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Cancer incidence and mortality continue to increase rapidly worldwide. Owing to the
dynamic, rapid, and adaptive nature of cancer progression, side effects and resistance asso-
ciated with the existing therapies provide continuous and challenging exercises for search-
ing for additional drugs and drug delivery strategies with the goal of offering more effective
therapeutic options. Therefore, novel therapeutic strategies are constantly needed in order
to overcome the drawbacks associated with the strategies in use in the clinic. This Special
Issue (https://www.mdpi.com/journal/pharmaceutics/special_issues/novel_anticancer
(accessed on 11 February 2021)) is dedicated to innovative research on the development
and validation of novel anticancer approaches, hopefully with relevant clinical value in
the near future. In this sense, we have received interesting contributions, in the form of
original works and reviews, that cover innovative drug delivery systems, improvement of
the efficacy of approved anticancer agents, and validation of new anticancer drugs.

Nanoparticles are 1 to 100 nm sized materials and are grouped into different classes
according to their properties, shapes, or sizes. They have a wide range of applications
in modern medicine, namely, as carriers for drug and gene delivery into tumors. Due to
their unique proprieties, mesoporous silica nanoparticles (MSNs) have deserved increasing
interest in nanoparticle-mediated drug delivery research. MSNs are chemically stable with
good biocompatibility, which, when adequately tailored, can provide large surface area
and pore volume for high loading capacity, as well as selective and controlled delivery of
therapeutic agents. Particularly interesting is the effective delivery potential of MSNs of
poorly soluble anticancer agents, namely, prodrugs derived from different natural origins,
as reviewed by Abouaitah and Lojkowski [1].

Dendrimers and polymeric micelles are other promising drug delivery systems. Den-
drimers are regularly hyperbranched and mainly 3D macromolecules. They are nano-
sized radially symmetric molecules with a well-defined, homogeneous, and monodis-
perse structure. These characteristics make dendrimers a good choice for the delivery
of anticancer drugs. Polymeric micelles are formed by the spontaneous arrangement of
amphiphilic block copolymers in aqueous solutions. Their hydrophobic core–hydrophilic
shell architecture facilitates the loading of hydrophobic drugs into the core, providing a
main to improve the solubility of anticancer drugs. Alven and Aderibigbe summarize
the application and outcomes of dendrimers and micelles loaded with different known
anticancer agents using in vitro and in vivo models of breast cancer [2]. Jin et al. report the
use of Soluplus polymeric micelles to encapsulate the veterinary anthelmintic fenbenda-
zole (FEN), also known for its anticancer efficacy, in order to overcome its low solubility
problem [3]. They observed that micellar formulation exhibited superior bioavailability
compared with that of free FEN, with no severe toxicity, as revealed by in vivo toxicity
assay, thereby paving the way for preclinical and clinical safety and efficacy trials on
FEN-loaded Soluplus micelles.

Nanotechnology could be a promising solution to overcome delivery and resistance
concerns of currently available chemotherapeutics against glioblastoma, one of the most
aggressive types of cancer. Low drug solubility, blood–brain barrier penetration, and drug–
target residence time are major issues in translating in vitro potency to in vivo efficacy for
glioblastoma treatment. In their review, Paranthaman et al. describe the molecular basis of
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glioblastoma, emphasizing the role of receptor tyrosine kinases (RTKs) and small molecules
under clinical trials, and provide an updated research literature and future guidelines on
epidermal growth factor receptor (EGFR)-RTK inhibitors-based nanodelivery systems [4].

Deep tumor penetration of drug-loaded nanoparticles can be compromised by a dense
extracellular matrix (ECM), thereby limiting their therapeutic efficacy. To overcome this is-
sue, Choi et al. used high-intensity focused ultrasound (HIFU) technology to improve the
tumor penetration of doxorubicin (DOX)-loaded glycol chitosan nanoparticles (CNPs) [5].
The treatment of ECM-rich tumor-bearing mice with HIFU resulted in an increased accu-
mulation of DOX-CNPs at targeted tumor tissues via deep tumor penetration, through
HIFU-mediated dense ECM destruction, providing a means to increase deep penetration
into heterogeneous tumors with dense ECM structures. In another study, Haugse et al.
analyzed the mechanism behind the use of ultrasound and microbubbles—known as
sonoporation—in improving the efficacy of chemotherapy [6]. They observed that sonopo-
ration was associated with an immediate transient activation of MAP kinases (p38, ERK1/2)
and an increase in phosphorylation of ribosomal protein S6 together with dephosphory-
lation of 4E-BP1, a stress response resembling cellular responses to electroporation and
pore-forming toxins. Their data also suggest that cells in the tumor microenvironment
may be relevant for sonoporation efficacy, which could be exploited therapeutically. How-
ever, such analysis should be performed on heterotypic 3D cultures so as to recapitulate the
patient tumor architecture and the heterogeneity of cell types and cell–cell interactions [7].

A natural solution for drug delivery is provided by extracellular vesicles (EVs),
which are lipid-bound vesicles secreted by cells into the extracellular space, with key
roles in intercellular communication. EVs include microvesicles, exosomes, and apop-
totic bodies, whose content consists of lipids, nucleic acids, and proteins. Although their
isolation and analysis methods still suffer from a lack of standardization, EVs have unique
features that are relevant for drug delivery and are expected to overcome the inefficiency, cy-
totoxicity, and/or immunogenicity associated with synthetic delivery systems, as reviewed
by Hernandez-Oller et al. [8]. Park et al. report the use of tumor-homing pH-sensitive
EV blends made from tumor-specific EVs, extracted from two different tumor cell types,
and pH-sensitive HDEA (3-(diethylamino)propylamine). These EVs were loaded with
hyaluronic acid grafted with HDEA and doxorubicin (DOX, as a model antitumor drug) [9].
HDEA/DOX-anchored EVs were able to target the two different parent tumor cells ow-
ing to the EVs’ homing ability. The pH-sensitive disruption of EVs, owing to DEAP
(3-(diethylamino)propylamine) molecules, promoted DOX release, resulting in the effective
killing of the heterogeneous parent tumor cells. The finding highlights the potential of EV
blends as effective targeted therapies for various tumor cells.

Specific addressing of tumor cells while sparing healthy tissues is currently a major
desire in cancer therapy. Tumor-specific binding agents can be conjugated to an anticancer
drug to guide the drug to the targeted the tumor. Dókus et al. developed peptide-based
drug conjugates against pancreatic cancer cells (PANC-1) [10]. They used the SKAAKN
hexapeptide, derived from the previously reported CKAAKN sequence by the substitu-
tion of Cys to Ser, in conjugates containing daunomycin (Dau). One conjugate exhibited
significant tumor growth inhibition on PANC-1 tumor-bearing mice with negligible side ef-
fects, highlighting the promising potential of peptide-based drug delivery systems for
pancreatic cancer treatment. Due to their rapid blood clearance, repeated administration
of peptide-based therapeutic agents may be necessary. Abouzayed et al. report a suc-
cessful conjugation of the gastrin-releasing peptide receptor (GRPR) antagonist RM26
and an albumin-binding domain. The conjugate retained GRPR targeting in vivo and,
due to binding to albumin, resulted in an increased residence time in blood and in tumors,
while retaining specificity and its antagonistic function against GRPR [11]. Although its
use for radionuclide therapy is precluded due to undesirable elevated activity uptake in
kidneys, the approach deserves further optimization.

Cancer recurrence arises from the incomplete eradication of tumor cells after chemo-
and radiotherapy, being one of the major reasons for the failure of cancer treatment strate-
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gies. Cancer stem cells (CSCs) are believed to be one of the important drivers of can-
cer relapse. CSCs are characterized by self-renewal capacity and differentiation potential.
Various cancers include a small population of CSCs that confer them metastasis, hetero-
geneity, drug and radiation resistance, and tumor relapse. In this sense, Quiroz-Reyes et al.
provide a comprehensive review on conventional and novel developments in cancer thera-
peutics for liver, lung, and pancreatic metastasis, with a focus on CSCs as a valuable target
to eradicate tumor relapse [12]. Further targeting of CSCs and cancer resistance, using EVs
as natural drug delivery systems, is also reviewed by Hernandez-Oller et al. [8].

Arsenic derivatives have been shown to exert anticancer effects, namely, by induc-
ing apoptosis, providing a new alternative to classical chemotherapeutics and radiotherapy.
For instance, arsenic trioxide (As2O3, Trisenox) has been approved for the treatment of
acute promyelocytic leukemia. Noh et al. report the anticancer effects of tetraarsenic hexox-
ide (TAO, As4O6) in a series of patient-derived xenograft (PDX) mouse models of cervical
cancer [13]. They showed that TAO induced significant anticancer effect in PDXs with
primary cancers, and when combined with cisplatin, PDXs with recurrent cancers were
also significantly inhibited. This highlights the potential usefulness of TAO for cervical
cancer treatment.

A major obstacle in translating discoveries from preclinical research (bench) into
human applications for cancer therapy (bed) resides in the fact that preclinical models
do not mimic the real tumor microenvironment. For instance, 2D monolayer cell cultures
have reduced cell–cell contacts and lack interactions with a surrounding extracellular
framework in three dimensions. In this sense, 3D tumor models, by recapitulating relevant
properties of tumor microenvironment interactions, promise to bridge the gap between
2D cell culture and in vivo experiments, and advance our current understanding of cancer.
Pinto et al. provide a concise and useful review of the current techniques used to prepare
and analyze in vitro 3D spheroids, and discuss the significance of 3D cultures in drug
resistance for the evaluation of the therapeutic efficacy of nanomedicines [7]. Using in vitro
2D and 3D spheroid models, Sicard et al. conducted a pilot study to demonstrate that
antiproliferative efficacy against prostate cancer (PCa) can be achieved by encapsulating
antisense oligonucleotide (ASO) into liposomes to silence TCTP [14]. Interestingly, the most
promising efficacy on 3D spheroids was achieved with immunoliposomes targeting Her2,
provided that incubation time was long enough, despite a low expression of Her2 in
PCa cells.

Cancer immunotherapy (IT) has brought a new hope to cancer patients. The use
of immune checkpoint inhibitors has led to a net improvement of survival and quality
of life, when compared with standard therapies. However, its use is restricted to very
limited cancer types. To extend its use to a larger number of cancers, immune checkpoint
inhibitors are being combined with standard therapeutic strategies. However, due to
immunomodulating features, an optimal time window to combine immune checkpoint
inhibitors with other drugs needs to be defined in order to achieve maximum efficacy while
controlling toxicities. Sicard et al. describe the putative biomarkers that could help define
this window, with a special focus on circulating tumor DNA whose detection indicates
that the STING–cGAS pathway is activated by the immune checkpoint inhibitors [15].
Still in the field of IT, Byun et al. modeled the tumor-immune interactions occurring during
combined IT and ionizing irradiation therapy, and suggest that the ratio of PD-1 to PD-L1
in T cells could be considered in combination therapy [16].

In summary, persistence in developing novel anticancer strategies is inevitable to face
the adaptive nature of cancer progression. New anticancer drugs are always welcome as
alternatives to circumvent side effects and resistance to existing drugs. It is noteworthy
that the use of preclinical models that mimic the real tumor microenvironment is important
to speed up the translation of research from lab to clinic. Further efforts are also needed
to maximize the efficacy of existing drugs, either by chemical modifications or by specific
targeting to the desired tumor. Approaches that provide deep penetration of nancarriers
into heterogeneous tumors with dense ECM structures bear tremendous potential to
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improve the efficacy of chemotherapy. The contributions published in this Special Issue are
examples of progress towards the achievement of such objectives.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Natural prodrugs derived from different natural origins (e.g., medicinal plants, microbes,
animals) have a long history in traditional medicine. They exhibit a broad range of pharmacological
activities, including anticancer effects in vitro and in vivo. They have potential as safe, cost-effective
treatments with few side effects, but are lacking in solubility, bioavailability, specific targeting and
have short half-lives. These are barriers to clinical application. Nanomedicine has the potential to offer
solutions to circumvent these limitations and allow the use of natural pro-drugs in cancer therapy.
Mesoporous silica nanoparticles (MSNs) of various morphology have attracted considerable attention
in the search for targeted drug delivery systems. MSNs are characterized by chemical stability,
easy synthesis and functionalization, large surface area, tunable pore sizes and volumes, good
biocompatibility, controlled drug release under different conditions, and high drug-loading capacity,
enabling multifunctional purposes. In vivo pre-clinical evaluations, a significant majority of results
indicate the safety profile of MSNs if they are synthesized in an optimized way. Here, we present an
overview of synthesis methods, possible surface functionalization, cellular uptake, biodistribution,
toxicity, loading strategies, delivery designs with controlled release, and cancer targeting and discuss
the future of anticancer nanotechnology-based natural prodrug delivery systems.

Keywords: mesoporous silica nanoparticles; controlled release; drug delivery systems; anticancer
natural prodrugs; natural products; cancer targeting; nanoformulations/nanomedicine applications

1. Introduction

In 2001, Vallet-Regi et al. [1] introduced a mesoporous silica material called MCM-41
that can be used as a drug carrier. The nanostructure (e.g., pore size) of MCM-41 can
be optimized using different surfactants. Since then, many efforts and attempts have
been made to synthesize versatile mesoporous silica nanoparticles (MSNs) with different
nanostructures and morphologies to meet the demand for pharmaceutical and medical
applications. The history of the synthesis of mesoporous silica materials dates back to 1992,
when they were discovered by the Mobile Oil Corporation [2]. Silica is one of the most
abundant minerals in the Earth’s crust and is also found in the food chain and the human
body [3]. As a biomaterial, silica is extensively used in many applications such as dentistry,
orthopedics, and dermatology. MSNs have a characteristic mesoporous nanostructure that
offers many advantages for medical applications in disease diagnosis and therapy [4]. The
unique features include easy synthesis, the possibility of various surface modifications, the
ability to obtain a tunable particle size, uniform pore size, high surface area to pore volume,
good biocompatibility, and chemical stability [5–9]. In addition, easy functionalization
to achieve magnetic, fluorescent, and photothermal properties increases the chance of
using MSNs in bioimaging. MSN nanostructures can provide excellent nanoplatforms
to fabricate smart drug delivery systems (DDSs) with a high drug loading capacity and
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stimuli-responsive drug release effect compared to other nanocarriers [6,10]. Several
nanocarriers have been used to deliver and control drug release, including niosomes,
liposomes, dendrimers, lipid nanoparticles, and polymeric nanoparticles, but most of
them have low stability and need external stabilization during synthesis. In contrast,
MSNs have a strong Si-O bond that makes them stable (chemically and mechanically) to
external responses in the surrounding environment [11–13]. It is generally accepted that
encapsulation of drugs or therapeutic agents into MSNs can enhance their therapeutic
activity, solubility, and bioavailability, as indicated by many studies [14–20].

A consequence of these advantages is that MSNs have gained much attention and
popularity in DDSs during the last few decades for the delivery of cargo to specific sites in
the organism. A large number of in vivo studies indicate the high biocompatibility/safety
profile and low toxicity of MSNs if they are synthesized using an optimized way [21–23].
A careful optimization process is needed because many details of the nanostructure of
engineered MSNs, i.e., size, shape, surface, presence of surfactant, and other factors like
dose, administration route affect the safety profile. According to many animal studies, the
toxicity of MSNs can be diminished by optimizing the synthesis parameters and surface
modification, resulting in safe nanoparticles [24,25].

The administration route is an important characteristic for constructing any DDS.
MSNs can be applied via different routes, including oral and intravenous injection [26–30].
Many choices in the development of pharmaceutical formulations depend on the target
tissues and organs in the human body. An important advantage of DDS-based MSNs is
that the amorphous forms of silica and silicates are generally recognized as safe materials
for use as oral delivery ingredients (up to 1500 mg per day) according to the US Food and
Drug Administration and the European Food Safety Authority [27]. MSNs are promising
materials because they exhibit low toxicity levels in animals when applied, i.e., orally,
injection [31].

The global market for nanomedicine accounts for 5% when novel nanomedicines
translated from the lab to the clinics are concerned [32]. Recently, the first clinical trial in
humans was conducted with oral delivery of fenofibrate formulation based on the ordered
mesoporous silica [33].

Despite these promising results for nanotechnology application in building DDSs,
most research for targeted cancer therapy has been focused on drugs and therapeutic
molecules of a synthetic nature. Combating cancers with synthetic drugs is an established
therapy, however, progress in this area of medicine is slow and the treatments are frequently
associated with undesirable effects: side effects and also insufficient patient compliance.
For this reason, extensive research is carried out to apply natural prodrugs (known also as
natural products and natural agents) in anticancer therapies.

Nature is a huge source of therapeutic substances, which can be derived from plants,
microbes, and animals. Natural medicines account for 60% of anticancer agents used in
clinical applications [34]. For example, vincristine, taxanes, and camptothecin are used
in the treatment and prevention of cancer. There are still hundreds of promising new
active natural anticancer agents to be discovered and renewed for cancer therapy [35–37].
The main advantages to using and developing natural prodrugs are that they offer safe,
cost-effective, and have versatile pharmacological properties [38]. The main limitations for
their use in cancer therapy are their poor water solubility, low bioavailability, short half-life,
and non-specific targeting.

Nanotechnology offers many ways to overcome these obstacles [39–44]. Natural
pro-drugs can be embedded into MSNs, which can serve as effective nanocarriers for
the delivery of anticancer natural prodrugs to target cancers. In this review, we present
an overview of synthesis methods, surface functionalization, as well as biodistribution,
biocompatibility, toxicity, biological performance. Additionally, drug loading and release
strategies, and active targeting approaches for MSNs will be addressed. We also discuss
delivery and controlled release systems for selected prodrugs using MSNs.
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Available data provide considerable evidence that MSNs allow the limitations associ-
ated with prodrugs, such as poor water solubility, poor bioavailability, and low specific
targeting ability, to be overcome. Compared to organic delivery systems (e.g., lipid nanopar-
ticles, polymeric nanoparticles) [45,46], the delivery of natural prodrugs by means of MSNs
allows high drug loading and permits multifunctional delivery or co-delivery systems.
Generally, MSNs allow long-term release compared to organic nanoparticles. This is be-
cause the prodrugs are trapped inside nano-pores. In the case of encapsulation of prodrugs
into organic nanoparticles, fast degradation of the organic substance leads to quick pro-
drug release. The MSN-based nanomedicine technology is mature enough to be extended
to thousands of prodrugs not yet investigated in clinical applications.

To the best of our knowledge, this is the first review considering MSNs as delivery
systems for anticancer natural prodrugs. The need for such a review is a consequence of
rapid development in the field. This review may help researchers accelerate research and
development of this important field of nanomedicine and, ultimately, clinical applications.

2. Synthesis of Mesoporous Silica Nanostructures

Numerous synthesis methods have been developed to obtain MSNs with different
morphological, structural, and pore geometry. Particular attention was paid to the pro-
duction of biocompatible MSNs for medicine. Figure 1 presents the number of scientific
publications (research articles, review articles, and book chapters) as an indicator of the
growth in MSN synthesis methods due to their emergence as nanostructures for various
promising applications.

Figure 1. Number of scientific publications (research papers, reviews, book chapters) during the
period 2001–2020 found by entering key words “mesoporous silica nanoparticles and synthesis”. The
search was performed in ScienceDirect 10 September 2020.

2.1. Discovery, Synthesis, and Properties of MSNs

Porous materials (natural or artificial) are characterized by the presence of pores, in-
cluding cavities, channels, or interstices. The properties of these materials vary depending
on the characteristics of their pores: size, arrangement/structure, shape, porosity, and
chemical composition. They have been extensively studied in different areas, including
water purification, gas separation, catalysts, energy storage, adsorbents, electronics, engi-
neering, tissue engineering, and drug delivery systems, among others [47]. Depending
on the predominant pore size, the International Union of Pure and Applied Chemistry
(IUPAC) classifies porous materials into three categories as shown in Table 1 [48,49].
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Table 1. Classification of porous materials by pore size.

Type of Porosity Size (nm)

Microporous <2

Mesoporous 2–50

Macroporous >50

The history of MSN materials dates back to the early 1990s, when the Kuroda group
at Waseda University and researchers from the Mobil Company discovered Mobil crys-
talline materials (MCMs), nanoparticles with a hexagonal porous structure [2]. In 1992
with the discovery of MCM-41, a material prepared using the cooperative assembly of
surfactant with silicates, a breakthrough in the area of ordered mesoporous structures
and their successful preparation occurred [50,51]. In addition, an ionic template, such as
cetyltrimethylammonium bromide (CTAB), could be employed as a structure-directing
agent to produce MCM-41 and MCM-48 with pore sizes of 2 to 10 nm [50,51]. MCM-41 has
a hexagonal pore shape and MCM-84 has a cubic pore shape. For DDSs purpose, MCM-41
is considered to be one of the most widely explored materials. The synthesis mechanism
for MCM-41 is shown in Figure 2 and electron microscope images in Figure 3.

Figure 2. The formation mechanism for mesoporous materials by structure-directing agents. (a) True liquid–crystal template
mechanism. (b) Cooperative liquid–crystal template mechanism. Reproduced with permission from [52], WILEY-VCH
Verlag GmbH and Co. KGaA, 2006.

Figure 3. (A) Scanning electron microscopy (SEM) and (B) transmission electron microscopy (TEM)
of MCM-41 material. Reproduced with permission from [23], Wiley-VCH Verlag GmbH and Co.
KGaA, 2010.
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In 1996, another kind of MSN was discovered that has a non-ordered pore structure,
named KIT-1 (Korea Advanced Institute of Science and Technology Number 1) [53]. The
KIT family currently has many members, such as KIT-6, which has a hexagonal arrange-
ment of pores [54], and KIT-5, which has a cubic ordered structure [55]. In 1998, the
SBA-15 type (pore size 4–6 nm) MSNs introduced by Santa Barbara Amorphous (SBA),
which have a hexagonal or cubic pore structure, were developed by means of nonionic
surfactants in acidic conditions [56]. The cubic SBA-11, 3D hexagonal SBA-12, hexagonal
SBA-15, and SBA-16 are mainly prepared based on non-ionic triblock copolymers, such as
alkyl poly(ethylene oxide) (PEO) oligomeric surfactants and poly(alkylene oxide) block
copolymers [10]. The typical synthesis of SBA-15 is dependent on tetramethyl-orthosilicate
(TMOS) or tetraethyl-orthosilicate (TEOS) as the silica precursor reacting with a series of
block-copolymer surfactants as structure-directing agents. The MCM and SBA materials
are recognized as the first generation of hexagonally ordered pore structures and are the
common MSNs used in research. A variety of strategies have been designed to attain
tunable pore sizes (from less than 2 nm up to 30 nm). In this scenario, the adjustments are
made depending on the surfactant template’s properties [57], pore swelling agents, such as
mesitylene [50], or hydrothermal treatments [58].

Importantly, in 2010, high surface-area silica nanospheres with a fibrous morphology
and non-ordered pore structure were discovered by a research group of the Catalysis
Center at King Abdullah University of Science and Technology (KAUST Catalysis Cen-
ter, KCC) [59]. This material, KCC-1, features a high surface area due to the presence of
dendrimeric silica fibers and their respective channels, making KCC-1 a first-of-its-kind
material. It is a spherical particle with 3D tomography, a uniform size ranging from 250 nm
to 500 nm, high surface area, and large pore size in a non-ordered structure (Figure 4).
Synthesis of KCC-1 [59] was accomplished by a microwave-assisted, templated, solvother-
mal strategy using cetylpyridinium bromide (CPB) or cetyltrimethylammonium bromide
(CTAB) as a surfactant (template), 1-pentanol as a co-surfactant, TEOS as the silica source,
urea (catalyst-hydrolyzing agent), and a mixture of the cyclohexane solvent and water
(as the reaction solvent). The chemicals were introduced to the reaction system stepwise
with mixing and microwave-assisted heating applied (in a closed vessel >1200 ◦C) for
a predetermined time for the reaction. Finally, the solution was filtered or centrifuged,
washed, and the obtained material calcinated at high temperature (>550 ◦C). Many re-
search groups changed the surface of substances used in the synthesis in addition to the
parameters. For example, Bayal et al. [60] showed that changing the concentrations of urea,
surfactant (CTAB instead of CPB), or solvent (1-pentanol), the reaction time, or temperature
can result in various particle sizes, fiber densities, surface areas, and pore volumes for
KCC-1. Such easy manipulation and controlled synthesis of this material make KCC-1
a good solution for versatile applications in the environment, energy, biology, medicine,
and other fields [42,43,61–68]. KCC-1 could be recommended for different small or large
drug/therapeutic agents, possibly for any design and pathological disorder due to KCC-1
s unique physicochemical features. Our research team is among the first to study KCC-1
for DDSs [42,43,68,69], and we think that research on KCC-1 will increase soon. In the
literature, there are references to “spherical wrinkled mesoporous silica” (WMS) [70–72]
and KCC-1 is known also “dendritic fibrous nano-silica” (DFNS) [73]. They were all ob-
tained based on changing the synthesis conditions and parameters of the original synthesis
method for KCC-1 particles.

Unlimited opportunities exist for the synthesis of MSNs in pure, doped, composite,
and modified forms by employing different templates (soft and hard), conditions, and
methods [74].
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Figure 4. Electron microscope images of prepared KCC-1 material. (A,B) Scanning electron mi-
croscopy (SEM). (C,D) Transmission electron microscopy (TEM). Note, the dendritic fibrous 3D
mesopore structure is clearly seen by SEM in B. A and C reproduced from [42,43], Impact Journals,
2018 and MDPI, 2020. B and D reproduced with permission from [59], WILEY-VCH Verlag GmbH
and Co. KGaA, 2010.

Due to the unique properties of the KCC-1 family, they offer a wide range of possible
applications. It seems that KCC-1 has comparable potential as the commonly used members
of the MCM and SBA families, as well as Stober silica, solid silica discovered before all
the families [73]. Table 2 presents the major physicochemical properties for fibrous KCC-1,
MCM-41, SBA-15, and others. Below, we highlight the common and promising families
that could be favored for drug delivery and medical applications. Numerous interesting
review articles have been published on MSN synthesis strategies and applications that we
recommend for further reading [10,22,32,73,75–83].

Table 2. The physicochemical properties of the most common mesoporous silica nanoparticles (MSNs) synthesized by
various approaches.

Type

BET-
Specific

Surface Area
(m2 g−1))

Pore
Volume

(cm3 g−1)

Pore Size
(nm)

Mechanical
Stability

(Mpa)

Hydrothermal
Stability

(◦C) (time/h)

Thermal
Stability

(◦C)
Particle Size Pore

Structure
Morphology/

Structure

MCM-41 ≥1000 0.7–1.2 1.5–10 86 50 707 ~100–200 or
microns

Ordered
hexagonal

Almost
spherical

SBA-15 700–1000 0.75–1.15 5–8 260 100 600 microns Ordered
hexagonal Rods

KCC-
1/DFNS/WMS ~450–1250 0.54–2.18 3–40 216 100 950 or over 50–1100 Disordered Spherical

Stober silica ~10–350 0.017–0.217 1.2–5.9 NA NA NA 20–3000 NA Solid
spheres

KIT NA NA Few microns

Others ~290–1160 0.85–0.95 ~2–10 NA NA NA
Few

nanometers
to microns

Varied porous

Note: The above-mentioned characteristics of these materials can be controlled and can vary (more or less) from these values. Reproduced
with permission from [75], Wiley-VCH Verlag GmbH and Co. KGaA, 2017. NA = not available.
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2.2. Surface Modification of MSNs for Drug Delivery

The keystone in the development of DDSs is to functionalize their surface [84,85] to
increase their drug loading and release, leading to high therapeutic effects. The surface
chemistry modulates the interaction of MSNs with the surrounding media. The MSNs have
a high density of silanol groups (Si-OH) on their surface, allowing surface modification by
various organic functionalities (e.g., silanes, polymers, proteins, and targeting moieties).
Thus, MSNs can load various drugs with high capacity and release them in a sustained or
controlled manner. A variety of functional groups can be used, such as amine, carboxylate,
phosphonate, polyethylene glycol, octadecyl, thiol, carboxylic acid, and octadecyl groups.
To introduce functional groups on the surface of MSNs, covalent bonding and electrostatic
interactions are generally used [86]. The common approach to modify MSNs is to use
organic silane groups via direct covalent attachment by means of co-condensation or
post-synthetic grafting.

The co-condensation method is referred to as a one-pot synthesis method [87,88] as
presented in Figure 5A. The desired functional group of silanes, such as 3-aminopropyl-
triethoxysilane (APTES “NH2”) is added during the sol-gel synthesis process together with
the silica source (e.g., TEOS). Next, the template is removed (Figure 5A) [52,87,89]. To
remove the surfactant template, an extractive method using alcoholic/acidic solution under
reflux can be used [90]. Removing the template anchors the organic residue covalently to
the porous walls of the MSNs. This approach has the advantages of easy preparation, more
homogeneous distribution of organic units, and high drug loading [52,83]. Despite these
advantages, disadvantages are a potential change in the mesoscopic order, disordering the
porosity and reducing the pore diameter, pore volume, and specific surface areas [52].

A post-synthetic approach refers to the subsequent modification of the inner/outer
surface of MSNs by covalent and electrostatic interactions. The modification is usually
achieved after surfactant removal from MSNs (Figure 5B). The most remarkable advantages
of this approach are selective functionalization (either external or internal surfaces) and
retention of the mesostructure of MSNs during synthesis. The major disadvantages include
reduced pore size and non-homogeneous distribution of functional groups into/onto
pores [52,91,92].

Figure 5. A schematic presentation of the organic functionalization methods for mesoporous silica materials. (A) Co-
condensation method and (B) grafting method. Reproduced with permission from [52], WILEY-VCH Verlag GmbH and Co.
KGaA, 2006.

2.3. The Biological Performance of MSNs
2.3.1. Cellular Uptake

Any nanocarriers have to cross the cell membrane boundary to enter cells, allowing
the therapeutic effects of the delivered drugs. The internalization of nanoparticles carrying
therapeutic agents into cells represents the initial step in successful drug delivery [93,94].
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The acting mechanisms and surface chemistry of nanocarriers are the major parameters in
designing a preferred DDS for any pathological disease [78]. Nanoparticles mainly access
the cell interior via simple diffusion or translocation as an energy-dependent process [95].
The most common mechanism of their internalization is the energy-dependent endocytosis,
which allows the uptake of nanoparticles and submicron particles from an extracellular
environment to the cell plasma membrane [96]. The mechanisms can generally be classified
into phagocytosis, pinocytosis, micropinocytosis, receptor-mediated endocytosis, clathrin-
mediated endocytosis, caveolin-mediated endocytosis, and others (e.g., Arf-6, Rho-A or
IL2Rb-dependent pathway, flotillin, or CDC42 (CLIC/GEEC)-dependent endocytosis) [93].
The intracellular uptake and trafficking mechanisms by which nanoparticles are inter-
nalized in cells vary broadly depending on many factors, including size, shape, charge,
and surface modification. Therefore, these factors should be taken into consideration in
constructing DDSs.

Size of MSNs

Particle size determines the intracellular uptake of MSNs (Figure 6) [97]. It is gen-
erally accepted that particles with the smaller size of 50 nm can internalize into cells via
non-phagocytosis [98]. Nanoparticles up to 150 and 200 nm in size are internalized by
pinocytosis, such as clathrin-mediated endocytosis and caveolin-mediated endocytosis,
respectively [99,100]. In contrast, particles from 250 nm to 3 µm in size can internalize the
cells by macropinocytosis and phagocytosis [101]. It is also accepted that the microparticles
are efficiently taken up through phagocytosis but the process depends also on other pa-
rameters, such as geometry, surface charges, and functional groups of microparticles [102].
Particles with sizes ranging from 30 to 50 nm internalize also efficiently via receptor-
mediated endocytosis [103]. Despite extensive investigations exploring the relationship
between particle size and uptake pathways, the results are inconsistent [101,104–106].
The main reason for such contradictions can be attributed to the complexity of control of
structural parameters, such as shape and surface charges. For successful internalization,
particles should avoid degradation (within endosomal/lysosomal vesicles) and release
their cargo in the cytoplasm [107]. Therefore, particle size is important in tailoring DDSs. It
is also important for their intersections with the reticulo-endothelial system (RES), which
is responsible for elimination of nanoparticles from the body, and prolong the circulation
time in the blood. In this context, several studies have shown that increasing the particle
size increases clearance from the body, reducing the therapeutic impact [108–112].

Figure 6. Different endocytosis pathways across the intestinal villus for particles of different sizes.
Reproduced with permission from [97], Elsevier Inc., 2020.

Lu et al. [103] investigated the impact of various sizes (30, 50, 110, 170 nm) of MSNs on
cellular uptake by HeLa cancer cells using MSNs labeled with fluorescein isothiocyanate
(FITC) green fluorescence (MSN-FITC) and confocal laser scanning microscopy. They
found that the MSNs were internalized as non-uniform green-fluorescent aggregates in
the perinuclear region, and no MSNs penetrated the nucleus (Figure 7). Quantifying the
internalization of MSNs, they concluded that the cellular uptake is highly particle size-
dependent, observing the order 50 > 30 > 110 > 280 > 170 nm (Figure 8). Haddick et al. [113]
demonstrated that MSNs with a size of 160 nm had the fastest cellular internalization in

12



Pharmaceutics 2021, 13, 143

T24 bladder cancer cells through receptor-mediated cellular internalization compared to
60, 80, 100, and 130 nm, leading to the highest level of gene knock-down for antitumoral
effects. Yang et al. [114] tested different sizes of rod-shaped SBA-15 (from 80 to 200 nm) and
spherical MCM-41 particles, as well as their intracellular uptake in human osteosarcoma
cancer cells (KHOS). They found that the cellular uptake efficiency depends on the particle
size and shape.

Figure 7. Confocal laser microscopy images of HeLa cells after incubation with different sizes of
MSNs labeled with fluorescein isothiocyanate (FITC) green fluorescence (MSN-FITC) (100 µg mL−1,
green) for 5 h at 37 ◦C. (A) 170 nm, (B) 110 nm, (C) 50 nm, and (D) 30 nm. The cell skeleton was stained
with rhodamine-phalloidin (red), and the cell nucleus with 4′,6-diamidino-2-phenylindole (DAPI;
blue). Reproduced with permission from [103], WILEY-VCH Verlag GmbH and Co. KGaA, 2009.

Figure 8. Cellular uptake of FITC-MSN-x based on nanoparticle size. Reproduced with permission
from [103], WILEY-VCH Verlag GmbH and Co. KGaA, 2009.

Surface Charges of MSNs

Another critical factor influencing the cellular uptake of nanoparticles is the surface
charge. MSNs are characterized by silanol groups permitting to add different functional
groups, modifying their surface to be either cationic or anionic [115]. Most cells have a
negatively charged cell membrane, enhancing the uptake of positively charged nanopar-
ticles. Several studies have shown that positively charged nanoparticles internalize with
higher uptake than neutral and negatively charged nanoparticles [116–119]. Further-
more, neutral nanoparticles usually have lower cellular uptake compared to negatively
charged nanoparticles [98,120]. As a result of the internalization of nanoparticles by cells,
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their interaction with the cell membrane can occur by means of gelation of membranes
(with negatively charged nanoparticles) or fluidity of membranes (with positively charged
nanoparticles) [121,122]. On the one hand, the positively charged nanoparticles mainly
enter cells via micropinocytosis; on the other hand, the negatively charged nanoparticles
always enter cells by clathrin- or caveolae-independent endocytosis [123].

Positively charged MSNs generally exhibit higher endocytosis efficiency compared
to negatively charged MSNs due to the higher affinity for the negatively charged cell
membranes. Jambhrunkar et al. [124] prepared MCM-41 with negative and positive charges
for delivering curcumin. They found that the positively charged MCM-41-NH2 had more
efficient uptake in the human squamous cell carcinoma cell line (SCC25) than negatively
charged particles. Baghirov et al. [125] studied spherical and rod-shaped MSNs that
were either non-modified or modified with a poly(ethylene glycol)-poly(ethylene imine)
(PEG-PEI) block copolymer in in vitro models of the blood–brain barrier. The results
showed that the modified MSN-PEG-PEI particles exhibited robust uptake in RBE4 rat brain
endothelial cells and Madin–Darby canine kidney epithelial cells. Our group performed a
comprehensive study of cellular uptake using two types of MSNs: KCC-1 and MCM-41
(non-modified, positive charges with -NH2, and folic acid ligands) [42]. The FA-conjugated
MSNs exhibited higher cellular uptake than MSNs-NH2 and non-modified MSNs.

