recognized to have a homeostatic relationship with cells maintained through
biochemical and mechanotransducive interactions [3]. Homeostasis is maintained through
a tightly structured enzymatic processing of ECM components. In cancer, this homeostasis
is disrupted in favor of promoting excessive growth of cells and an invasive phenotype [4].
The ECM presents opportunities to target, treat, and modulate the stroma, as well as epitope
targets and biological mechanisms that can be harnessed for therapeutic intervention [5].
For example, the contribution of various ECM enzymes to tumor growth and invasion has
led to development of therapeutics based on enzyme inhibition strategies. Additionally,
the biochemical and morphological changes in the ECM can be interpreted as diagnostic
and prognostic markers [6,7].

In this review, we take a comprehensive look at the many ways that the ECM can be
used as a tool for cancer treatment. To this end, we first discuss the complex biology of
the ECM, its function and composition, and the changes it undergoes in cancer. We then
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examine efforts to employ it as a therapeutic target and as a diagnostic and prognostic
marker, as well as strategies to prime the ECM to improve drug delivery through small
molecule approaches and mechanical or enzymatic strategies. Finally, we examine efforts to
further improve delivery through the use of drug carriers by ECM targeting or modulation.

2. Extracellular Matrix: Structure, Function, and Involvement in Cancer Etiology

In this section, we provide background for ECM-based therapeutic strategies by
presenting an overview of the biology of the healthy ECM, its components, and its structure.
We then discuss the changes induced by cancer in the ECM, which present epitopes for
targeting and pathways to hijack for therapeutic intervention. Finally, we highlight some
of the differences between healthy and tumor ECM. These ideas together provide a basis
for a biological platform that can be leveraged for ECM-based strategies.

2.1. Function and Role of the ECM

The ECM firstly serves as a physical scaffold that helps to maintain the structure of
organs [8]. It delineates tissue boundaries, preventing unnecessary cell migration and
abnormal proliferation, and provides elasticity for organs [8,9]. Providing elasticity is
particularly important during development and morphogenesis [10].

Next, the extracellular matrix serves as an adhesive substrate to facilitate cell migra-
tion. The mechanisms of cell adhesion are carried out through a set of molecules and
receptors collectively known as the adhesome [11]. The adhesion sites help connect cells
with their neighboring cells [12]. Additionally, with respect to the ECM, these adhesion
molecules are important for environmental sensing, including for both chemical and physi-
cal properties [12]. Adhesion interactions occur through both integrin and non-integrin
receptors. Integrins are transmembrane proteins composed of an α subunit and a β subunit.
They interact with molecules in the ECM. There are 18 different α chain subunits and
8 different β chain subunits, which give many possible heterodimeric integrins [12]. The
adhesome molecules are substrates for attachment, as well as mediators involved in the
growth and remodeling of the ECM [11,13,14]. Integrins are stimulated by both mechanical
(detecting stiffness of the ECM) and biochemical cues which instigate a conformational
change, leading to downstream biochemical responses that modulate cell behavior [15–17].
Specific integrins on cells sense corresponding proteins and epitopes from the ECM [16].
Several matricellular proteins (including fibronectin [18], collagen, and others) are recog-
nized by integrins and participate in the ECM–cell communication. These proteins are
then further connected by a web of interactions with cells and other ECM components.
Integrins and adhesion dynamics offer many opportunities for drug development and
targeting [19–21].

Related to this environmental sensing that facilitates cell migration, an interesting and
complex role that the ECM plays is in ECM–cell signaling, which is facilitated through
multiple mechanisms. Fibrous proteins and glycosaminoglycans in the ECM bind growth
factors and serve as a repository of embedded molecules which then get released in a
regulated fashion through enzymatic processing [22]. These molecules are presented to the
cell surface and in turn activate cellular pathways, in addition to direct ECM molecular
interactions with cell surface receptors, facilitating intracellular signaling [22,23]. Exam-
ples of the ECM molecules that serve as reservoirs include heparan sulfate and heparan,
collagen, and others. Examples of bound growth factors include vascular endothelial
growth factor (VEGF), fibroblast growth factors (FGF), and others [24]. Remodeling of
ECM molecules is facilitated predominantly by matrix metalloproteinases (MMPs) [25]. In
some cases, the ECM molecule instead serves as a cofactor in the binding of growth factors
to their cognate receptors [26].

In addition to the biochemical dynamics of these components, biomechanics also plays
an important role in the ECM, both in terms of maintaining homeostasis as well as ECM–
cell signaling [3]. The ECM communicates with cells through mechanotransduction [3].
In this process, the fibrous structure of the ECM exerts a mechanical pressure on the cell
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surface, where the tensile strength conveys signals [3]. The density and alignment of the
fibrous structures both play an important role in this process [6].

The mechanical and dynamic homeostasis of the ECM is critical [3]. Homeostasis is
maintained through effector cells and sensing. In the case of fibrous collagen, fibroblasts are
important as effector cells in this process, as they secrete both collagen and proteases such
as matrix metalloproteinases that can break down collagen in response to cues [3]. This
breakdown maintains homeostasis within the ECM and with respect to cells and cellular
function [27]. Disruptions to this homeostasis matter because they are both symptomatic
and causative of pathological conditions, and often promote disease progression.