Morphological Structures of MSNs

The morphological structures (i.e., different shapes) play an important role in the
cellular uptake and trafficking of nanoparticles into cells or organs. Trewyn et al. [126]
studied the impact of different MSN shapes on cellular uptake in vitro, finding that a
tubular structure achieves more efficient uptake by both cancer and normal cells than those
of spherical morphology. Huang et al. [127] investigated the effect of three differently
shaped particles on non-specific cellular uptake by human melanoma (A375) cells. Their
results proved that particles with a larger aspect ratio are efficiently internalized by cells in
large amounts at faster rates. Another study tested the core–shell MSNs with spherical or
rod-like shapes for cellular uptake, showing that a rod shape results in more internalization
by cells than a spherical shape [128] It is generally accepted that this effect could be due to
the larger contact area of the rod than a sphere, permitting high favored internalization of
nanoparticles in cell membranes [116,128] Furthermore, rod-shaped MSNs exhibit superior
intracellular uptake compared to spherical MSNs [129]. The shape of the nanoparticles can
allow a specific mechanism of intracellular uptake. In this context, Hao et al. [130] reported
that the spherical particles are taken up by cells via clathrin-mediated endocytosis, whereas
the rod-shaped particles enter cells through caveolae-mediated endocytosis.

Other Features of MSNs

One significant characteristic of any nanocarrier delivery system is hydrophobicity.
Nanoparticles that have a hydrophobic nature exhibit a higher affinity for interacting with
the cell membrane than those with a hydrophilic nature, contributing to improved cellular
uptake [94].

2.3.2. Biocompatibility and Biodistribution of MSNs

Any DDSs introduced into clinical investigations should exhibit biocompatibility with
body tissues and organs. The biocompatibility is dependent on many MSN characteristics,
such as size, shape, surface functionality, porosity, route of administration, and structure
(Figure 9) [131].
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Figure 9. Schematic illustration of the biocompatibility and biotranslocation of MSNs and the
main physical–chemical characteristics. These highly influence the cellular uptake, intracellular
translocation, and cytotoxicity on the in vitro level, and the biodistribution, biodegradation, excretion,
and toxicity on the in vivo level. Reproduced with permission from [131], WILEY-VCH Verlag GmbH
and Co. KGaA, 2012.

Most animal studies indicate the high biocompatibility and safety of MSNs [31,132,133].
The degree of biocompatibility of MSNs can vary according to many factors such as synthesis
conditions, suitable structural features, and appropriate route at the right dosage [8,133–137].
As with other nanomaterials, for future translation to clinical applications, the safety as-
pects of MSNs should be considered carefully for each type [133]. Below, we present some
studies highlighting the biocompatibility of MSNs in vitro and in vivo. Park et al. [138]
investigated the biodistribution and biocompatibility of MSNs intravenously injected into
mice at 20 mg/kg. The histopathological examination showed no significant toxicity com-
pared to the control group. Their studies also indicated that MSNs are mostly cleared
from the liver, spleen, heart, kidneys, brain, and lungs after 4 weeks. Hudson et al. [139]
examined the biocompatibility of non-modified MSNs with particle sizes of ~150 (pores
about 3 nm), 800 nm (pores about 7 nm), and ~4 µm (pores about 16 nm) at different
does/concentrations. In vitro results in mesothelial cells showed that the cytotoxicity
depends on the concentration; increasing concentration increases cytotoxicity towards
cells. For in vivo studies, mcice were injected (intra-peritoneal, intra-peritoneal, and subcu-
taneous) at single dose of 30 mg/mL per mouse. The biocompatibility of MSNs in vivo
depends on the dose and the route of administration. The subcutaneous injection of MSNs
in rats indicates good biocompatibility, whereas intraperitoneal and intravenous injections
at very high dose ~1.2 g/kg is lethal for mice due to toxicity or distress necessitating
euthanasia, but at dose of ~40 mg/kg is safe. This severe systemic toxicity can be mitigated
by further surface modification of the MSNs. Lu et al. [23] evaluated various doses of
MSNs intravenously injected in mice (twice per week) for 14 days, they concluded that
dose at 50 mg/kg is well tolerated in mice, no toxicity, no apparent abnormalities on
the histopathological level or lesions were observed. They also revealed that this dose is
adequate for the pharmacological application in cancer therapy.

Huang et al. [30] evaluated the biocompatibility of differently shaped and PEGylated
MSNs (Figures 10–12), measuring various blood and serum biochemical indicators 24 h and
18 days after injection of MSNs at a dose of 20 mg/kg. All hematology markers were within
normal ranges without any considerable toxicity, showing excellent biocompatibility. The
results indicated that these particles do not influence liver function, and other parameters
were also in the normal range. Concerning the quantitative determination of biodistribution
and clearance, approximately 80% of MSNs are trapped in RES of the liver, spleen, and lung
after 2 h of administration. Comparing the Si contents of different organs (at 2 h, 24 h, and
7 days), the Si content obviously decreased over time, indicating the possible degradation
and clearance of MSNs from the liver, spleen, lung, and kidney. Moreover, the circulation
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time of MSNs in blood shows that long rod MSN (NLR) has a longer blood circulation time
than short rod MSN (NSR), and the effect of surface modification by PEGylation is partially
dependent on the shape.

Figure 10. Characterization of short rod MSN labeled with FITC (NSRFITC) and long rod MSN
labeled FITC (NLRFITC). (A) TEM image of NSRFITC. (B) TEM image showing the mesostructure
of NSRFITC. (C) TEM image of NLRFITC. (D) TEM image showing the mesostructure of NLRFITC.
Arrows denote FITC embedded in a particle. Reproduced with permission from [30], American
Chemical Society, 2011.

Figure 11. Biodistribution of differently shaped and poly(ethylene glycol) (PEG)ylated MSNFITC
in liver, spleen, and lung observed by confocal microscopy 2 h after intravenous injection. Arrows
denote NLRFITC distribution in the lung. Reproduced with permission from [30], American Chemical
Society, 2011.

Yildirim et al. [140] evaluated the interactions of MSNs with different surface func-
tional groups (ionic, polar, neutral, and hydrophobic) on blood parameters (hemolytic
activity, thrombogenicity, and adsorption of blood proteins) to understand their biocom-
patibility. They concluded that the blood compatibility of MSNs positively improves with
surface functional groups. Table 3 shows some data reported on the biocompatibility,
biodistribution, and clearance of MSNs in vitro and in vivo.
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Figure 12. Quantitative analysis of differently shaped and PEGylated MSNs in organs and blood by
ICPOES. Relative Si contents in liver, spleen, and kidney at (A) 2 h, (B) 24 h, and (C) 7 d post-injection.
Data are the mean ± SD from three separate experiments. * p < 0.05; ** p < 0.01 for the comparison
of Si contents of differently shaped and PEGylated MSNs in organs and blood. Reproduced with
permission from [30], American Chemical Society, 2011.

Table 3. The biocompatibility, biodistribution, and clearance of MSNs with different shapes, sizes, and surface modifications
in vitro or in vivo (injection or oral administration).

MSNs Study Biocompatibility Biodistribution in Organs References

MSNs (150 to 4000 nm) Subcutaneous injection
Intravenous injections

Good biocompatibility on
histological level

Death or euthanasia
NA [139]

Bare, functionalized,
polyethylene glycol or

hyaluronic acid
In vitro

Biocompatible;
do not induce ROS/RNS

production;
no changes in mitochondrial

membrane potential or cell cycle

NA [141]

MSNs and PEGylated
MSNs Tail vein injection in mice

All treated mice survive well for
1 month after being injected with

all MSN and PEG–MSN
No pathological abnormality on

gross and microscopic
histological examinations

Mainly located in liver and
spleen;

minority in lung, kidney, and
heart

[142]

MSNs and solid silica
nanoparticles Lateral tail vein in mice NA

Liver and spleen due to
reticulo-endothelial system;

increased accumulation in the
lungs due to amine modification;

degraded and excreted by
urinary and hepatobiliary routes

[143]

MSNs with different
shapes

Oral administration in
mice

No abnormalities in liver, lung,
heart, and spleen; kidneys show
particle shape-dependent tissue

damage

Liver, lung, spleen, kidney, and
intestine

Rapidly excreted from feces, and
some fraction excreted renally

[144]

MSNs (spheres and rod) Oral administration in
mice

Long-rod MSNs have longer
blood circulation than short-rod

and spheres

Mainly found in liver and
kidney;

renal excretion-spherical MSNs
cleared faster than rod MSNs

[145]
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Table 3. Cont.

MSNs Study Biocompatibility Biodistribution in Organs References

Multifunctional MSNs Tail vein injection in mice Good biocompatibility with low
toxicity

Mainly found in liver and spleen
Excreted in urine and feces [21]

Magnetic-doped MSNs In vitro and in vivo
(mouse) Good biocompatibility NA [146]

Biomimetic MSNs In vitro and in vivo Biocompatible and no obvious
toxicity

Tendency to be biodistributed in
brain [147]

MSNs with different sizes Intravenous injection in
mice

Incidence and severity of
inflammatory response was

obtained with large size;
no abnormal changes obtained

for small size

Spleen and liver;
clearance in urine and bile

depending on size
[148]

MSNs In vitro and in vivo No toxicity Liver and spleen;
clearance from urine [82]

2.3.3. Toxicity of MSNs

For preclinical and further clinical investigations, nanocarriers should be optimized to
avoid undesirable characteristics (e.g., toxicity, side effects, non-specific interactions) and to
allow good biological performance [131]. As one of the most abundant materials on Earth,
silica (or silicon dioxide) in crystalline form can be found in nature as sand or quartz [149].
In contrast, the amorphous form is present in biological materials, including plants, cells,
microbes (e.g., bacteria), vertebrates, and invertebrates [150]. Silica is also endogenous to
human tissues, such as cartilage and bone [151]. Several efforts are underway to identify
the toxicity of both the crystalline and amorphous forms of silica in different methods
of application [10]. Crystalline silica mainly results in toxicity as a result of breathing
fine crystalline powders created by the extraction of stone materials in soil [86]. Because
it is found in vegetables, whole grains, and seafood, silica is a considerable part of the
human diet (approximately 20–50 mg silicon/day for Western populations and reaching
200 mg/day for people whose diet is mainly plant-based as in China and India) [152].
Furthermore, after ingestion of silica, it circulates in the blood plasma and is absorbed
in the form of silicic acid; up to 41% of silicic acid is excreted in the urine [153]. Silica
nanomaterials are hydrolytically unstable and dissolve into the soluble form of silicic acid
(Si(OH)4, pKa 9.6) [152]. This can occur through three different processes: hydration, hy-
drolysis, and ion-exchange [154]. A schematic representation of silica degradation is shown
in Figure 13 [155]. Silicic acid has good bioavailability, contributing many health benefits,
such as maintaining bone health [154,156,157]. The FDA has approved silica as “generally
recognized as safe” for use in food additives and pharmaceutical products [86,155]. Silica
nanoparticles have also been approved by the FDA for cancer imaging in clinical trials [158]
and MSNs being developed with high potential for DDSs in clinical investigations [159].

The biosafety of engineered MSNs has been confirmed by several studies. As shown
in the literature, MSNs have insignificant toxicity, and the degree of toxicity is identified as
low from in vivo studies. Additionally, even such insignificant toxicity can be reduced with
the optimization of the synthesis process. However, a few reported data [160–163] provide
contrary reports. The plausible reason for this is that there are many factors affecting
the biocompatibility and safety of MSNs (e.g., shape, size, surface functional groups,
physicochemical properties). For example, the method of removing the surfactant/template
after MSNs synthesis (by calcination or by refluxing) influences the final cytotoxicity [139].
According to a number of in vivo experiments, a coherent message regarding the toxicity
of MSNs is that that the toxicity depends on the dose/concentration used. For example,
Hudson et al. [139] investigated the toxicity for MSNs (single dose) in vivo, they evaluated
various doses and administration routes. They concluded that a very high dose (1.2 g/kg) is
lethal for mice compared to the half dose which is well-tolerated and safe when applied by
intraperitoneal or intravenous injection. Liu et al. [164] studied the single and repeated dose
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of MSNs via intravenous administration in mice. In the single-dose toxicity investigations,
they found that the LD50 is higher than 1000 mg/kg. They also demonstrated that the
groups that received low doses of MSNs did not show any behavioral, hematology, and
pathological changes, whereas the groups that received high doses (1280 mg/kg) did
not survive. In the repeated dose toxicity experiments, the mice groups were given
continuously for 14 days followed by observation for a month. The results display that no
mortality and no remarkable changes (in pathology or blood parameters) were detected.
They also reported that the treatment of MSNs at daily doses (80 mg/kg) for 14 days is safe
without any adverse effects in animals. Fu et al. [29] evaluated toxicity of MSNs (110 nm)
in ICR mice treated by different routes: hypodermic, intramuscular, intravenous injections,
and oral administration. They found that the oral route is well tolerated in mice even
when increased to 5000 mg/kg compared to the intravenous route which shows the least
threshold. As such results and others available from literature generated evidence to show
that MSNs are well tolerated and safe in animals by various routes of administrations, i.e.,
oral, and intravenous injections [29,133,164,165]. However, there is no doubt that optimized
production of MSNs and the final nanoformulation can achieve good biocompatibility and
safe nanoparticles for treating diseases. Table 4 lists some studies that have explored the
toxicity of MSNs and their delivery systems. For more reading concerning the toxicity
and biosafety of MSNs, there are several extensive reviews [10,137,151,166–168]. The
toxicity of any material/object, including MSNs, in a given environment is dependent on
the dose [168]. As reviewed by Croissant et al. [168], there are mainly two mechanisms
governing the toxicity of MSNs on the cellular level [88]. The first mechanism is surface
silanolates that lead to membranolysis after the electrostatic interactions between MSNs
and phospholipids of the cell membrane occur [169]. The second mechanism is reactive
oxygen species (ROS) generation, which leads to cell death (by necrosis or apoptosis) by
means of membranolysis [170]. Reducing the possible toxicity and improving the biosafety
of MSNs can be achieved by optimizing the synthesis properties of MSNs for drug delivery
and biomedical applications.

Figure 13. Schematic representation of the intact and degraded structures of silica material nanopar-
ticles with the mechanisms and regulating factors underlying degradation. Reproduced from [155],
WILEY-VCH Verlag GmbH and Co. KGaA, 2017.

Table 4. The toxicity and biosafety of MSNs of various size, shape, surface modification, and route of administration in
in vivo studies.

MSNs Dose Route of
Administration Period Toxicity References

MSNs of 110 nm Repeated dose at 20,
40, and 80 mg/kg

Intravenous injection
in mice 14 days No death; LD50 of single dose =

1000 mg/kg [164]

MSNs of 150 nm,
800 nm, and 4 µm

Different doses at
single dose

Different routes in
rats 3 months

Toxicity depends on route of
administration. An amount of

40 mg/kg is safe
[139]
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Table 4. Cont.

MSNs Dose Route of
Administration Period Toxicity References

MSNs 40 mg/kg in CD-1
mice

Intravenous injection
in mice/rats 14 days Safe for I.V. administration [171]

MSNs with aspect
ratios of 1, 1.75, and 5 40 mg/kg Oral administration 14 days Safe and no changes observed [144]

MSNs: different sizes
and surface modified

Single dose at
25 mg/kg

Lateral tail vein
injection 7 days

No clinical toxicity based on
histological evaluations; blood

biocompatibility
[82]

Functionalized
Fe3O4@MSN-PEG
and non-modified

PEG

40 mg/kg Intravenous
injections in mice 4 days

Non-MSN-PEG caused toxicity
to liver, kidney, and spleen

tissues; modified PEG
nanoparticles showed no

toxicity

[172,173]

MSNs and silymarin
loaded-MSNs 250 mg/kg Oral administration

in rats 22 days No evident toxicity in rats [174]

MSNs Single dose at 10, 25,
and 50 mg/kg

Intraperitoneal
application in mice 7 days

No death; almost all tested
parameters in liver within

normal range
[175]

MSNs of 110 nm 50 mg/kg

Intravenous,
hypodermic,

intramuscular
injection and oral
administration in

mice

7 days

Caused inflammatory response
around the injection sites after
intramuscular and hypodermic
injection;some toxicity to liver

depending on route of
application

[29]

MSNs and colloidal
silica nanoparticles

2, 20, and
50 mg/kg/day

Intraperitoneal
injection in mice 4 weeks

No overt sign of clinical toxicity;
some damage to systemic

immunity of spleen
[176]

MSNs with different
sizes with no surface

modification
Single dose

Intravenous
administration in
female and male

BALB/c mice

1 year

No significant changes in body
weight, blood cell count, or

plasma biomarker indices; no
significant changes in post
necropsy examination of

internal organs and
organ-to-body weight
ratio;significant liver

inflammation and aggregates of
histiocytes with neutrophils

within the spleen; no chronic
toxicity observed

[28]

3. Drug Loading and Release Strategies
3.1. Drug Loading Strategies

A unique feature of MSNs (e.g., large pore volume, high surface, pores, stability)
makes them one of the most common nanocarriers exploited for drug delivery with a high
drug loading capacity for a variety of drugs. Generally, drugs or therapeutic molecules
can be loaded into MSNs with or without pore-capping. In the first technique without
pore-capping, hydrophobic or hydrophilic therapeutic agents directly load MSNs with
covalent or noncovalent bonding or electrostatic interactions. Loading of drugs or ther-
apeutic agents into the mesopore network of MSNs delivers them to target tissues while
simultaneously saving them from undesirable factors found in the surrounding environ-
ment (e.g., enzymatic degradation in the body) [9]. To load a suitable amount of drug,
MSNs are immersed in the desired stock solution of the drug or therapeutic agent under
stirring/shaking, during which the drug loading is highly driven by the concentration
gradient, the competition between drug (adsorbate) and MSNs (adsorbent), adsorbate and
solvent, and adsorbent and solvent [177,178]. As such, a loading process has been reported
with a variety of drugs, such as camptothecin (hydrophobic anticancer molecule) [90],
doxorubicin (Dox) hydrochloride [179], curcumin [69], quercetin [68], 5-fluorouracil (5-
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FU) [180], erythromycin [181], alendronate [182], silymarin [183], and paclitaxel (PTX) [184].
Importantly, the degree of drug loading can be maximized by choosing the desired solvent
for the drug, modifying the MSN surface, and adjusting the loading parameters (e.g., time,
temperature) [10,86,185].

In the second strategy with capping as the “gatekeeper” for the pore openings of
MSNs [168], the first stage is to engineer the outer surface of MSNs via many techniques:
molecular or supramolecular functionalization, capping with nanoparticles, and coating
with polymer, protein, or lipid. This approach can control the release and delivery of thera-
peutic agents. In the molecular or supramolecular approach, caps are mainly rotaxanes,
pseudorotaxanes, and others consisting of a long chain-like molecule that is threaded via
a cyclic molecule [186]. Under certain conditions (e.g., pH, redox), the cyclic molecule
can attract rotaxane (to one end of it), with the presence of a stimulus allowing it to slide
to the other end. By attaching the thread near the pore opening on MSNs, the sliding
cyclic molecule blocks the pore when it is near the particle or opens if it slides away. The
idea of nanoparticles as gatekeepers was pioneered by Lin and co-workers [187–190] with
many nanoparticles, such as iron oxide nanoparticles and gold nanoparticles. These small
nanoparticles can graft on top of MSNs loaded with cargos through chemical bonding
upon cleavage of the chemical bonds linking the nanoparticles with MSNs. Consequently,
under certain conditions (pH, redox), external stimuli can trigger the release of cargos in a
controlled manner. Next, in the coating strategy, different types of biomaterials, such as
polymer, proteins, and lipids, can be introduced onto the surface of MSNs loaded with
drugs. Drug release can occur upon degradation of these biomaterials or changing the
surrounding environment stimuli, either external or internal [191–193]. Table 5 lists some
examples of reported studies on prodrug loading in MSNs and their loading capacity.
Table 6 provides the different loading strategies and their relationship to stimulate re-
lease under various conditions for MSNs, showing the connection between loading and
release effects.

Table 5. Loading capacity for natural prodrugs into MSNs established as recent drug delivery systems for natural medicinal
substances.

MSN Type Surface Modification Natural Cargo Loading Content (%) References

MSNs Aptamer-functionalized Curcumin 3.4 [194]

MSNs Amine-functionalized and chitosan-coated Gallic acid Up to 58 [195]

KIT-6 Guanidine-functionalized and PEGylated Curcumin 50 [196]

KIT-6 and KIL-2 Amino-modified Curcumin 5–28 [197]

MSNs Non-modified Essential oils (lemongrass
and clove) 29–36 [198]

MSNs siRNA, folic acid functionalized Myricetin 36 [199]

MSNs Amino-modified Ursolic acid 22 [200]

MSNs Non-modified Curcumin and chrysin 11–14 [201]

MSNs Non-modified and copolymer-grafted MSNs Quercetin 3–9.5 [202]

MSNs Non-modified, amino-functionalized, folic
acid-functionalized Umbelliferone 12–19 [203]

KCC-1 and MCM-41 Folic acid-functionalized Quercetin, curcumin,
colchicine 2–29 [42]

KCC-1 Phosphonate-functionalized Colchicine 3.5 [43]

MSNs Non-modified Thymoquinone ~7.5 [44]

MSNs Non-modified Harmine ~45 [204]
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Table 6. Different loading strategies and their relationships to stimuli release under various conditions for MSNs.

Strategy Nano System Design Release References

Molecular or supramolecular

MSNs-rotaxane Diffusion under pH [205,206]

Pseudorotaxane Diffusion under redox, pH [207–209]

Cleavable molecular bridges Diffusion under plasmonic heating,
two-photon irradiation [210,211]

Molecular nanovalves Diffusion under plasmonic heating, various stimuli [210,212]

Nanoparticles as gatekeepers

Iron oxide nanoparticles Diffusion under redox, pH [188,213]

Cadmium sulfide nanoparticles Diffusion under redox [190]

Gold nanoparticles Diffusion under pH [214]

Zinc nanoparticles Diffusion under pH [215]

Calcium carbonate nanoparticles Diffusion under pH [216]

Coatings

Polymer coating Diffusion under pH [44]

Proteins coating Diffusion under pH [193]

Lipid coating Diffusion under different conditions [217]

3.2. Drug Delivery Strategies

In this section, we provide a summary of delivery strategies that have been developed
to treat cancer. This topic is well discussed in several reports for MSN delivery systems,
and the readers are referred to these selected reviews [15,32,79,168,218–221]. Open pores on
MSNs, the so-called cavities due to their porous structure, are not only used to load therapeutic
agents, but also allow them to diffuse out in the surrounding solution. Closing these pores
loaded with therapeutic agents is an essential step to avoid their premature release into the
blood vessels, protecting from several side effects because of non-specific release [221]. Much
effort has been made in controlled delivery systems with the stimulated or responsive release
of therapeutic agents under certain conditions. Two major common strategies for delivering
drugs have been reported by internal stimuli release (typical of the treated pathology), such as
pH, redox potential, and enzymes, or by external stimuli (remotely applied by the clinician),
such as magnetic fields, ultrasound, and light (Figure 14) [32].

Figure 14. (A) Schematic representation of stimuli-responsive release of drugs from MSNs. (B) In-
ternal stimuli-responsive release. (C) External stimuli-responsive release. Reproduced from [81],
MDPI, 2017.
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3.2.1. Internal Stimuli-Responsive Drug Release from MSNs
pH-Responsive Release

Cancer is well-known for its acidic tumor microenvironment with a lower pH than
healthy cells/tissues. Consequently, pH-sensitive release is one of the approaches used
in cancer nanomedicines. The most investigated pH-responsive delivery systems for
anticancer therapeutic drugs have been inspired by applying diverse techniques and
vary according to the loading strategies. In this section, we focus on some examples of
recent studies published for natural anticancer prodrugs with pH-sensitive release. Nasab
et al. [222] fabricated MSNs (MCM-41) capped with chitosan polymer and subsequently
loaded with curcumin. This pH-responsive design depends on the degradation of chitosan,
allowing high curcumin release at a low pH of 5.5 and resulting in low release at normal
physiological pH (7.4). This is favorable for killing U87MG glioblastoma cancer cells.
Mishra et al. [223] synthesized MSNs (SBA-15), followed by folic acid functionalization
and further loading with quercetin and acid-labile magnetic nanoparticles (Figure 15).
The system was investigated in vitro and in vivo in HCT-116 human colorectal carcinoma
cells. The results showed that quercetin release was a pH-dependent effect, increasing with
decreasing pH. Eventually, the system exhibits promising chemo-theranostic effects for
managing colon carcinoma. In this context, Rashidi et al. [224] reported that the release
of gallic acid (GA) from MSNs strongly depends on the pH levels of the release media.
Furthermore, a pH-sensitive delivery system for ursolic acid prodrug was synthesized by
incorporating an acid-sensitive linkage between the drug and MSNs [200]. This sustained
release of ursolic acid enhances the anticancer effects against hepatocellular carcinoma
cancer. A pH-responsive release of evodiamine and berberine was also achieved by loading
them into lipid-coated MSNs [225]. In another strategy using Fe3O4 nanoparticles as
gatekeepers, artemisinin is initially loaded into the inner space of hollow MSNs and Fe3O4
capped onto the pore outlets through acid-labile acetal linkers. The results proved that the
system is stable under neutral conditions at pH 7.4 (no release), but it releases the prodrug
upon exposure to the acidic lysosomal compartment (pH 3.8–5.0). The acetal linkers can be
hydrolyzed under acidic conditions. This delivery system has an efficient and desirable
anticancer action [226].

Figure 15. (A) Schematic representation of the delivery design for quercetin “FA-FE-SBA15QN”.
(B) The release kinetics of quercetin from FA-FE-SBA15QN at different pH (7.4 and 5.5). The values
are represented as the mean ± SEM. Reproduced with permission from [223], The Royal Society of
Chemistry, 2020. This article is licensed under a Creative Commons Attribution-Non-commercial 3.0
Unported License.

Redox-Responsive Release

The delivery systems that consider redox-sensitive release are popular in cancer-
targeted therapy. They take advantage of intracellular conditions and rely specifically on
the presence of glutathione (GSH) with a high level of expression in cancer cells compared
to normal cells [227]. For example, Lin et al. [228] prepared pH and redox dual-stage re-
sponsive release of curcumin with Dox through specific cleavable PEGylation and hydrogel
coating (crosslinked by disulfide bonds). The used MSNs were loaded with Dox, whereas
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the curcumin was encapsulated in a hydrogel coating. The results indicated that dual-
responsive release by means of GSH and pH allows efficient and specific cancer targeting
(Figure 16). In another example, Xu et al. [229] developed a stimuli-responsive delivery for
curcumin gatekeepers based on MSNs characterized by large pores (named LP). In this
design, curcumin is anchored to the surface of LP using thiol-ene as the click chemistry
approach, followed by a coating of the pluronic polymer (F127) on the surface by means
of self-assembly. The release studies proved that curcumin exhibits a redox-responsive
release depending on the absence or presence of GSH at different pH levels.

Figure 16. (A) Illustration of the dual-response release of p-Cur and Dox co-delivery. (B) In vitro
release profiles of Cur from MSN/SP/bPEG at 37 ◦C. Error bars indicate standard deviation. Repro-
duced with permission from [228], Elsevier B.V, 2019.

Enzyme-Responsive Release

In the human body, many chemicals and enzymes are inherently expressed during
pathological conditions, including cancers, which are explored to trigger drug release
from numerous MSN types [10]. A delivery system tailored for anticancer treatment with
enzyme-responsive release, in which matrix metalloproteinase (MMP) substrate peptide
containing PLGLAR, which is sensitive to MMPs, is immobilized onto amine-modified
MSNs and further capped with bovine serum albumin by covalent bonding. The results
revealed that the nanoplatform delivery exhibits enzyme-triggered release of drug and
efficiently inhibits tumor growth in vivo. MMP enzyme-trigger release of cisplatin-based
MSNs was reported by Vaghasiya [230]. The system constructed by coating collagen on the
surface of drug-loaded MSNs eventually results in sensitive enzyme release.

3.2.2. External Stimuli-Responsive Drug Release from MSNs
Responsive Release Using Magnetic Fields

This approach is largely employed for responsive release due to the magnetic guidance
by a permanent magnetic field and locally increases the internal temperature by changing
the magnetic field potential [32]. The delivery systems concerning this method widely use
magnetic nanoparticles (superparamagnetic iron oxide-SPIONs) 5–10 nm in size as a core
and mesoporous silica shell permitting drug loading and release [231]. Regarding natural
prodrugs, the nano platform developed by Janus MSNs consists of magnetic nanoparticles
to achieve magnetic targeting and delivery of berberine. This system produces a sustained
release and exerts extraordinarily site-specific internalization into hepatocellular carcinoma
cells, facilitating a high antitumor effect against liver cancer due to an external magnetic
field [232]. Another very recent example is Asgari et al. [233] developing a novel in situ en-
capsulation delivery for curcumin consisting of magnetite-silica core-shell nanocomposites.
The system could be effective for clinical application by means of magnetic hyperthermia
therapy. In addition, nanoparticles of DNA-capped magnetic mesoporous silica composite
exhibit temperature-dependent release of Dox and magnetic hyperthermia effects against
cancer [234].
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Responsive Release of Drugs Using Light

As a non-invasive and spatiotemporal strategy, different wavelengths of ultraviolet,
visible, or near-infrared light can be employed to trigger and control drugs from MSNs.
The main advantages are easy application by the clinician and focalization to the target
tissue [235–237].

Kuang et al. [238] developed a curcumin delivery system by means of photodynamic
therapy, achieving PEGylated MSNs loaded with curcumin (Figure 17). The results demon-
strated that the developed system, “MSN-PEG@Cur”, exhibits efficient endocytosis into
cells and the release of curcumin. As a photodynamic therapy, it promptly generates ROS
upon irradiation, allowing effective treatment for cancer. In another example, Li et al. [239]
preloaded berberine into folic acid-modified Janus gold MSNs. The in vitro and in vivo
results demonstrated that the delivery system verifies sustained release dependent on light
and an efficient anti-tumor effect with good biosafety for normal tissue. Feng et al. [225]
fabricated a dual delivery platform for evodiamine and berberine loaded into lipid-coated
MSNs with thermo-sensitive release. Their results suggest that the temperature-responsive
release is promising for both hydrophobic and hydrophilic drugs. Using an important
natural prodrug of capsaicin, the main ingredient in red or hot chili pepper, Yu et al. [240]
reported a novel design of NIR-triggered plasmonic nanodot-capped MSNs for inhibiting
metastasis of human papillary thyroid carcinoma. The nanoplatform consisting of gold
nanodot-capped MSNs loaded the prodrug. The results depicted that the delivery of cap-
saicin by the developed nanoformulation exhibited strong cytotoxicity against the FTC-133
and B-CPAP cell lines compared to free capsaicin.

Figure 17. The preparation process for MSN-PEG@Cur and schematic representation of the intracel-
lular photodynamic therapy (PDT) process after endocytosis of MSN-PEG@Cur. Reproduced with
permission from [238], The Royal Society of Chemistry, 2020. This article is licensed under a Creative
Commons Attribution-Non-commercial 3.0 Unported License.

Responsive Release of Drugs by Ultrasound

Ultrasound is considered an interesting and efficient approach to trigger the release
of drugs from MSNs. The main advantages include deep penetration of living tissues
without causing damage, and it is non-invasive and can be concentrated to the desired
tissue [32,241]. In this approach, drugs can be released from pores of MSNs due to the
thermal effect of ultrasound radiation on chemical bonds and thermosensitive polymers
while closing in the absence of a radiation effect [242–244]. An example is MSNs modified
with amine groups covered by sodium alginate polymer and subsequently loaded with a
model cargo (rhodamine B) [245]. The results indicated that rhodamine B releases based on
changing the ultrasound potential (ultrasound on–off responsiveness).
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4. Selective Targeting Strategies for Cancer

One of the hottest areas in delivery systems is the delivery of drugs or therapeutic
agents directly to specific tissues where the desired therapy is required. The main goal of
nanomedicine application for cancers is avoiding the expected side effects from drugs and
damaging the healthy cells surrounding the tumor site [21,246]. Two routes have been used
depending on nano-particulate delivery for cancers, passive and active selective targeting.

Passive targeting was first postulated by Matsumura and Maeda in 1986 [247]. Nanopar-
ticles can accumulate in tumor tissue by the enhanced permeability and retention (EPR)
effect. They hypothesized that the localization of macromolecules and particles of certain
sizes differ, which is attributed to the tumor microenvironment, the relatively slow elimina-
tion rate, and poor lymphatic drainage. Particle size, surface charge, or hydrophobicity
can be mediated by the so-called EPR effect, or passive targeting [248,249] (Figure 18).
Passive targeting is due to abnormalities in tumor blood vessels, which have wide in-
terendothelial junctions with pores (700 nm). Injected nanoparticles travel through the
bloodstream and accumulate in the tumor interstitium because of this characteristic of
tumor vessels [247,249]. The nanoparticles already located in the tumor would remain there
because of the ineffective lymphatic drainage with the fast growth of the tumor tissue [221].
However, the EPR effect is often not efficient enough to selectively deliver and reduce the
side effects of anticancer drugs [250].

Active targeting is used to enhance the ability of a nanoparticle delivery platform
carrying drugs to be taken up and bind to cancer cells via specific receptors on their surfaces
compared to normal cells [251]. It is well known that some tumor cells overexpress certain
receptors on their surface. Thus, nano-delivery systems functionalized with various ligands
permit a high affinity for receptors facilitating specific retention and uptake by cancer cells.
Thus, the role of targeting ligands is to allow the nanocarriers to selectively enter the
cancerous cells, but not normal cells. This not only reduces the administration dosage,
but also diminishes toxic side effects of drugs during circulation [252]. Many ligands
have been investigated to functionalize/decorate nano-delivery systems based on MSNs
for selectively targeting cancers (Figure 18). These include antibodies, proteins, peptides,
aptamers, small molecules, and saccharides [221]. For example, transferrin [237], folic
acid [42], epidermal growth factor (EGF) [253], methotrexate [254], RGD-type peptide [255],
anti-HER2/neu [256], hyaluronic acid [257], and mannose [258].

Figure 18. Schematic representation of the enhanced permeability and retention (EPR) effect (lift
side). (A) Normal blood vessels (no fenestrations), showing that MSNs remain in the bloodstream.
(B) Tumor tissues (defective blood vessels present) showing that MSNs leak out through the en-
dothelial gap–gap and eventually accumulate in the tumor. On the right is a schematic depiction of
active targeting with a variety of possibilities depending on the MSNs. Reproduced from [32,259],
MDPI, 2020.
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As an example, Kundu et al. [203] designed targeted delivery for umbelliferone
prodrug, with the system consisting of umbelliferone loaded in MSNs and capped with
a pH-sensitive poly acrylic acid and further grafted with folic acid on the surface. The
delivery with folic acid conjugation increases the anticancer potential of umbelliferone
against breast cancer cells. In another example, Yinxue et al. [199] investigated myricetin
prodrug (Myr)-loaded MSNs combined with multidrug resistance protein (MRP-1) siRNA
and the surface modified with folic acid to treat non-small cell lung cancer (NSCLC).
In vivo fluorescence demonstrated that folic acid-conjugated MSNs with Myr and MRP-1
nanoparticles could specifically accumulate at tumor sites. Compared to free Myr and
MSNs combined with MRP-1/Myr nanoparticles, folic acid-conjugated MSNs loaded with
Myr and MRP-1 nanoparticles could more effectively suppress tumor growth with few
side effects. Overall, a folic acid-conjugated nanoparticle system could provide a novel and
effective platform for the treatment of NSCLC. We also reported a targeted delivery system
consisting of folic acid conjugated to amine-modified MSNs (KCC-1 and MCM-41) and
subsequently loaded with various prodrugs (curcumin, colchicine, and quercetin) [42]. The
nanoformulation containing curcumin exhibited the highest anticancer activity against liver
cancer cells through apoptosis via caspase-3, H2O2, c-MET, and MCL-1 (Figure 19). Table 7
lists some other examples of targeted delivery systems for anticancer natural prodrugs.

Figure 19. Schematic representation of the preparation, internalization, and anticancer mechanism
of action of the prepared nanosystem in human liver carcinoma (HepG2) cells. This schematic
shows the prodrug release into cancer cells and the main anticancer action for inducing apoptosis
via activation of caspase-3 for killing HepG2 cancer cells proposed by assistance from important
signaling pathways (c-MET, MCL-1, and H2O2). Reproduced from [42], Impact Journals, 2018.

Table 7. Some examples of targeted delivery systems for anticancer natural prodrugs using MSNs.

Prodrug Ligand Used Cancer Type In Vitro/In Vivo References

Berberine FA Liver cancer In vitro and in vivo [239]

Colchicine FA Colon cancer cells In vitro [43]

Curcumin FA Liver cancer cells In vitro [42]

Curcumin FA Breast cancer cells In vitro and in vivo [260]

Curcumin FA Breast cancer cells In vitro [261]
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Table 7. Cont.