2.2. Composition of the ECM

The composition of the ECM varies depending on the type of ECM and the location.
There are approximately 300 proteins in the mammalian ECM [9]. ECM material is secreted
by fibroblasts, and it is in general made up of proteins (such as collagen, elastin, and
fibronectin), glycosaminoglycans (largely hyaluronic acid), and proteoglycans (heparan
sulfate and others). It interacts with cells and organs and maintains a tensile and com-
pressive force [2]. It is also comprised of growth factors and signaling molecules, and it
houses various immune and other cells, such as fibroblasts. The most abundant constituent
is collagen, with the interstitium containing primarily collagen type I [28]. Fibroblasts
secrete collagen and help organize its structure [29]. Elastin is secreted as tropoelastin,
assembled into fibers, and tightly associated with the collagen, providing elasticity [2].
Fibronectin is involved in organizing the ECM, mediating cell functions and interaction,
and its unfolding is mediated by mechanical forces [2]. Proteoglycans, which are made up
of proteins covalently attached to glycosaminoglycans, are involved in interactions with
growth factors and other signaling molecules, playing a role in the organization of the ECM
structure [1]. Hyaluronan, a glycosaminoglycan, is involved in mediating several functions
through binding to cell receptors [1]. Additionally there is a milieu of enzymes, which
continually remodel the ECM and maintain homeostasis. Some examples of these include
MMPs, a disintegrin and metalloproteases (ADAMs), a disintegrin and metalloproteases
thrombospondin motifs (ADAMTs), heparanase, and many others [1]. The interstitium
is connected to a basement membrane which separates it from blood vessels [30]. The
basement membrane is predominantly composed of collagen type IV and laminin [30]. All
of these molecules have receptors with which they interact in order to facilitate commu-
nication between cells and the ECM. Specific components of the ECM that are important
targets for delivery are described in more detail later.

2.3. Pathological ECM

Hanahan and Weinberg famously described the hallmarks of cancer [31], and Pickup
et al. extended this concept to how the extracellular matrix contributes to each of these
hallmarks [32]. Cues from the ECM play a role in influencing each of these hallmarks,
attesting to the integrative nature of cancer with its environment, and these are in fact
essential to the development of malignancies [32]. In cancer, the ECM processes are
dysregulated to collectively promote tumor growth and metastasis.

2.3.1. Enzyme Upregulation

Numerous enzymes (such as MMPs and cathepsins) are upregulated in the tumor
ECM, which promote degradation and weakening of the basement membrane (although
the relationship with these enzymes is more complex, with some enzymes showing both
pro- and anti- tumor effects [33,34]). A summary of ECM enzymes is given in Table 1.
Additionally, it is important to consider the distribution of enzymes and molecules within
the tumor microenvironment, particularly in the context of targeting. Figure 1, adapted
from Isaacson et al. [25], summarizes the distribution of MMP enzyme subtypes within a
tumor microenvironment. Enzyme inhibition is a common disease therapy, and Table 2
gives examples of enzyme inhibitors with corresponding enzymes. The list is by no means
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exhaustive, but highlights some of the more studied examples of small molecules, drugs,
and others and their associated matrix components. Increased enzymatic remodeling of
various constituents primes the microenvironment for cancer through breakdown of the
matrix to allow cell migration, weakening of the basement membrane to permit escape, in-
creased growth, and increased presentation and release of pro-tumor cues [4]. Additionally,
enzymatic remodeling leads to exposing cryptic domains within ECM protein structures,
which enables binding of signaling factors that promote growth and angiogenesis [30].
This includes largely MMPs as well as cathepsins. Cathepsin K, for example, is responsible
for bone resorption [35], and it is upregulated in breast cancer tumors that metastasize to
the bone. Cathepsin B is involved in weakening of the basement membrane, promoting
metastasis [36]. These also vary by tumor type and subtype. The differences attest to
the heterogeneity of tumor stroma profiles. Another example, tissue-type plasminogen
activator (tPA), is known to be secreted by cancer cells, and it is associated with several
proteolytic channels, including fibrin degradation, and coagulation and complement sys-
tems [1]. This can lead to fibrin clots, leading to a restriction of tumor vascular permeability.
Fibrin blood clots are degraded by plasmin, which is produced through the digestion of
plasminogen via tPA [1]. These various enzymatic changes and processes are essential to
cancer progression and metastasis.

Table 1. Extracellular matrix enzymes.

Enzyme
Family Enzyme Substrate Ref

MMPs

MMP-1 Type I and II collagen [37]
MMP-2 Gelatin, Type IV collagen [38]

MMP-3

E-cadherin, laminin, Type IV
collagen; activates cytokines and
growth factors; activates MMP-1, -8,
-13, -9

[39]

MMP-7 Type IV collagen, fibronectin,
vitronectin, elastin, aggrecan [40]

MMP-8 Type I, II, and III collagens, gelatin,
aggrecan, fibronectin [34,41,42]

MMP-9 Gelatin, Type IV collagen [38]

Cathepsins

Cat B Type IV collagen, laminin,
fibronectin [36]

Cat K Type I collagen, particularly bone [35]

Cat L Type I and IV collagen, laminin,
fibronectin, and elastin [43]

Cat S Collagen, Elastin, E-cadherin [44]

ADAMs ADAMTS-18 Chondroitin sulfate

Other Pro-
teinases Lysyl oxidase Crosslinks elastins and collagens

through conversion of lysines [45]

2.3.2. Weakening of Basement Membrane

The basement membrane is thinner in invasive tumors due to remodeling, and it
contains significantly lower levels of laminin (the key structural component of the basement
membrane along with collagen type IV) [16]. The basement membrane serves as a barrier
between the epithelial cells and the interstitium, and weakening it promotes escape [46].
Invasion is triggered by interactions (degradation) between membrane-bound matrix
metalloproteinases (MT-MMPs) and basement membrane. This physical interaction triggers
a cross-talk between several factors which then facilitate the process [46].
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ronment. The cancer cell on the left, depicts intracellular MMPs (shown to the right of the nucleus, represented in red),
membrane-bound MMPs, and secreted MMPs. Additionally, the light blue circle indicates those MMPs that are found in
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2.3.3. Increased ECM Deposition and Stiffness

Next, there is an increased deposition of ECM material. One example is an increased
deposition of collagen (desmoplasia) [7]. There is also increased alignment of collagen
and increased cross-linking. Cross-linking is due to lysyl oxidase activity [47]. This
leads to a higher level of mechanical rigidity and stress [2]. These changes are correlated
with and further promote tumor growth and invasion, by mechanotransducive signaling
(through density, cross-linked stiffness, and fiber alignment) on the cells [3]. Collagen is an
integral component of the ECM landscape and it plays an important role in the biophysical
communication between ECM and cells, and it has been shown to be highly involved in
metastasis [17].

2.3.4. Causative Factors and Pathways

Much of the tumor ECM is synthesized and secreted by cancer-associated fibroblasts
(CAFs) [48]. Additionally, stromal cells produce enzymes that digest the basement mem-
brane, which contributes to invasion [48]. Signaling molecules and growth factors play
a role as well. For example, TGF-β is particularly important in this cascade in activating
fibroblasts [48]. Other important pathways include FAK, ERK, and FGF [49]. Similarly,
proteoglycan changes also influence these processes [49]. There are higher levels of proteo-
glycans, such as chondroitin sulfate and heparan sulfate, as well as variations in enzyme
expression. Ultimately, when considering the ECM in tumor progression, it is necessary to
consider the effect of the cells on the stroma and the effect of the stroma on the cells [48].

2.4. In Summary

The involvement of the matrix in causing invasive phenotype is being analyzed at the
most fundamental level: the interactions between a cell’s local environment and physical
cues, and the physical forces translated to biochemical signals, attesting to its complexity
and importance [50]. Different cancers (such as breast cancer and prostate cancer for
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instance) display different stroma profiles [46]. The literature sometimes shows varying
conclusions about the stroma profiles in different studies, suggesting heterogeneity. A
comprehensive and detailed picture of stroma profiles is important because it is common
to make conclusions and generalize about upregulated enzymes in the context of drug
delivery, while specifics about the site of the enzyme within the microenvironment and the
quantity of the enzyme are not always specified.

Ultimately these changes in the tumor ECM are important because they present
new targets and avenues in the treatment of cancer. By targeting the mechanisms and
components that play a supportive and causative role in tumor progression and metastasis,
we can address the complex integration of cancer with its environment, modulating the
ECM in conjunction with cytotoxic approaches. Furthermore, understanding the local
architecture and interactions is not only important in the context of ECM-based strategies,
but in any tumoral drug delivery, as these local dynamics influence migration of drugs and
carriers to cells.

Table 2. Inhibitors of extracellular matrix enzymes.

Inhibitor Family Inhibitor Type of Inhibitor Enzyme Clinical
Use/Translation Ref.

MMP Inhibitors

Batimastat Small molecule Broad spectrum Ended at Phase III [51,52]
Marimastat Small molecule Broad spectrum Ended at Phase III [53]
Tanomastat Small molecule MMP-2, -3, -9 Ended at Phase III [54]
Doxycycline Small molecule Broad spectrum Ongoing [54]

TIMP-1, -2, -3, -4 Endogenous
inhibitor Broad spectrum n/a [55,56]

SDS3 Antibody MMP-2, MMP-9 n/a [55,57,58]
Prinomastat Small molecule Broad spectrum Ended at Phase III [59]

Cathepsin
Inhibitors

L-235 Small molecule Cat K n/a [60]
Relacatib Small molecule Cat K, B, L, S V Ended at Phase I [35,61]

Odanacatib Small molecule Cat K, B, L, S, V Ended at Phase III [35,62,63]
E64 Small molecule Cat B, Cat L n/a [64]

3. Harnessing ECM Biology

With an understanding of matrix biology, research efforts are underway to exploit this
information for cancer treatment. This includes enhancing drug delivery to tumor cells by
priming the ECM, as well as designing drugs that act on ECM targets and mechanisms. Ad-
ditionally, upregulated matrix components are used as prognostic and diagnostic markers.
The strategies which focus on either small molecule, enzyme-based, or other modalities are
discussed in this section. The section following it discusses drug delivery approaches to
further improve targeting.

3.1. Priming the ECM to Enhance Drug Delivery

Because the matrix poses a barrier to the migration of drugs and is often cited as the
reason for the failure of many treatments, there have been approaches to enhance drug
delivery through breaking down the ECM using enzymes such as hyaluronidase. Clinical
trials have explored the use of PEGylated hyaluronidase (PEGPH20) in combination with
the chemotherapeutic eribulin mesylate, as a means to break down the hyaluronic acid
barrier in the ECM [65,66]. Hyaluronidase digests the ECM allowing facile diffusion of the
drug molecules to the target. These are particularly relevant in cancers such as pancreatic
cancer which have an especially dense stromal matrix. Similarly, it has been shown that
administering collagenase improves penetration [67].