Prodrug Ligand Used Cancer Type In Vitro/In Vivo References

Quercetin and
doxorubicin co-delivery HA Gastric carcinoma In vivo [262]

ZD6474 and
epigallocatechin gallate EGFR, VEGFR2, and Akt Tamoxifen-resistant breast cancer. In vitro and in vivo [263]

Topotecan and quercetin
co-delivery

Arginine-glycine-aspartic
acid (cRGD) peptide

Triple negative breast cancer and
multi-drug resistant breast cancer cells

(MCF-7)
In vitro [264]

Quercetin FA Breast cancer cells In vitro [265]

Epigallocatechin-3-gallate Peptide Breast cancer In vivo [266]

Anti-miRNA21 and
resveratrol co-delivery HA Gastric carcinoma In vitro and in vivo [267]

Thymoquinone
Whey protein, Arabic

gum, or chitosan–stearic
acid

Brain cancers In vitro [44]

Quercetin R5 peptide Colon cancer In vitro [268]

FA = folic acid, HA = hyaluronic acid.

5. Motivation towards Natural Anticancer Agents

Nature is a great source of thousands of chemical substances/compounds generally
considered natural products, as well as natural prodrugs if they are used for treating dis-
eases [269,270]. Natural products (of natural origin) and herbal medicines have been used
in traditional and modern medicine to treat cancer, and account for nearly 60% of pharma-
ceutical drugs [271–279]. Natural prodrugs provide medical effects against cancers as either
chemotherapeutics or chemopreventive drugs. Regarding chemotherapeutics, anticancer
natural prodrugs have been utilized for various cancer treatments and are becoming rising
stars in the field of drug discovery for their contributions [280]. Some available drugs used
in clinical applications for cancer patients diagnosed with different cancers are derived from
plants, including vincristine, vinblastine, topotecan, and taxol [281]. There are also some
examples of anticancer drugs originating from microbes, including Dox, daunorubicin, and
bleomycin. Regarding cancer prevention, there are numerous natural substances (e.g., in
fruits and vegetables) that have also been applied in cancer prevention along with human
health enhancement with no detectable side effects [282]. To achieve cancer prevention
goals, by completely preventing or delaying cancer, the main strategies that can be used,
such as maintenance (healthy lifestyle), avoidance (exposure to toxicants/carcinogens),
and dietary consumption (chemopreventive substances to drugs) [283]. There is no doubt
that prevention leads to better management and treatment of tumor growth and the risk
for developing metastases, secondary tumors, and recurrence [283]. Eliminating cancer,
decreasing metastasis, reducing reappearance, and improving patient survival are key to
curing cancers [284].

Among the main natural sources, plants are a considerable domain for supplying a
variety of natural products with diverse chemical structures with a wide range of health
benefits. The natural products are the main secondary metabolites produced by plants and
can be classified into four major classes: phenolics and polyphenolics, terpenes, nitrogen-
containing alkaloids, and sulfur-containing compounds (Figure 20) [285–287].
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Figure 20. Chemical structures of various classes of natural compounds (prodrugs). Reproduced
with permission from [285], Elsevier Ltd., 2019.

In recent years, attention has been focused on solving the problems associated with
natural prodrug substances to increase their use in cancers and other pathological disorders.
As an advanced strategy, nanotechnology application in medicine, called nanomedicine, is
a promising approach being developed to overcome the limitations of natural prodrugs and
improve their efficiency in cancer therapy. The advent of nanomedicine for cancer therapy
occurred recently, and the rate of its progress and transformation in cancer treatments has
also been rapid [285]. This technology can solve the major drawbacks of natural anticancer
prodrugs, including low aqueous solubility, low bioavailability, multidrug resistance, and
non-specific targeting. The developed nanoformulations for delivery of natural anticancer
prodrugs are intentionally being explored with several classes of prodrugs based on various
organic and inorganic nanocarriers [285,288–298]. By reviewing in vitro and in vivo cancer
models in the literature, it seems that nanoplatforms for delivering anticancer natural
prodrugs have potentially improved the therapeutic activity, specific targeting, solubility,
and bioavailability, and reduced side effects. The better patient response and survival
are accompanied by possible enhancement of the pharmacological impacts and clinical
outcome. Below, we discuss the delivery systems that have been established for select
anticancer natural prodrugs employing MSNs.

5.1. Curcumin

Curcumin (1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione) is a natural
hydrophobic polyphenol compound, and is the major constituent derived from turmeric
rhizome (Curcuma longa L.). Turmeric is a well-known spice in the kitchen and has a long
history in traditional medicine for a wide range of diseases. Curcumin has numerous
pharmacological activities, including anticancer, antiviral, antioxidant, anti-inflammatory,
wound healing, and antimicrobial, among others [299–315].

Despite these potential pharmacological activities, the pharmacokinetics of curcumin
show inherently poor solubility and bioavailability because of the limited absorption,
rapid metabolism, and quick systematic elimination [316–319]. To take advantage of the
medical actions of curcumin and improve the inherent limitations, versatile nanoplatform
delivery systems have been constructed and studied, including MSNs. Concerning MSNs
for curcumin delivery contribution, MSN-based nanosystems show great promise for
combating cancers and will be seen soon in clinical stages.

Ma’mani and co-workers [196] fabricated guanidine-functionalized PEGylated KIT-6
MSNs 60–70 nm in size for delivery of curcumin to breast cancer cells. The system exhib-
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ited pH-sustained release of curcumin with long-term anticancer efficacy in human breast
cancer cells (MCF-7 human breast adenocarcinoma cells, 4T1 mouse breast cancer cells,
and MCF10A human mammary epithelial cells). A similar trend was observed for MSNs,
namely MSU-2 and MCM-41 loaded with curcumin showing significant anticancer effects
against different cancer cells (A549 human lung carcinoma cells, MCF-7 human breast
cancer cells, and B16F10 mouse melanoma cells) compared to pure curcumin [320]. In
further investigations, they found that the plausible mechanism contributing to anticancer
effects is the generation of intracellular ROS and the induction of apoptosis. Lin et al. [228]
tailored a co-delivery system of Dox loaded into MSNs as the core and curcumin loaded
into the polymeric coating shell. The results indicate the long duration of blood circulation
due to the PEG shell, GSH-sensitive release effect for drugs, and high cellular uptake
resulting in synergistic anticancer effects through enhanced apoptosis of Hela cells. As
an interesting nanoplatform, the fabricated lipid bilayer-coated curcumin-based MSNs
unveiled a controllable and highly biocompatible theranostic nanosystem for cancer de-
livery [321]. Another recent strategy for building a delivery system for curcumin is by
loading the prodrug into amino-MSNs using APTES silanes (KIL-2 and KIT-6), then coated
by polyelectrolyte polymer complex by means of the layer-by-layer technique [197]. Based
on the comparative data from this study, the nanoformulation exerts an anticancer effect on
human cell lines, namely HL-60, EJ, and HEK-293, compared to free curcumin, demonstrat-
ing the promising delivery of prodrug with a sustained release effect. Considering active
cancer-targeting designs, our group constructed selective targeted anticancer delivery
of curcumin using MSNs (KCC-1-NH2-FA-CUR and MCM-41-NH2-FA-CUR) showing
selective targeting of liver cancer cells (HepG2). The killing mechanism was found to be
apoptosis [42]. The aspartic acid-functionalized PEGylated MSN-graphene oxide loaded
with curcumin exhibited pH-sensitive release and excellent killing of breast cancer cells
(MCF-7) [322]. With the occurrence of drug resistance in come cancers, silver-decorated
SBA-15 (as metal-doped nanocomposites) coated with melanin-like polydopamine was
used to deliver curcumin [323]. They found that the utilization of a nanoplatform con-
taining curcumin enhances anticancer efficiency against select cancer cells (HeLa and
taxol-resistant NSCLC (A549/TAX) compared to free curcumin.

To verify the antitumor action against breast cancer in vivo, Gao et al. investigated PE-
Gylated lipid bilayer-coated MSNs for a dual-delivery of PTX and curcumin with prolonged
release to determine their pharmacokinetic properties, uptake, subcellular localization,
biodistribution and tumor site targeting, and effectiveness [324]. The delivery system could
significantly increase the anti-tumor effect either by intravenous or intratumoral adminis-
tration compared to free drug. The nanoplatform effectively led to the accumulation of the
nanoformulation carrying drugs in the tumor site, resulting in highly efficient therapeutic
effects in breast cancer. As such evidence of utilization of curcumin for co-delivery systems
is important for further improvements and reducing side effects and drug resistance in
cancers, which is the main issue for conventional cancer therapy. Sun et al. [325] conducted
a study of cancer targeting by means of folic acid and PEI-modified-MSNs for curcumin;
they concluded that the system exhibits sustained release (pH-sensitive delivery), which is
suitable for antineoplastic drugs. Several studies have reported the delivery of curcumin in
different cancers in vitro or in vivo (Table 8).
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Table 8. Delivery designs for curcumin in cancer (in vitro/in vivo studies) based on mesoporous silica nanoparticles
(MSNs).

Delivery Design Trigger Release Effect Cancer Type Anticancer Mechanism References

CUR-loaded MSNs incorporated
into poly-ε-caprolactone/gelatin

(PCL/GEL) hybrid
Sustained release Human adipose-derived stem

cells (hADSCs)
Down-regulation of p16INK4A;

up-regulation of hTERT [326]

SBA-15 doped with silver
nanoparticles, coated melanin-like
polydopamine, and loaded CUR

pH-sensitive release

Human cervical cancer cells
(HeLa) and taxol-resistant
non-small cell lung cells

(A549/TAX)

NA [323]

Co-delivery: spiropyran- and
fluorinated silane-modified MSNs,

loaded doxorubicin and CUR
pH-responsive release In vivo: HepG2-xenografted

mice NA [327]

Hollow MSNs, loaded CUR pH-triggered release NA NA [328]

Co-delivery: PEGylated lipid bilayer
coated MSNs, loaded paclitaxel and

CUR
Sustained release In vivo: breast NA [324]

Targeted delivery with folic
acid-modified MSNs pH-triggered release NA NA [325]

CUR loaded MSNs NA Hepatocellular carcinoma
cells (HepG2, liver) [329]

MSNs functionalized with PEI and
loaded CUR NA Breast cancers: MCF-7 and

MCF-7R cells

Apoptosis: activation of caspase-9,
-6, -12, PARP, CHOP, and PTEN;

downregulation of survival protein
Akt1; downregulation of ER resident

protein: IRE1α, PERK, and GRP78

[330]

Targeted delivery: folic
acid-conjugated amine-modified

MSNs (KCC-1 and MCM-41), loaded
CUR

NA
Human hepatocellular

carcinoma cells (HepG2) and
HeLa cancer cells

Apoptosis: by specific signaling
molecular pathways (caspase-3,

H2O2, c-MET, and MCL-1)
[42]

Targeted delivery: MSN-modified
hyaluronan (HA) or

polyethyleneimine-folic acid and
loaded CUR

Redox-responsive
Breast cancer cell line

(MDA-MB-231). In vivo:
mouse xenograft model.

NA [260]

Targeted delivery: gold
nanoparticles immobilized on folic
acid-conjugated dendritic MSNs,
coated reduced graphene oxide

nanosheets, loaded CUR

pH-sensitive and
photothermal potency

Human cancer cell lines
(MCF-7, human breast

carcinoma cells and A549,
human lung carcinoma cells)

NA [261]

Aspartic acid functionalized
PEGylated MSNs contained

graphene oxide nanohybrid loaded
CUR

pH-responsive Breast cancer MCF-7 cells NA [322]

Targeted delivery: folic
acid-modified MSNs, loaded CUR pH-sensitive Breast cancer MCF-7 cell NA [331]

Glycyrrhetinic acid-functionalized
MSNs, loaded CUR NA Liver hepatocellular

carcinoma (HepG2) cells NA [332]

Polyethylenimine-modified
curcumin-loaded MCM-41 pH-sensitive Breast cancer MCF-7 cells NA [333]

MCM-41 capped by chitosan natural
polymer pH-sensitive Glioblastoma cancer cell line

(U87MG) NA [222]

Carboxymethyl cellulose-grafted
mesoporous silica hybrid nanogels NA Human breast cancer cell line

(MDA-MB-231) NA [334]

Targeted delivery: CUR-loaded and
calcium-doped dendritic MSNs

modified with folic acid
pH-responsive Human breast cancer cells

(MCF-7); in vivo animal

Apoptosis: increasing intracellular
ROS generation; decreasing

mitochondrial membrane potential;
enhancing cell cycle retardation at

G2/M phase

[335]

Amine-functionalized KIT-6, MSU-2,
and MCM-41; loaded CUR NA Cancer cells

Apoptosis: generation of
intracellular ROS; downregulation of
poly-ADP ribose polymerase (PARP)

enzyme

[336]

MCM-41 modified, different
functionalities, and loaded CUR Sustained release Human squamous cell

carcinoma cell line (SCC25) Apoptosis [124]

KCC-1 and MCM-41
amino-modified and loaded CURC pH-responsive NA NA [69]

NA = Not applicable, CUR = curcumin.
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5.2. Quercetin

Quercetin is a dietary flavonoid compound derived from plants (e.g., medicinal plants,
vegetable, fruits). It is a 3,3′,4′,5,7-pentahydroxyflvanone named by the International Union
of Pure and Applied Chemistry (IUPAC) [337]. Quercetin has unique biological properties
that play an important role in mental/physical performance, as well as reducing infection
risk [338]. It has shown numerous pharmacological actions, including anti-oxidant, anti-
microbial, anti-diabetic, anti-inflammatory, anti-cancer, anti-Alzheimer, psychostimulant,
mitochondrial biogenesis stimulant, lipid peroxidation inhibitor, platelet aggregation in-
hibitor, and capillary permeability inhibitor, among others [339–348]. The dietary intake of
quercetin varies in many countries. The estimated intake dosage of flavonoid (quercetin
accounts for nearly 75%) ranges from 50–800 mg/day according to the consumption of
fruits, vegetables, tea, and herbals [349]. In addition, quercetin is safe with a single dose of
up to 4000 mg orally and up to 100 mg via intravenous administration [350]. Quercetin is
an excellent free radical scavenging antioxidant [344] and is considered one of the most
effective antioxidants [351]. Consequently, quercetin exhibits promising effects against
cancer [339,352] in vitro and in vivo [353–360]. Nevertheless, its potential impacts in clini-
cal applications are drastically limited due to its poor solubility, low bioavailability, and
instability [361]. According to the pharmacokinetics of quercetin in humans, only ~2% is
bioavailable (from single dose) with an absorption rate of 3 to 17% (from 100 mg applied
in individual healthy persons) [337]. The factors affecting oral bioavailability are low
absorption, extensive metabolism, and/or rapid elimination, in addition to low solubility
and non-selective targeting of cancers. Several nanoplatform delivery systems focus on
overcoming these challenges to introduce quercetin into clinical applications soon for
cancer [362–368].

The use of MSNs to develop new delivery systems for quercetin against cancers has
attracted many research groups. Liu et al. [369] fabricated a system for dual delivery of PTX
and quercetin into MSNs to overcome multidrug resistance in breast cancer. The nanosys-
tem exhibited CD44 receptor-mediated active targeting for MCF-7/ADR cells. At the same
time, the addition of quercetin with PTX significantly improves the sensitivity of MCF-
7/ADR cells to PTX, providing a solution to multidrug resistance in breast cancer. Huang
et al. [370] designed a novel nanoformulation consisting of quercetin-loaded MSNs coating
cancer cell membranes for enhanced tumor targeting and radiotherapy. In vitro and in vivo
investigations revealed that the system has many advantages, including excellent tumor
targeting ability and efficient inhibition of tumor growth. The platform fulfills innovative
ideas for targeting cancer and improving therapy. In another attempt, polydopamine-
coated hollow MSNs combining Dox hydrochloride with quercetin efficiently overcame
multidrug resistance in taxol and Dox double-resistant human colorectal cancer cells
(HCT-8/TAX cells) [371]. Fang et al. [262] developed a hyaluronic acid-modified MSNs
that co-deliver quercetin and Dox to enhance the efficacy of chemotherapy for gastric
carcinoma. They found that the system enables stability, sustained release, and selective
killing effects. An in vivo study disclosed that the co-delivery significantly enhances the
anticancer efficacy compared to a single drug, showing the importance of quercetin in
clinical application. In this context, Murugan et al. [264] loaded topotecan into the pores
of MSNs, followed by poly(acrylic acid)-chitosan as an outer layer to further conjugate
quercetin, and then grafting with arginine-glycine-aspartic acid (cRGD) peptide on the
surface as targeting ligands for cancers. The system released the drugs as a function of pH
and uptake occurred through integrin receptor-mediated endocytosis, enabling efficient
anti-tumor effects in multidrug resistant breast cancer cells and animal studies. As far as
active targeting and bioavailability are concerned, MSNs conjugated with folic acid and
loaded with quercetin exhibit higher cellular uptake and more quercetin bioavailability
in breast cancer cells, as well as an enhanced antitumor effect through apoptosis [265].
These studies demonstrate the prospective application of quercetin in cancers by means
of single or co-delivery, facilitating efficient targeting and antitumor effects, creating new
possibilities for clinical applications.
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5.3. Resveratrol

Resveratrol (RSV, 3,5,4′-trihydroxy-trans-stilbene) is a natural polystilbene and non-
flavonoid polyphenol. As a phytoestrogen compound, RSV is present in a wide range of
plants and is abundant in extracts from the grape skin and other fruits and vegetables. RSV
has been reported to exert multiple pharmacological effects, including anti-inflammatory,
anti-viral, anti-microbial, anti-Alzheimer, anticancer, cardioprotective, neuroprotective, and
immunomodulatory actions [372–386]. Concerning the anticancer effects on the preclinical
level, RSV has also been reported to possess important antitumor actions in several pre-
clinical animal models [387–398]. The clinical prospective of RSV has also been evaluated
in a few clinical trials. The first clinical trial by Nguyen et al. [399] indicated that the
freeze-dried grape powder (containing RSV) effectively inhibits colon cancer in patients. In
addition, Patel et al. [374] showed that a daily dose of RSV at 0.5 or 1.0 g produces sufficient
anticarcinogenic effects in colorectal cancer. Furthermore, Howells et al. [400] demonstrated
that RSV given at micronized formulation with 5.0 g daily for 14 days in patients with
colorectal cancer and hepatic metastases prevented malignancies by increasing apoptosis.

Despite promising preclinical (in vitro and in vivo) and prospective clinical results as
an anticancer agent, RSV still has many challenges due to the pharmacokinetics, metabolism,
bioavailability, and toxicity in cancer patients [374,401]. These associated properties pre-
vent translation into more clinical trials and human benefits. In addition, RSV has shown
poor bioavailability due to its quick extensive metabolism, and large doses (up to 5 g/day)
should be applied to provide anticancer therapeutic activity [402]. Such high doses result
in adverse effects (e.g., diarrhea, nausea, and abdominal pain with >1 g/day) [402]. As the
poor bioavailability limits the RSV activity, there are various approaches for overwhelm-
ing the bioavailability, including co-delivery with piperine prodrug [403], micronized
powders [403], and nanoplatform delivery [404–407]. Application of nanomedicine can
improve the stability and bioavailability, and minimize side effects of RSV, which is making
RSV a prospective candidate for treating many diseases, including cancers.

Few investigations in recent years have used MSNs for the delivery of RSV. Chaudhary
et al. [408] loaded RSV into MSN-modified phosphonate or MSN-modified amine to
improve the anti-proliferative activity and sensitization of drug-resistant prostate cancer.
The RSV is released as a function of pH, and the phosphonate-modified nanoparticles
effectively kill cancer cells better than amine-modified nanoparticles. Hu et al. [267]
constructed a dual delivery system for anti-miR21 and RSV using MSNs conjugated with
hyaluronic acid to target gastric carcinoma through overexpression of the CD44 receptor on
cell membranes. They found that this nanoformulation has a superior anticancer effect due
to synergistic effects specifically delivered by combining anti-miR21 and RSV in gastric
cancer cells. Furthermore, Summerlin et al. [409] encapsulated RSV in colloidal MCM-48
and found that the nanoformulation enhances saturated solubility (∼95%) and release
effect compared to pure RSV. The nanoformulation also possesses a higher killing ability
for HT-29 and LS147T colon cancer cells compared to pure RSV by mediating the PARP
and cIAP1 pathways.

5.4. Berberine

Berberine is an isoquinoline alkaloid found in a handful of plants widely used in botan-
ical medical practice, such as Hydrastis canadensis (Goldenseal), Berberis aquifolium (Oregon
grape), Berberis vulgaris (Barberry), and Coptis chinensis (Chinese Goldthread) [410,411].
Versatile pharmacological activities have been reported for berberine, including anti-viral,
anti-microbial, anticancer, anti-diabetic, anti-diarrhea, and anti-inflammatory, and treat-
ment for congestive heart failure, cardiac arrhythmia, and hypertension. Recently, berberine
extract or pure compound has gained much attention in the newly published research and
is among the top pharmaceutical supplements on shelves [412]. The preclinical evidence
from huge studies reveals the capability of berberine to treat many diseases [411,413–419].
Thus, berberine is clinically studied for many diseases, such as diabetes [410,420–423].
Particular attention has been given to berberine in cancers, so it is expected to be one of the
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most common natural compounds under the scope of extensive clinical investigations of
cancers [424]. The main challenges in translating berberine to the clinical application are
low solubility, poor aqueous solubility, slight absorption, and low bioavailability. There are
some strategies to deal with these limitations, such as producing berberine hydrochloride
to increase its solubility. Another approach is encapsulating berberine into nanocarriers for
nanoplatform delivery [425–427].

Berberine loaded into folic acid-conjugated gold-MSNs shows superb anticancer
effects, good biosafety, and protection of normal tissue in vitro and in vivo for chemo-
radiotherapy of liver cancer [239]. Another conformation obtained by Feng et al. [225]
showed that MSNs based on dual delivery of hydrophobic prodrugs with berberine and
evodiamine through thermo/pH-responsiveness improves antitumor effects in vitro and
in vivo. Other results propose that the berberine-loaded Janus nanocarriers (MSNs contain-
ing iron oxide) driven by a magnetic field provide an effective and safe approach against
hepatocellular carcinoma [232]. As with other drugs, berberine can be released depending
on different conditions; by disulfide bond linking, berberine releases from MSNs under
glutathione conditions upon breakage of the disulfide bond, promoting the anticancer
action against liver cancer [428].

5.5. Thymoquinone

Thymoquinone (TQ, 2-methyl-5-isopropyl-1,4-benzoquinone), a monoterpene dike-
tone compound, is the main active component in essential oil (volatile oil) of Nigella sativa
L. (known as black seed or black cumin). TQ was isolated for the first time in 1963 [429]
and exhibits various pharmacological activities in vitro and in preclinical investigations.
The most reported activities are anticancer, antioxidant, anti-microbial, neuroprotective,
anti-inflammatory, anti-microbial, and anti-diabetic [430–440]. A considerable amount of
available data from preclinical studies encourage the translation of TQ into clinical settings.
There is no doubt of the promising anticancer effects of TQ, but the lack of bioavailability
and pharmacokinetic parameters delay the use of TQ in clinical applications. The main
issues are low bioavailability, solubility, biodistribution in the body, rapid metabolism, and
excretion [441–443]. In recent years, several strategies have been investigated to improve
these limitations, such as the development of novel analogs [444], use of different routes
(e.g., oral, intraperitoneal, intravenous), and nano-delivery systems [296,445,446].

Few delivery systems have been designed for TQ based on MSNs. The TQ-loaded
MSNs produce more anticancer effects against MCF-7 and HeLa cells than pure TQ [447].
In addition, both TQ-loaded MSNs and pure TQ exert their anticancer activity by means
of ROS-mediated apoptosis. To enhance the targeting ability towards glioma cells, we
fabricated core–shell nanoformulations [44], with the core consisting of MSNs loaded with
TQ and the shell consisting of whey protein–Arabic gum or chitosan–stearic acid complex.
Interestingly, TQ releases as a function of pH and induces selective killing of cancer cells
compared to normal cells. Furthermore, the core–shell nanoformulations significantly
kill glioma cancer cells via apoptosis-mediated pathways due to caspase-3 activation,
cytochrome c triggers, and cell cycle arrest at G2/M signaling. In this sense, the efficient
anticancer effects against brain cancers can be attributed to the distribution of TQ-loaded
MSNs [448]. The study showed that encapsulating TQ in MSNs improves delivery to some
brain areas, including the cortex, thalamus, hypothalamus, and midbrain, but reduces its
delivery to the cerebellum compared to pure TQ. The results also indicated that neither free
TQ nor MSN-TQ reaches the hippocampus. Thus, MSNs potentially target TQ to certain
brain areas.

5.6. Gallic Acid

GA (3,4,5-trihydroxybenzoic acid) is one of the most abundant phenolic acids present
in plants (e.g., fruits and medicinal plants. GA can be isolated from different plants
of Quercus spp. and has extensive applications in the food and pharmaceutical indus-
tries [449]. The therapeutic uses include antimicrobial [450], anticancer, gastrointestinal
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disease, cardiovascular disease, metabolic disease, neuropsychological disease, and other
miscellaneous diseases [449,451–455]. GA has a potential antioxidant action modulated
by various signaling pathways (e.g., inflammatory cytokines, and enzymatic and nonen-
zymatic antioxidants) that lead to its therapeutic effects [453]. However, as with many
prodrugs, limitations still exist for clinical use of GA and to confirm its therapeutic out-
comes. Several nanostructures have been used to fabricate delivery systems to solve these
limitations and achieve effectiveness to translate GA into clinical investigations [456–460].

Only a few studies have been reported on MSN nanosystems for GA. MSNs func-
tionalized with amino acid and coated with chitosan exhibit a high loading capacity of
~20–38%, leading to better killing potency of MCF-7cells than pure GA [195]. GA is an
unstable molecule under specific pH; by encapsulating it in MSNs, the release of GA can be
controlled by media with different pH and released in the presence of higher antioxidant
activity [224]. With respect to the anticancer effect, incorporation of GA into MSNs by
means of covalent bonding increases its activity against HeLa and KB cells, with a killing
efficiency of up to 67% [461]. Thus, GA-loaded MSNs easily internalize into Caco-2 cells,
releasing GA to enhance cytotoxic effects against colon cancer [462].

5.7. Essential Oils

Among the plant natural prodrugs, the essential oils (also known as volatile oils)
have particular importance in many sectors (e.g., pharmaceutical, cosmetic, agricultural,
and food) [463,464]. With a long history in many cultures, essential oils can be used for
different purposes [465]. For example, Ancient Egyptians used essential oils as early as
4500 BC for cosmetics and ointments [466]. They made a mixture of many herbals con-
taining essential oils (e.g., aniseed, cedar, onion, myrrh, grapes, etc.) as preparations in
perfume or medicine. In recent years, the most important use of essential oils has been
aromatherapy due to their curative effects [467]. Essential oils are complex mixtures of
volatile compounds found especially in aromatic plants, such as clary sage (Salvia sclarea
L.), eucalyptus (Eucalyptus globulus Labill.), geranium (Pelargonium graveolens L.), laven-
der (Lavandula officinalis Chaix), lemon (Citrus limon L.), peppermint (Mentha piperita L.),
roman chamomile (Anthemis nobilis L.), rosemary (Rosmarinus officinalis L.), basil (Ocimum
basilicum), rosemary (Rosmarinus officinalis), and ginger (Zingiber officinale). The essential
oils are obtained from plant sources by several methods, such as hydrodistillation, steam
distillation, cold pressing, solvent extraction, microwave-assisted processing, and carbon
dioxide extraction. Concerning their chemical composition, essential oils were originally
characterized as monoterpene and sesquiterpene hydrocarbons together with their oxy-
genated derivatives, besides the aliphatic aldehydes, alcohols, and ester structures [466].
Due to the chemical compositions of essential oils with versatile compounds that possess
many roles and modes of action in various pharmacological entities and therapeutics, in-
cluding anticancer, cardiovascular disease treatment, anti-bacterial, anti-viral, anti-oxidants,
analgesics, and antidiabetics [468,469]. The main applications are enhanced transdermal
drug delivery due to their skin penetration, and aroma and massage therapy [470]. Es-
sential oil compounds have been reported to have potential anticancer effects in vitro and
in animal models [471–477]. However, essential oils generally have low stability, high
volatility, and a high risk of deterioration by exposure to direct heat, humidity, light, or
oxygen [478]. Nanoformulations are a recent strategy being developed for essential oils
and their constituents to solve these problems [463,479–482].

To the best of our knowledge, no anticancer nanoformulations have been designed
for essential oils and their constituents. MSNs are efficient particles for the high loading
of essential oil substances. Melendez-Rodriguez et al. demonstrated that eugenol, an
important component in various essential oils of herbs, is efficiently encapsulated in pores
of MSNs up to 50 wt.%. by means of vapor adsorption [483]. Ebadollahi et al. [484] reported
that the loading of essential oils of thymus species into MCM-41 increases their stability and
persistence up to 20 days. Furthermore, Janatova et al. [485] demonstrated that different
encapsulated essential oil components in MCM-41 provide long-term effects through
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controlled release compared to the same pure substances. In addition, Jobdeedamrong
et al. [486] showed that the release of essential oils (peppermint, thyme, cinnamon, and
clove oil) is controlled by loading them into MSN-functionalized particles and grafting them
with hyaluronic acid. Confirmation of delayed volatilization was reported for lavender
oil loaded into MSNs [487]. Jin et al. [488] showed that MCM-41 modified nanoparticles
enable high loading of pepper fragrant along with bactericidal activities against different
microbes. Thus, the incorporation of essential oils from different herbs could be used
effectively for infectious diseases [489,490] and treating biofilm [491].

5.8. Other Natural Products

Artemisinin is a sesquiterpene lactone derived from Artemisia annua. It is used as
an antimalarial for treating multi-drug-resistant strains of falciparum malaria. It has
also shown promising anticancer effects [492]. Artemisinin loaded into pores of hol-
low MSNs and capped with Fe3O4 nanoparticles act as gatekeepers [226]. The system
shows a pH-dependent release effect, with stable release achieved at pH 7.4 and higher
artemisinin release at low pH (3.8–5.0). This system exhibits excellent anticancer efficacy.
Another multifunctional nanocarrier, Fe3O4@C/Ag@mSiO2 loaded with a high amount of
artemisinin, allows pH-stimuli release and more killing of HeLa cancer cells compared to
free artemisinin [493].

Some natural prodrugs are toxic compounds, and this toxicity prevents them from
being used to treat cancers. An important example is colchicine, a natural alkaloid derived
mainly from Colchicum automnale. It has long been used clinically to treat gout and familial
Mediterranean fever. Colchicine is an important antimitotic prodrug and efficiently kills
cancer cells [494], but the major challenge to its use is its toxicity. Earlier, Cauda et al.
reported a one-step fabrication of colchicine-loaded in lipid bilayer-coated MSNs, making
the system more stable and leading to effective microtubule depolymerization upon cell
uptake [495]. We also loaded colchicine into folic acid-conjugated MCM-41 and KCC-1
for anticancer and antioxidant effects, obtaining higher anticancer effects than with free
colchicine [42]. Very recently, we developed a novel DDS for colchicine. The system con-
sisted of KCC-1-functionalized with phosphonate groups and loaded with colchicine, and
subsequently coated with folic acid chitosan–glycine complex (MSNsPCOL/CG-FA) [43].
This nanoformulation revealed enhanced selective killing towards cancer cells compared
to free colchicine in this order: colon cancer (HCT116) > liver cancer (HepG2) > prostate
cancer (PC3). As its cytotoxicity is a major concern, the system is also promising because
it exhibits low cytotoxicity (4%) compared to free colchicine (~60%) in normal BJ1 cells.
The main mechanism of action was studied in detail for HCT116 cells, indicating primarily
intrinsic apoptosis as a result of enhanced antimitotic effects with a contribution of ge-
netic regulation by MALAT 1 and mir-205 and immunotherapy effects by Ang-2 protein
and PD-1.

Loading glabridin, a prodrug compound obtained from the root extract of Glycyrrhiza
glabra, on MSNs leads to remarkable improvement in its saturation solubility and dissolu-
tion velocity [496]. In this context, loading of breviscapine in MSNs significantly improves
the solubility and bioavailability [17]. In addition, Ibrahim et al. [183] concluded that
incorporating silymarin in MSNs within a lyophilized tablet remarkably increases the
dissolution rate and saturation solubility. Similarly, loading of glabridin in MSNs improves
the saturation solubility and dissolution velocity [496]. The biological activity, including
anticancer activity, of polyphenols and flavonoids obtained from black chokeberry fruits
is efficient compared to the free forms when loaded in MCM-41 and ZnO-MCM-41 [497]
Co-delivery of topotecan and quercetin by MSNs results in pH-responsive release, subse-
quently increasing the intracellular release in cancer cells. Ultimately, it induces notable
molecular activation (structural changes in tumor cell: endoplasmic reticulum, nucleus, and
mitochondria) leading to cancer cell death [264]. Similar evidence has been obtained with
targeted delivery of epigallocatechin-3-gallate-loaded MSNs for breast cancer treatment
in vivo [266].
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6. Conclusions and Future Perspective

Engineered MSNs with a variety of nanostructures are important inorganic nanocarri-
ers for drug delivery in nanomedicine applications. MSNs have various unique physio-
chemical properties, including high pore volume, high specific surface area and porosity.
In addition, various organic functional groups can be used for their surface modification
by facile processes. MSNs are generally accepted to have good biocompatibility, being safe
and showing no-significant side effects. The toxicity of MSNs as in the case of any drug
or nanomaterial depends on dose/concentration, material properties, application routes.
The degree of toxicity is low as indicated by several studies if the synthesis is performed in
optimized conditions or overdose is avoided. Additionally, according to many animal stud-
ies, the toxicity of MSNs can diminish by optimizing the synthesis parameters and surface
modification. Most in vivo studies generate data stipulating that the suggested average
dose of 50 mg/kg is well tolerated in animals and safe without any toxicity or apparent
abnormalities. This is considered as an adequate dose to be used, e.g., in cancer therapy.
This dose can be increased for oral route administration compared to intraperitoneal or
intravenous injection. Importantly, the use of MSN-drug-loaded nanoformulations can
allow the use of an even higher dose (three or more times) [174]. As with other nanomate-
rials, for future translation to clinical applications, the safety aspects of MSNs should be
considered carefully for each type because many nanostructures are reported. Recently, the
first clinical trial in humans was conducted with oral delivery of fenofibrate formulation
based on the ordered mesoporous silica [33].

MSNs can be used as multifunctional targeted anticancer delivery systems, deliver-
ing a variety of drugs, therapeutic proteins, and antibodies. Furthermore, due to their
nanoporous structure, MSNs have a high loading capacity for therapeutic agents and are
excellent nanocarriers for internal- and external-responsive release of drugs (e.g., pH, GSH,
redox, light, magnetic direction, and ultrasound). The available data indicate that the use of
MSNs as prodrug nanocarriers can overcome the present barriers in their application: poor
water solubility, low bioavailability, and insufficient targeting. Therefore, the available liter-
ature suggests a high potential of MSNs as natural prodrug delivery vehicles. The present
pre-clinical and clinical tests show that MSNs are promising drug delivery carriers from a
biocompatibility/safety perspective, opening the door towards the clinical nanomedicine
application for cancer therapy.

For future research directions, we suggest the importance of co-delivery systems in
which two or more anticancer natural prodrugs are combined, as well as exploring thou-
sands of natural prodrugs that have not been thoroughly investigated yet. Furthermore,
scientists can investigate loading MSNs with crude extract from plant materials. This
can also be explored in synergistic therapy with crude extract containing many prodrug
components together. Particularly promising prodrug substances are essential oils applied
using MSN-based delivery systems. Their traditional use is only limited to cosmetics and
some pharmaceutical applications. The essential oil nanoformulations will add value to
cancer therapy.

The core–shell nanoformulations containing a core of MSNs loaded with prodrugs
and a shell of organic substances, such as chitosan, Arabic gum, or others, are highly
recommended to establish prodrug delivery systems. As an important parameter, the
stability and dispersibility of nanoformulations should be taken into consideration because
they affect the biological performance and therapeutic actions. Additionally, we think that
the large-scale production for each type of MSNs will lead to obtaining safe material by
optimizing and stabilizing the material parameters. In our opinion, animal and reported
clinical studies open the doors to develop MSNs-based nanoformulations to be translated
into clinical evaluations for cancers soon.
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Abstract: Breast cancer is among the most common types of cancer in women and it is the cause of a
high rate of mortality globally. The use of anticancer drugs is the standard treatment approach used for
this type of cancer. However, most of these drugs are limited by multi-drug resistance, drug toxicity,
poor drug bioavailability, low water solubility, poor pharmacokinetics, etc. To overcome multi-drug
resistance, combinations of two or more anticancer drugs are used. However, the combination of two
or more anticancer drugs produce toxic side effects. Micelles and dendrimers are promising drug
delivery systems that can overcome the limitations associated with the currently used anticancer
drugs. They have the capability to overcome drug resistance, reduce drug toxicity, improve the drug
solubility and bioavailability. Different classes of anticancer drugs have been loaded into micelles and
dendrimers, resulting in targeted drug delivery, sustained drug release mechanism, increased cellular
uptake, reduced toxic side effects of the loaded drugs with enhanced anticancer activity in vitro and
in vivo. This review article reports the biological outcomes of dendrimers and micelles loaded with
different known anticancer agents on breast cancer in vitro and in vivo.

Keywords: breast cancer; micelles; dendrimers; anticancer drugs; drug delivery; doxorubicin;
platinum drug; methotrexate

1. Introduction

Cancer is a life-threatening disease characterized by abnormal and uncontrolled cell proliferation,
which can invade other organs of the body [1]. Approximately 90–95% of cancer cases are attributed to
genetic mutation and 5–10% cases are caused by inherited genetic mutations [2]. The World Health
Organisation (WHO) reported 9 million cancer-related deaths in 2018, which occurred mostly in Asia
and Africa. Types of cancer are classified based on the body organ affected, and some examples of
cancer types include breast, lung, liver, colorectal, skin, brain, stomach, and pancreatic cancer, etc. [3,4].

Among the cancer types, breast cancer is common in women, and it has been reported to be the
cause of approximately 627,000 deaths in the world annually [5]. There were 230,000 breast cancer
cases diagnosed in the United States alone with over 40,000 deaths, and it is identified as the second
common cause of cancer-related death in women [6]. The mortality rate relating to breast cancer has
decreased over the past 20 years by 30% due to consistent progress in drug development, which has
resulted in an improved survival rate of 90% [7]. Despite the improvements in the survival rate in
some developed countries, metastatic breast tumor is still challenging to treat with a predictable overall
survival rate of only 23% [8]. The main pathways that are involved in breast cancer metastases and
development are not well understood.

Breast cancer is classified into three subtypes based on the occurrence and absence of three
receptors present in the tumor cells: (i). hormone receptor (HR) positive breast cancer (express
progesterone and estrogen receptors), (ii). Oncogene human epidermal growth factor 2 (HER-2/neu),
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and (iii). Triple-negative breast cancer (TNBC) (negative for expression of progesterone, estrogen,
and HER-2/neu) [9,10]. The TNBC is the worst chronic breast tumor subtype. Several methods used to
treat cancer include chemotherapy, hormonal therapy, radiotherapy, immunotherapy, and surgery [11].
Chemotherapy is one of the best treatment methods used to combat breast cancer subtypes, although it
suffers from several shortcomings [12].

Chemotherapy is the most utilized approach, and recently it involves the combination of
two or more anticancer agents to overcome the development of drug resistance. The shortcomings
of chemotherapy include multi-drug resistance, drug toxicity, poor drug bioavailability, low water
solubility, and poor pharmacokinetic parameters [13]. Polymeric nanocarriers are effective potential
systems that can be utilized for targeted drug delivery. Their capability to overcome the shortcomings
of anticancer drugs that are associated with chemotherapy is promising. They are drug delivery
systems formulated from polymer-based materials and are used to deliver different types of bioactive
agents (e.g., hydrophilic and hydrophobic drugs) to the targeted biological environment. There are
various types of polymeric nanocarriers utilized for the delivery of bioactive agents resulting in
improved therapeutic outcomes such as polymeric nanoparticles [14–18], nanoliposomes [19–22],
nanocapsules [23], polymer prodrugs [24–29], nanogels [30], hydrogels [31], dendrimers [32,33],
and micelles [34–37]. Polymeric nanocarriers offer several unique and potent advantages: improved
drug solubility, enhanced drug biodegradability, bioavailability, and biocompatibility, improved patient
compliance, controlled and sustained drug release kinetics, preservation of the drug efficacy during
plasma circulation, reduced drug toxicity, and overcome drug resistance [34,38]. Due to the unique
features of polymeric nanocarriers, this review will report the in vitro and in vivo biological efficacy of
micelles and dendrimers designed for the treatment of breast cancer.

2. Breast Cancer and Its Chemotherapy

Among the subtypes of breast cancer, 60% of breast cancer cases are HR-positive breast tumors,
and HER-2/neu constitute around 20% of all breast cancer cases. Approximately 20% of breast cancer
cases are TNBC [39]. Breast cancer-related symptoms include a change in the shape and size of breast,
skin dimpling, swollen lymph nodes, red patch of the skin, a lump in the breast, discharge of fluid
from the nipple, bone pain, and shortness of breath [40]. Several factors that contribute to breast
cancer include obesity, early age menstruation, smoking, inherited genes mutations, ionizing radiation,
lack of exercise, etc. [41]. Breast cancer therapies presently used are chemotherapy, radiation therapy,
immunotherapy, surgery, hormone therapy, and antibody therapy [42,43]. These therapies have short
and long-term consequences that affect patients’ quality of life [43].

Anticancer drugs (Figure 1, Table 1) act by interfering with the abnormal, uncontrolled cell division
and are cell cycle phase non-specific or specific [43,44]. Cell cycle phase-specific bioactive agents include
the plant alkaloids (e.g., vinca alkaloids and taxanes) and the antimetabolites (e.g., fluorouracil (1),
methotrexate (2)) [45]. Antimetabolites are very effective in the S-phase of cell division, and they act
specifically on cells involved in the formation of new cells from the synthesis of new DNA. Plant
alkaloids are effective in the S- and M-phases. Fluorouracil acts as a thymidylate synthase inhibitor by
interfering with DNA replication. Vinca alkaloids (e.g., vincristine (3)) bind with microtubule assembly,
destroying chromosome segregation during mitosis. The taxanes (e.g., paclitaxel (4), docetaxel (5))
prevent the normal functioning of microtubule during mitosis and hinders cell division [45].

Alkylating agents are cell cycle phase non-specific bioactive agents, and their examples include
cyclophosphamide (cytoxan (6)), they target the replicating cells’ DNA. Other examples of alkylating
agents are platinum drugs (e.g., carboplatin (7), cisplatin (8) and oxaliplatin (9)) which are responsible
for the inhibition of DNA synthesis in cancer cells. Anti-tumor antibiotics are also cell cycle
phase non-specific bioactive agents (e.g., epirubicin (10), doxorubicin (11) and camptothecin (12)).
They prevent RNA (ribonucleic acid) synthesis by binding with the DNA, thereby distorting the DNA
structure [46]. Other chemotherapeutic agents employed for breast tumor chemotherapy include
tamoxifen (13) a selective estrogen-receptor modulator) administered to the patient with ER-positive
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breast tumor, and it acts as an estrogen antagonist. Another drug used to treat breast cancer is arimidex
(14) which hinders aromatase action. It is administered to postmenopausal women diagnosed with
hormone-receptor-positive, metastatic hormone-receptor-positive breast cancer, and advanced-stage
breast cancer. Trastuzumab ((15), a biological response modifier) acts as a HER2 protein inhibitor on
breast cancer cells, terminate cell division, and causes apoptosis and cell stasis [46].Pharmaceutics 2020, 12, x FOR PEER REVIEW 3 of 50 
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Figure 1. Anticancer drugs used for the treatment of breast cancer: fluorouracil (1), methotrexate (2),
vincristine (3), paclitaxel (4), docetaxel (5), cytoxan (6), carboplatin (7), cisplatin (8), oxaliplatin (9),
epirubicin (10), doxorubicin (11), camptothecin (12), tamoxifen (13), arimidex (14) and trastuzumab (15).
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All the aforementioned anticancer drugs can affect healthy cells (e.g., bone marrow, and hair
follicle, etc.), resulting in significant and frequent adverse effects that include alopecia, loss of
appetite, vomiting, and nausea, thrombocytopenia, neuropathy, mucositis, myelosuppression-induced
anemia, etc. [47]. The chemotherapeutic drugs are employed to target the rapid division of cancer
cells; various cells in the human body rapidly divide in a normal manner, such as the digestive tract
cells and hair follicle cells, which are also affected by the chemotherapeutics. Also, the widespread
distribution and short half-life of anticancer drugs require more dosing, resulting in increased side
effects [47]. The anticancer drugs’ side effects are due to their non-targeted and non-specific nature
that result in the healthy cells/tissue exposure to their toxic side effects. Polymeric nanocarriers are
promising candidates that can be employed to overcome the shortcomings of currently used anticancer
drugs. Hence this review article is focused on polymeric micelles and dendrimers nanocarriers loaded
with anticancer drugs for breast tumor targeting.

3. Micelles and Dendrimers Nanoformulations That Are Currently in the Clinical Trials

Micelles display excellent features such as good tumor-targeted delivery, making them suitable as
a drug delivery system with high translational potential. Some micelle-based systems are presently
under various phases of clinical assessment (Table 2), but most of them are still under preclinical
evaluation [48]. Genexol®-PM and NK105 were developed to improve the water solubility and
therapeutic efficacy of paclitaxel and irinotecan (topoisomerase-I inhibitor). Genexol®-PM is known
as the copolymer micelle made up of mPEG-PDLLA solubilizer. Its enhanced water solubilizing
efficiency of 25% is higher than the formulation, Taxol®. In addition, this micelle formulation has a
greater maximum tolerated dose when compared to Taxol® [48]. Furthermore, Genexol®-PM exhibits
higher cellular internalization and good inhibition of P-glycoprotein, and decreased myelo-suppression
when compared to Taxol®. Presently, Genexol®-PM has been approved for clinical application in
South Korea, Hungary, and Bulgaria, and it is being assessed in Phase II clinical trials in the USA. It is
sold under the trade name Cynviloq™ [48,49].

NK105 is a micelle formulation developed from PEG-poly(aspartic acid) copolymer and
4-phenyl-1-butanol to improve its hydrophilicity. It delivers loaded paclitaxel to solid tumors [50].
Tumor maximum concentration of these micelles was higher than paclitaxel when screened on
HT-29 colon tumor model. Nippon Kayaku Co. Ltd. (Tokyo, Japan), a certified company in Japan,
began phase II clinical trial of NK105 [50]. NK012 micelle formulation is composed of conjugated drug
SN38 (irinotecan hydrochloride) with poly(l-glutamic acid) fragment of PEG–P(Glu) block copolymer.
Despite its significant cytotoxicity against several cancer cell lines screened, NK012 micelle is an
effective micellar system with an average particle size of 20 nm and the drug loading capacity of
approximately 20% [51]. Two clinical trial phases were completed independently in the USA and Japan,
with no serious dose-dependent side effects. Based on these findings, NK012 micelles are currently
under phase II clinical trial [51].

The micelle products NC-6300, NK911, and NC-6004 are formulated for the delivery of epirubicin,
doxorubicin, and cisplatin, respectively [52]. The antitumor activity of NC-6300 with a significant
decrease in cardiac toxicity in the phase I clinical evaluation in 2013 revealed that the formulation is
safe and tolerable [53]. NK911 formulation in a clinical trial at the National Cancer Centre Hospital
in Japan, Tokyo, showed the recommended dose and minimum toxicity dose of 50 and 67 mg/m2,
respectively [53]. The NC-4016 micelles formulation containing DACH-platinum was reported to be
stable in physiological environments with prolonged blood plasma circulation after bolus administration
resulting in more than 1000-fold increase in blood plasma concentration between 0 to 3 days when
compared to free oxaliplatin during preclinical evaluations. Phase I clinical study commenced in
2013 at the University of Texas MD Anderson Cancer Centre in the USA in patients with advanced
lymphoma or solid tumor [54]. NC-6004 (Nanoplatin™) was evaluated at phase I/II clinical trial in
patients with advanced solid tumour to evaluate its safe dose, safety, efficacy, and tolerability [55].
Seventeen patients with advanced solid tumour types were administered the formulation intravenously
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with a starting dose of 10 mg m−2 which was increased to 120 mg/m2. The maximum tolerated dose of
120 mg/m2 and a recommended dose of 90 mg/m2 was reported. The sustained release of cisplatin after
administration contributed to the low toxicity of the formulation.

SP1049C micellar formulation has been reported to overcome multidrug resistance in a clinical
trial [56]. It is composed of Pluronic L61 and Pluronic F127. It is loaded with doxorubicin. Pluronic
L61 inhibits the efflux mechanism of P-glycoprotein, while pluronic F127 enhances the stability of the
formulation. The biodistribution of the formulation was similar to the free doxorubicin in the liver,
blood plasma, kidney, lungs, and heart. The cytotoxicity of the formulation was significant against
a brain tumor. Its effective therapeutic outcomes were reported in preclinical studies, phase I and II
clinical trials in patients with advanced adenocarcinoma of gastroesophageal and oesophagus junctions.
It is a registered chemotherapeutic agent for the treatment of metastatic adenocarcinoma [56].

On the other hand, the use of dendrimer-based nanocarriers for cancer therapy is beneficial. A lot
is left to be discovered and addressed to confirm their efficacy in cancer treatment [57]. One of the
antitumor dendrimer formulations that have succeeded from preclinical evaluation to Phase I clinical
study is DEP® docetaxel. DEP® docetaxel formulated from PEGylated PLL dendrimer has shown
promising results in clinical trials revealing the efficacy of dendrimer systems [58]. Other dendrimers
currently under clinical studies are DEP®cabazitaxel, ImDendrim, and MAG-Tn3 [59].
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4. Dendrimers for Breast Cancer Therapy

Dendrimers are nanocarriers with hyperbranched, spherical, and three-dimensional (Figure 2a).
Different anticancer drugs have been loaded into dendrimers for the treatment of breast cancer (Figure 2b)
(Table 3) [60,61]. They are utilized in biomedical applications for drug delivery of bioactive agents
such as antimalarial, anticancer, antiviral, antiprotozoal, antitubercular drugs, etc. Their well-defined
surface functional groups and globular nanosize in the range of 1–10 nm makes them useful for
drug delivery [62]. Polymeric dendrimer is of great interest in biomedical applications such as
polyamidoamine (PAMAM) dendrimers due to their low toxicity [62,63]. These nanocarriers have
successfully delivered chemotherapeutic agents and in theranostic applications in chemotherapy [64].
Other types of dendrimers used in biomedical applications, especially in oncology include poly-lysine,
PPI, phosphorus, and carbosilane dendrimers. Polylysine (PLL) is one of the amphiphilic dendrimers
with branched structure based on penta-functional core molecules obtained by functionalization of
positively charged basic amino acids like lysine orβ-amino-alanine [65]. PLL demonstrates a remarkable
new group of molecules since they have a small size and are made of natural components that are more
easily internalized than those based on synthetic molecules. Cationic PLL dendrimers are useful in
numerous biomedical applications, such as carriers for antitumor drugs (5-fluorouracil etc.) [65]. Poly
(propyleneimine) (PPI) dendrimers are highly branched macromolecules with symmetric architecture,
and they have been widely studied for DNA delivery. These dendrimers can enhance transfection
efficiency by endocytosis and direct transport into the cell nucleus [66]. Phosphorous and carbosilane
dendrimers are inorganic dendrimers with interesting biomedical applications. These dendrimers
demonstrate therapeutic effects against many cancer types and can be loaded with different anticancer
drugs for drug delivery [67,68].

The other advantages of dendrimers in chemotherapy include enhanced drug efficacy, improved
drug biocompatibility, reduced drug toxicity, and controlled and sustained drug release kinetics [69–72].

4.1. Dendrimers Loaded with Doxorubicin

Dendrimers can overcome the toxic side effects of doxorubicin by promoting sustained release
profile (Table 3). Guo and co-workers formulated hyaluronic acid (HA)-modified amine-terminated
fourth-generation PAMAM dendrimers for co-delivery of doxorubicin and cisplatin [73]. The TEM
images of the drug-loaded dendrimers displayed spherical shaped morphology. The dual drug-loaded
dendrimers displayed a mean particle size of 91 ± 2.18 nm, a negative surface charge of −24 ± 7.6 mV,
and a polydispersity index (PDI) of 0.35 ± 0.06. The dendrimers’ drug loading efficiency was 13.6% and
18.3% for cisplatin and doxorubicin, respectively [73]. The drug release studies of PAMAM dendrimers
in an acidic tumor condition and physiological environment (pH 7.4) in vitro showed no release of
both drugs within 2 and 24 h, respectively, demonstrating that co-loaded dendrimers were sufficiently
stable to avoid drug clearance from the blood plasma before reaching the target tissue. The cellular
uptake studies of the formulation in MDA-MB-231 and MCF-7 breast cancer cell models using confocal
scanning microscopy showed that the cellular uptake was time-dependent. The antitumor analysis
in vitro of HA modified co-loaded PAMAM dendrimers and plain co-loaded PAMAM dendrimers were
evaluated on both cancer cell lines using MTT assay. The modified co-loaded drug dendrimers showed
good anticancer efficacy of 58% cell death while the plain co-loaded dendrimers showed 49% cell death
on MDA-MB-231 cells [73]. PAMAM dendrimers uptake into cancer cells is via a clathrin-mediated
uptake passageway followed by rapid transport to the cellular compartments such as (endosomes and
lysosomes) [74]. The modified dual drug-loaded dendrimers were stable, and their uptake was via the
lysosome-mediated pathway. It also enhanced drug accumulation in the tumor tissue when compared
to the free drug solutions. After 24 h of distribution studies, no drugs were observed in the kidneys
and the heart, revealing the reduced side effects of the formulation. The in vivo antitumor studies
in tumor-bearing BALB/c mice showed that the modified dual drug-loaded dendrimer formulation
exhibited significant antitumor effect. The study revealed the synergistic efficacy of co-delivery of
anticancer drugs using dendrimers [73].
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Incorporating doxorubicin into dendrimers can also result in targeted drug delivery to the
cancer cells, and the nature of the targeting moiety plays an important role. Chittasupho et al.
prepared CXCR4 targeted dendrimers encapsulated with an antitumor antibiotic, doxorubicin,
using PAMAM dendrimers [75]. The encapsulation and drug loading capacity of doxorubicin
in the PAMAM dendrimers were 97.25 ± 0.04 and 3.40 ± 0.04%, respectively. The in vitro drug
release kinetics of the doxorubicin from the dendrimers was quick at pH 5.0 compared to pH 7.4.
After 2 h of treatment, the uptake of the formulation into BT-549-Luc cells was 10.7 (for 0.25 mg/mL),
11.5 (for 0.5 mg/mL), and 13.2 (for 1 mg/mL) fold higher when compared to the dendrimer without a
targeting moiety. The uptake of the formulation into T47D cells were 3.0 (0.25 mg/mL), 4.6 (0.5 mg/mL),
and 4.3 (1 mg/mL)-fold higher when compared to the dendrimer without a targeting moiety. The IC50

values of the drug-loaded dendrimer on BT-549 after 12 h were 25.2 µg/mL compared to the free
drug, which was 72.6 µg/mL. The free drug did not display any cytotoxic effect on the T47D cells,
but the IC50 values of the drug-loaded dendrimer on the cell lines after 120 h was 124.4 µg/mL [75].
The cellular uptake of the dendrimers into T47D and BT-549-Luc breast tumor cell was time and
concentration-dependent. The cytotoxicity of the doxorubicin-loaded polymeric dendrimer was
potent compared to the free doxorubicin and unloaded dendrimers. The cyclic pentapeptide, FC131
[(cyclo)(d-Tyr-Arg-Arg-l-3-(2-naphthyl)alanine-Gly)] incorporated into the formulation is a potent
antagonist of CXCR4, an important chemokine receptor that is involved in the metastasis of cancers.
The presence of FC131 in the formulation inhibited BT-549-Luc cells migration resulting from reduced
interactions between SDF-1α and CXCR4 receptors [75].

Dendrimers are also potent systems to combat multi-drug resistant breast cancer. Wang et al.
formulated pluronic F68-incorporated PAMAM dendrimer conjugates loaded with doxorubicin.
The in vivo and in vitro anticancer studies revealed doxorubicin pluronic F68-PAMAM dendrimers
increased antitumor efficacy against MCF-7/ADR cancer cells by caveolae-mediated endocytosis.
They significantly increased apoptosis by regulating gene expression and mitochondrial function [76].
The use of pH-sensitive linkers for the incorporation of drugs to dendrimers is a promising approach.
Kojima et al. prepared collagen peptide-modified dendrimers encapsulated with doxorubicin for breast
cancer treatment. The drug was incorporated via a pH degradable linker. The diffusion of the drug from
the dendrimers was reduced. The reduced release of the drug is effective in overcoming drug resistance.
The dendrimers exhibited significant anticancer efficacy against MCF-7 and MDA-MB-231 breast
cancer cells with in vivo attenuated metastatic activity. MDA-MB-231 cells were more sensitive to the
formulation when compared to MCF-7 cells. The dendrimer inhibited tumor growth significantly [77].

Similar findings on the effect of the linkers on the release profile of DOX was also reported by
Kaminskas et al. [78]. Generation 5 PEGylated polylysine dendrimers composed of an outer generation
of l-lysine or succinimyldipropyldiamine (SPN) loaded with doxorubicin via 4-(hydrazinosulfonyl)
benzoic acid (HSBA) linker. The release of DOX from the formulation was slow with a release of less
than 10% of DOX in pH 7.4 buffer for 3 days. However, a 100% release of DOX was significant in
pH 5. The formulation retained the cytotoxic properties of the loaded DOX in vitro. The clearance
patterns of both the DOX conjugated dendrimers were similar to the free DOX. However, the SPN
dendrimers showed reduced metabolic lability and increased uptake into RES organs compared
to the equivalent all-lysine dendrimers. In vivo studies of the formulations in rats bearing Walker
256 tumours revealed a high uptake into the tumour tissue. The labile HSBA linker influenced the
targeted drug delivery mechanism of DOX to tumours [78]. The size of the dendrimers is also crucial
in their therapeutic outcomes. Mehta et al. investigated the influence of dendrimer generation (G4 and
G5) and PEG lengths (of 570 and 1100 Da) on selected factors such as the pharmacokinetics, drug
release kinetics, tumor biodistribution, and anticancer activity. The PEGylated polylysine dendrimers
were conjugated with doxorubicin using a cathepsin-B cleavable valine-citrulline linker. The largest
G5 PEG1100 dendrimer good tumor and retention was good but the drug release was slow, thereby
limiting its anticancer activity. The smallest G4 PEG570 dendrimer was significantly efficient in
cathepsin-mediated doxorubicin release, but its systemic exposure and tumor uptake were limited.
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The intermediate-sized dendrimer displayed better drug release kinetics, tumor uptake, systemic
exposure, and good retention. These findings revealed the influence of the PEG molecular weight and
dendrimer size on the therapeutic efficacy of the dendrimer formulations [79].

Dox is passively transported via the cellular membrane, which makes it prone to efflux pumps [80].
It is not specifically targeted to the tumour but affects the growth of other cell types in the body, thereby
resulting in a compromised immune system. The use of dendrimers for the delivery of DOX offers
several advantages, such as prevent drug clearance from the blood plasma before reaching the target
tissue [73,75]. It also enhances drug accumulation in the tumor tissues and inhibits drug distribution
to healthy tissues/organs [73,78]. The linkers used to incorporate DOX influenced its rate of release
from the formulation and its uptake into cancer tissues [75,77–79]. The dendrimer formulations loaded
with DOX were specific and effective against some breast cancer cell lines [77]. Generally, the release of
DOX from the dendrimer formulations was enhanced at acidic pH [73]. The dendrimer size also plays
a crucial role in the therapeutic efficacy of dendrimer formulations [79].

4.2. Dendrimers Loaded with Oligodeoxynucleotides

Gene delivery using dendrimers have been reported to be an effective approach resulting in
enhanced biological outcomes (Table 3). Wang and co-workers synthesized G4 PAMAM dendrimers
loaded with antisense oligodeoxynucleotides for gene delivery in the treatment of breast cancer.
Incorporating antisense oligodeoxynucleotides to the dendrimers reduced its toxicity, enhanced its
stability binding and inhibits its capability to bind to the erythrocytes and BSA. The cellular uptake
of the antisense oligodeoxynucleotides from the dendrimers was high in MDA-MB-231 breast tumor
cells. In vivo anticancer experiment using human breast tumor xenograft mice model showed that
these dendrimers possess a high capacity of accumulating antisense oligodeoxynucleotides, thereby
hindering the tumor vascularization [81]. Similar high cellular uptake of dendrimer-based formulations
was also reported by Chen and co-workers. Breast cancer cellular uptake of oligodeoxynucleotide
nanoparticles formed in the presence of polypropyleneimine dendrimers was studied. The confocal
microscopy results demonstrated higher cellular uptake of oligodeoxynucleotide loaded dendrimers
by MDA-MB-231 breast cancer cells compared to free oligodeoxynucleotide. The cellular uptake of
G-4 and G-5 dendrimers by the breast cancer cell (MDA-MB-231) was facile. G-1 to G-3 dendrimers
exhibited lower zeta potential (5.2–6.5 mV) compared to G-4 and G-5 dendrimers which were in the
range of (12–18 mV). The cellular uptake of dendrimers was facile, suggesting that the structure and
charge density are essential in cellular transport [82].

Furthermore, the coating of dendrimers promotes targeted drug delivery, thereby inhibiting
rapid drug clearance. Pourianazar and Gunduz formulated PAMAM dendrimer-coated magnetic
nanoparticles entrapped with CpG oligodeoxynucleotide for breast cancer treatment. The particle
size analysis displayed an average particle size of approximately 40 ± 10 nm. The cytotoxicity
experiment of the dendrimer nanoparticles using MTT assay demonstrated induced cell death in
SKBR3 and MDA-MB231 breast tumor cells, indicating that the dendrimers are suitable as targeted
nanocarriers for the delivery of CpG oligodeoxynucleotide. The magnetic core of the dendrimer
is ideal for targeted delivery. The formulation displayed high apoptotic capability. The loading of
CpG- oligodeoxynucleotide into the magnetic nanoparticles is crucial for targeted delivery to the
tumor, where the nanoparticles undergo endocytosis leading to their uptake in the endosomal sites.
The mechanism mentioned earlier inhibits their rapid clearance by nucleases [83]. Xin and co-workers
formulated G4 PAMAM dendrimers loaded with antisense oligodeoxynucleotide for breast cancer
targeting. The G4 PAMAM dendrimers loaded with antisense oligodeoxynucleotide displayed a
reduced copy number of Cyclooxygenase-2 mRNA and protein expression in the tumor tissue and the
microvessel density in the tumor cells was also reduced with a significant tumor growth inhibition.
The formulation displayed a high transfection rate, induced apoptosis with a G0/G1 cell cycle arrest [84].

Antisense and siRNA oligonucleotides are developed for the inhibition of target gene expression.
Some dendrimers designed for Antisense and siRNA oligonucleotides incorporation display some
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toxicity in vitro on human erythrocytes [81]. However, the covalent linkage between G4PAMAM and
antisense oligodeoxynucleotides enhanced the stability of dendrimer formulation with reduced toxicity.
The dendrimers are useful in protecting therapeutic genes from destruction by enzymes, revealing the
potency of dendrimers for transfection in gene manipulation [81]. The cellular uptake of dendrimers is
attributed to their sizes and zeta potential. Dendrimers with significantly lower potential in the range
of (5.2–6.5 mV) were not taken up by the breast cancer cells [82]. Loading CpG oligodeoxynucleotide
in the magnetic core of the dendrimer resulted in targeted drug delivery with the capability to hinder
rapid clearance [83]. G4 PAMAM dendrimers loaded with antisense oligodeoxynucleotide reduced
the copy number of Cyclooxygenase-2 mRNA and protein expression in the tumor tissue and the
microvessel density in the tumor cells resulting in a significant tumor growth inhibition [84].

4.3. Dendrimers Loaded with Trastuzumab

Dendrimers have also been designed for targeted delivery of trastuzumad (Table 3). Kulhari et al.
formulated PAMAM dendrimers grafted with trastuzumab for targeted delivery to HER2-positive
breast cancer. Dendrimers can cause hemolysis via binding to the erythrocytes via electrostatic
interaction resulting in toxicity and reduced bioavailability. The in vitro drug release profile of the drug
loaded dendrimers was sustained when compared to the control (Taxotere) over a period of 2 days.
Hemolytic toxicity analysis revealed that trastuzumab-encapsulated dendrimers lowered hemolysis
than the free dendrimers, showing concentration-dependent hemolysis. The cytotoxicity analysis
in vitro of trastuzumab-encapsulated dendrimers showed low cell viability (approximately 36.2%)
on MDA-MB-231 and MDA-MB-453 cancer cells when compared to those treated with docetaxel-loaded
dendrimers (cell viability of approximately 57.6%) after 2 days [85]. Drug-loaded dendrimers display
cell specificity, making them promising systems that can overcome drug toxicity. Miyano et al.
prepared the G6 lysine dendrimers entrapped with trastuzumab for specific cellular internalization
in HER2-positive breast cancer cells. The DLS analysis of the dendrimers displayed an average
particle size of approximately 5–6 nm with negative zeta potentials and low PDI. The targeting
efficiency showed that trastuzumab-loaded dendrimers bind specifically to SKBR3 breast cancer cells
(HER2-positive) in a dose-dependent mode with a low binding affinity to MCF-7 cells (HER2-negative).
The cellular internalization analysis demonstrated that these dendrimers were significantly internalized
in SKBR3 breast tumor cells and then transferred to lysosomes [86]. Dendrimers are also designed for
combination therapy with a combination of two anticancer drugs. Marcinkowska et al. developed
PAMAM dendrimers for targeted binding to membrane receptors, HER-2 that are overexpressed in
cancer cells. Over 20% of breast cancer displays an overexpression of HER-2 human epidermal growth
factor receptor. The dendrimers were loaded with trastuzumab together with either docetaxel or
paclitaxel via succinic acid linker. The formulation was highly toxic toward the HER-2-positive SKBR-3
cells but displayed low toxicity towards HER-2-negative MCF-7 cells. The accumulation of trastizumab
was rapid in HER-2-positive SKBR-3 cell line when compared to the HER-2-negative MCF-7 cells which
is influenced by the nature of incorporation via PEG linker into the dendrimer. However, a high amount
of PAMAM- paclitaxel-trastuzumab dendrimer was significant in the HER-2-negative MCF-7 cells.
The formulation selective binding of the PAMAM- docetaxel -trastuzumab conjugate on HER-2-positive
SKBR-3 cells only was significant [87]. The pH-sensitive linker used made the formulation less stable
in an acidic environment of the cancer cells. The dendrimer displayed high specific targeting
to the HER-2-positive SKBR-3 cells. Trastuzumab, a recombinant, humanised IG1 monoclonal
antibody, binds selectively to the human epidermal growth factor receptor 2 (EGFR2) and blocks the
receptor hindering the uncontrolled proliferation of HER-2-positive cancer cells. The inhibition of
the proliferation results in cell cycle arrest in the G1 phase making the combination of trastuzumab
with other classes an attractive approach to develop potent anticancer drugs. The conjugation of
dendrimer influences its biodistribution and specific targeting capability, thereby reducing toxicity.
The combination of trastuzumad with neratinib using dendrimers is also effective against drug
resistance and useful for targeted drug delivery. Aleanizy et al. formulated trastuzumab-grafted
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dendrimers loaded with neratinib for dual treatment of breast cancer to reduce drug resistance
and promote targeted therapy [88]. Trastuzumab was conjugated to the surface of the dendrimer
via maleimide-poly(ethylene) glycol-N-hydroxysuccinimide linker. In vitro analysis of the SKBR-3
cell viability after 48 h was 40%, 36%, and 33% for neratinib, neratinib-conjugated-dendrimers,
and neratinib-loaded-dendrimers-trastuzumab, respectively. The affinity of trastuzumab to the
HER2 receptors expressed in SKBR-3 cells promoted the internalization of the formulation via
receptor-mediated endocytosis [88]. Chan and co-workers formulated diethylenetriaminepentaacetic
acid-modified G4 PAMAM dendrimers conjugated with trastuzumab and nuclear translocation
sequence (NTS) for breast cancer therapy. These dendrimers demonstrated retained HER2
immunoreactivity and were internalized in the nucleus of the breast cancer cells. The in vitro
cytotoxicity analysis of G4 PAMAM dendrimers conjugated with trastuzumab and NTS exhibited
potential anticancer activity against MDA-MB-231 and SK-Br-3 breast cancer cell lines [89]. Oddone
and co-workers prepared and evaluated cellular uptake of PAMAM G4. 5 dendrimers loaded with
florescein isothiocyanated in BALB/c mice breast tumors and murine breast cancer cells. The dynamic
light scattering (DLS) analysis demonstrated the hydrodynamic particle size of 96.3 ± 1.4 nm with a
PDI value of approximately 0.0296 ± 0.0171, and TEM results showed the particle size distribution of
44.2 ± 9.2 nm. The cellular uptake studies of PAMAM G4. 5 demonstrated significant uptake by the 4T1
cancer breast cells in vitro, and BALB/c mice breast tumors in vivo [90]. The type of drug conjugated
to a dendrimer can influence its specific targeting capability. The conjugation of trastuzumab into
dendrimers with selected classes of anticancer drugs can enhance its superior application for the
treatment of some breast cancers due to the specific targeting mechanism into the tumor cells.

4.4. Dendrimers Loaded with Other Anticancer Drugs

Other anticancer drugs have been successfully loaded into dendrimers with good therapeutic
outcomes on breast cancer (Table 3). Bielawski and co-workers formulated G3 PAMAM dendrimers
loaded with chlorambucil [91]. Chlorambucil use is limited by its toxic side effects. The in vitro
anticancer assessment revealed that the chlorambucil-entrapped dendrimers decreased the cell viability
in both the estrogen receptor-negative (MDA-MB-231) and estrogen receptor-positive (MCF-7) breast
tumor cell lines. The cytotoxic effect was concentration-dependent in both breast cancer cells.
The dendrimers loaded with chlorambucil was more effective when compared to the free chlorambucil
in both breast tumor models. The drug-loaded dendrimers IC50 values after 1 day of incubation in
MDA-MB-231 and MCF-7 cells were 15 ± 2 nM and 25 ± 2 nM respectively, when compared to the free
drug, which was 86 ± 2 nM and 88 ± 2 nM, respectively on both cancer cell lines. The formulation
displayed stronger inhibition of collagen biosynthesis when compared to the free drug, chlorambucil.
One characteristic feature of breast cancer cells is their interaction with extracellular matrix proteins
is deregulated. Collagen is useful for the integrity of the connective tissue. A decreased amount of
collagen in extracellular matrix can promote the movement and invasion of neoplastic cells, thereby
contributing to the inhibition of cell growth and also the induction of apoptosis [92]. Studies using
annexin V-FITC detected apoptosis by a fluorescent microscopy assay. It showed that the formulation
hindered cancer cell proliferation by increasing the number of necrotic and apoptotic cells [91].

The number of terminal branches, hydrophilicity, and the dendrimers size positively influence
their therapeutic outcomes. Abdel-Rahman and Al-Abd synthesized thermo-responsive dendrimers
composed of tetrabromohydroquinone as the core and anticancer drug with branched oligoethylene
glycol [93]. The thermoresponsive behavior studies at room temperature showed that all the polymeric
dendrimers were aqueous-soluble. The lower critical solution temperature (LCST) of the dendrimers
was in the range of 28–36 ◦C. The anticancer efficacy of the dendrimers was evaluated in vitro on the
MCF-7 cancer cell model employing SRB-U assay and all the dendrimers exhibited significant cytotoxic
effect with IC50 values ranging between 1.1 and 25.4 µg/mL. The resistant fractions of MCF-7 breast
cancer cells to the formulation was in the range of 1.97–11.22%. The most potent dendrimers displayed
an IC50 value of 1.1 µg/mL. The cellular uptake mechanism of the formulation and its cytotoxic effect
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was induced by an increase in the number of terminal branches and the interaction of the dendrimer
lipid bilayer [93]. Factors to be considered when designing dendrimers include hydrophilicity in
which increasing the hydrophilicity of the formulation reduce their penetration via the cell membrane;
increasing the number of terminal branches, increases the cytotoxic effect of the formulation against
cancer cells; increasing the dendrimer size will decrease the penetration of the formulation via the
cell membrane.

Dendrimers loaded with metal-based nanoparticles have also been reported to be suitable for
MR/CT molecular imaging of breast cancer cells. The currently used clinically contrast agents suffer
from limitations such as renal toxicity at high concentrations, short imaging time, and non-specificity.
Li and co-workers designed multifunctional dendrimer-based gold nanoparticles modified with PEG
monomethyl ether and gadolinium chelate for breast cancer therapy [94]. Dendrimer-based metal
nanoparticles were effective as a dual-modality contrast agent for MR/CT molecular imaging of breast
cancer cells in vitro and in vivo. They were also found to be non-cytotoxic when used at a concentration
of 0–50 µM. Their cellular uptake was efficient in vitro after incubation and in vivo in xenograft tumor
model after intravenous injection of the formulation. The low uptake of gold nanoparticles in the liver
and kidney indicates the capability of the NPs to escape the reticuloendothelial system in the liver and
pass via the renal filter, thereby promoting an efficient uptake of the particles into the tumor by a passive
EPR effect. The high uptake of the gold particle in the tumor region up to 0.276 g/kg ± 0.006 g/kg after
1 h of intravenous administration promoted effective MR/CT imaging of the tumors. Furthermore,
the biodistribution of the formulation in the blood revealed their long blood circulation time with
0.0080 g/kg of the formulation in the blood 24 h after administration. The prolonged blood circulation
time is attributed to the modification of PEG moieties on the dendrimer surface, which enhanced
specific uptake by the reticuloendothelial system [94]. Despite the findings obtained, there is still a
pressing need to evaluate the biodistribution behavior of the nanoparticles over an extended period
of time.