In addition to enzyme-based strategies, mechanical strategies are also employed to
facilitate drug delivery. An example of priming the matrix to enhance drug delivery is in
the use of pulsed high intensity focused ultrasound (HIFU) to alter the collagen structure
of the ECM to allow for better penetration of chemotherapeutic drugs [68]. HIFU can be
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used to induce localized hyperthermia [69], and it can also disrupt collagen structure [68].
Mice inoculated with A549 tumors and administered pulsed-HIFU exhibited increased
penetration of chitosan nanoparticles, due to disruption of the ECM. The porosity of the
ECM was shown to be increased with higher intensity of the administered ultrasound.

Another strategy is the direct modulation of the cancer-associated fibroblasts (which
deposit ECM material) to reduce ECM deposition. An example is the use of all-trans retinoic
acid (ATRA), which induces quiescence in pancreatic stellate cells (PSCs) of pancreatic
ductal adenocarcinoma (PDAC) [70]. Inducing quiescence in PSCs restores homeostasis in
the PDAC ECM, resulting in less ECM deposition. This allows for better penetration and
delivery of drugs. Lysyl oxidase inhibition has also been shown to improve delivery, as
lysyl oxidase, discussed earlier, is responsible for cross-linking the ECM proteins and thus
increasing the tumor stiffness [71]. Inhibiting lysyl oxidase showed the ability to potentiate
the delivery of other treatments [71].

3.2. ECM Molecules as a Therapeutic Target

The ECM can be modulated using small molecules as a therapeutic strategy. Many
of these rely on either the signaling pathways between the ECM and cells or on enzyme
inhibition. Some examples of ECM therapeutic targets include thrombospondins [72],
osteopontins [72], periostins [72], tenascins [72], matrix metalloproteinases [73,74], and
cathepsins [75]. Inhibitors are often based on epitopes and binding motifs that are inspired
by endogenous substrates.

One example is cathepsin K (Cat K), a cysteine protease responsible for osteoclast-
mediated bone resorption. Cat K degrades collagen type I by cleaving the triple helices at
different sites, and it has been implicated in cancers with skeletal (bone) metastases [60].
It is found to be upregulated in several tumor types (including bone, lung, prostate, and
breast cancer), and specifically more expressed in cancers that are more invasive and
metastasize to the bone [75–78]. Modulation of Cat K activity using Cat K inhibitors
influences osteolysis [60]. Though cathepsin K inhibitors have predominantly found their
home in the treatment of osteoporosis, they have also gone through clinical trials to treat
metastatic bone disease [75]. They have been shown to reduce osteolytic lesions (indicative
of metastasis) in breast cancer [60,75].

Another example is matrix metalloproteinases (MMPs), a zinc-dependent family of
proteinases which is most implicated in matrix degradation, which plays an important role
in invasion and metastasis in the context of cancer [79]. These are located either bound to
cell surfaces, within the interstitium, or near the periphery [25]. MMP inhibitors have gone
through clinical trials, albeit with limited success towards cancer treatment [80]. Some
notable examples include batimastat [51], marimastat [79], and several others. Many of
these are broad spectrum inhibitors which coordinate with sites on the enzyme (mimicking
the enzyme’s endogenous peptide substrate) and act through chelation of the essential
zinc, most classically through a hydroxamic acid moiety [79]. The first generation of MMP
inhibitors largely failed due to lack of specificity and off-target toxicities [55].

Proteins, glycoproteins, and proteoglycans additionally are therapeutic targets. Osteo-
pontin (OPN) is a matricellular phosphoglycoprotein that binds to integrins to facilitate
ECM–cell communication. Its upregulation promotes tumor progression through several
interactions and cascades [81,82]. Osteopontin interacts with several integrins (both with
and without its RGD motif), as well as with CD44 receptors [82]. It plays a structural role
in the ECM, and it binds to collagen and other proteins [83]. Osteopontin has been shown
to be upregulated in several types of cancer, and it is thought to be involved in tumor pro-
liferation, metastasis, induction of angiogenesis, and potentially chemoresistance [82,84].
Osteopontin inhibitors are investigated for cancer treatment, at the level of gene delivery
as well as small molecule inhibitors [72,81,82,84].

Thrombospondin is another example that has been explored as a target. Thrombospondins
are a family of proteins that regulate cell phenotype and ECM structure [85]. They are sug-
gested to have both supportive and suppressive roles in metastasis, complicated by the fact
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that they have interactions with numerous other proteins [85]. Thrombospondin-1 regulates
angiogenesis, and inhibiting it leads to enhanced vasculature formation, which creates a
leakier vasculature in order to enhance extravasation and delivery. However, it is also an
inhibitor of tumor growth, making the interaction more complicated [86]. Additionally,
thrombospondins are thought to activate TGF-β in some tumor types but not others, further
complicating its influence on tumor progression [86]. Inhibitors of thrombospondin have
had more progress associated with inhibiting fibrosis [87].