Finlay et al. formulated PAMAM-RNA dendrimer complex to treat breast cancer by targeting
TWIST1 transcription factor, which regularly is overexpressed in severe breast cancer. The cellular
uptake of the siRNA loaded PAMAM dendrimers by the TNBC cells was effective, thereby causing
significant inhibition of TWIST1 related target genes. Furthermore, the dendrimers’ capability to
deliver siRNA to xenograft orthotopic tumor model was significant. siRNA was present in the tumor
for over a period of four hours after treatment [95]. TWIST1 is a potentially clinically therapeutic
target for the treatment of metastatic breast cancer [96]. However, the use of TWIST1 knockdown via
PAMAM dendrimer-delivered siRNA is not suitable as a sole treatment for metastatic breast cancer.
It can be used as an adjuvant therapy to reduce migration/invasion, chemoresistance, and antiapoptotic
capability common with aggressive cancers.

Winnicka et al. formulated and evaluated the effect of G2 and G3 PAMAM dendrimers on human
breast cancer cell lines. The in vitro anticancer study demonstrated that the G2 PMAMAM dendrimers
possessed significant cytotoxic efficacy with an IC50 value of 140 ± 2 µM and 153 ± 3 µM against
MDA-MB-231 and MCF-7 after 1 day of incubation and 99 ± 2µM and 120 ± 3 µM for G3 PAMAM,
respectively. The inhibition in cell viability of the dendrimers was influenced by their apoptosis
induction capability [97]. Dendrimers are useful in improving the water solubility of the incorporated
drugs. Debnath et al. prepared dendrimers loaded with curcumin for the treatment of breast cancer.
These dendrimers enhanced the water insolubility of curcumin. In vitro cytotoxicity analysis using
MTT assay showed good anticancer activity of curcumin-loaded dendrimers against BT549 and SKBr3
breast cancer cell lines by inducing cellular apoptosis via caspase-3 activation [98]. The use of curcumin
is limited by its poor water solubility and bioavailability. Incorporating it into dendrimers enhanced its
water solubility with significant anticancer activity. Yao and co-workers designed polylysine dendrimer
encapsulated with PHSCN peptide for breast cancer therapy. The in vitro anticancer analysis of
peptide-loaded dendrimers exhibited a higher cytotoxic effect. In vivo, the formulation inhibited
the extravasation of MDA-MB-231 and SUM-149 PT in the lungs of mice. PHSCN dendrimer was
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700- to 1100-fold more effective than the PHSCN peptide, and they were effective in preventing the
formation of metastatic colonies. The dendrimer capability to target the activated α5β1 integrins of the
tumor cells without affecting the unactivated α5β1 receptors of healthy tissues indicate its potential to
prolong the life span of patients with metastatic breast cancer [99]. The dendrimer displayed specific
targeting capability. Lozano-Cruz et al. also reported loaded curcumin in the core of a “bow-tie”
cationic carbosilane dendrimer. The dendrimers were highly soluble in water, retained the antioxidant
activity of curcumin, and induced significant cytotoxic effect against MCF-7 cancer cells compared
to the free curcumin [100]. The dendritic wedges played an important role in the anticancer and
antioxidant activity of the dendrimers.

Winnicka et al. synthesized G3 PAMAM dendrimers incorporated with modified glycosides
(proscillaridin A and digoxin) for the treatment of breast cancer. The in vitro cytotoxicity analysis of the
dendrimers displayed improved anticancer efficacy against MDA-MB-231 and MCF-7 by the induction
of significant cellular apoptosis compared to the apoptosis caused by the modified glycosides [101].
Mei et al. prepared PAMAM dendrimers co-loaded with 5-fluorouracil and antisense micro-RNA 21
gene for in vitro breast cancer cell suppression. micro-RNA 21 (miR-21) is overexpressed in breast
cancer. The antisense inhibition of miRNA function is used to knockdown miRNA causing a significant
inhibition of cell growth. The in vitro cytotoxicity results showed that the incorporation of micro-RNA
21 greatly enhanced the anticancer sensitivity of 5-fluorouracil in the MCF-7 cancer cells by effectively
stimulating apoptosis and inhibiting the migration ability of MCF-7 breast cancer cells [102].

Zhang et al. synthesized PAMAM-NH2 dendrimers to reverse multidrug-resistant breast cancer
cells (MCF-7/ADR cells). The in vitro cytotoxicity analysis of PAMAM-NH2 dendrimers demonstrated
significant concentration-dependent toxicity with the cell viability being more than 85% at low
concentration of (10–50 µg/mL) after 3 days, revealing the low anticancer effect of the dendrimer
against MCF-7/ADR breast cancer cells at low concentration. The cell viability was decreased at a high
PAMAM-NH2 concentration of 100–1000 µg/mL, confirming concentration-dependent toxicity [103].
P-gp and MDR-associated protein influenced higher PAMAM-NH2 exocytosis with lower PAMAM-NH2

endocytosis in the MCF-7/ADR cells than MCF-7 cells. The dendrimer degraded in the lysosomal
vesicles of the MCF-7/ADR cells than in the MCF-7 cells. Dendrimers are promising systems that
display high-efficiency transportation in sensitive and resistant cells.

Zhang and co-workers designed enzyme-responsive PEGylated lysine peptide dendrimers loaded
with gemcitabine. The in vitro drug release profile of the dendrimers was significantly faster, with a
release of approximately 80% gemcitabine in the tumor environment within 24 h. The drug release
profile was influenced by the enzyme-cleavable linker, glycyl phenylalanyl leucyl glycine tetra-peptide
used to conjugate the drug. The in vivo cytotoxicity experiment of gemcitabine loaded dendrimers
using 4T1 murine breast cancer model indicated significant suppressed relative tumor volume of
approximately 86.17 ± 38.27% and 2-fold higher tumor growth inhibition value of about 90% when
compared to gemcitabine [104]. The nature of the linker used in the dendrimer influences their drug
release profile.

Matai and Gopinath formulated hydrophobic myristic acid modified G5 PAMAM dendrimers for
the delivery of tamoxifen in vitro to breast cancer cells [105]. The in vitro drug release profile at acidic
condition (pH 5.5) of the tumor microenvironment showed sustained release of tamoxifen from the
PAMAM dendrimer. Cellular uptake experiments showed that these dendrimers target the lysosome
of the cancer cells. Furthermore, the anticancer analysis of dendrimers loaded with tamoxifen using
MTT assay showed high inhibitory effects in MCF-7 human breast cancer cell lines [105]. The random
grafting of lipid-like myristic acid chains to the surface of the dendrimers improved the stability and
solubility of the loaded drug significantly. The myristoyl groups increased the cellular uptake and
reduced the cytotoxicity of formulation.
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Zhou et al. developed hyperbranched polyglycerol derivative (HPG-C18) and dendritic
poly(l-lysine) for the codelivery of docetaxel and MMP-9 siRNA plasmid into tumor cells.
The dendrimers were prepared by click reaction between azido-modified hyperbranched polyglycerol
derivative and propargyl. The formulation displayed good gene delivery capability in vitro, which
occurred via the induction of a decrease in MMP-9 protein expression in MCF-7 cells. The dendrimer
displayed a significant apoptosis to breast cancer cells when compared to docetaxel or MMP-9. In vivo
studies indicated that the codelivery of docetaxel or MMP-9 resulted in enhanced tumor inhibition [106].

4.5. Limitations of Dendrimers

The clinical translation of dendrimers is not rapid due to several limitations. Drugs are loaded into
dendrimers via physical encapsulation or conjugation to the surface of the dendrimers [107]. Chemical
conjugation can enhance drug loading, and the use of selective linkers results in targeted drug delivery.
However, this drug loading approach can limit the availability of the drug that can be modified and
can also significantly reduce the potency of the incorporated drug [108]. Furthermore, conjugating
too many drugs on a dendrimer can increase the polydispersity index [73]. It also results in a slow
drug release profile, which can reduce the efficacy of the conjugated drug. Guo et al. reported drug
release studies of drug-loaded dendrimers in an acidic tumor condition and physiological environment
in vitro and no release of both drugs within 2 and 24 h [73]. Although the finding demonstrates the
high stability of the co-loaded dendrimers in blood plasma, the delayed drug release revealed that
the linkers used did not promote rapid drug release in the tumor environment and could limit the
anticancer activity of the formulation. Similar findings have been reported on the slow release of DOX
and tamoxifen from the PAMAM dendrimer [77,78,105]. In another research report, a slow release of
DOX from G5 PEG1100 dendrimer was reported to limit the anticancer activity of the formulation [79].
However, it is important to mention that the slow release of the drug from the dendrimers can overcome
drug resistance and drug toxicity.

The physical encapsulation of drugs into dendrimer offers several advantages, such as ease of
loading [109]. However, it often results in a large initial burst and inconsistent drug release, low
stability upon storage, low-drug loading, premature drug release, etc. [108,109]. This is often reported
as a rapid drug release in the first few hours [75]. PAMAMs are toxic, and their toxicity is overcome
via modification of their structure. Dendrimers with cationic groups display significant toxicity when
administered at high doses [108,110]. The surface charge of cationic dendrimers influences their strong
interaction with anionic lipid bilayers by electrostatic interactions resulting in the formation of holes
known as nanopores in the cell membranes with high cellular toxicity [111]. Furthermore, positively
charged dendrimers have also been reported to be toxic which limits their use [112]. However,
the surface modification of dendrimers has made them suitable for biological applications. Dendrimers
such as poly(propylene imine) and poly(amido amine) containing terminal primary amines are
characterized by generation and concentration-dependent toxicity [108]. Several surface modifications
have been performed on dendrimers to enhance their specific targeting capability.

Polyethylene glycol modification increases the biocompatibility of dendrimers by prolonging
the blood circulation time of dendrimers in vivo and also tumor accumulation through the enhanced
permeability and retention (EPR) effect [41]. Kaminskas et al. modified the surface of dendrimers
using PEG, which resulted in the reduced metabolic lability and increased uptake into the tumors [78].
Mehta et al. reported PEGylated polylysine dendrimers. The largest G5 PEG1100 dendrimers
displayed good tumor uptake and retention. However, the drug release was slow, thereby limiting
the anticancer activity of the formulation. The smallest G4 PEG570 dendrimer tumor uptake was
limited, and the intermediate-sized dendrimer displayed significant tumor uptake and good retention.
The PEG molecular weight and the dendrimer size had a significant effect on the therapeutic
efficacy of the dendrimer formulations [79]. PEG is also used as a drug spacer. Aleanizy et al.
reported trastuzumab-grafted dendrimers. The drug was conjugated to the surface of dendrimer
via maleimide-poly(ethylene) glycol-N-hydroxysuccinimide linker to promote internalization of the
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formulation via receptor-mediated endocytosis [88]. Zhang et al. reported PEGylated lysine peptide
dendrimers loaded with gemcitabine via the enzyme-cleavable linker, glycyl phenylalanyl leucyl glycine
tetra-peptide. The uptake of the drug into the tumor was high, with a tumor growth inhibition value
of over 90% compared to gemcitabine [104]. Dendrimer was modified with PEG and loaded with gold
nanoparticles for MR/CT molecular imaging of breast cancer cells. The uptake of the gold nanoparticles
into the liver and kidney was low indicating the nanoparticles escaped the reticuloendothelial system
in the liver. The uptake of the gold particle into the tumor was high promoting effective MR/CT
imaging of the tumors. The formulation displayed prolonged blood circulation time attributed to the
modification of PEG moieties on the dendrimer surface [94].

Dendrimers also suffer from other limitations, such as inadequate tumor accumulation and rapid
systemic clearance [79,82,108]. PAMAM dendrimers (G2–G4) were reported to display rapid renal
clearance, and some of them were taken up by the kidney [113]. The rapid elimination of some
dendrimers from plasma circulation insufficient tumor accumulation [108]. The use of targeting
moieties has been reported to be a unique approach to promote targeting drug delivery to the
tumor [75,84,105]. A variability of therapeutics outcomes from animal studies results from the diversity
of animal models used, different duration of treatment, etc. Some strains of animal models react
differently to the tested formulations, and some of the animals may have the capability to display
adaptation that can withstand the toxic side effects of the tested formulations. The use of different
strains of animals influences the data interpretation, toxicity profiles, etc. [110].

5. Polymeric Micelles

Micelles are self-assembled or colloidal nanoparticles/nanocarriers with a mean particle size
ranging from 5 to 100 nm [114,115]. They consist of surfactants or amphiphiles and are composed of
two different parts: hydrophobic tails and a hydrophilic head (Figure 3a) [116,117]. The concentration
whereby the micelles are produced is called critical micelle concentration [118]. Several factors affect
the production of the micelles, such as temperature, the solvent used, size of the hydrophobic domain
in the amphiphilic molecule, and the concentration of amphiphiles [116]. The advantages of micelles
in drug delivery include high drug loading capacity, high drug encapsulation efficiency, high drug
cellular uptake due to the micellar nanosize (Figure 3b), improved drug stability, and they are easily
eliminated from the biological environment after biodegradation, protect normal body cells from drug
toxicity, useful for combination therapy, and they improve pharmacokinetic parameters of encapsulated
drugs [119–121]. Different anticancer drugs have been loaded into micelles resulting inan improved
anticancer activity of the loaded drugs in vitro and in vivo (Figure 3c,d) (Table 4).
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5.1. Polymeric Micelles Loaded with Docetaxel

Loading docetaxel into micelles has been reported by several researchers to result in good
therapeutic outcomes in vitro and in vivo when compared to the free drug, docetaxel (Table 4).
It has been designed for combination therapy and sustained release profile of both loaded drugs.
Guo et al. prepared methoxylpoly(ethylene glycol)-poly(d,l-lactide) copolymer (mPEG-PDLA)-based
micelles co-loaded with docetaxel and resveratrol at a 1:1 fixed ratio for drug-resistant breast tumor
therapy [122]. The average particle size and PDI of the mPEG-PDLA micelles were 17.1 ± 3.2 nm and
0.27 ± 0.01, respectively. The % drug loading of docetaxel and resveratrol in the polymeric micelles was
16.87 and 16.89%, respectively. The TEM results showed spherical morphology, which was uniform,
and the particle size was in the range of 20–50 nm. The in vitro drug release profiles were fast for both
drugs in the first 12 h at physiological pH of 7.4. After 12 h, the drug release mechanism was slow,
and the cumulative release of both drugs was almost 80% in 3 days. Combining both drugs at a ratio of
1:1 (w/w) resulted in a significant synergistic effect against the MCF-7 cells. The loading of both drugs
in the micelles resulted in prolonged drug release profiles and improved cytotoxicity in vitro [122].
The cytotoxicity assessment in vitro of the blank mPEG-PDLA-based micelles in MCF-7 breast tumor
cells using MTT assay showed a non-cytotoxic effect indicating their safety and biocompatibility of the
micelles. The co-loaded polymeric micelles demonstrated the highest cytotoxic efficacy that resulted in
70% of the MCF-7 cell death, which was greater than the activity of micelles loaded with the same
concentration of either docetaxel or resveratrol. Furthermore, the pharmacokinetic study in vivo
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of co-loaded polymeric micelles demonstrated that these polymeric micelles mostly prolonged the
exposure period of docetaxel and resveratrol in the blood plasma circulation. The AUC(0→t) value of
the micelles loaded with docetaxel was 3.0-fold higher than the free drug in vivo after intravenous
administration [122]. Lang et al. formulated tumor-environment-responsive micelles entrapped with
docetaxel for metastatic breast tumor treatment [123]. These micelles were prepared from amphiphilic
copolymer, poly((1,4-butanediol)-diacrylate-b-N,N-diisopropylethylenediamine)-peptide-polyethylene
glycol (PEG) (BD-peptide-PEG), matrix metallo-proteinase (MMP)-responsive polymer,
and poly((1,4-butanediol)-diacrylate-b-N,N-diisopropyl-ethylenediamine)-polyethyleneimine (BD-PEI).
The drug encapsulation efficiency and drug loading of the micelles were 80.54% and 9.81%, respectively.
The average particle size was 24.36 nm, with a surface charge of −1.44 mV. The cellular uptake
assessment of micelles displayed higher cellular uptake in the 4T1 breast cancer model in vivo than
the cell culture medium in vitro. The polymeric micelles were cytotoxic in 4T1 breast cancer cells,
indicating that polymeric micelles are specific and important as a drug delivery system. The drug
release from the micelles formulation in acidic endo/lysosomes is via the dissociation of the micelle
resulting from the protonation of the hydrophobic block. The drug-loaded micelle inhibited primary
tumor growth and pulmonary metastasis effectively with a prolonged circulation time. Its efficient
uptake into tumor cells is a promising approach for treating metastatic breast cancer [123].

Drug-loaded micelles can be designed to be dose-dependent. Logie et al. evaluated taxane-binding
peptide-modified micelles encapsulated with docetaxel employing poly(d,l-lactide-co-2-methyl-2-
carboxytrimethylene carbonate) [124]. The average particle size of the micelle was 121 ± 25 nm, with a
distribution of 0.15 ± 0.03. The pharmacokinetic profiles of the free drug and the polymeric micelles
showed a significant reduction in the concentration of plasma immediately after administration,
and displayed modest enhancement of the parameters of pharmacokinetic for 7 h. The in vivo
cytotoxicity studies of docetaxel loaded micelles against MDA-MB-231/H2N breast tumor model
in mice showed a 72% tumor growth inhibition at a higher dose (8 mg/kg), while at a lower dose
(5 mg/kg), a 50% tumor growth inhibition was visible which is the same as the free drug in a lower
dose [124]. The concentration of the formulation used in vivo influenced their cytotoxic effects. Hu et al.
formulated micelles from methacrylated block copolymer holding monomethoxy PEG encapsulated
with docetaxel [125]. The in vitro drug release kinetics showed a sustained docetaxel release from
these polymeric micelles at physiological environments (pH 7.4), due to the covalent conjugation via a
hydrolyzable linker. Furthermore, the in vivo antitumor study in mice bearing MDA-MB-231 breast
cancer xenografts showed potent chemotherapeutic activity compared to free docetaxel (Taxotere) [125].
The nature of the linker used for the conjugation influenced the drug release profile of the formulation.
A sustained release profile is suitable for drug delivery systems to overcome drug toxicity.

Li and co-workers formulated Lyp-1 modified PEI derivative-PCL-g-PEI-based micelles co-loaded
with docetaxel and near infrared (NIR) dye (IR820) for breast cancer chemotherapy [126]. The average
particle size was 38 nm with a surface charge of +5 mV. The in vitro drug release profile indicated
that docetaxel and IR820 were released slowly from the micelles, when compared to the free drugs,
docetaxel and 1R820, respectively. The Lyp-1 modified dual drug-loaded micelles demonstrated
high growth inhibition of 4T1 breast tumor cells when compared to the free drug and unmodified
micelles [126]. Kutty and Feng prepared d-α-cetuximab-conjugated tocopheryl polyethylene glycol
succinate (TPGS)-based micelles loaded with docetaxel for the treatment of triple-negative breast cancer
(TNBC) therapy. The cytotoxicity analysis demonstrated that the anticancer effects of docetaxel could be
greatly improved by incorporating it into the cetuximab-conjugated TPGS micelles. The cytotoxic effect
of the formulation was 223.8 and 205.6-fold higher than the control (Taxotere®) on the MDA-MB-231
and MDA-MB-468 breast cancer cell lines, respectively revealing the efficacy of the micelles [127].

Drug-loaded micelles display enhanced oral drug availability. Wang et al. formulated PEG–PCL-
based micelle hydrogels for oral drug delivery of docetaxel for breast cancer treatment. The particle
size was 20 nm with approximately 7.76% drug loading capacity, which enhanced docetaxel absorption
in the intestine tract. The pharmacokinetic analysis showed that docetaxel-loaded micelle-hydrogel
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significantly enhanced the oral drug bioavailability by 10-fold when compared to docetaxel-loaded
micelles. The cytotoxicity analysis demonstrated that the docetaxel-micelle hydrogels were effective
in inhibiting the tumor growth in 4T1 breast cancer model, and decreased systemic toxicity [128].
Micelles have been reported to exhibit significant tumor growth. Tan et al. formulated and evaluated
mPEG-polyester micelles loaded with docetaxel for breast cancer treatment. The concentration of
docetaxel-loaded mPEG-polyester micelles uptake in the tumor tissue and plasma was high when
compared to the free docetaxel. In addition, the docetaxel entrapped micelles demonstrated higher
tumor growth inhibition when compared to the free docetaxel in vitro and in vivo [129].

Drug-loaded micelles are effective in suppressing breast cancer metastasis. Li et al. formulated
small-sized mPEG2000-b-PDLLA1300 micelles incorporated with docetaxel for breast cancer metastasis
suppression. The cytotoxicity analysis demonstrated that the drug loaded micelles revealed similar
activity as the free drug, docetaxel in cellular growth suppression of the primary tumors with a
significant anticancer activity in 4T1 mouse breast tumor metastasis model [130]. Raza et al. synthesized
Dextran-PLGA-incorporated docetaxel micelles for the treatment of breast cancer. The micelles average
particle size was 96.5 nm, with a drug encapsulation of 54.85%. The in vitro cytotoxicity experiment
showed that the anticancer activity of docetaxel incorporated in the micelles against MDA-MB-231 and
MCF-7 cell lines was improved by 100%. The pharmacokinetic profile of the formulation revealed
16-fold enhanced bioavailability with a AUC(0–∞) of 16367.39 µg·mL−1·h when compared to the free
drug, which was 1206.75 µg·mL−1·h. The drug clearance of the formulation was reduced, revealing the
extended residence of the drug in the biological system with the half-life of the drug increased by 5-fold,
when compared to the free drug [131]. Kutty et al. formulated cetuximab conjugated TPGS micelles
encapsulated with docetaxel for TNBC therapy. The ex vivo and in vivo cytotoxicity analysis of micelles
showed the effective targeted and hindered EGFR-overexpressing on MDA-MB-231 TNBC breast tumor
cell lines. The micelles accumulated in the tumours after administration via intravenous injection, and it
was retained for 24 h. The uptake of the micelles was via receptor-mediated endocytosis. The tumours
treated with the micelles exhibited improved cell cycle arrest and attenuated proliferation [132].
Koo et al. formulated docetaxel-loaded EG-PLys-PPhe micelles for breast cancer treatment. It was
composed of a core-shell containing redox-responsive shell-specific cross-links and loaded with
docetaxel [133]. The drug release was influenced by the concentration of glutathione, which resulted
in a reductive cleavage of the disulfide cross-links in the shell domains. The in vivo tissue distribution
and tumor accumulation of the formulation labeled with a near-infrared fluorescence (NIRF) dye,
showed enhanced tumor-targeted ability of the formulation with prolonged stable circulation in the
blood and enhanced permeation and retention (EPR) effect. The therapeutic efficacy of the formulation
was enhanced in tumor-bearing mice when compared to the free drug [133]. Muthu et al. formulated
TPGS micelles of transferrin co-loaded with docetaxel and ultra-bright gold nanoclusters. The in vitro
anticancer studies demonstrated that these micelles were 71.73 times more effective when compared to
the control (Taxotere®) after 24 h of incubation with the MDA-MB-231-luc breast cancer cells [134].
Tan et al. reported novel MPEG-PDLLA-PLL copolymer micelles for drug delivery of docetaxel to
breast cancer cells. The in vitro and in vivo anticancer studies using MTT assay and mice model,
respectively, demonstrated that these micelles were efficient in tumor cell growth inhibition against
subcutaneous 4T1 and MCF-7 breast cancer cell lines [135].

Zhang and co-workers formulated PEG-b-PLGA copolymer micelles co-loaded with docetaxel
and chloroquine for breast cancer targeting. The in vitro cytotoxicity analysis of docetaxel loaded
PEG-b-PLGA micelles and dual drug-loaded PEG-b-PLGA micelles after 24 h of incubation with
MCF-7 cancer cells showed an IC50 value of 22.30 ± 1.32 and 1.75 ± 0.43 mg/mL, respectively,
which demonstrated a 12-fold more efficient treatment of the dual drug loaded micelles when
compared to loading a single drug in the micelles formulation. Combining docetaxel with chloroquine
in the micelle formulation significantly improved the cytotoxic effect [136]. Jun and co-workers
prepared docetaxel loaded micelles utilizing tripodal cyclotriphosphazene amphiphilile [NP(PEG750)
(GlyPheLeu)2Et]3 as a carrier. The in vivo studies on xenograft model demonstrated complete

78



Pharmaceutics 2020, 12, 1212

tumor suppression of the MDA-MB-231 breast cancer cells at a lower dose of 5 mg/kg compared to
Taxotere® [137]. Enteshari et al. prepared poly(styrenemaleic acid)-poly(amide-ether-ester-imide)
co-polymeric nanomicelles encapsulated with docetaxel for breast cancer treatment. The results from
these micelles showed considerably inhibited tumor growth of MC4-L2 breast tumors induced in
BALB/c mice and increased animal survival when compared to the free docetaxel [138]. Varshosaz and
co-workers formulated magnetic polyvinyl caprolactam–polyvinyl acetate–PEG micelles entrapped
with docetaxel and Fe3O4 nanoparticles for breast cancer treatment [139]. The average particle size
was 144.3 nm, with a negative zeta potential of −2.58 mV and 70% drug-loading efficiency. The in vitro
cytotoxicity analysis of docetaxel loaded polymeric using MTT assay displayed significantly more
anticancer activity when compared to the free drug on MDA-MB-231 and MCF-7 breast cancer cells, but
the blank magnetic polymeric micelles displayed no cytotoxic effect on the normal fibroblast cells [139].

Zheng and co-workers formulated polypeptide cationic micelles of PEG-PLL-PLLeu for co-delivery
of docetaxel and siRNA-Bcl-2 for breast tumor therapy. The anticancer analysis demonstrated
that the dual drug-loaded micelles revealed down-regulation of the anti-apoptotic Bcl-2 gene
and improved antitumor efficacy with a smaller dose of docetaxel, resulting in the inhibition of
tumor growth of MCF-7 breast cancer xenograft murine model when compared to the docetaxel
and siRNA [140]. Tong et al. formulated phospholipid-based micelles loaded with docetaxel
mPEG2000-distearoylphosphatidylethanolamine (DSPE) for the treatment of breast cancer. The micelles
showed drug loading capacity of 3.14 ± 0.13% and encapsulation efficiency of 97.31 ± 2.95%.
The cytotoxicity analysis demonstrated that docetaxel loaded micelles displayed similar antiproliferative
efficacy as the control, (Taxotere®) in vitro. The formulation displayed good antitumor activity when
compared to Taxotere® in vivo against MCF-7 breast tumor induced nude mice, which can be attributed
to the passive targeting of the cancer cells by the polymeric micelles [141].

Docetaxel is used either alone or in combination with other anticancer drugs for the treatment
of cancers such as breast, ovarian, etc. [142]. It has side effects such as neutropenia, fluid retention,
gastrointestinal complications etc. [143]. The incorporation of docetaxel into formulations of micelles
improved its therapeutic efficacy. The micelles loaded with docetaxel displayed particle sizes in the range
of 17.1–121 nm. The formulation displayed sustained drug release profile [122], improved bioavailability
after intravenous administration [122,131], prolonged circulation time [123], inhibited tumor growth
at high dose [121], enhanced oral drug bioavailability [127], tumor targeted capability [133,138],
displayed similar effect with a clinically approved drug [141]. Docetaxel has been combined with some
anticancer drugs in micelles formulation such as resveratrol [122], and chloroquine [136] for breast
cancer treatment.

5.2. Polymeric Micelles Loaded with Doxorubicin

Doxorubicin is used either alone or in combination with other anticancer drugs for the treatment
of cancers such as bladder, breast, ovarian, etc. [144]. It exhibits low oral bioavailability, permeability,
and acute toxicity to normal tissue. It has side effects such as cardiotoxicity that is not reversible and
nephrotoxicity [145]. The incorporation of doxorubicin into formulations of micelles improved its
therapeutic efficacy (Table 4).

Micelles loaded with DOX that displayed a pH-dependent drug release profile. Gao and co-workers
formulated zwitterionic pH-responsive polymeric micelles for drug delivery of doxorubicin using
hyaluronic acid (HA) as a nanocarrier [146]. The drug loading capacity and encapsulation efficiency
of the HA micelles were 84.3% and 68.9%, respectively. The drug release mechanisms in vitro of the
micelle loaded with doxorubicin were evaluated at pH 7.4 (physiological environment) and pH 5.0
(lysosome of cancer cells). The doxorubicin release from the micelle was slow, and it was less than
30% after 24 h at pH 7.4 while it was quick at pH 5.0 before 12 h and was 70% after 24 h. The in vitro
anticancer studies of the drug-loaded polymeric micelles and individual drug against MCF-7 breast
tumor cells utilizing a CCK-8 assay demonstrated that doxorubicin-loaded micelles exhibited higher
growth inhibition (IC50 value in the range of 1.85–1.97 µg/mL) when compared to the free doxorubicin
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(IC50 value of 2.33 µg/mL). The cellular uptake assessment showed a successful uptake of the micelle
formulation in the MCF-7 cells. Furthermore, in vivo anticancer studies showed that the drug-loaded
micelles displayed significant tumor growth inhibition of approximately 80% when compared to the
NaCl group (used as control) [146]. The formulation quick release in acidic pH inhibited the growth of
the tumor and improved the cytotoxic effect.

Gao et al. formulated polymeric micelles using two polymers: poly(l-histidine) (PHis)
(Mn 4700)-b-PEG (Mn 2000) and poly(l-lactide) (PLLA)(Mn 3000)-b-PEG(Mn 2000)-folate for the
delivery of doxorubicin [147]. In vivo studies showed the absence of tumor metastasis in the lung and
heart after treatment with the micelle formulation. The micelles suppressed the proliferation of cancer
cells and inhibited tumor growth and cancer cell metastasis. Using folic acid as a targeting moiety
combined with the pH-sensitive core phase carrier promoted targeted drug delivery and triggered
drug release at the tumor sites. The pH-sensitive folate conjugated micelle loaded with DOX is a
promising approach for the treatment of cancer metastasis. The encapsulation of DOX in the core
of the micelle also protected the normal tissues from being exposed to the side effects of DOX [147].
The cytotoxicity of free DOX was higher than that of DOX carried by PLLA-b-PEG and PHis-b-PEG
micelles. The cytotoxicity of DOX-loaded PHis-b-PEG was higher than DOX-loaded PLLA-b-PEG
micelle because pH-dependent drug release from pH-sensitive PHis-b-PEG micelle at pH 6.8 when
compared to the pH-insensitive PLLA-b-PEG micelle. The blank micelles did not display any cytotoxic
effect on 4T1 cells revealing the biocompatible nature of the micelles.

Zhao et al. formulated micelles entrapped with an antitumor antibiotic, doxorubicin, for the
eradication of cancer stem cells in TNBC utilizing pluronic block copolymers [141]. The antitumor
effects of the free drug and polymeric micelles were evaluated against cancer stem cells in TNBC
in vitro. The cytotoxicity efficacy of the drug-loaded micelles against MDA-MB-231 and MDA-MB-468
and potency in reducing the development of a colony of cancer stem cells when compared to free
doxorubicin was studied. Furthermore, polymeric micelles were potent in tumor growth inhibition
in vivo in the orthotopic tumor models formed from cancer stem cells, confirming polymeric micelles as
potential therapeutics against TNBC [148]. Bae et al. prepared micelles for co-delivery of doxorubicin
and phosphatidylinositol-3 kinase inhibitor wortmannin using PEG-b-poly(aspartate hydrazide)
copolymers as a polymeric nanocarriers [149]. The particle size of the polymeric micelles employing
DLS was less than 100 nm, which is preferable for tumor-specific drug delivery in vivo. The cytotoxicity
evaluation in vitro against MCF-7 cells demonstrated that the anticancer efficacy was time- and
dose-dependent and the cell viability was effectively suppressed after 3 days of incubation by dual
drug-loaded polymeric micelles when compared to individual drug-loaded polymeric micelles and the
free drugs [149]. Zhang and co-workers formulated crosslinked glutathione-sensitive carboxymethyl
chitosan micelles co-loaded with doxorubicin and cisplatin for breast tumor therapy. The in vitro drug
release profile demonstrated that these micelles were highly glutathione-sensitive. The cytotoxicity
experiments showed that the dual drug-loaded micelles displayed high synergistic chemotherapeutic
efficacy against HeLa cancer cells when compared to doxorubicin-loaded micelles, free doxorubicn,
and plain polymeric micelles [150]. Varshosaz et al. formulated magnetic folate-dextran-retinoic acid
micelles encapsulated with doxorubicin. The in vitro cytotoxicity analysis of doxorubicin-loaded
polymeric micelles employing MTT assay showed good anticancer activity against MDA-MB-468 and
MCF-7 breast tumor cells [151].

Lv et al. prepared amphiphilic PEG2k-PLA5k micelles loaded with a combination of doxorubicin
and curcumin to treat MDR breast cancer. The dual drug-loaded micelles displayed low efflux rate
of doxorubicin, high cellular uptake, and high down-regulation of P-glycoprotein and inhibition of
ATP activity. The co-loaded micelles also displayed high tumor accumulation and inhibitory effect
on the tumor growth in xenograft model of drug-resistant MCF-7/ADR cells when compared to the
free drugs revealing the efficacy of micelles loaded with two drugs [152]. Cuong and co-workers
synthesized doxorubicin-loaded PEG-PCL-PEG micelles loaded with doxorubicin for breast cancer
therapy. The circulation time of doxorubicin-loaded polymeric micelles in the plasma was prolonged
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when compared to the free doxorubicin in vivo. The tumor growth of MCF-7 breast cancer cells in
nude mice was suppressed by multiple doses of the drug-loaded micelles when compared to multiple
doses of free doxorubicin [153]. Yu and co-worker formulated amphiphilic diblock polymeric micelles
loaded with doxorubicin to reverse doxorubicin resistance in breast cancer. The in vivo cytotoxicity
analysis of the polymeric micelles demonstrated significant growth inhibition of doxorubicin-resistant
MCF-7/ADR breast cancer in an orthotopic tumor-bearing mouse model [154].

Lee and co-workers reported folate modified PLLA/PEG polymeric micelles loaded with
doxorubicin for resistant breast cancer therapy. The micelles displayed more than 90% anticancer
efficacy in doxorubicin resistant MCF-7/DOXR breast cancer cells. Furthermore, the in vivo antitumor
experiments in the MCF-7/DOXR xenograft model showed that the accumulated doxorubicin level
of modified micelles in solid tumors was 20 times higher than free drug and 3 times higher than
the unmodified polymeric micelles group [155]. Varshosaz and co-workers synthesized Pluronic®

F127-poly (methyl vinyl ether-alt-maleic acid) copolymer-based micelles entrapped with doxorubicin
for breast cancer targeting [156]. The in vitro drug release profile at pH 5.5 and pH 7.4 after 4 h was
sustained. However, doxorubicin release mechanism from the micelles was faster in pH 5.5 when
compared to pH 7.4 demonstrating that after the cellular internalization of drug-loaded micelles into the
cytosol of cancer cells, the pH of lysosomes can stimulate the fast doxorubicin release from the micelles.
The in vitro cytotoxicity analysis demonstrated that the micelles loaded with doxorubicin destroyed
approximately 48.9 ± 1.7% of MCF-7 breast tumor cells when compared to the free doxorubicin which
destroyed 36.4 ± 1.1% of these breast tumor cells [156].

Sun et al. synthesized doxorubicin loaded PAA-g-PEG graft micelles for the treatment of
breast carcinoma [157]. The in vivo cytotoxicity analysis of the drug-loaded micelles in 4T1 tumor
induced nude mice breast carcinoma subcutaneous model demonstrated high accumulation of the
formulation in the tumor than the free doxorubicin with a reduced distribution to important tissues.
The anticancer effect of the polymeric micelles was importantly better when compared to the free
doxorubicin, as confirmed by the tumor volume and body weight changes of the tumor-bearing
mice [157]. Shuai et al. formulated micelles based on block copolymers of poly (ε-caprolactone)
and PEG for the delivery of doxorubicin. Hemolytic experiments displayed that the free doxorubicin
caused approximately 11% hemolysis at 200 µm/mL while no hemolysis was observed with the
doxorubicin-loaded micelles at the same doxorubicin concentration of 200 µm/mL. The in vitro
cytotoxicity study demonstrated that the micelles displayed a time-delayed anticancer activity in
MCF-7 breast cancer cells because cancer cell viability was approximately 80% on 4th day and it
drastically decreased on the 5th day at a concentration range between 0.01–10 µM [158]. Cuong and
co-workers formulated folate-modified star-shaped PEG–PCL micelles loaded with doxorubicin for
human breast cancer targeting. The cellular uptake analysis showed that the uptake of decorated
micelle incorporated with doxorubicin was higher than the free drug in human MCF-7 breast tumor
cells in a time-dependent manner. Furthermore, the experiment revealed that these folate-decorated
star-shaped PEG–PCL micelles were non-toxic and are potential nanocarriers for cancer therapy [159].
Another study by Cuong and co-workers demonstrated that doxorubicin-incorporated micelles
of a star-shaped poly(ε-caprolactone)-polyphosphoester block co-polymer significantly improved
antitumor efficacy in MCF-7/drug-resistant breast cancer cells and MCF-7/drug-sensitive breast cancer
cells after incubation in vitro [160].

Zhou et al. formulated micelles entrapped with doxorubicin from dextran and indomethacin for
breast cancer treatment. These micelles demonstrated uniform size distribution with a mean diameter
of 50 nm. The in vivo studies on male BALB/c nude mice bearing resistant MCF-7 breast xenograft
tumor cells showed that the micelles significantly inhibited the tumor growth when compared to the
control (saline) and doxorubicin [161]. Liao et al. prepared PEG–PCL cetuximab-immunomicelles
encapsulated with doxorubicin and superparamagnetic iron oxide for EGFR-overexpressing breast
tumor cell targeting. The in vitro anticancer analysis utilizing a MTT assay showed that the A431
breast cancer cells are highly sensitive to drug-loaded micelles when compared to MDA-MB-453 breast
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tumor cells. Furthermore, EGFR-overexpressing A431 cells, immunomicelles exhibited significant
inhibitory effects on cell growth when the doxorubicin concentration was more than 2 µg/mL [162].
Chen et al. formulated micellar doxorubicin nanoparticles of mPEG-PCL-graft-cellulose to overcome
MDR breast cancer cells. The flow cytometry and confocal laser scanning microscopy (CLSM) analysis
in MCF7/ADR cells demonstrated more efficient endocytosis of the micellar doxorubicin nanoparticles
in these cancer cells when compared to the diffusion of the free doxorubicin into the cytoplasm of the
cancer cells. These results revealed that the doxorubicin loaded mPEG-PCL-g-cellulose micelles were
effective in overcoming P-glycoprotein efflux in MDR breast tumor cells [163].

Zeng and co-workers prepared hyperbranched block poly-2,2-bis(methylol) propionic acid
(bis-MPA)-PEG micelles for the delivery of doxorubicin in breast tumor cells. The particle size analysis
of micelles using DLS and TEM showed an average hydrodynamic diameter in the range of 90–130 nm.
The in vitro drug release profile from the drug-loaded polymeric micelles at physiological conditions
was a biphasic release mechanism, with an initial slight burst drug release followed by a sustained
release. The cytotoxicity analysis using MTT assay demonstrated that the anticancer efficacy of micelles
was concentration dependent because the cell viability of MCF-7 and MDA-MB-468 breast cancer
cells was decreased as the concentration of doxorubicin-loaded micelles increased [164]. Cheng et al.
formulated amphiphilic poly(Îµ-caprolactone) micellar nanoparticles loaded with doxorubicin for
breast cancer therapy. The in vitro cytotoxicity of the drug loaded micelles was higher against MCF-7
human breast cancer cells when compared to the plain micelles when incubated at a temperature
increased above the LCST [165].

Danhier et al. formulated vitamin E-based tocopherol succinate (TOS)-TPGS micelles encapsulated
with doxorubicin for breast tumor treatment [166]. The mean particle size of 78 nm with a negative
surface charge of −7 mV. The in vitro cytotoxicity evaluation of doxorubicin-loaded micelles showed
that they exhibited higher anticancer activity when compared to the free doxorubicin against MCF-7
breast tumor cells after 24 h. Furthermore, the in vivo anticancer analysis revealed a 100% long-time
survival of MCF-7 and CT26 induced mice treated with the micelles loaded with doxorubicin when
compared to the free drug [166]. Liu and co-workers synthesized mPEG-PLA micellar nanoparticles
co-loaded with doxorubicin and gemcitabine for synergistic anticancer efficacy on breast cancer cells.
The in vitro cytotoxicity analysis of the co-loaded micelles using MTT assay exhibited significant
synergistic anticancer effect against MCF-7 breast cancer cells [167]. Cagel et al. formulated micelles
from Tetronic T1107, Pluronic F127, TPGS, and incorporated doxorubicin resulting in improved
cytotoxicity on breast cancer cell lines. The in vitro drug release was significantly high at an acidic
tumor microenvironment of pH 5.5 when compared to the physiological environment of pH 7.4.
The in vitro cytotoxicity analysis of the micelles revealed higher anticancer efficacy against TNBC cells
(MDA-MB- 231) when compared to the control (Doxil®) [168].

Chen and co-workers formulated Pluronic-based functional micelles co-loaded with doxorubicin
and paclitaxel for MDR breast cancer treatment [169]. The in vitro drug release profile was sustained
for both drugs. The co-loaded micelles significantly reduced the cell viability of MCF-7 cancer cells
when compared to a single drug-loaded micelles. Furthermore, the in vivo antitumor analysis revealed
high anticancer activity in MCF-7/ADR tumor-bearing mice for the dual drug-loaded micelles when
compared to the combined administration of doxorubicin and paclitaxel [169]. Wang et al. designed
MPEG-PCL-4-formylbenzoic acid (FBA) micellar nanoparticles for combination therapy of paclitaxel
and doxorubicin. The combination resulted in synergistic antitumor efficacy against MCF-7 breast
cancer cells when compared to the single drug-loaded micelles and the free drugs [170].

5.3. Polymeric Micelles Loaded with Paclitaxel

Paclitaxel is used for the treatment of various types of cancers, including breast cancer.
The resistance of breast cancer to paclitaxel is due to certain genes, ABC transporters, etc. [171,172].
Some of the side effects of paclitaxel include peripheral neuropathy, poor solubility, etc. which are
responsible for more research on its use in several preclinical and clinical studies [171]. The incorporation
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of paclitaxel into micelles have been reported to improve its therapeutic outcomes in vitro and
in vivo (Table 4).

Wang et al. designed and evaluated carboxymethyl chitosan-rhein polymeric micelles for oral
delivery of paclitaxel [173]. The entrapment efficiency and drug loading of paclitaxel in chitosan-based
micelles were 86.99 ± 12.26% and 35.24 ± 1.58%, respectively. The drug-loaded polymeric micelles
improved the paclitaxel bioavailability. The drug release profile of polymeric micelles was sustained
with a slowed drug release of 66.14% in 2 days at physiological conditions in vitro. The in vitro
synergistic anticancer studies against the cancer cells between paclitaxel and chitosan-rhein conjugates
was assessed utilizing MCF-7 cancer cells. Cell viability outcomes demonstrated a dose-dependent
toxicity of paclitaxel. In addition, the low cytotoxic effect of the polymeric micelles was observed
at experimental doses. The IC50 value of paclitaxel-loaded polymeric micelles and free paclitaxel
in MCF-7 cells was 17.62 nM and 30.70 nM for 3 days, respectively [173]. The sustained release
profile of the formulation has the potential to overcome drug resistance. Zajdel et al. prepared
polylactide-co-poly(ethylene glycol) micelles loaded with a combination of paclitaxel and lapatinib.
The micelles diameter was 20 nm in diameter and spherical morphology. The biodistribution, cellular
uptake, circulation time and the efficacy of the micelles was influenced by the morphology. Over 8.0%
and 8.7% of paclitaxel and lapatinib was released from the micelles after 1 h. After 24 h, the release of
paclitaxel was 61.2% while the release of lapatinib was 27.6%. The high release of paclitaxel is attributed
to factors such as diffusion, higher molar mass and higher loading content compared to lapatinib.
The micellar system passively targeted the cancer cells by enhanced permeability and retention effect.
The drug-loaded micelles displayed enhanced cytotoxic effects compared to the free drugs after 48 h
and 72 h on MCF-7 cell lines. The drug combination using the micelles showed synergistic effects by
reducing the viability of HER-2 negative breast cancer cell lines [174]. Wu and co-workers prepared
and evaluated folate targeted biodegradable polymeric MPEG-b-P(LA-co-DHC/FA) micelles loaded
with paclitaxel for breast cancer cell targeting [175]. The in vivo antitumor results in EMT-6 breast
cancer cell line showed that the mean tumor masses were 0.18, 0.33, and 0.49 g for the drug-loaded
polymeric micelles, free paclitaxel, and saline (control), respectively, indicating the potent anticancer
efficacy of micelles when compared to free drug and control. Furthermore, the tumor growth inhibition
of the three formulation groups was 66.1, 36.6, and 1.0%, respectively [168].

Wang et al. formulated pH-sensitive micelles using poly(2-ethyl-2-oxazoline)-poly(d,l-lactide)
for the combination of paclitaxel and honokiol. The mean particle size was in the range of 41–44 nm
with PDI that is less than 0.3, indicating the good stability of the micelles and their potential capability
to deliver drugs to the tumor. TEM image of polymeric micelles was sphere-shaped with uniform
particle size. The drug release profile from the formulation was fast followed by a slow and sustained
drug release of both loaded drugs for 2 days at pH 5.4 and 7.4. The in vitro antitumor studies of
the polymeric micelles were studied in the MCF-7/ADR breast cancer line employing SRB assay.
The anticancer results showed that the cell viability was in the range of 99.5 ± 11.5%–100.0 ± 7.92% at a
polymeric micelle concentration of 14.31 µg/mL, followed by a rapid decrease [176].

Oda et al. designed lyophilized diethylenetriaminepentaacetic acid-functionalized micelles
encapsulated with paclitaxel utilizing 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N
[methoxy(polyethyleneglycol)-2000] as a polymer. The lyophilization route did not alter the biological
and physicochemical properties of polymeric micelles. Furthermore, the biodistribution profile
of polymeric micelles displayed high uptake in the spleen, liver, and kidney in mice-bearing
4T1 tumor, indicating that polymeric micelles can be easily eliminated via these routes [177].
Zhang et al. formulated and evaluated polymeric micelles entrapped with paclitaxel that is based
on poly(
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-caprolactone) triblock copolymers [178].
The anticancer outcomes of drug-loaded polymeric micelles in the EMT6 breast tumor model showed
that the cell viability was lower at 3 days by 2–10 times when compared to day 1, indicating the drug
capability to kill tumor cells effectively and it also revealed that there no need for a prolonged exposure
period [178].

83



Pharmaceutics 2020, 12, 1212

Zhang and co-workers formulated octreotide modified PEG-b-PCL-based micelles encapsulated
with paclitaxel or salinomycin for breast tumor therapy. The average particle size of the polymeric
micelles ranged between 25 and 30 nm with an encapsulation efficiency of more than 90%. The in vitro
cytotoxicity analysis of dual drug-loaded micelles demonstrated stronger growth inhibition against
MCF-7 breast cancer cells when compared to the free drugs and the single drug-loaded micelles [179].
Yin and co-workers formulated hyaluronic acid-based amphiphilic micelles co-loaded with hydrophobic
paclitaxel and hydrophilic AURKA specific siRNA for breast cancer treatment. The in vivo anticancer
analysis using BalB/c nude mice bearing MDA-MB- 231 tumors demonstrated that the volume of
the tumors in mice that received polymeric micelles encapsulated with paclitaxel or si-AURKA
specific siRNA were notably smaller than the mice treated with the controls (saline and Taxol®).
Furthermore, the mice treated with co-loaded micelles showed the synergistic antitumor effect of the
loaded drugs [180]. Wang et al. formulated PEG-PDLLA micelles loaded with paclitaxel for breast
cancer therapy. The in vivo imaging demonstrated that the polymeric micelles had outstanding specific
cancer cells targeting effect and improved drug accumulation. The in vivo and in vitro antitumor
experiments demonstrated that the paclitaxel-loaded micelles possessed high inhibition of the cancer
cells and cell apoptosis on MDA-MB-231 breast cancer cells [181].

Kelishady and co-workers formulated Pluronic F127 polymeric micelles co-loaded with paclitaxel
and lapatinib for the treatment of metastatic breast cancer [182]. The in vitro drug release profile of
the micelles showed a burst release of 43% of PTX and 24% of lapatinib in the first 2 h, followed by
a sustained drug release mechanism for 25 h. The in vitro anticancer analysis showed that the dual
drug-loaded micelles significantly suppressed the proliferation of resistant T-47D breast cancer cell
lines with IC50 value of 0.6 ± 0.1 µg/mL when compared to the free drug combination mixture of
paclitaxel and lapatinib that showed an IC50 value of 6.7 ± 1.2 µg/mL [182]. Hou et al. formulated
novel Soluplus®-Solutol® HS15 binary mixed micelles loaded with paclitaxel. The in vivo anticancer
experiments using male nude mice bearing MDA-MB-231 breast cancer cells demonstrated that
these micelles achieved higher antitumor efficacy of 57.66% when compared to 41.13% of the free
paclitaxel [183]. The hyaluronic acid-shelled acid-activatable paclitaxel micelles designed by Zhong
and co-workers were effective in vivo against mice induced with MCF-7 human breast tumor with
little adverse effects. The formulation completely inhibited the growth of the tumor with 100% survival
rate over 55 days [184].

Hasenstein et al. formulated a PEG-PLA multidrug-loaded micelle called Triolimus containing
paclitaxel, 17-AAG, and rapamycin. The drug-loaded micelle significantly inhibited MDA-MB-231
and 549 breast cancer tumor growth in vivo when compared to the micelles loaded with
paclitaxel alone [185]. Lee et al. performed a phase II clinical trial of monomethoxy poly(ethylene
glycol)-block-poly(d,l-lactide) micelle called Genexol-PM encapsulated with paclitaxel for metastatic
breast cancer therapy in 41 patients. The results from this clinical studies demonstrated that 37 patients
who were administered the formulation via intravenous infusion at a dosage of 300 mg/m2 for a period
of three weeks as a first-line chemotherapy therapy for their metastatic breast cancer showed a response
rate of 59.5% and two responses were observed in four breast cancer patients treated in the second-line
setting for their metastatic cancer. Febrile neutropenia was not reported in any of the patients [186].
Mei and co-workers formulated α-conotoxin ImI modified PEG-DSPE micelles loaded with paclitaxel.
The micelles displayed higher anticancer efficacy by inducing significant cell apoptosis and significant
antitumor activity in MCF-7 tumor-bearing mice [187]. Liu et al. prepared PLGA-g-dextran micelles
encapsulated with paclitaxel for breast cancer therapy. These micelles demonstrated higher anticancer
efficacy against MCF-7 breast cancer cells than the control, (Taxol®) in vitro showing that paclitaxel
loaded PLGA-g-dextran micelles can overcome the multidrug resistance in human breast carcinoma
cells [188]. Yang et al. formulated micellar drug delivery systems that are based on poly(ethylene
glycol)-benzoic imine-poly(g-benzyl-l-aspartate)-b-poly(1-vinylimidazole) block copolymer (PPBV)
layer detachment for co-delivery of paclitaxel and curcumin. The in vivo cytotoxicity using the
mice bearing subcutaneous MCF-7 breast tumors demonstrated that the average tumor volume after

84



Pharmaceutics 2020, 12, 1212

treatment with the dual drug-loaded PPBV micelles was 6.6, 5.4, 5.2, and 4.7-fold smaller when
compared to those treated with 0.9% NaCl, a combination of paclitaxel and curcumin, PPBV micelles
loaded with paclitaxel alone, and PPBV micelles loaded with curcumin alone, respectively [189].
Han et al. formulated and evaluated HA-based micelle conjugates loaded with paclitaxel for breast
tumor therapy. The cellular uptake analysis revealed that the HA micelles loaded with paclitaxel
could be specifically and efficiently internalized into 4T1 breast cancer cells via endocytosis. In vitro
cytotoxicity analysis showed that the paclitaxel loaded micelles enhanced the selectivity of paclitaxel
for destroying the 4T1 cancer cells when compared to the free paclitaxel [190].

Wang and co-workers formulated MCF-7 cell-specific phage protein modified
PEG-phosphatidylethanolamine micelles loaded with paclitaxel for breast cancer targeting.
The fluorescence microscopy demonstrated that MCF-7 targeted phage micelles were bound to the
target cells, MCF-7 when compared to the non-target cells. The in vitro cytotoxicity analysis of the
micelles loaded with paclitaxel exhibited a significant higher antitumor efficacy on MCF-7 breast
cancer cells than the free paclitaxel [191]. Bernabeu et al. formulated mixed micelles that are based
on two copolymers of polyvinyl caprolactam–polyvinyl acetate–PEG (Soluplus®) and TPGS for the
incorporation of paclitaxel with improved anticancer activity on breast cancer cell lines. The in vitro
cytotoxicity experiments showed that the mixed micelles loaded with paclitaxel demonstrated superior
anticancer efficacy when compared to the free paclitaxel solution against MCF-7 and TNBC cells
(MDA-MB-231) [192]. Chen et al. formulated poly (β-amino ester) copolymer micelles loaded with
paclitaxel for breast cancer metastasis treatment. The in vivo and in vitro cytotoxicity studies of
micelles showed that the micelles induced drug cellular uptake and significant MDA-MB-231 breast
cancer cell disruption and suppressed breast tumor metastasis [193].

Wang and co-workers prepared PEG-PE–based micellar nanoparticles loaded with paclitaxel.
The micellar nanoparticles demonstrated improved antitumor activity by promoting enhanced cell
apoptosis against MCF-7 and reduced breast cancer cell proliferation [194]. Wang et al. also
synthesized biodegradable mPEG-poly(caprolactone) micelles for co-delivery of paclitaxel and honokiol.
The in vitro drug release profile was a sustained release of both drugs from the micelles. The in vitro
cytotoxicity analysis and the cellular uptake studies of the co-loaded micelles showed an increased
antitumor activity on the 4T1 breast cancer cells by promoting cell apoptosis and higher cellular
uptake by the breast cancer cells [195]. Lang et al. formulated polymeric micelles loaded with
paclitaxel for improved metastatic breast cancer therapy. The in vivo cytotoxicity studies of the micelles
demonstrated 15-fold higher intratumor paclitaxel accumulation when compared to the commercially
available paclitaxel, and achieved a growth tumor inhibition rate of 96.8% on the 4T1 metastatic
breast cancer mice model [196]. Wang and workers reported folate modified pluronic copolymer
micelles encapsulated with paclitaxel. Their anticancer activity on MDR MCF-7 ADR breast cancer
cells was high when compared to paclitaxel solution [197]. The finding revealed the efficacy of using
targeting moiety.

Lu et al. synthesized PEG-derivatized embelin as a nanomicellar drug delivery system loaded
with paclitaxel for breast cancer therapy. The in vitro cell uptake of the micelles by the cancer cells were
significantly high. The in vitro antitumor analysis demonstrated that paclitaxel loaded micelles revealed
higher levels of antitumor effect on 4T1.2 breast cancer cells when compared to Taxol formulation [198].
Zhu et al. synthesized low-density lipoprotein–N-succinyl chitosan–cystamine–urocanic acid micelles
for the co-delivery of paclitaxel and siRNA. The in vitro cellular uptake analysis demonstrated an
initial significant accumulation of the co-loaded micelles in lyso/endosomes and a gradual diffusion
into the entire cytoplasm of MCF-7 breast tumor cells. The in vivo cytotoxicity studies of micelles
co-loaded with paclitaxel and siRNA using MCF-7 breast tumor-bearing nude mice showed the
superior anticancer efficacy revealing a synergistic anticancer effect of combining paclitaxel and siRNA,
when compared to the paclitaxel loaded micelles and siRNA loaded micelles [199].
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5.4. Polymeric Micelles Loaded with Curcumin

The clinical use of curcumin remains a challenge resulting from its poor solubility, bioavailability,
and stability. To improve its bioavailability and solubility, it is loaded into nanoparticles such as
Chen et al. formulated phosphorylated calixarene-based micelles loaded with curcumin for TNBC
treatment [200]. The DLS analysis of curcumin loaded micelles demonstrated a mean particle size
of 3.86 ± 0.32 nm with a negative zeta potential of −25.18 ± 5.74 mV and PDI value of 0.125 ± 0.078,
revealing a narrow size distribution. The encapsulation efficiency and drug loading capacity were
95.40 ± 4.50 and 17.10 ± 1.25%, respectively. The in vitro drug release profile was slow at pH 7.4 and
fast at pH 5.5, indicating continuous sustained drug release pattern and prolonged release at neutral
pH. The in vitro cytotoxicity studies using the MTT assay demonstrated concentration-dependent
pattern against BT-549 breast cancer cells with IC50 value of 2.67 ± 0.40 µg/mL for curcumin loaded
micelles, 9.78 ± 0.51 µg/mL for curcumin, and 194.35 ± 23.87 µg/mL for plain micelles. The similar
anticancer trends were reported in MCF-7 breast tumor cells. Furthermore, the in vivo drug release
studies using mice bearing BT-549 tumors demonstrated improved sustained curcumin release around
the tumor mass at 24 h after intratumoral injection, revealing curcumin loaded micelles can potentially
accumulate at the tumor environment. Loading curcumin into the micelles facilitated curcumin
capability to hinder the nuclear activity of androgen receptor, induce cell cycle arrest and apoptosis.
These mechanisms mentioned above contributed to the formulation ability to inhibit the growth of
BT-549 tumor xenografts in mice, without causing any significant side effects during the 14 days of
treatment [200].

Huang and co-workers formulated PEGylated micelles co-encapsulated with curcumin and
doxorubicin, exerting a synergistic effect in MDR breast tumor cells. The micelles showed a mean
particle size of 90.64 ± 0.15 nm and a negative surface charge of −15.3 ± 0.8 mV. The in vitro cytotoxicity
of polymeric micelles was high with a IC50 value of 3.10 µg/mL when compared to free doxorubicin
(IC50 of 31.99 µg/mL). Moreover, the micelles exhibited high cellular uptake and reduced cellular
efflux. The combination index of the dual drug-loaded micelles was 0.17, which shows a strong
synergistic anticancer activity against MCF-7/ADR breast cancer cells [201]. Jung and co-workers
formulated epidermal growth factor-modified DSPE-PEG phospholipid micelle nanoparticles loaded
with curcumin for breast cancer treatment. The micelle was conjugated with epidermal growth
factor for specific targeting of epidermal growth factor receptors overexpressed on TNBC. The in vitro
cytotoxicity study on MDA-MB-468 breast cancer cells revealed that the highest dose tested of 10 µM
of free curcumin and curcumin loaded micelles significantly reduced cell viability to 41.5 ± 2.8 and
63.1 ± 8.3%, respectively [202]. Medel et al. prepared curcumin-bortezomib loaded mPEG-b-PLA-based
miceller nanoparticles for synergistic anticancer efficacy. The in vitro cellular uptake analysis of the
nanoparticles with an average particle of 100–150 nm size showed a maximum cellular uptake by
the MDA-MB 231 and MCF-7 breast cancer cells after 3 h, which can result in potential anticancer
effects [203].

Liu et al. formulated MPEG-PCL copolymer micelles loaded with curcumin for breast tumor
therapy. The DLS analysis of curcumin loaded micelles demonstrated an average particle size of
28.2 ± 1.8 nm with PDI of 0.136 ± 0.050 and surface charge of −0.41 ± 0.25 mV. The TEM results
exhibited spherical-shaped morphology in aqueous solution, and the results were consistent with that
of particle size analysis. The drug loading capacity and encapsulation efficiency of curcumin loaded
micelles were 14.84 ± 0.11% and 98.91 ± 0.70%, respectively. The drug-loaded micelles exhibited
higher anticancer activity against 4T1 breast tumor cells in vitro when compared to free curcumin
in a dose-dependent manner [204]. The formulation was effective in the inhibition of tumor growth,
spontaneous pulmonary metastasis and extended the life span of the 4T1 breast tumor model.

5.5. Polymeric Micelles Loaded with Platinum Drugs

Platinum-based drugs cause apoptosis by penetrating into the nucleus of cancer cells resulting in
the formation of adducts with DNA. However, their use is limited pharmacologically by toxicity and
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poor water solubility. Wan and co-workers formulated poly (2-oxazoline)-based micelles co-loaded with
cisplatin and paclitaxel for breast tumor treatment [205]. The pharmacokinetic analysis showed that
the dual drug-loaded polymeric micelles increased the plasma half-life of each drug when compared to
the single drug loaded micelles. The in vivo cytotoxicity experiments of the dual drug-loaded micelles
demonstrated the superior anticancer efficacy of the dual drug-loaded micelles when compared to single
drug-loaded micelles or drug solutions against multidrug resistant breast cancer LCC-6-MDR orthotopic
tumor models [205]. Ahmad et al. designed MPEG-block-Poly (L-glutamic acid-co-l-phenylalanine)
micelle nanoparticles loaded with cisplatin for human breast cancer treatment. The in vitro drug
release profile showed that 30% of cisplatin was released at physiological pH and 39% of the drug
was released at acidic pH of the lysosome. The in vitro anticancer studies employing MTT viability
assay displayed that the cell proliferation inhibition of polymeric micelle nanoparticle against ZR-75-30
human breast cancer cells was time- and dose-dependent. The micelle nanoparticles indicated more
inhibition with low IC50 values on ZR-75-30 cell line when compared to the plain micelles and free
drug. The formulation displayed high stability and extended blood circulation time [206].

Wang and co-workers formulated folate-modified mPEG-b-poly(l-lactide-co-2-methyl-2-
carboxylpropylene carbonate-platinum (II) complex micelles. The particle size analysis of the micelles
exhibited the average particle size that ranged between 100–200 nm. The drug molecules were loaded
in the core part of the micelles, and the folic acid moiety was designed on the corona of the micelles
for targeted drug delivery. Folic acid receptors are overexpressed on breast cancers making it a good
targeting moiety. The cytotoxicity was evaluated using MTT assay which demonstrated very little
antitumor effect for the plain polymeric micelles against MCF-7 breast cancer cells. The drug content
from the micelle was significant at the tumor site. The micelles exhibited prolonged blood circulation
when compared to the free drug [207].

5.6. Polymeric Micelles Loaded with Other Anticancer Drugs

Other types of anticancer drugs have been loaded into prepared micelles which revealed the
efficacy of micelles for the treatment of breast cancer (Table 4). Teniposide, a semisynthetic derivative of
podophyllotoxin damages the DNA in the replication process with the induction of cellular apoptosis.
However, it exhibits low water solubility and is administered as an injection. Some side effects are
hypersensitivity reactions, tachycardia, etc. Its elimination is rapid, with a widespread distribution
to normal organs and tumor tissue, thereby decreasing its therapeutic efficacy with increased side
effects [208,209].

Chu and co-worker prepared and evaluated polymeric micelles encapsulated with teniposide that
are based on monomethoxy-poly(ethylene glycol)-poly(e-caprolactone-co-d,l-lactide) (MPEG-PCLA)
copolymers for breast cancer therapy [210]. The mean particle size was 29.6 ± 0.3 nm, with a negative
surface charge of −0.980 mV. The encapsulation efficiency and drug loading were 92.63 ± 2.05% and
18.53 ± 0.41%, respectively. The in vitro drug release profile of the micelles at physiological condition
(pH 7.4) was slowed and sustained with about 33% and 78% release of teniposide from the polymeric
micelles in the first 8 h and 72 h, respectively. The in vitro anticancer assessment of the drug-loaded
micelles using MCF-7 cancer cell lines and MTT assay for 2 days showed that the drug-loaded
micelles significantly inhibited cell growth with (IC50 value = 3.248 µg/mL) when compared to the free
drug (IC50 value = 5.342 µg/mL) in a dose-dependent manner. Furthermore, the in vivo evaluation
using the MCF-7-bearing nude mice model showed smaller relative tumor volumes for those groups
treated with teniposide-loaded polymeric micelles than those treated with individual teniposide [210].
The teniposide-loaded MPEG-PCLA micelles improved the water solubility, reduced the toxicity,
and enhanced the antitumor activity of teniposide. However, there is a need for further studies.

Epirubicin administration have been reported to present high relapse rate resulting
from the presence of a subpopulation of cancer cells, known as cancer stem-like cells.
These cells are resistant to the currently used conventional therapies. Zhang et al. formulated
polymeric micelles co-loaded with epirubicin and staurosporine that are based on poly(ethylene
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glycol)-b-poly(aspartate-hydrazide-epirubicin) copolymer for the treatment of breast cancer.
The cytotoxicity studies of polymeric micelles indicated potent chemotherapeutic activity against
premature orthotopic 4T1-luc breast cancer cells in vitro with prolonged survival [211]. The formulation
reduced cancer stem-like cells fraction in these tumors, thereby extending the survival of mice.
These findings indicate the potential of micelles in eradicating breast cancer cells and cancer stem-like
cells, which will result in the prevention and recurrence of the cancer thereby improving patient survival.

Min et al. formulated and assessed MPEG-poly(β-amino ester)-based micelles encapsulated with
camptothecin for breast tumor therapy. The pH of the tumor environment was the targeted site for
the delivery of the loaded drug. The drug release was quick from the polymeric micelles in the acidic
conditions simulating a tumor environment. The cytotoxicity results in vitro demonstrated that the
plain polymeric micelles demonstrated significantly 100% cell viability of MDA-MB231 breast cancer
cells even in higher concentrations confirming non-toxicity of micelles in the normal body. On the
other hand, drug-loaded micelles showed low cell viability on MDA-MB231 breast cancer cells [212].

The extracellular pH at the solid tumor site is reported to be 6.8 when compared to the normal
tissue with a pH of 7.4. Designing a pH-sensitive drug delivery is a good approach that can result in
pH-responsiveness at the target tumor tissues. Most prepared pH-responsive delivery systems promote
rapid drug release into the inner part of tumor cells [213,214]. However, endosomal pH-responsive
micelles are not specific to the target cancer cells because the pH is the same as that of the normal cells
endosomal acid which is below 6.5. There is still a need to improve the pH-responsiveness of micelles
in weak acidic tumor microenvironment, and tumor accumulation in vivo.

Chida et al. formulated pH-responsive PEG-b-poly(β-benzyl l-aspartate) (PEG-b-PBLA)-based
micelles encapsulated with anthracycline drug, epirubicin for breast cancer metastasis treatment.
The in vitro drug release studies demonstrated that epirubicin was released from the polymeric
micelles in a pH-dependent pattern with a low drug release mechanism at pH 7.4 (physiological
condition). The epirubicin release kinetics was gradually fast with decreasing pH values until pH
6.7 (tumor microenvironment condition), and further increased at pH 5.5 (endosomal environment).
The antitumor studies of polymeric micelles loaded with epirubicin against axillary lymph node
metastasis (ALNM) of MDA-MB-231 TNBC demonstrated their potential to inhibit the growth of the
spreading primary tumor and the growth of ALNM, through efficient drug activation promoted by the
intratumoral acidic environment [215]. The release mechanism of the micelles inhibited the spread
of cancer.

Gener and co-workers designed and evaluated micelles that are based on amphiphilic polymer
Pluronic® F127 loaded with Zileuton™ for breast cancer treatment. The in vivo and in vitro antitumor
studies showed the drug-loaded polymeric micelles significant tumor growth inhibition in MDA-MB-231
and MCF-7 and breast cancer cell models when compared to the free Zileuton™. Furthermore,
the polymeric micelles inhibited the circulation of breast tumor cells in the blood plasma effectively,
and by doing so, significantly blocked metastatic spread [216]. The formulation eliminated cancer
stem cells in the blood stream and reduced the number of cancer stem cells in the tumor in vivo.
Eliminated cancer stem cells are usually replaced by new cells for tumor survival and propagation [217].
The capability of the micelles to eliminate cancer stem cell stream and metastatic spread is promising.
These findings suggest that the formulation will show synergistic efficacy if combined with potent
cytotoxic agents and is potentially a good approach to overcome cancer reoccurrence.

Lamch and co-workers formulated and evaluated in vitro the copolymers Pluronic-based micelles
loaded with photofrin II® for breast and ovarian cancer therapy. The research involved the evaluation
of suitable conditions for photodynamic reaction and apoptosis in human cancer cells. The effect of
Photofrin II®-loaded micelle formulation on the integrity of the cancer and human erythrocytes and
cancer cells was also studied to determine the bioavailability of these nanocarriers in intravenous
administration. The in vitro cytotoxicity studies of polymeric micelles exhibited superior pro-apoptotic
and cytotoxic efficacy against MCF-7 tumor cells when compared to photofrin II® [218].

88



Pharmaceutics 2020, 12, 1212

Polymeric micelles are useful for efficient delivery of the loaded drug to the tumor cells and
is also useful in reducing the effective drug concentration, which is suitable to diminish the side
effects of the loaded anticancer drugs. The size of the micelles play a huge role in their uptake and
formulation containing Photofrin II® with the size below 20 nm were delivered inside the breast
MCF-7/WT (caspase-3 deficient) cells efficiently. The results indicate that the administration of the
formulation is potentially useful for the treatment of resistant cancers after irradiation.

Marcos and co-workers formulated and evaluated polymeric micelles that are based on
poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) triblock copolymers encapsulated
with N-(2-hydroxyphenyl)-2-propylpentanamide for breast cancer targeting. The in vitro drug
release kinetics of drug-entrapped micelles followed Weibull’s drug release model, demonstrating
sustained drug release mechanism. The cytotoxicity effect of the polymeric micelles was
significant in MDA-MB-231 [219]. N-(2-hydroxyphenyl)-2-propylpentanamide, has good anticancer
activity against MDA-MB-231 cells but its low water solubility limit its therapeutic effectiveness.
The incorporation of the drug into the micelles enhanced the water solubility by 23- and 31-fold.
The hydrodynamic diameter of the formulation was 30 nm. The micelles improved the solubility
of the drug forming stable aggregates and enhanced the drug release with a good maintenance.
The sustained release system induced cell death and increased the drug administration time. Lu and
co-workers prepared and evaluated micelles that are based on polylactide-b-(poly(2-hydroxyethyl
acrylate-co-2-chloroethylmethacrylate-co-fluorescein-O-methacrylate)) (PLA-P(HEA-CEMA-F)) loaded
with ruthenium complexes. The in vitro antitumor studies of the drug-loaded polymeric micelles in
MDA-MB-231 and MCF-7 cancer cell models displayed enhanced anti-metastatic effect when compared
to the free drugs and the tumor growth inhibition of drug-loaded micelles was 10 times higher when
compared to the free drug [220]. Ruthenium complexes such as [Ru(η6-p-cymene)Cl2(PTA)] are not
active against primary tumors but are effective in reducing metastasis. Their clearance rate from
vital organs, their capability to reduce the progression of cancer in vivo, and their low toxicity make
them useful for further studies [221]. The selectively targeted behavior of the micelle formulations on
metastatic tumor cells limited the metastases of cancer.

Table 4. A summary of micelles loaded with anticancer drugs.

Polymers Drugs Cancer Cell Lines Therapeutic Outcomes References

mPEG-PDLA Docetaxel and
resveratrol MCF-7

Improved pharmacokinetic
parameters, good biocompatibility,

and safety.
[122]

BD-Peptide-PEG and BD-PEI Docetaxel 4T1 High cellular uptake [123]

Poly(d,l-lactide-co-2-methyl-2-carboxy-
trimethylene carbonate) Docetaxel MDA-MB-231/H2N

High tumor growth inhibition and
improvement in

pharmacokinetic parameters
[124]

Monomethoxy PEG Docetaxel MDA-MB-231 Sustained in vitro drug release profile
and potent in vivo antitumor efficacy. [125]

PCL-g-PEI Docetaxel and NIR dye 4T1 High tumor growth inhibition [126]

TPGS Docetaxel MDA-MB-231 and
MDA-MB-468 Greatly enhanced anticancer activity [127]

PEG–PCL Docetaxel 4T1 High tumor growth inhibition and
decreased systemic toxicity [128]

mPEG-polyester Docetaxel - High tumor growth inhibition [129]

mPEG2000-b-PDLLA1300 Docetaxel 4T1 greater anticancer activity [130]

PLGA Docetaxel MDA-MB-231 and MCF-7 Improved antitumor activity [131]

TPGS Docetaxel MDA-MB-231 Hindering of EGFR-overexpressing
tumor cell lines [132]

PLys-PPhe Docetaxel - Improved tumor specificity [133]

TPGS Docetaxel MDA-MB-231 High antitumor efficacy [134]

MPEG-PDLLA-PLL Docetaxel 4T1 and MCF-7 High tumor growth inhibition [135]

PEG-b-PLGA Docetaxel and
chloroquine MCF-7 Good anticancer activity [136]
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Table 4. Cont.