Heparan sulfate proteoglycans have also been explored as a target in breast cancer
therapy, because they participate in signaling pathways involved in tumor progression [88].
Heparan sulfate binds growth factors that are involved in signaling angiogenesis, metasta-
sis, and tumor proliferation [89]. However, heparan sulfate also contains growth factors
that are cancer inhibitory, so its role is complex [89]. Furthermore, heparan itself is also
explored as a therapeutic molecule [89].

In summary, the complexity of the ECM interactions offers many opportunities that
are very complicated since many proteins have both pro- and anti- tumor properties,
emphasizing the importance of homeostasis.

3.3. ECM as a Prognostic and Diagnostic Biomarker

The ECM has also been utilized as a biomarker for its tight correlation with cancer
stage. One well-established example is collagen [90]. Collagen radial alignment has
been recognized as a prognostic signature for tumor advancement [6]. This has been
termed TACS (tumor associated collagen signature) [6]. Increased radial alignment and
direction with respect to tumor cells has been associated with local invasion and transition
to metastasis.

Osteopontin is also an important biomarker in cancer [84]. Osteopontin is secreted
as a glycophosphoprotein, and then post-translationally modified [91]. Osteopontin is
overexpressed in several cancers including breast, lung, skin, and ovarian cancer [91].
It has shown potential as a biomarker for treatment and prognosis in osteosarcoma, as
patient survival and therapeutic efficacy in osteosarcoma is correlated with osteopontin
overexpression [91]. Similarly, fibronectin has also shown promise as an ECM marker for
malignancy [92]. Researchers have developed antibody fragments to help detect fibrin as a
tumor marker [92]. Additionally, fibronectin targeting has been used along with MRI to
detect micrometastases [93].

3.4. In Summary

Given the development of drugs and drug-like molecules that inhibit and generally act
on ECM components (through harnessing biology), drug carriers can take this a step further
in a few ways. First we can improve delivery of these small molecules, which are subject
to rapid wash, to the tumor ECM, by complexing them to nanocarriers. Furthermore,
the upregulated ECM components have potential as targets to improve localization to
the tumor. In terms of priming the ECM, we can recapitulate some of the approaches
described earlier. The next section discusses ways to utilize drug carriers to further the
ideas discussed so far.

4. ECM Targeting and Drug Delivery

Macromolecular drug carriers have been employed to improve the pharmacokinetics
of small molecule drugs. Both passive targeting by the enhanced permeability and retention
effect (EPR) and active targeting through use of targeting ligands have been proposed for
tumor targeting. A subset of active targeting is targeting the matricellular components. In
this section we first describe the advantages and limitations of ECM targeting, followed by
examples of targeted ECM components. We then summarize the ECM-based strategies to
improve drug delivery for cancer treatment. The strategies include the use of nanocarriers
to modulate the ECM to improve drug penetration, to create a drug depot within the
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ECM, and to directly modulate the ECM. Finally, we include a briefdiscussion of some
immunomodulatory factors that are involved in ECM delivery approaches.

4.1. ECM Targeting
4.1.1. Advantages of ECM Targeting

Targeting the ECM carries several advantages. The dense stromal barrier as well
as the inefficient lymphatic drainage results in a higher interstitial pressure that favors
intravasation and limits diffusion [94,95]. There is a limitation in the diffusion of macro-
molecules to the cell surface, which can result in a gradient of drug localization [94,95].
Passive accumulation via the enhanced permeability and retention (EPR) effect does not
affect the migration and diffusion upon extravasation. Furthermore, diffusion can be
limited not only by pore size through the matrix but may also be influenced by electrostatic
interactions [96]. Thus it is influenced not only by the size of nanocarriers but the surface
charge of the carrier. This has been shown through in vitro models which simulate ECM
interactions [97]. Targeting the matrix itself can limit the need to traverse this barrier,
resulting in more accumulation at the target site. Targeting the ECM and extracellular
drug activity may allow for evasion of a common mode of drug resistance: cellular efflux
pumps [98].

4.1.2. Limitations and Barriers to ECM Targeting

ECM targeting faces some problems of heterogeneity, a problem associated with
tumors in general. It is also important to be cognizant of the site-specificity of different
ECM components (i.e., their proximity to blood vessels, gradients within the ECM, etc.).
Finally, the ubiquity of ECM processes and targeting sites leads to non-specific localization
and action, a problem inherent in most cancer treatments. Targeting ECM components
with greater upregulation in the ECM can help to improve tumor selectivity.

4.1.3. ECM Components as Targeting Peptides and as Delivery Targets

Interactions between ECM components and with cell surface receptors have provided
information on specific epitopes that are involved in integrin binding [99]. Here we look at
some of the matrix components that can serve as delivery targets. Table 3 lists a selection
of ECM proteins and targeting peptides known to bind to them. Some examples of matrix
targets include collagen, laminin, fibronectin, chondroitin sulfate, tenascin-C, heparan
sulfate, and aggrecan [99,100].

Table 3. Extracellular matrix components and associated targeting moieties.