Polymers Drugs Cancer Cell Lines Therapeutic Outcomes References

[NP(PEG750)(GlyPheLeu)2Et]3 Docetaxel MDA-MB-231 Excellent anticancer efficacy [137]

Poly(styrene maleic acid)-poly
(amide-ether-ester-imide) Docetaxel MC4-L2 High tumor inhibition and increased

survival in vivo [138]

Polyvinyl caprolactam–polyvinyl
acetate–PEG Docetaxel and Fe3O4 MDA-MB-231 and MCF-7 Good anticancer activity [139]

PEG-PLL-PLLeu Docetaxel and
siRNA-Bcl-2 MCF-7 Improved antitumor efficacy [140]

mPEG2000- DSPE Docetaxel MCF-7 Better antitumor activity [141]

HA Doxorubicin MCF-7 High tumor growth inhibition [146]

Phis-PEG and PLLA-PEG Doxorubicin 4T1 Moderate anticancer activity [147]

Pluronic block copolymers Doxorubicin MDA-MB-231 and
MDA-MB-468 Potent tumor growth inhibition [148]

PEG-poly(aspartate hydrazide)
block copolymers

Doxorubicin and
wortmannin MCF-7 Small particle size which is suitable

for tumor-specific drug delivery [149]

Carboxymethyl chitosan Doxorubicin and
cisplatin HeLa Synergistic anticancer effect [150]

Dextran-retinoic acid Doxorubicin MDA-MB-468 and MCF-7 Good antitumor activity [151]

PEG2k-PLA5k
Doxorubicin and

curcumin MCF-7/ADR Higher tumor accumulation and
tumor growth inhibitory effect [152]

PEG-PCL-PEG Doxorubicin MCF-7 Suppressed tumor cells [153]

- Doxorubicin MCF-7/ADR Potential tumor growth inhibition [154]

PLLA/PEG Doxorubicin MCF-7/DOXR High cytotoxicity [155]

Pluronic® F127-poly (methyl-vinyl
ether-alt-maleic acid) copolymer

Doxorubicin MCF-7 Sustained drug release kinetics with
good anticancer activity [156]

PAA-g-PEG Doxorubicin 4T1 High tumor accumulation [157]

Poly (ε-caprolactone)-PEG Doxorubicin MCF-7 Time-delayed anticancer activity [158]

PEG–PCL Doxorubicin MCF-7 High drug cellular uptake [159]

Poly(ε-caprolactone)-polyphospho-ester Doxorubicin MCF-7 Improved antitumor activity [160]

Dextran and indomethacin Doxorubicin MCF-7 Potential tumor growth inhibition [161]

PEG–PCL Doxorubicin and
iron oxide A431and MDA-MB-453 Significant tumor inhibitory effect [162]

mPEG-PCL-g-cellulose Doxorubicin MCF7/ADR Good cellular internalization [163]

Poly 2,2-bis
(methylol) propionic acid (bis-MPA)-PEG Doxorubicin MCF-7 and MDA-MB-468 Concentration-dependent

anticancer activity [164]

Poly (Îµ-caprolactone) Doxorubicin MCF-7 Higher antitumor activity [165]

TPGS Doxorubicin MCF-7 100% long-term survival of the
treated mice [166]

mPEG-PLA Doxorubicin and
gemcitabine MCF-7 Synergistic anticancer efficacy [167]

Tetronic T1107, Pluronic F127, and TPGS Doxorubicin MDA-MB- 231 High anticancer efficacy [168]

Pluronic Doxorubicin and
paclitaxel MCF-7 Decreased cancer cell viability [169]

MPEG-PCL-4-FBA Doxorubicin and
paclitaxel MCF-7 Synergistic antitumor efficacy [170]

Carboxymethyl chitosan Paclitaxel MCF-7 Improved oral drug bioavailability
and synergistic anticancer activity. [173]

Poly(2-oxazoline)- Paclitaxel and cisplatin LCC-6-MDR Extended of the average lifespan of
animals models in vivo [174]

MPEG-b-P(LA-co-DHC/FA) Paclitaxel EMT-6 Reduced tumor mass and high tumor
growth inhibition [175]

Poly(2-ethyl-2-oxazoline)-
poly(d,l-lactide)- Paclitaxel and honokiol MCF-7/ADR

Decreased cancer cell viability and
small particle size which is beneficial

for tumor-targeted drug delivery.
[176]

1,2-distearoyl-sn-
glycero-3-phosphoethanol-

amine-N-[methoxy(PEGl)-2000]
Paclitaxel 4T1

Great potential for theranostic
application in the breast

cancer therapy
[177]
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-
caprolactone) triblock copolymers Paclitaxel EMT6 Low cell viability [178]

PEG-b-PCL Paclitaxel and
salinomycin MCF-7 High tumor growth inhibition [179]

HA paclitaxel and
hydrophilic AURKA MDA-MB- 231 Decreased tumor volume [180]

PEG-PDLLA Paclitaxel MDA-MB-231 Significant tumor growth inhibition
and cell apoptosis [181]

Pluronic F127 Paclitaxel and lapatinib T-47D Suppressed proliferation of breast
cancer cell [182]
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Table 4. Cont.

Polymers Drugs Cancer Cell Lines Therapeutic Outcomes References

Soluplus®—Solutol® HS15 Paclitaxel MDA-MB-231 Good anticancer efficacy [183]

HA Paclitaxel MCF-7 Good anticancer activity with reduced
drug toxicity [184]

PEG-PLA Paclitaxel, 17-AAG,
and Rapamycin MDA-MB-231 and 549 High tumor growth inhibition [185]

mPEG-b-poly(d,l-lactide) Paclitaxel - Good clinical response rate [186]

PEG-DSPE Paclitaxel MCF-7 Greater anticancer activity [187]

PLGA-g-dextran Paclitaxel MCF-7 High anticancer efficacy [188]

PPBV Paclitaxel and
curcumin MCF-7 Small tumor volume [189]

HA Paclitaxel 4T1 Good cellular uptake [190]

PEG-phosphatidyl-ethanolamine Paclitaxel MCF-7 High antitumor efficacy [191]

Caprolactam–polyvinyl acetate–PEG
and TPGS Paclitaxel MCF-7 and MDA-MB-231 Superior anticancer efficacy [192]

Poly(β-amino ester) Paclitaxel MDA-MB-231 Good cellular uptake and suppression
of the tumor metastasis [193]

PEG-PE Paclitaxel MCF-7 Enhanced anticancer activity [194]

mPEG-poly(capro-lactone Paclitaxel and honokiol 4T1 High cellular uptake and increased
anticancer efficacy [195]

- Paclitaxel 4T1 High growth inhibition on
tumor metastasis [196]

Pluronic Paclitaxel MCF-7 High anticancer activity [197]

PEG Paclitaxel 4T1.2 High anticancer activity [198]

lipoprotein–N-succinyl
chitosan–cystamine–urocanic acid Paclitaxel and siRNA MCF-7 Superior anticancer activity [199]

phosphorylated calixarene Curcumin BT-549 Concentration-dependent cytotoxicity [200]

PEG Curcumin and
doxorubicin MCF-7/ADR High synergistic anticancer activity [201]

DSPE-PEG Curcumin MDA-MB-468 Decreased cancer cell viability [202]

mPEG-b-PLA- Curcumin and
bortezomib MDA-MB-231 and MCF-7 Maximum cellular uptake [203]

MPEG-PCL Curcumin 4T1 High anticancer activity [204]

poly (2-oxazoline) Cisplatin and
paclitaxel LCC-6-MDR Prolonged plasma half-life and

superior antitumor activity. [205]

MPEG-block-poly (l-glutamic
acid-co-l-phenylalanine) Cisplatin ZR-75-30 Inhibition of cancer cell proliferation [206]

mPEG-b-poly(l-lactide-co-2-methyl-
2-carboxyl-propylene carbonate Platinum (II) drug MCF-7 Dose-dependent cytotoxicity [207]

MPEG-PCLA copolymer Teniposide MCF-7 Significant cell growth inhibition and
reduced tumor volumes in vivo [210]

PEG-b-poly(aspartate-hydrazide-
epirubicin) copolymer

Epirubicin and
staurosporine orthotopic 4T1-luc Potent anticancer efficacy and

prolonged animal survival. [211]

MPEG-poly(β-amino ester) copolymer Camptothecin MDA-MB231
Non-toxicity of the plain micelles and

low cell viability for
drug-loaded micelles

[212]

PEG-b-PBLA Epirubicin MDA-MB-231 Good tumor growth inhibition and
suppression of ALNM [215]

Pluronic® F127 Zileuton™ MDA-MB-231 and MCF-7
Significant tumor growth inhibition
and inhibition of metastatic spread
and cancer cell blood circulation.

[216]

Pluronic Photofrin II® MCF-7 Improved in vitro pro-apoptotic and
cytotoxic activity [218]

Poly(ethylene oxide)-poly(propylene
oxide)-poly(ethylene oxide)

triblock copolymers

N-(2-Hydroxy-phenyl)-
2-propyl-pentanamide MDA-MB-231 Sustained drug release mechanism

and anti-proliferative properties [219]

PLA-P(HEA-CEMA-F) Ruthenium complexes MDA-MB-231 and MCF-7 Improved anti-metastatic effect and
tumor growth inhibition [220]

PAMAM-PLA Aminoflavone MDA-MB-468and BT474 Decreased cancer cell viability [222]

Dendron Endoxifen - Sustained drug release and improved
permeation through skin [223]

PEG Mertansine MDA-MB-231 Suppressed tumor growth [224]

Brinkman et al. formulated 12 amino acid peptide targeting epidermal growth factor receptor
(EGFR) modified unimolecular PAMAM-PLA micelle nanoparticles loaded with aminoflavone for
TNBC treatment. The in vitro cellular uptake studies showed that the modified polymeric micelles
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accumulated to a greater amount in the cytoplasm of MDA-MB-468 TNBC cells than the non-modified
micelles. The in vitro cytotoxicity analysis demonstrated a significant decrease in cell viability of
MDA-MB-468 and BT474 breast cancer cells that are incubated with modified micelle nanoparticles
when compared to the unmodified micelles and free aminoflavone [222]. The micelles excellent stability
and preferentially drug uptake at endosomal pH levels when compared to the blood pH suggest
that they are potential therapeutics for EGFR-overexpressing triple negative breast cancer. Yang and
co-workers formulated dendron-based micelles for topical delivery of endoxifen for estrogen-positive
breast cancer treatment. Endoxifen is effective for the treatment and the prevention of estrogen-positive
breast cancer; but its oral formulation induced severe side effects. The in vitro drug release profile
demonstrated sustained release of endoxifen from the dendron-based micelles for 6 days. Micelles
significantly improved the permeation of endoxifen through the mouse skin (up to 20-fold) and human
skin (up to 4-fold). These results revealed that dendron-based micelles are useful for the topical
delivery of endoxifen, providing a potential alternative administration method for chemoprevention
of breast cancer [223]. Zhong and co-workers formulated cRGD-decorated, redox-activatable micellar
mertansine prodrug to deliver mertansine to αvβ3 integrin overexpressed triple negative breast cancer.
The cytotoxicity analysis showed that these micelles effectively suppressed MDA-MB-231 breast tumor
growth without causing obvious side effects, as revealed by the body weight loss and histological
analysis [224]. The formulation was effective in targeting and delivering of mertansine to αvβ3 integrin
overexpressing triple negative breast cancer with a potent tumor growth inhibition. These findings
reveal the high affinity of the formulation to MDA-MB-231 cells and high intracellular drug release
effective for potent antitumor effect; high stability and good targeting ability of the formulation
resulting in high accumulation in the cancer cells; high effective inhibition of the tumor growth and
reduced systemic toxicity when compared to the free mertansine showing its promising use for the
treatment of triple negative breast cancer.

5.7. Limitations of Micelles

Micelles offer two distinct features when compared to other drug delivery systems, such as their
small size (hydrodynamic sizes less than 50 nm) [225]. Its small particle sizes are suitable for good
cellular uptake, blood circulation, tumor tissue penetration, and efficient internalization in cancer
cells [225,226]. Their small size has improved the performance of the encapsulated drug in vivo
due to the enhanced permeability and retention (EPR) effect [225,227]. They are also feasible for
large-scale prooduction. It has well-defined molecular structures and good assembly behaviors. Micelle
formulations are simple to produce at a large scale [228]. Polymeric micelles are useful for the delivery
of hydrophobic and hydrophilic drugs to the target site. Their good stability, slow dissociation extend
their circulation times, and their specific accumulation in the tumor tissues [229]. Small hydrophobic
drugs are solubilized in the inner hydrophobic core of micelles, and their outer hydrophilic shell
protects the drug from scavengers by the mononuclear phagocytic system [230,231]. Despite the
distinct properties of micelles reported by several researchers, they are also limited due to their
capability to undergo dilution resulting in dissociation when administered intravenously into the blood
environment. The factor mentioned above is attributed to a shift from equilibrium to a unimer state
and binding of the proteins to the unimeric components [231]. The protein binding can result in a burst
release effect of the encapsulated drugs into the bloodstream, thereby nullifying the unique properties
of micelles such as high drug loading, targeting capability, and prolonged blood circulation [225,229].
It can result in drug biodistribution that is favourable and toxicity with therapeutic outcomes similar
to the free drugs [232]. Taxotere®, a micellar formulation displayed reduced therapeutic outcomes
after intravenous administration resulting from its quick removal from the blood circulation [225].

The structural stability of micelles is affected by the physiological environment. Injection of
micelles into the bloodstream results in them undergoing changes, including the disruption of the
micellar structure via hydrolysis of the linkers etc. The disruption of the micellar causes a premature
release of the encapsulated drug and the uptake of the drug in healthy tissues/organs, thereby inducing
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severe side effects and reducing the therapeutic efficacy of the loaded drug [233]. One strategic approach
to improve the stability of micelles by cross-linking the micelles to afford a rigid micellar structure
and prolonged blood circulation. Guo et al. reported mPEG-PDLA micelles with hydrophilic surface
composed of PEG chain, which enhanced the micelles capability of escaping from the reticuloendothelial
system, resulting in a slower clearance. A preferential accumulation of the formulation was significant
in the tumors due to the enhanced permeability and prolonged circulation time [122]. Lang et al.
coated the surface of the micelles with PEG, resulting in targeted drug delivery to the tumor and
enhanced drug uptake [123]. Hu et al. reported Core-crosslinked polymeric micelles that promoted a
100% tumour-free survival [125]. Crosslinking of the micelles have resulted in them having distinct
features such as prolonged circulation [122,123], efficient uptake into the tumor tissues with good
retention [122,123,132], sustained drug release [125], and increased drug bioavailability [128,131,141].

6. Conclusions

This review reports the therapeutic biological outcomes (in vivo and in vitro) of dendrimers and
micelles, as nanocarriers loaded with anticancer drugs on breast cancer. The nanocarriers exhibited
distinct properties that revealed their capability to overcome the shortcomings of chemotherapeutic
agents such as drug toxicity, multi-drug resistance, low drug cellular uptake, poor drug solubility,
and drug bioavailability. The drug release profiles from the micelles and dendrimers were generally
sustained at physiological conditions resulting in their low toxicity to the healthy cells and fast
drug release at tumor conditions resulting in high cytotoxicity and uptake in the breast cancer cells.
Furthermore, the polymeric nanocarriers exhibited high cellular uptake, important growth inhibition,
inhibited metastases, and improved pharmacokinetic parameters (such as prolonged drug blood
circulation). Although these systems show promising chemotherapeutic outcomes in breast tumor
in vitro and in vivo in the reported preclinical studies, there is a serious need for further studies in
order for these systems to reach clinical trial phases.
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Abstract: Fenbendazole (FEN), a broad-spectrum benzimidazole anthelmintic, suppresses cancer cell
growth through various mechanisms but has low solubility and achieves low blood concentrations,
which leads to low bioavailability. Solubilizing agents are required to prepare poorly soluble drugs
for injections; however, these are toxic. To overcome this problem, we designed and fabricated
low-toxicity Soluplus® polymeric micelles encapsulating FEN and conducted toxicity assays in vitro
and in vivo. FEN-loaded Soluplus® micelles had an average particle size of 68.3 ± 0.6 nm, a zeta
potential of−2.3± 0.2 mV, a drug loading of 0.8± 0.03%, and an encapsulation efficiency of 85.3± 2.9%.
MTT and clonogenic assays were performed on A549 cells treated with free FEN and FEN-loaded
Soluplus® micelles. The in vitro drug release profile showed that the micelles released FEN more
gradually than the solution. Pharmacokinetic studies revealed lower total clearance and volume of
distribution and higher area under the curve and plasma concentration at time zero of FEN-loaded
Soluplus® micelles than of the FEN solution. The in vivo toxicity assay revealed that FEN-loaded
Soluplus® micelle induced no severe toxicity. Therefore, we propose that preclinical and clinical
safety and efficacy trials on FEN-loaded Soluplus® micelles would be worthwhile.

Keywords: fenbendazole; micelle solubilization; pharmacokinetics; Soluplus® polymeric micelles;
toxicity test

1. Introduction

Certain cancers have high mortality rates in humans. Therefore, the development of safe
anticancer drugs with few side effects is an important research objective in pharmaceutical science.
Fenbendazole (FEN) is a broad-spectrum benzimidazole anthelmintic. It has been widely used in
veterinary medicine and induces no significant side effects. The European Medicines Agency has
not established a no observable adverse effects level (NOAEL) for single-dose FEN administration
but recommended a NOAEL of 4 mg kg−1 BW d−1 for repeated FEN administration. Moreover, no
significant side effects were observed in humans in response to the administration of the major FEN
metabolite oxfendazole even at 60 mg kg−1 for 14 d [1]. Benzimidazole (BZD) anthelmintic agents
have been studied in recent years for their anticancer effects [2,3]. Several papers have reported
their modes of action and positive effects [4,5]. FEN suppresses cancer cell growth through various
mechanisms. It inhibits proteasomal activity and induces endoplasmic reticulum stress and reactive
oxygen species-dependent apoptosis [6]. Second, it has anti-tubulin efficacy [5]. Other BZDs arrest
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mitosis and promote apoptosis. Mebendazole displays anti-tubulin and antitumor efficacy in vivo [7].
However, FEN has low solubility and achieves only low blood concentrations [8,9]. The limited
solubility makes it difficult to develop parenteral and even topical preparations. For these reasons,
it has a low area under the curve (AUC) and poor bioavailability [10]. AUC is an intuitive indicator
of how much body has been exposed to drugs and is also strongly related to drug efficacy and
number of drug administration. Therefore, it is important to increase the solubility of FEN, which can
lead to improved bioavailability [11,12]. Hence, injectable forms of FEN are preferable as they can
bypass the various obstacles of the digestive tract. However, solubilizing agent is needed to prepare
poorly soluble drugs for injections. Ethanol (EtOH) and Cremophor EL® increase paclitaxel solubility.
However, Cremophor EL may induce peripheral neurotoxicity, neutropenia, and hypersensitivity
reactions [13–15]. Another solubilizing agent, polysorbate 80 (Tween 80®), which exerts acute toxicity
in an in vivo zebrafish model, is used in Taxotere®, an anticancer drug containing docetaxel [16].
Finally, dimethylacetamide (DMA), used in anticancer drug Vunom® containing teniposide, results in
hepatic fatty infiltration, liver hypertrophy, and focal hepatic necrosis in animals, and acute hepatitis
has been reported in humans [17–19]. There is a formulation technology using nanoparticles to
replace such a solubilizing agent. Examples of nanoparticles include liposomes, microemulsions,
and micelles [20–22]. We designed and tested various micelles composed of amphiphilic diblock
copolymers to enhance FEN solubilization while mitigating the toxicity of the different excipients
used for this purpose [23]. The enhanced permeability and retention (EPR) effect of nanomicelles
increases their accumulation in cancer cells. The EPR effect is a phenomenon manifested by the peculiar
pathophysiological characteristics of solid tumors. Nanoparticles are trapped in the solid tumors
and stay longer for reasons such as hyper vasculature and impaired lymphatic drainage/recovery
system [24]. In addition, polymeric micelles are biodegradable, biocompatible, have low toxicity,
and may have nearly solid inner cores that can serve as drug carriers [25]. We found four suitable
candidate polymers to fabricate the micelles. Each polymer has both specific and general nanoparticle
advantages. The mPEG-b-PLA micelle can hold and carry multiple drugs [26]. This polymer can also
remain in circulation for a long time and has low toxicity [27]. In cancer treatment, the occurrence of
drug resistance owing to P-glycoprotein (P-gp) overexpression is a serious problem [28]. However,
Soluplus® might be able to inhibit P-gp [29]. Paclitaxel encapsulated with Pluronic® F127 overcomes
multidrug resistance (MDR) and has favorable pharmacokinetics. Intracellular ATP depletion and
lowered mitochondrial potential are assumed to be involved in the modulation of MDR [30].

In this study, we selected the most suitable polymer and fabricated micelles using the freeze-drying
method. This is advantageous for scaled-up production, easy storage, and cake-state distribution.
Then, we evaluated the in vitro cytotoxicity, in vivo toxicity, in vitro release, and pharmacokinetic
profile. Our findings will help to develop a potent and innovative injectable micellar formulation
facilitating the clinical study and application of FEN for anticancer purposes (Figure 1).
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2. Materials and Methods

2.1. Materials and Reagents

Soluplus® (Polyvinyl caprolactam-polyvinyl acetate-polyethylene glycol graft copolymer
(PCL-PVAc-PEG)), was kindly donated by BASF (Ludwigshafen, Rhineland-Palatinate, Germany).
Methoxy poly(ethylene glycol)-b-poly(d,l-lactide) (mPEG [4000]-b-PLA [2200]) was purchased from
Advanced Polymer Materials, Inc. (Montreal, QC, Canada). Poly(ethylene oxide-b-ε-caprolactone)
(PEO[5000]-b-PCL[10000]) was purchased from Polymer Source, Inc. (Montreal, QC, Canada). Pluronic®

F127 was purchased from Sigma-Aldrich Corp. (St. Louis, MO, USA). Dulbecco’s phosphate-buffered
saline (DPBS), and trypsin were purchased from Corning Inc. (Corning, NY, USA). EtOH and
acetonitrile (ACN) were obtained from Thermo Fisher Scientific (Waltham, MA, USA). Distilled water
(DW) was purchased from Tedia (Fairfield, OH, USA). FEN, Thiazolyl blue tetrazolium bromide (MTT),
Dimethyl sulfoxide (DMSO), Polysorbate 80 (Tween 80®), DMA, and Cremophor EL® were purchased
from Sigma-Aldrich Corp. (St. Louis, MO, USA). All other reagents were of at least analytical or
HPCL grade.

2.2. Methods

2.2.1. Preparation of FEN-Loaded Polymeric Micelles

FEN-loaded polymeric micelles were prepared from four polymers by the freeze-drying
method [31]. Briefly, 1 mg of FEN and 100 mg of polymers were dissolved in 1 mL of tert-butanol
and stirred for 1 min in prewarmed water at 60 ◦C. Then 1 mL of DW was added and the mixture
was vortexed for 1 min. The mixture was rapidly frozen at −70 ◦C for 1 h, placed in a freeze-dryer
(Advantage Pro; SP Scientific, Warminster, PA, USA), and lyophilized for 24 h. Then, 1 mL of DW at
60 ◦C was added to hydrate the mixture. The solution was then centrifuged at 16,600× g at 4 ◦C (Hanil
Science Inc., Gimpo, Korea) for 5 min to remove drug or polymer precipitates. A non-pyrogenic sterile
syringe filter with 0.2 µm pore size (Corning, NY, USA) was used to further remove remaining debris
and to make sterile condition [32,33].

2.2.2. High-Performance Liquid Chromatography (HPLC) Analysis

A HPLC system was used for the analysis of concentrations of FEN. All samples were obtained
from the in vitro and in vivo assays through this study. The HPLC system consisted of Waters 2695
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separation module and a Waters 2996 photodiode array detector (Waters, Milford, MA, USA). A Fortis
C18 chromatography column (5 µm, 4.6 × 250 mm) (Fortis Technologies Ltd., Cheshire, UK) was run in
a 30 ◦C environment. FEN and a genistein internal standard (IS) were eluted in the isocratic mode.
The mobile phase consisted of water/ACN (30:70, v/v), and it was replaced and degassed for each run.
The sample injection volume was 10 µL, and the mobile phase flow rate was 1.0 mL min−1. The IS
and FEN retention times were 3.4 and 5.4 min, respectively (Supplementary Materials Figure S1).
The predetermined calibration curve was used to calculate the concentrations. The concentration was
calculated by substituting the peak area of each sample into the calibration curve.

2.2.3. Physicochemical Micelle Characterization

A dynamic light scattering (DLS) device (Litesizer 500, Anton Paar, Graz, Austria) measured the
FEN-loaded micelles zeta-potentials and particle sizes. The angle of measurement was automatically
selected and used between side scatter (90◦) and back scatter (175◦). The FEN-loaded micelle
encapsulation efficiency (EE, %) and drug loading (DL, %) were obtained by HPLC and calculated
as follows:

DL% = weight of drug in micelles/weight of feeding polymer and drug × 100 (1)

EE% = weight of drug in micelles/weight of feeding drug × 100 (2)

The results of each sample analysis are expressed as the mean ± standard deviation of three
separate experiments.

2.2.4. Transmission Electron Microscopy Study

Images of micelles were obtained using a transmission electron microscope (TEM) (JEM-2100
Plus, JEOL, Tokyo, Japan). Diluted micelle suspensions were dropped onto 200-mesh formvar-coated
copper grids. After loaded, it was dried at 60 ◦C in a dry oven for 12 h. Finally, FEN-loaded Soluplus®

micelles were measured using a TEM operated at 200 kV.

2.2.5. In Vitro Drug Release Assay

Dialysis with a phosphate-buffered saline (PBS, pH 7.4) medium was used to investigate the
in vitro drug release patterns. In brief, FEN-loaded micelles and FEN solution were inserted into a
dialysis membrane bag (molecular weight cut-off = 20 kDa), which was then tied and immersed in
2.0 L of medium maintained at 37 ◦C and stirred constantly with a magnetic bar at 200 rpm. The PBS
medium was replaced after 8, 24, 72, 168, and 240 h to reproduce the sink condition [34]. For sample
collection, 20-µL aliquots were collected at 0, 2, 4, 6, 8, 24, 48, 72, 168, 240 and 336 h. The samples were
diluted 10×with ACN, and the FEN concentrations were calculated by HPLC. All experiments were
performed in triplicate.

2.2.6. In Vitro Cytotoxicity Assay

The A549 human non-small cell lung cancer cell line was purchased from the American Type
Culture Collection (Manassas, VA, USA). The media for growing cells consists of the following: Roswell
Park Memorial Institute medium (RPMI 1640) with 1% (w/v) streptomycin/penicillin and 10% (v/v)
fetal bovine serum. The cells were grown at 37 ◦C with a 5% CO2 atmosphere conditions. A549 cells
were seeded in 96-well plates at a density of 5000 cells per well. After 24 h, the cells were treated
with free FEN drug (After dissolving in DMSO, it was diluted 1000 times with RPMI) or FEN-loaded
micelles. The initial concentration of treated FEN-loaded soluplus® micelles are 205.5 µM, and the
initial concentration of treated free FEN is 33.4 µM. Treatment was done by diluting 10 times from the
initial concentration (n = 6). After 48 h of incubation, cell viability was assessed by the MTT assay.
Microplate reader (Spectra Max ID3, Molecular Devices, San Jose, CA, USA) was used to measure
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the absorbance at 540 nm 4 h after MTT treatment. Data were handled and curves were fitted with
GraphPad Prism v. 5 (GraphPad Software, La Jolla, CA, USA).

2.2.7. Clonogenic Assay

A549 cells were seeded in six-well plates at a density of 300 cells per well. After 24 h, the cells
were treated with free FEN drug (After dissolving in DMSO, it was diluted 1000 times with RPMI)
or FEN-loaded micelles. The treatments included three increasing concentrations and one control
group. After 336 h of incubation, the colonies were stained with crystal violet (0.5% w/v). After 30 min,
the crystal violet was gently washed away with water and the colonies were counted.

2.2.8. FEN-Loaded Micelle Stability Test

Stability tests were conducted at 4, 25 and 37 ◦C, representing cold chain management,
room temperature, and human body temperature, respectively. Briefly, the micelles in water was
incubated at 4 ◦C refrigerator, 25 ◦C room, and 37 ◦C water bath. At days 0, 1, 2, 5, 7 and 14,
micelles were collected from each sample. Micelle size changes and poly-dispersity indices (PDI) were
measured using a DLS device, and the experiment was conducted in triplicate.

2.2.9. Pharmacokinetic Study

All animal experiments conducted in this study were approved by the Institutional Animal
Care and Use Committee of Chungbuk National University (No. CBNUR-1407-20; 23 July 23 2020).
Male Sprague-Dawley rats (7 weeks old) were purchased from Orient Bio Inc. (Seongnam, Korea) and
used in all animal experiments. The rats were maintained in ventilated plastic cages filled with aspen
shaving and they were given enough water and food. The animals in each group were cannulated
and intravenously injected with FEN (2 mg kg−1) in 25% Cremophor EL®/EtOH (FEN solution) or
FEN-loaded Soluplus® micelles. Blood was then collected at 2, 5, 15, 30, 60, 120, 240 and 480 min after
drug administration and the samples were centrifuged at 3000 rpm for 5 min to obtain the plasma [35].
Heparin was used as an anticoagulant, and 400~450 µL of blood was collected through the femoral
artery. The samples were immediately frozen at −70 ◦C and maintained in deep freeze until analysis.
A non-compartmental model was used to calculate the relevant pharmacokinetic parameters for FEN
including total clearance (CLt), AUC, volume of distribution (Vd), and plasma concentration at time
zero (C0). The curve fitting for the calculation of pharmacokinetic parameters was carried out using
the Sigma Plot V 10.0. (Systat Software, San Jose, CA, USA).

2.2.10. Biological Sample Pretreatment for HPLC Analysis

A 200-µL plasma supernatant sample was extracted with ACN and mixed with 20 µL of IS.
The mixture was then centrifuged at 16,600× g at 4 ◦C for 5 min, and 10 µL of supernatant was injected
into the HPLC system [35]. Biodistribution was determined by the homogenization method [36].
The sample tissues were homogenized in a glass Potter-Elvehjem-type homogenizer (Ultra Turrax T-25;
IKA Works Inc., Staufen, Germany) with a Teflon pestle. The FEN concentration in the supernatant
was determined as previously described in Section 2.2.2.

2.2.11. Biodistribution Study

A biodistribution study was performed on the rats after the intravenous injection of FEN solution
or FEN-loaded micelles (2 mg kg−1). The experiment was conducted twice to observe temporal changes
(n = 3). The rats were euthanized using CO2 gas 1 and 8 h after the first injection, and their kidneys,
livers, hearts, spleens, and lungs were excised. The samples were washed with DPBS and stored at
−70 ◦C until the subsequent analysis.
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2.2.12. In Vivo Toxicity Assay

Five groups of rats (n = 6 per group) were used to assess in vivo toxicity. The rats were
intravenously injected with 25% Cremophor EL®/EtOH solution containing 2 mg kg−1 FEN, 25%
polysorbate 80 (Tween 80®) solution containing 2 mg kg−1 FEN, 25% DMA solution containing
2 mg kg−1 FEN, or FEN-loaded Soluplus® micelle solution containing 2 mg kg−1 FEN. Change in body
weight was measured every 2 days for 14 days. Intravenous injections were performed on days 0, 4,
and 8. Toxicity was defined as > 10% loss of total body weight, evidence of discomfort, abnormal
behavior, or death. Body weight changes were normalized and displayed as percentages. The initial
weight was taken to be 100%. The rats were euthanized in response to serious disability and at the end
of the experiment [37].

2.2.13. Statistics

For statistical processing of all data used, Student’s t-test or ANOVA of GraphPad Prism v 5.0
was used.

3. Results

3.1. Physicochemical Characterization of FEN-Loaded Micelles

The DL (%), EE (%), and particle sizes of the FEN-loaded micelles prepared with various polymers
(Soluplus®, mPEG-b-PLA, Pluronic® F127, and mPEO-b-PCL) are listed in Table 1. After freeze-drying,
the unincorporated drug or polymer was removed by centrifugation and passed through a 0.2-µm
filter. As FEN has low water solubility, only small amounts of it would be present in the water. Hence,
FEN would be well encapsulated in polymeric micelles [38,39]. DLS analysis revealed that the average
particle size of the FEN-loaded Soluplus® micelles was 68.3 nm. In contrast, the other polymeric
micelles prepared with mPEG-b-PLA, Pluronic® F127, and mPEO-b-PCL were much larger (Figure 2).
Pluronic® F127 and mPEG-b-PLA did not have nano-particle attributes as they were > 300 nm in size.
In addition, we confirmed the formation of Soluplus® micelles using TEM. The average particle size in
TEM image measured by ImageJ software was 65.6 ± 26.2 nm.

Table 1. Characteristics of fenbendazole (FEN)-loaded micelles.

Polymer
Amount Used

(mg)

FEN
Amount

Used (mg)

Particle Size
(nm)

Poly-
Dispersity

Index (PDI)

Zeta-
Potential

(mV)

Encapsulation
Efficiency (EE %)

Drug
Loading
(DL %)

mPEO-b-PCL
100 mg 1.0 96.8 ± 3.8 0.14 ± 0.01 −0.4 ± 0.1 24.7 ± 2.0 0.2 ± 0.02

mPEG-b-PLA
100 mg 1.0 347.7 ± 40.4 0.26 ± 0.04 −9.5 ± 2.1 56.8 ± 2.8 0.6 ± 0.03

Pluronic F127®

100 mg
1.0 1566.5 ± 157.8 0.23 ± 0.09 −4.6 ± 0.1 N.D.a N.D.a

Soluplus®

50 mg
1.0 65.4 ± 2.3 0.11 ± 0.03 −2.4 ± 0.2 58.3 ± 3.1 0.6 ± 0.03

Soluplus®

100 mg
1.0 68.3 ± 0.6 0.01 ± 0.02 −2.3 ± 0.2 85.3 ± 2.9 0.8 ± 0.03

a N.D., not detectable due to precipitation. (n = 3; mean ± SD).
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Figure 2. Particle size analysis of the various formulations in this study. (a) Transmission electron
microscopy (TEM) image of FEN-loaded Soluplus® micelles. (b) Size distribution of micelles made of
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3.2. In Vitro Drug Release Profile

The in vitro drug release profiles of FEN-loaded Soluplus® micelle and FEN dissolved in 25%
Cremophor EL®/EtOH solution are shown in Figure 3. After 6 h, the release rates were 12.9% for the
micelle formulation and 46.3% for the solution. At ≤ 72 h, the release rates were 50.4% for the micelle
and 75.1% for the solution. Over the first 168 h, the solution released FEN significantly faster than
the micelle.
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3.3. In Vitro Cytotoxicity Assay

The free FEN drug treatment IC50 = 2707 nM, whereas the FEN-loaded Soluplus®micelle treatment
IC50 = 3070 nM (Figure 4).
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Figure 4. In vitro MTT assay results for the (a) free fenbendazole (FEN) drug and (b) FEN-loaded
Soluplus® micelle treatments of the A549 human non-small cell lung cancer (NSCLC) cell line.

3.4. Clonogenic Assay

We performed a clonogenic assay to determine the long-term inhibitory efficacy of the treatments
against cell reproduction. The cells formed no colonies at 1740 µM. Colony formation was slightly
suppressed in the micelle-treated group at 174 µM. Above 17.4 µM, colony formation was not
significantly inhibited (Figure 5).
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3.5. Stability Test of FEN-Loaded Soluplus® Micelles

FEN-loaded Soluplus® micelles were stable for 2 weeks at 4, 25, and 37 ◦C. In all cases, the size
was ≤100 nm, and the PDI was ≤0.3 (Figure 6).

114



Pharmaceutics 2020, 12, 1000

Pharmaceutics 2020, 12, x 8 of 14 

 

(a) 

 

(b) 

Figure 4. In vitro MTT assay results for the (a) free fenbendazole (FEN) drug and (b) FEN-loaded 
Soluplus® micelle treatments of the A549 human non-small cell lung cancer (NSCLC) cell line. 

3.4. Clonogenic Assay 

We performed a clonogenic assay to determine the long-term inhibitory efficacy of the 
treatments against cell reproduction. The cells formed no colonies at 1740 µM. Colony formation was 
slightly suppressed in the micelle-treated group at 174 µM. Above 17.4 µM, colony formation was 
not significantly inhibited (Figure 5). 