Matrix Targets Targeting
Peptides/Antibodies Reference

Fibronectin

CREKA [101]
CLT1 [101]
CLT2 [101]

F8 antibody [102]
L19 antibody [102]

Collagen

CNA35 [103]
WYRGRL [104]

Collagen mimetic peptides [105]
TKKTLRT [106]

WREPSFMALS [107]

Tenascin-C
FHKHKSPALSPVGGG [108]

F16 antibody [108]

Hyaluronan CKRDLSRRC (IP3) [109]

Heparan Sulfate NT4 [110]
CGKRK [100]
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Fibronectin as a Target

Fibronectin is a glycoprotein that is abundant in the ECM and upregulated in tumors.
It regulates a wide range of processes in the ECM. Upregulated fibronectin is an indicator
of epithelial-to-mesenchymal transition. Fibronectin has been explored as a binding target,
in complex with fibrin [101,102]. The structure of fibronectin contains two domains that
are frequently used for targeting: extra domain A (EDA) and extra domain B (EDB), with
most methods targeting the latter [102]. Extra domain B is particularly important for tumor
angiogenesis. Targeting methods for fibronectin employ either antibodies or peptides [102].

A commonly studied example is CREKA (Cys-Arg-Glu-Lys-Ala), a 5-mer peptide
which binds to the fibrin-fibronectin complex and is employed as a targeting moiety [101].
PEGylated liposomes modified to incorporate CREKA, and loaded with doxorubicin, had
a higher retention in 4T1 breast tumor inoculated mice, owing to CREKA’s stable binding
to fibrinogen [111]. Additionally, an invasion assay demonstrated that binding of CREKA
to fibrinogen had an inhibitory effect on cell motility through the invasion chamber [111].
Importantly, CREKA shows negligible binding to fibrin-fibronectin complexes in healthy
tissue [93].

Collagen as a Target

Collagen has also been explored for ECM targeting. Collagen is the most abundant
protein in the human body and in the extracellular matrix, and there are both fibrillar and
non-fibrillar (network-forming) types [106]. There are 28 different known subtypes of colla-
gen, with collagen type I being the most prevalent. All collagen types display a signature
triple helix structure [106]. There are several collagen binding peptides which are inspired
by various ECM motifs, and which bind both to intact and denatured collagen [106]. Some
examples are given in Table 3. One well-known example of a collagen binding peptide is
the collagen binding domain from the A3 domain of the von Willebrand factor [112]. For
example, albumin modified with this collagen binding domain has been utilized as a drug
carrier for delivery of doxorubicin in a subcutaneous MC38 colon cancer mouse model,
and it showed an increase in accumulation [113].

Hyaluronan as a Target

Hyaluronan, a non-sulfated glycosaminoglycan in the ECM, is also a common target,
due to the CD-44-hyaluronan interaction’s influence on tumor progression [114,115]. CD-
44 is a transmembrane protein, and this interaction plays a role in cell motility [115].
Approximately a quarter of tumors overexpress HA [116]. Reducing hyaluronan reduces
CD-44 expression [115,117]. Targeting CD-44 receptors to inhibit HA signaling is a common
approach related to hyaluronan, as harnessing the interaction between hyaluronan and
the cell surface receptors can modulate tumor growth [114]. Hyaluronan itself has also
been employed as a targeting moiety for tumor targeting, and it has been used to modify
nanoparticles to improve delivery [114].

Tenascin-C as a Target

Tenascin C has been targeted using peptides as well as antibodies [100]. Tenascin-C is
a large glycoprotein that is upregulated in tumor ECM, and it plays a supportive role in
tumor growth, angiogenesis, and metastasis [100]. Interestingly there is little expression
of tenascin in healthy ECM [100]. Using nanoparticle delivery (including liposomes and
extracellular release strategies), tenascin-C targeting has been used to deliver drugs towards
tumor cells as well as cancer-associated fibroblasts [100].

Heparan Sulfate as a Target

Heparan sulfate is a glycosaminoglycan that is expressed in the ECM, cell surface, and
basement membrane [118]. It is also significantly upregulated in the tumor ECM and has
served as a target [100]. Targeting peptides have been employed to direct nanoparticles
(often liposomes) to heparan sulfate for tumor localization [100].
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4.2. ECM Strategies to Improve Drug Delivery and Modulate Tumor Growth and Invasion

ECM-based strategies carry different approaches to facilitate drug delivery, and here
we divide them into three broad categories. The first is breaking down the ECM to improve
drug penetration. The second is targeting to an epitope within the matrix generally
upregulated in order to create a depot for drug delivery to the tumor cells. The third is to
target to an epitope in the tumoral ECM to modulate the ECM itself in order to directly
impact the tumor. These are depicted schematically in Figure 2.
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4.2.1. ECM-Based Strategies to Enhance Drug Penetration through Stroma Modulation

Some cancers are particularly known for their highly desmoplastic stroma, such as
pancreatic cancer and some types of breast cancer. Treatment inefficacy is often attributed to
an inability to penetrate the ECM. As mentioned earlier, efforts have been made to improve
delivery by reducing the ECM barrier. Employing nanocarriers can improve this. One
strategy of employing the ECM and nanocarrier targeting to improve drug delivery focuses
on reducing the ECM material (which poses a barrier to drug penetration and delivery).
Pancreatic ductal adenocarcinoma (PDAC) is often the most utilized application [119].
Many examples of these strategies have found their niche in PDAC, due to the impact of the
ECM on its drug exposure. As mentioned earlier PSCs are responsible for ECM deposition
in PDAC [120], and the tumor microenvironment is known for its dense desmoplasia and
its hypoxic and acidic extracellular environment [121,122]. A greater collagen content in
many of these cancers is also correlated with poorer outcomes [123]. Breaking down the
stroma also poses the risk of tumor cell escape and metastasis becoming more likely with
increased pathways for migration.

Nanoparticles are employed to enhance this strategy through improving the delivery
of drugs to tumor ECM with the purpose of downregulating the production of ECM
material. This has been done through encapsulating either degradative enzymes (to
directly break down ECM) or drug molecules (to downregulate the production of ECM
material). These methods further capitalize on ECM biology, by employing an ECM
enzyme-responsive aspect to trigger payload release or incorporating binding motifs
that bind to upregulated ECM components. For example, MMP-2 responsive peptide-
hybrid liposomes (liposome-like particles that incorporate MMP-2 cleavable peptides)
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designed to encapsulate and release pirfenidone (to down-regulate ECM production) at
the site of the pancreatic tumors were able to down-regulate ECM material production
and increase penetration of small molecules in a model of PDAC [124]. Gemcitabine
was delivered with improved penetration and delivery. Delivery of the ECM-altering
drug relied on improved targeting of delivery, which was aided by the nanoparticle. In
a similar study, collagenase was encapsulated in liposomes (to afford enzyme protection
and encourage localization at the tumor) and delivered similarly to break down the ECM
in pancreatic cancer [125]. Following this, paclitaxel micelles were delivered resulting
in improved delivery. Interestingly, breaking down the ECM in this study did not seem
to increase metastasis [125]. Another study used PEGylated polyethyleneimine-coated
gold nanoparticles to deliver all-trans retinoic acid (ATRA) [126]. ATRA is used to inhibit
pancreatic stellate cells, which reduces deposition of ECM material in pancreatic tumors.
The nanosystem is pH-responsive, capitalizing on the slightly acidic tumor extracellular
pH, generally cited as being between pH 6–7. This strategy led to the inhibition of PSCs
in order to restore homeostasis in the ECM. Following this gemcitabine is delivered, and
drug penetration is increased due to a decreased barrier function.

Photothermal agents have also been incorporated into nanoparticles for delivery to
the tumor ECM, in order to then break down the ECM for drug delivery. Bioinspired
lipoprotein nanoparticles loaded with a photothermal agent that can be triggered by
near-infrared light irradiation were delivered to a 4T1 orthotopic mouse breast tumor
model [127]. The photothermal agent used was DiOC18 (7) (DiR), and its purpose was to
remodel the tumor microenvironment to allow for better penetration of the drug mertansine,
also loaded into the particles. The nanoparticle allowed for increased accumulation at the
target site, and administration of near infrared light irradiation allowed for the activation of
photothermal effects to remodel the ECM in favor of promoting penetration. The improved
drug delivery was effective in killing cancer-associated fibroblasts and tumor-associated
macrophages. This study represents another important concept because it addresses these
supportive cells present in the ECM which contribute to tumor proliferation, strategically
combining aspects of the ECM’s contribution to tumors.

These examples demonstrate that the enzymes that break down the ECM can improve
delivery using nanocarriers, and this in turn improves small molecule delivery through the
ECM for treatment. Furthermore, nanocarriers can deliver other ECM degraders to help
prime the ECM.

4.2.2. Utilizing the ECM as an Attachment Site for a Drug Delivery System

Another often employed strategy utilizing the ECM is in targeting sites within the
matrix for localization, and then releasing drugs for delivery to the cells. In this fashion
nanoparticles targeted to the ECM serve as a localized depot. The value of doing this is to
improve penetration into the tumor microenvironment, reducing the need for a drug to
diffuse across this barrier. Utilizing the ECM for targeting and as a drug depot is further
beneficial compared to targeting cell surface receptors, as intratumoral heterogeneity may
result in targeting some cells while leaving others. Furthermore, it will also directly affect
cancer-associated cells, which may not display the same upregulations. Lastly an active
targeting strategy to the ECM may also see a greater differential in upregulation compared
to one targeting cell surface receptors [100].

Researchers have applied this concept to treat epithelial ovarian cancer, using for
example the single chain antibody GD3G7, which binds to chondroitin sulfate, incorporated
into a lyophilisome. Chondroitin sulfate is highly expressed in ovarian cancer. The
lyophilisomes were loaded with doxorubicin. It was validated that the lyophilisome was
bound to chondroitin sulfate and the drug load released extracellularly, demonstrating
the ability to create a depot within the ECM [128]. Another study similarly used a triple
negative breast tumor 3D spheroid model and demonstrated that liposomes targeted to the
ECM could serve as a depot releasing cisplatin to alter the distribution of drug molecules
within the matrix [129]. On the premise that many ECM components are negatively
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charged, they used a positively charged nanoparticle to be attracted to the ECM. An in vivo
study showed that this nanoparticle reduced growth rate in tumors. A similar study
used pH-sensitive liposomes designed to be triggered to release cisplatin load in an acidic
environment [130]. They found that cell viability decreased with delivery using these pH-
sensitive liposomes, and that the distribution increased. Again targeting the matrix here
addressed the purpose of improving drug distribution within the tumor microenvironment.

These examples illustrate the utility of the ECM as a target, some of which are noted
in Table 3. They also illustrate pH-mediated extracellular drug release in the mildly acidic
tumor ECM. Finally, they illustrate the idea of delivering drugs to cells, but the concept
can be extrapolated to non-cellular targets as well, as is exemplified in the next section.

4.2.3. Modulating the ECM to Reduce Tumor Growth and Invasion

Another important strategy involves direct modulation of the ECM. This addresses
the important influence that the ECM has on cancer growth and especially invasion and
metastasis. As discussed earlier in this review, the ECM contributes significantly to deliv-
ering cues to cells, and modulating it can have a direct result on growth and invasion, as
separate from priming the ECM for other drug delivery to cells. Modulation of the ECM in
conjunction with cytotoxic approaches may prove to have additional advantages. Here we
present examples that either directly modulate the ECM or deliver small molecule drugs
that modulate the ECM.

PLGA nanoparticles incorporating batimastat (first generation MMP inhibitor) were
delivered to treat hepatocellular carcinoma (HCC) [52]. Batimastat inhibits MMPs, in order
to directly modulate the ECM remodeling, and this results in slowing of angiogenesis.
Treatment was done in conjunction with transarterial chemoembolization (TACE), which is
the primary treatment for HCC and often results in stimulating angiogenesis to compensate
for the embolized blood vessels. The strategy employed here is that by using batimastat
to inhibit MMPs, angiogenesis could be slowed, supporting the TACE treatment. Thus
a combination of nanoparticles and ECM modulation is used to aid another treatment
hampered by angiogenesis. Nanoparticles can also be used to deliver ECM-modulating
drugs. For example, a study demonstrated the use of lysolipid-containing thermosensitive
liposomes to deliver marimastat (an MMP inhibitor) to the breast tumor ECM in order to
suppress the ECM remodeling which contributes to metastasis, demonstrating suppression
of lung metastasis [131].

These studies exemplify the use of nanocarriers to modulate the ECM, as well to play
a supportive role in another form of treatment (TACE), which would be a fruitful use of
ECM tools. Table 4 provides a summary of ECM-based strategies.

Finally, it is important to note the immunomodulatory factors that may be associated
with ECM targeting and modulation. The tumor microenvironment fosters immune sup-
pression through many pathways. For example, collagen deposition is associated with
immune modulation, specifically through functioning as a receptor in immune inhibitory
signaling [132]. Disruption of these pathways may have unintended consequences in
immune suppression. For example, suppression of the CAFs associated with the afore-
mentioned collagen deposition has also been shown to contribute to immune suppression
through other pathways [132].
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Table 4. Strategies Employing the Tumor ECM.

Types of Nanocarrier Delivery Systems Examples and Remarks

Targeting ECM Components

Polymer nanoparticles [52]
Matricellular targets include:

Collagen [112,113], Fibronectin [101,102].
Laminin,

Hyaluronan [114],
Tenascin-C [114], Heparan sulfate [100]

Antibodies [114]

Liposomes [114]

Modulating ECM to reduce barrier
to delivery

Liposomes [124] Breakdown of matrix through direct
breakdown or reduction of matrix

expression
Gold nanoparticles [126]

Lipoprotein nanoparticles [127]

Using ECM as a local drug depot
Liposomes [128–130]

Lyophilosomes [129]

Modulating ECM to directly alter tumor
growth and invasion

Liposomes [131]
MMP inhibitors [131]

Polymer nanoparticles [52]

5. Discussion and Future Directions

At this time, clinical studies employing ECM-based approaches are very limited.
While some examples of ECM-acting drugs have progressed to clinical trials (with many
obstacles to their success, particularly delivery), there is not a wealth of information on
the translatability of these delivery strategies. Furthermore, the heterogeneity of the tumor
microenvironment poses a significant obstacle. Many of the biomarkers and epitopes
targeted in these strategies have varying levels of overexpression in different patients
and at different stages, underscoring the need for a personalized approach. A key merit
of ECM-based approaches is that they move away from oversimplifying the tumor mi-
croenvironment, by considering the specific location of different ECM components as well
as the limits to migration and diffusion within the site. It also takes into consideration
the supportive and responsive nature of the tumor environment, including for example
pancreatic stellate cells, which critically limit the efficacy of drugs. The drug delivery field
has advanced to incorporate and adapt many of its strategies (polymers, antibody-drug
conjugates, inorganic nanoparticles, etc.) to address the ECM. Furthermore, strategies have
been appropriately applied to cancers in which the ECM is the most significant barrier,
notably pancreatic cancer, ovarian cancer, and breast cancer. The ECM provides ample
opportunity as a battlefront in the treatment of cancer, and a solid biological understanding
is key to harnessing its potential. Furthermore, an understanding of the local stromal
biology can aid even other delivery strategies, which sometimes oversimplify the tumor
to a homogenous site immediately presenting itself after drug extravasation. There are
many elegant approaches to harnessing the ECM’s contribution to tumor biology to aid
in treatment, both direct and indirect methods. This includes priming the ECM, directly
modulating the ECM, delivery to matrix targets, therapeutically targeting the ECM, and
other combinations which can facilitate treatment, and these methods are further enhanced
through the wealth of information on nanocarriers. The ECM’s most important role is
in invasion and metastasis, and addressing the ECM to slow metastasis can be done in
conjunction with cytotoxic approaches. Nanocarrier approaches can greatly benefit from a
knowledge of the ECM’s biology and influence, and similarly ECM approaches can greatly
benefit from improvements in carrier technology to improve delivery and targeting.
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