 
Figure 5. In vitro clonogenic assay of free fenbendazole (FEN)- and FEN-loaded Soluplus® micelle-
treated A549 cell line, ** p < 0.01. 

3.5. Stability Test of FEN-Loaded Soluplus® Micelles 

FEN-loaded Soluplus® micelles were stable for 2 weeks at 4, 25, and 37 °C. In all cases, the size 
was ≤100 nm, and the PDI was ≤0.3 (Figure 6). 

 

(a) 

 

(b) 

Figure 6. PDI (a) and size (b) changes of FEN-loaded Soluplus® micelles at various temperature. Figure 6. PDI (a) and size (b) changes of FEN-loaded Soluplus® micelles at various temperature.

3.6. Pharmacokinetics of FEN Solution and FEN-Loaded Soluplus® Micelles in Rats

The plasma concentration–time profiles of the FEN solution and FEN-loaded Soluplus® micelles
are shown in Figure 7. The plasma FEN concentration rapidly decreased after the intravenous injection
of FEN solution and FEN-loaded Soluplus® micelles. However, FEN-loaded Soluplus® micelles were
detected 2 h after injection, whereas the FEN solution was detected within 1 h. At 2 h, no FEN solution
was found as its concentration was below the limit of detection (LOD). The pharmacokinetic parameters
(Table 2) were calculated assuming a non-compartment model. The AUC and C0 were approximately
1.5-fold and more than 2-fold higher for the micelle formulation than for the solution, respectively.
Moreover, the CLt and Vd were 1.4-fold and more than 2-fold lower for the micelle formulation than
for the solution, respectively.

Pharmaceutics 2020, 12, x 9 of 14 

3.6. Pharmacokinetics of FEN Solution and FEN-Loaded Soluplus® Micelles in Rats 

The plasma concentration–time profiles of the FEN solution and FEN-loaded Soluplus® micelles 
are shown in Figure 7. The plasma FEN concentration rapidly decreased after the intravenous 
injection of FEN solution and FEN-loaded Soluplus® micelles. However, FEN-loaded Soluplus® 
micelles were detected 2 h after injection, whereas the FEN solution was detected within 1 h. At 2 h, 
no FEN solution was found as its concentration was below the limit of detection (LOD). The 
pharmacokinetic parameters (Table 2) were calculated assuming a non-compartment model. The 
AUC and C0 were approximately 1.5-fold and more than 2-fold higher for the micelle formulation 
than for the solution, respectively. Moreover, the CLt and Vd were 1.4-fold and more than 2-fold lower 
for the micelle formulation than for the solution, respectively. 

 
Figure 7. Plasma fenbendazole (FEN) concentration vs. time profile after intravenous injection of 
FEN-loaded Soluplus® micelles and FEN dissolved in 25% Cremophor EL®/EtOH solution. 

Table 2. Pharmacokinetic parameters of fenbendazole (FEN) after intravenous injection of FEN-
loaded Soluplus® micelles and FEN dissolved in 25% Cremophor EL®/EtOH solution. 

Parameter FEN Solution FEN-Loaded Soluplus® Micelle 
AUC a (min·µg·mL−1) 156 ± 2.6 234 ± 56.9 

C0 b (µg·mL−1) 2.2 ± 0.3 5.1 ± 0.2 
CLt c (mL·kg−1·min) 12.8 ± 0.2 9.0 ± 1.9 

Vd d (mL·kg−1) 906 ± 112 393 ± 12.9 
a AUC, area under the curve; b C0, plasma concentration at time zero; c CLt, total clearance; d Vd, volume 
of distribution. 

3.7. Biodistribution of FEN Solution and FEN-Loaded Soluplus® Micelles in Rats 

Figure 8 shows the total drug distribution in each organ measured 1 and 8 h after the intravenous 
injection of FEN solution and FEN-loaded Soluplus® micelles. After 1 h, the organ distribution of the 
drug was lower in micelles than in solution in all other organs except the spleen. After 8 h, both the 
solution and the micelles were present below the LOD in all organs. In particular, a significantly 
higher amount of drug was detected in the lungs 1 h after the administration of the solution than 1 h 
after the administration of the micelles. Additionally, when organs were obtained, some hemolysis 
was observed in the lungs (data not shown). 

Figure 7. Plasma fenbendazole (FEN) concentration vs. time profile after intravenous injection of
FEN-loaded Soluplus® micelles and FEN dissolved in 25% Cremophor EL®/EtOH solution.

115



Pharmaceutics 2020, 12, 1000

Table 2. Pharmacokinetic parameters of fenbendazole (FEN) after intravenous injection of FEN-loaded
Soluplus® micelles and FEN dissolved in 25% Cremophor EL®/EtOH solution.

Parameter FEN Solution FEN-Loaded Soluplus® Micelle

AUC a (min·µg·mL−1) 156 ± 2.6 234 ± 56.9
C0

b (µg·mL−1) 2.2 ± 0.3 5.1 ± 0.2
CLt

c (mL·kg−1·min) 12.8 ± 0.2 9.0 ± 1.9
Vd d (mL·kg−1) 906 ± 112 393 ± 12.9

a AUC, area under the curve; b C0, plasma concentration at time zero; c CLt, total clearance; d Vd, volume
of distribution.

3.7. Biodistribution of FEN Solution and FEN-Loaded Soluplus® Micelles in Rats

Figure 8 shows the total drug distribution in each organ measured 1 and 8 h after the intravenous
injection of FEN solution and FEN-loaded Soluplus® micelles. After 1 h, the organ distribution of the
drug was lower in micelles than in solution in all other organs except the spleen. After 8 h, both the
solution and the micelles were present below the LOD in all organs. In particular, a significantly higher
amount of drug was detected in the lungs 1 h after the administration of the solution than 1 h after
the administration of the micelles. Additionally, when organs were obtained, some hemolysis was
observed in the lungs (data not shown).
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3.8. In Vivo Toxicity Assay

Figure 9 shows the total body weight changes and the survival rate after three injections of DPBS
(control), FEN dissolved in 25% Cremophor EL®/EtOH, FEN dissolved in 25% DMA, FEN dissolved in
25% Tween 80®, or FEN-loaded Soluplus® micelles. Intravenous doses were administered on days 0,
4, and 8 of the experiment, and the survival rates and total body weights were measured. Compared
with the control, the FEN-loaded Soluplus® micelle treatment group presented with 100% survival and
higher body weight. One rat each in the Tween 80® and Cremophor EL®/EtOH groups died on day 6.
In the DMA group, three rats died on day 10. After 2 weeks, half the rats in the DMA group, four rats
in the Cremophor EL®/EtOH group, and one rat in the Tween 80® group survived. All animals in the
micelle and control groups survived.
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Figure 9. Relative rat body weight changes and survival rates after three intravenous injections of
Dulbecco’s phosphate-buffered saline (DPBS) control, fenbendazole (FEN) dissolved in 25% Cremophor
EL®/EtOH, FEN dissolved in 25% dimethylacetamide (DMA), FEN dissolved in 25% Tween 80®,
or FEN-loaded Soluplus® micelles on days 0, 4, and 8 (All doses are equal to 2 mgmL·kg−1). (a) Relative
daily body weight change. Missing data points indicate death of an animal. (b) Kaplan–Meier plot
illustrating survival rates.

4. Discussion

FEN is a drug used as an anthelmintic. However, in recent years, the potential of the drug
as an anticancer drug through various mechanisms and its few side effects are being revealed [5,6].
However, the low solubility and bioavailability poses an obstacle to its use [10]. To overcome this
deficiency and obtain the advantages of micelles, we formulated, optimized, and tested polymeric FEN
micelles. Here, we tested four different polymers and sought the optimal formulation. We compared
their physicochemical properties, including particle size, poly-dispersity index, zeta-potential,
and encapsulation efficiency. The present study showed that Soluplus® had the highest EE (%)
and DL (%), the most appropriate size, and the lowest PDI. Nanoparticles < 200 nm have numerous
drug delivery benefits and excellent micelle-forming ability. Small nanoparticles reduce the incidence
of nonspecific interactions, including those that occur in the reticuloendothelial system. Secondly,
the intravenous injection of micelles obviates the need for kidney excision and mitigates cancer
accumulation via the EPR effect [40]. Also, by obtaining TEM data, we clearly showed that the
nanoscale micelles we wanted were formed. All four polymers had negative zeta-potentials. Hence,
they created electrostatic repulsion and remained safely within the physiological environment [41].
In vitro release profiles disclosed that the micelle formulation had 3-fold and 1.5-fold slower FEN release
rates than the solution at 6 and 72 h, respectively. Micelle formulations can solubilize hydrophobic
drugs and impede their rapid drug release, possibly because intermolecular interactions occur between
the drug and the hydrophobic micelle core. The lipophilic moiety of Soluplus® consists of polyvinyl
caprolactam-polyvinyl acetate, which should hydrophobically interact and form hydrogen bonds with
FEN. The MTT assay confirmed the short-term (48 h) cytotoxicity of FEN. The difference between
the IC50 of free FEN and FEN-loaded Soluplus® micelles was ≈10% according to the MTT assay.
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The IC50 was slightly higher for the micelles than for the free drug as the former had a 48-h release
rate of only 11.8%. Nevertheless, the micelles and their drug load were internalized, possibly through
endocytosis [30,42]. Therefore, despite the low release rate, it is expected that the difference in effect
was not large. The IC50 for free FEN drug was 3070 nM (3.07 µM). Curcumin has an IC50 range of
5.43–108.69 µM, and its anticancer action is downregulation of the BCL-2 family. 17-AAG has an
IC50 range of 0.1–2.37 µM, and its anticancer mechanism is the suppression of heat shock protein 90.
Hence, the IC50 of FEN indicates that the drug has sufficient anticancer efficacy [43–45]. The clonogenic
assay confirmed the long-term inhibition of cell reproduction. It revealed that the FEN micellar
formulation entirely inhibited colony formation at 1740 µM but was also effective at only 174 µM.
Furthermore, both the size and PDI of the FEN-loaded Soluplus® micelles remained stable for two
weeks at three temperatures. Therefore, this product is appropriate for long-term transport and storage
in various situations. The FEN-loaded Soluplus® micelles also maintained stability at 37 ◦C. This is
the temperature inside the body, and in terms of temperature, we may expect stability inside the
body. The FEN-loaded Soluplus® micelles had superior pharmacokinetic parameters compared to the
solution, including higher AUC and C0. This is expected to be owing to the decrease in the volume
of distribution and total clearance of FEN. Thus, FEN-loaded Soluplus® micelles may exhibit better
bioavailability than the free FEN drug solution at equal doses. The biodistribution study indicated
that lung damage could be responsible for the observed high pulmonary drug accumulation in the
solution group. Cremophor EL® increased the total numbers of cells and macrophages in the lungs,
which might suggest inflammation [46]. Therefore, the observed unknown lung injury may have
induced localized FEN accumulation. For the in vivo toxicity assay, three commercially applied or
extensively tested solubilizing agents were selected and compared against FEN-loaded Soluplus®

micelles. However, all the products may induce side effects and could be hepatotoxic and/or neurotoxic.
Here, the toxicity of these agents was adjudged by determining the reduction in body weight and
survival rate in rats. In the solubilizing agent groups, ≥ 2 rats died. The tween80® group had the largest
number of deaths with five. Three were killed in the DMA group and two in the Cremophor EL®/EtOH
group. It is inferred that this death was caused by the toxicity of solubilizing agent. In contrast, none
of the rats in the control and FEN-loaded Soluplus® micelles groups died and they presented with
consistent weight gain. Therefore, the FEN-loaded Soluplus® micelles may be considered relatively
low toxicity.

5. Conclusions

Here, we tested various excipients to solubilize the veterinary anthelmintic FEN. It was recently
discovered that this drug also has anticancer efficacy. We selected the Soluplus®micelle by optimization
experiments and evaluated its physicochemical properties including particle diameter, zeta-potential,
encapsulation efficiency, and drug release. We also conducted pharmacokinetic and biodistribution
studies on rats intravenously injected with FEN-loaded Soluplus® micelles. The micellar formulation
had superior bioavailability compared to that of free FEN. The biodistribution results indicate that
FEN solution is mainly distributed to the lungs and liver compared to other organs. In addition,
FEN solution was more specifically distributed to the lungs than micelles. In vivo toxicity tests
showed that the FEN-loaded Soluplus® micelle formulation was less toxic than FEN solubilized with
other excipients. As FEN has already demonstrated anticancer efficacy, the nanoparticle formulation
developed here merits further preclinical research. The ultimate objective is to conduct human clinical
safety and efficacy trials on FEN-loaded Soluplus® micelles.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/12/10/1000/s1,
Figure S1: Representative chromatograms of fenbendazole (FEN) and genistein (internal standard [IS]) in stock
solution and biological plasma sample.
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Abstract: A paradigm shift in treating the most aggressive and malignant form of glioma
is continuously evolving; however, these strategies do not provide a better life and survival
index. Currently, neurosurgical debulking, radiotherapy, and chemotherapy are the treatment
options available for glioma, but these are non-specific in action. Patients invariably develop
resistance to these therapies, leading to recurrence and death. Receptor Tyrosine Kinases (RTKs) are
among the most common cell surface proteins in glioma and play a significant role in malignant
progression; thus, these are currently being explored as therapeutic targets. RTKs belong to
the family of cell surface receptors that are activated by ligands which in turn activates two
major downstream signaling pathways via Rapidly Accelerating Sarcoma/mitogen activated protein
kinase/extracellular-signal-regulated kinase (Ras/MAPK/ERK) and phosphatidylinositol 3-kinase/a
serine/threonine protein kinase/mammalian target of rapamycin (PI3K/AKT/mTOR). These pathways
are critically involved in regulating cell proliferation, invasion, metabolism, autophagy, and apoptosis.
Dysregulation in these pathways results in uncontrolled glioma cell proliferation, invasion,
angiogenesis, and cancer progression. Thus, RTK pathways are considered a potential target in
glioma management. This review summarizes the possible risk factors involved in the growth of
glioblastoma (GBM). The role of RTKs inhibitors (TKIs) and the intracellular signaling pathways
involved, small molecules under clinical trials, and the updates were discussed. We have also compiled
information on the outcomes from the various endothelial growth factor receptor (EGFR)–TKIs-based
nanoformulations from the preclinical and clinical points of view. Aided by an extensive literature
search, we propose the challenges and potential opportunities for future research on EGFR–TKIs-based
nanodelivery systems.

Keywords: glioblastoma; receptor tyrosine kinases; epidermal growth factor receptor; small molecule
inhibitors; nanoformulations
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1. Introduction

Gliomas are the most common and lethal solid brain tumors and are known to affect about
0.02% of the worldwide population [1]. The occurrence of malignant gliomas and the frequency
of cancer deaths have increased at an amplified rate across the world [2]. More than 330,000 new
Central Nervous system (CNS) tumor cases and 227,000 brain cancer-related deaths were documented
globally in the Global Burden of Disease (GBD) 2016 tumor database [3]. Despite the increase in cancer
awareness programs, advancement in diagnostic tools, and treatment strategies in the United States,
the prevalence of gliomas has been unstoppable [4–6].

Based on the molecular characteristics and origin of apparent cell types, the CNS tumors were
classified using I to IV grade criteria by the World Health Organization (WHO) in 2007 and 2016 [7].
Accordingly, Grade, I, II, III, and IV are pilocytic astrocytomas, gliomas including diffuse astrocytomas,
anaplastic astrocytomas, and glioblastoma multiforme (GBM), respectively [8,9]. The current standard
treatment approaches across the world are dependent on surgery, radiotherapy, and chemotherapeutic
drugs, i.e., temozolomide (TMZ), which resulted in the average survival rate of about 14 months [10–12].
Therefore, there is a definite need for understanding the molecular pathways and mechanisms involved
in GBM pathology and thereby determine better management [13].

Generally, Receptor Tyrosine Kinase (RTKs) are commonly identified cell surface receptors that
are considered to be pivotal regulators of critical cellular processes (epidermal growth factor receptor
(EGFR) and vascular endothelial growth factor receptor (VEGFR)). EGFR is a transmembrane receptor
tyrosine kinase that controls cancer cell proliferation, migration, differentiation, and homeostasis [14].
Nearly 50–60% of GBMs have EGFR genetic variants, with mutations, readjustments, selective linking,
and amplification [15].

Over the past decades, many investigators have hundreds of designs and synthesized small
molecular drugs as RTK inhibitors with extensive research. The Food and Drug Administration
(FDA) has approved a few medications as first-line therapy for various forms of cancer (Table 1) [16].
However, the significant development of anti-cancer components has developed new problems [17].
For example, clinical studies that were conducted for the first and second generation of anti-EGFR
drugs on the inhibition of cell growth, angiogenesis, and proliferation were found to be of no
therapeutic benefit in GBM treatment. Many researchers also reported significant limitations such as
low solubility, poor oral bioavailability, and severe adverse effects in the existing EGFR–TKIs drugs.
In addition, the gradual rise of drug resistance during therapy instantly needs to be addressed [18].
The third generation of EGFR–TKIs drug (AZD9291) was developed recently and confirmed to have an
effective preclinical investigation in GBM the in vitro and in vivo models’ above-listed drawbacks [15].
The advantages of nanotechnology offer a potential drug delivery approach with apparent benefits
of nanoformulations such as lesser particle size, bulky surface area, excellent surface reactivity,
active sites, and appropriate adsorption ability. Nano particles (NPs) applied as drug transporters
have the potential to increase drug absorption and bioavailability, enrich effective targeting delivery,
prolong the circulation time, and limit the dangerous side effects on healthy tissues [19].

In the present review, the authors have summarized epidemiology and risk factors associated with
GBM, RTKs, and their inhibitors of intracellular signaling pathways in glioma, the clinical profile of small
molecule inhibitors (EGFR–TKIs) drugs, and the associated multiple failures/resistance. In addition,
the current progressive research of various nanopreparations for EGFR–TKIs and the combination of
chemotherapeutic drugs to target GBM have been discussed. Aided by an extensive literature search
and review, the authors have also proposed the possibilities and challenges for upcoming research on
EGFR-TKIs and other chemotherapeutic agents.
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Table 1. Approved small molecular tyrosine kinase inhibitors for cancer therapy [16,19].

Drugs IC50 (nmol/L) Targeting Receptor Disease

Gefitinib (Iressa®) 14.6
EGFR NSCLC, pancreatic

cancerErlotinib (Tarceva®) 2

Icotinib (Conmana®) 45

Lapatinib (Tykerb®) 10.8, 9.2 EGFR, HER2 Breast cancer

Neratinib (Nerlynx®) 92, 59 EGFR, HER2 NSCLC, breast cancer

Afatinib (Gilotrif®) 0.5 EGFR, HER2 14
NSCLC, breast cancer,

squamous cell carcinoma
of the head and neck

Imatinib (Glivec®,
Gleevec®)

600, 100

Abl, PDGFR, Kit SRC,
PDGFR

CML, CMML, GIST

Dasatinib (Sprycel®) <10 CML resistant to
imatinib

Nilotinib (Tasigna®) <30 CML resistant to
imatinib

Sunitinib (Sutent®) <100
VEGFR1-3, PDGFR, Kit
FLT3, RET, CSF1R GIST,

BRAF

Advanced RCC, CML
resistant to imatinib,

Hepatocellular
carcinoma

Sorafenib (Nexavar®) <100

Pazopanib (Votrient®) <150

2. Molecular Pathology of Glioma

Different genetic investigations determine various noteworthy biomarkers. Many of these
were utilized in neuro-oncology to identify glioma patients, specifically the combined losses of
the chromosome arms 1p and 19q in oligodendroglial cancer. Then, the methylation status of O-6
methylguanine–DNA methyltransferase gene promoter and modifications in the EGFR pathway in
GBM, isocitrate dehydrogenase 1 (IDH1) and IDH2 gene mutations in diffuse gliomas, as well as B-Raf
status in pilocytic astrocytomas. These groups are associated with different prognosis, germline variants,
and the median age at diagnosis, highlighting different pathogenic mechanisms [20]. Although most
GBM patients receive standard treatments, significant variations in clinical outcomes are often seen
due to the heterogeneity of the tumors [21,22]. Hence, it is essential to determine more significant
and practical biomarkers for analyzing the prognosis in GBM patients. Inflammation and immunity
are critically involved in glioma initiation and progression [23,24], and various study reports suggested
that inflammatory response cells such as neutrophils [25], lymphocytes [26], and platelets [27] are
associated with the prognosis of cancer patients. In recent years, the prognostic value of preoperative
hematological markers, such as albumin-to-globulin ratio (AGR), monocyte-to-lymphocyte ratio
(MLR), median platelet volume (MPV), neutrophil-to-lymphocyte ratio (NLR), platelet distribution
width (PDW), and platelet-to-lymphocyte ratio (PLR), have been investigated in several cancers,
including gliomas [28–32]. However, there were no scientific investigations to the prognostic value
of hematological biomarkers in a cohort of gliomas, mainly in relation to the various molecular
classes. Therefore, a study examined the predictive value of preoperative hematological biomarkers
(AGR, MLR, MPV, NLR, PDW, and PLR) alone and in combination with the five glioma molecular
groups on the clinical trial results of a comparatively great cohort (n = 592) of Grade II–IV GBM patients.
Based on these results, we suggest an analytical model for Grade II–IV GBM based on molecular
pathology and NLR, and identify for lower-grade gliomas (LGG) four risk groups with distinct overall
survival [33].
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3. Epidemiology and Risk Factors of Glioma

In the past few decades, the investigation of adult glioma was prioritized because of a lesser global
incidence of GBM, i.e., 10 per 100,000 people. Due to the lack of new and efficient diagnostic strategies,
the survival rate (SR) of 15 months after diagnosis creates a critical public health problem [2,34,35].
GBM accounts for 50% of all gliomas in various age groups [36]. Although the peak incidence
is between 55 and 60 years of age, GBM could occur at any age, with a mortality rate of 2.5% of
the worldwide cancer death toll. GBM accounts for the third foremost cause of deaths due to cancer in
patients from 15 to 34 years [37,38]. The GBM incidence ratio was more in men when compared to
females [39]. The Western world reported a higher incidence of gliomas than less developed countries,
which could be recognized as due to under-recording glioma cases, narrow contact to health care,
and alterations in diagnostic practices [40–42]. A few studies showed that blacks were less prone to
GBM. Further, the incidence of GBM was reported to be higher in Asians, Latinos, and Whites [43].

The current global standard for the catalog and identification of gliomas is as per WHO classification.
WHO categorizes gliomas as Grade I to IV based on malignancy level, which is committed by
the histopathological measures. Class I to III gliomas relay to abrasions with less proliferative potential
and can be managed surgically with chemo and/or radiotherapy. In contrast, Grade IV gliomas are
highly malignant and invasive. GBM is the utmost aggressive, offensive, and identical type of cancer
and was labeled as Grade IV [44].

A positive family history, absence of atrophic conditions, longer length of leukocyte telomere,
and risk alleles at more than twenty genetic loci are a few of the endogenous factors that enhance
glioma risk. A high dose of ionizing radiation is also one of the environmental factors attributed to
a higher risk of glioma [45]. Identifying modifiable factors that would enable primary prevention
approaches remain the quintessential goal of glioma epidemiologic research.

Several studies on the allergic and nutritional epidemiology of glioma showed an inverse
association between allergy and gliomas but did not provide any causal relationship between them [46].
The nutritional epidemiology studies suggested that various food groups and nutrients were associated
with glioma risk; the results were inconclusive and not replicable in subsequent research [24,47].
The results of epidemiological analysis also suggested the presence of an inverse association between
cancer and certain neurological conditions, mainly age-related neurodegenerative diseases [48].
In recent research, a potent negative association was observed between the expression levels of
microRNAs in GBM than Alzheimer’s disease (AD), suggesting that although the molecular pathways
behind the development of these two pathologies are the same, they appear to be inversely controlled
by microRNAs [49]. Another epidemiological study indicated that the patients suffering from AD have
a lower risk of developing lung cancer (LC) and suggest a higher risk of developing GBM [50].

4. Receptors Tyrosine Kinase (RTK) and Their Inhibitors of Intracellular Signaling Pathways in
Glioma

RTKs belong to the family of cell surface receptors and are receptors for hormones, growth
factors, neurotrophic factors, cytokines, and extracellular signaling molecules. The tyrosine
kinase (TK) comprises the intracellular TK domain, extracellular ligand-binding domain, and a
hydrophobic transmembrane domain. The domains as mentioned above get activated upon binding
of the ligand, leading to the TK domain’s autophosphorylation and dimerization. This receptor,
when activated by ligands in turn, activates two downstream signaling pathways, Rapidly Accelerating
Sarcoma/mitogen activated protein kinase/extracellular-signal-regulated kinase (Ras/MAPK/ERK)
and phosphatidylinositol 3-kinase/a serine/threonine protein kinase/mammalian target of rapamycin
(PI3K/AKT/mTOR) [51] (Figure 1), which play a prominent role in cell differentiation, survival,
proliferation, and angiogenesis. Thus, RTKs and their ligands were proven to be promising targets in
the treatment of GBM. Among the several receptors belonging to the RTK group in human glioma,
the signaling pathways such as EGFR and VEGF receptor mutations have played a significant role in
GBM described below in detail [52].
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Figure 1. Schematic representation of Receptor Tyrosine Kinases (RTK) activation and the downstream
signaling. RTKs, particularly epidermal growth factor receptors (EGFR), are amplified in
glioblastoma, which significantly alters the nutrient uptake and utilization. The Rapidly Accelerating
Sarcoma/mitogen activated protein kinase/extracellular-signal-regulated kinase (Ras/MAPK/ERK)
and phosphatidylinositol 3-kinase/a serine/threonine protein kinase/mammalian target of rapamycin
(PI3K/AKT/mTOR) pathways get activated through the stimulation by growth factor receptor (GFR).
Physiologically, these two pathways orchestrate to execute cell proliferation, survival, motility, adhesion,
and angiogenesis. Any deregulation in these pathways leads to an activation of oncogenic signaling
cascades causing glioma.

4.1. EGFR Family and Its Mutations

RTKs that generally control the proliferation, migration, and differentiation of neural progenitors
via signaling EGFR and its downstream MAPK and PI3K/AKT/mTOR pathways (Figure 1) [17].
EGFR, a member of the ErbB family, is commonly expressed in neural progenitors during brain
growth and initiated stem cell astrocytes and transit-amplifying cells in the adult rodent subventricular
zone (SVZ) [53,54]. Among 45–57% of GBM patients, the mutation and amplification in EGFR ErbB1
(EGFR, HER1) were detected, which indicated its major role in the pathogenesis of GBM [55,56].
In addition, about 8–41% of GBM patients showed mutations in erythroblastic oncogenic B/human
epidermal growth factor receptor (ErbB2/HER-2) [55,57]. Its expression reduces significantly in the adult
human cortex (Cx) and white matter (WM) under non-reactive conditions but is retained within the adult
human SVZ astrocyte ribbon. The mechanisms maintaining more EGFR expression in human neural
growth and its silencing upon difference are not well understood and not have been investigated
before at the epigenetic level [58]. Excitingly, the most diffuse gliomas of LGG and high-grade glioma
(HGG) have shown the pathological expression of EGFR. Generally, EGFR overexpression in gliomas
has been mainly recognized to gene amplification, the activating mutation EGFRvIII, and gene fusion
events, which overall comprise approximately half of GBM and are rarely observed in LGG [59,60].
EGFRvIII, a truncated species, is often expressed in GBM and independently activated by a ligand,
resulting in cell survival and proliferation. Despite the growth-enhancing properties of the EGFRvIII,
its expression has been linked to the increasing overall survival of patients. Furthermore, EGFRvIII,
being a neoantigen, equally elicits an immune response [60,61]. Recent investigations have started to
explore EGFR overexpression mechanisms in gliomas outside of genetic alterations, including the role
of epigenetics. Still, there is no study that has analyzed the EGFR promoter in human glioma samples.
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4.2. VEGF Family and Its Mutations

VEGF, a potent angiogenic protein, is known to enhance vascular permeability. Although VEGF
has a role in normal tissues, malignant transformation has been shown to induce VEGF
expression—especially under hypoxic conditions inducing the transcription factors (HIF1α and HIF1β)
to translocate to the nucleus, thereby activating the VEGF gene [61] (Figure 1). Upon activation
of the VEGF gene, angiogenesis is enhanced to neutralize the hypoxia. GBM tumors enhanced
the expression of VEGF and hypoxia, which in turn caused irregular vasculature [62]. The enhanced
expression of VEGF in GBM tissues was due to the up-regulation of the VEGF receptor, VEGFR2,
which acted by RAS (Rapidly Accelerating Sarcoma) or PI3K (phosphatidylinositol 3-kinase) or
the PLCγ–PKC–MAPK pathway in contrast to RTKs [63]. VEGFR3 operates similarly to TK activities.
The PKC and RAS pathway is known to be stimulated by lymphangiogenesis in VEGFR-3. VEGF was
also shown to play a vital role in vascularization and endothelial cells’ neoplastic growth [64].

5. Molecular Drug Therapy Targets and Its Clinical Profile of EGFR Family in Glioma

5.1. Small-Molecule Kinase Inhibitors

Various active components prevent the EGFR activity, and its ligands have been under progress
since the starting of this era. Small molecular EGFR protein tyrosine kinase inhibitors (EGFR–TKIs)
have become the most innovative active component in anti-cancer management [52]. EGFR–TKIs
are a 4-anilinoquinazoline structure that could covalently link with the ATP binding site of the RTK
to procedure the dynamic conformation. The initiation loop was phosphorylated and consequently
inhibited the phosphorylation of TK (Figure 2) [65].

Pharmaceutics 2020, 12, x 6 of 28 

Recent investigations have started to explore EGFR overexpression mechanisms in gliomas outside 

of genetic alterations, including the role of epigenetics. Still, there is no study that has analyzed the 

EGFR promoter in human glioma samples. 

4.2. VEGF Family and Its Mutations 

VEGF, a potent angiogenic protein, is known to enhance vascular permeability. Although VEGF 

has a role in normal tissues, malignant transformation has been shown to induce VEGF expression—

especially under hypoxic conditions inducing the transcription factors (HIF1α and HIF1β) to 

translocate to the nucleus, thereby activating the VEGF gene [61] (Figure 1). Upon activation of the 

VEGF gene, angiogenesis is enhanced to neutralize the hypoxia. GBM tumors enhanced the 

expression of VEGF and hypoxia, which in turn caused irregular vasculature [62]. The enhanced 

expression of VEGF in GBM tissues was due to the up-regulation of the VEGF receptor, VEGFR2, 

which acted by RAS (Rapidly Accelerating Sarcoma) or PI3K (phosphatidylinositol 3-kinase) or the 

PLCγ–PKC–MAPK pathway in contrast to RTKs [63]. VEGFR3 operates similarly to TK activities. 

The PKC and RAS pathway is known to be stimulated by lymphangiogenesis in VEGFR-3. VEGF was 

also shown to play a vital role in vascularization and endothelial cells’ neoplastic growth [64]. 

5. Molecular Drug Therapy Targets and Its Clinical Profile of EGFR Family in Glioma 

5.1. Small-Molecule Kinase Inhibitors 

Various active components prevent the EGFR activity, and its ligands have been under progress 

since the starting of this era. Small molecular EGFR protein tyrosine kinase inhibitors (EGFR–TKIs) 

have become the most innovative active component in anti-cancer management [52]. EGFR–TKIs are 

a 4-anilinoquinazoline structure that could covalently link with the ATP binding site of the RTK to 

procedure the dynamic conformation. The initiation loop was phosphorylated and consequently 

inhibited the phosphorylation of TK (Figure 2) [65]. 

 

Figure 2. RTKs (EGFR) signal transduction and are a target site for small molecule and monoclonal 

antibody in glioma treatment. Small-molecule tyrosine kinase inhibitors block the downstream 

signaling by competing for ATP at the catalytic site of the kinase domain whilst the monoclonal 

antibodies (mAbs), which have an outstanding degree of specificity, block downstream signaling by 

binding to the leucine-rich and cysteine-rich ectodomains. Compounds that inhibit mammalian target 

of rapamycin (mTOR), a downstream signal in the EGFR pathway, facilitate the autophagic clearance 

of cancerous cells. 

Figure 2. RTKs (EGFR) signal transduction and are a target site for small molecule and monoclonal
antibody in glioma treatment. Small-molecule tyrosine kinase inhibitors block the downstream signaling
by competing for ATP at the catalytic site of the kinase domain whilst the monoclonal antibodies
(mAbs), which have an outstanding degree of specificity, block downstream signaling by binding
to the leucine-rich and cysteine-rich ectodomains. Compounds that inhibit mammalian target of
rapamycin (mTOR), a downstream signal in the EGFR pathway, facilitate the autophagic clearance of
cancerous cells.

Erlotinib, an EGFR-TKI drug, prevents the phosphorylation of the TK intracellular domain of
EGFR [66]. Several phase II studies for GBM were not efficient in recurrent GBM [67] patients. In contrast,
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Erlotinib’s combination therapy with temozolamide was well tolerated and enhanced the survival
rate in the newly diagnosed GBM patients [68,69]. Gefitinib (ZD1839/Iressa®), another EGFR–TKI,
radio sensitized U251 GBM cells in vitro [70]. Still, there was no improvement in the survival rate
shown in the phase II clinical trial with newly diagnosed GBM patients [71]. AEE788 and Vandetanib
inhibited both EGFR and VEGFR TK (Table 2), but when tested on GBM, patients showed lesser efficacy
or enhanced toxicity. AEE788, in a phase I clinical trial, exhibited less efficacy and higher toxicity
in treating recurrent GBM patients [72]. Although AEE788 showed very little efficacy in an in vitro
GBM cell line, it decreased cell proliferation in vitro when administered in combination with histone
deacetylase inhibitors (HDACIs) [73]. In a phase II trial, when incorporated into the standard regimen
(surgery + chemotherapy + radiotherapy), AEE788 showed no/little effects, due to which the study
was terminated [74].

Lapatinib, an inhibitor of both EGFR and HER2 TKs, showed little effect in a phase I/II
clinical trial [75], but in combination therapy with CUDC-101, an HDAC inhibitor, it enhanced
the radiosensitivity of the GBM cell line in vitro [76]. Few VEGFR–TKIs such as vatalanib (PTK787),
sorafenib, and tivozanib showed lesser efficacy when individually administered (Table 2). Vatalanib
and tivozanib did not affect the tumor volume; however, they were well tolerated in a phase II
trial [77,78]. Sorafenib’s combination therapy with the standard regimen had little effect on recurrent
GBM patients in a phase II trial [79]. A phase III trial of Cediranib (AZD2171), another VEGFR–TKI,
failed to improve the progression-free survival, both in monotherapy and lomustine recurrent GBM
patients [80].

5.2. Targeting Extracellular Domain of RTKs through Antibody Therapies

Among the various therapies targeted toward the kinase domains of RTK, the extracellular domain
also served as a probable target for antibody therapy. The antibodies antagonized the ligand-binding
site of RTKs, preventing the ligand binding and thereby activating the kinase domains [81]. An EGFR
targeting the antibody cetuximab showed antagonistic activity by inhibiting the activation of RTKs,
which in turn inhibited the tumor malignancy [82]. The antibody was used as rescue therapy in patients
who have not responded to standard treatment. In addition, cetuximab monotherapy was well tolerated,
and minimal recurrence of GBM was reported by a phase II clinical trial [83]. Another monoclonal
antibody (mAb), ornartuzumab, targeting the hepatocyte growth factor receptor/tyrosine-protein
kinase Met (HGFR/c-MET) receptor’s extracellular domain was reported to prevent the cancer growth
in orthotopic U87 GBM xenograft. MK-0646 (H7C10/F50035/dalotuzumab), a humanized monoclonal
insulin-like growth factor receptor type 1 (IGF-1R) antibody, was shown to be an antagonist that
decreased cell proliferation and induced apoptosis [84].

The antibody therapies are still in the preliminary stages of investigation and are promising
therapeutic targets for GBM compared to the small molecule kinase inhibitors [85,86]. In addition,
the primary constraint faced in the antibody therapy was the Blood Brain Barrier (BBB) penetrability
and the large size of molecules, which could be overcome by engineered antibodies capable of
penetrating the BBB [87]. Antibodies binding with the transferrin receptors were used to cross the BBB
in both murine and primate models. On the other hand, using Ommaya reservoirs or during surgery,
the antibodies could directly be delivered to the brain, bypassing the BBB [88].
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Table 2. Ongoing trials targeting the EGFR in glioblastoma (GBM).

Drug GBM Phase Characteristics NCT No.

Small-Molecule Kinase Inhibitors and/or Combination with Other Therapy

GC1118 R II
Focuses on overall response rate

and exploration of
predictive/prognostic biomarkers

NCT03618667

Osimertinib
Fludeoxyglucose

F-18 (FDG)
R II

Studied the intra-patient variability of
tumor FDG uptake, which was

determined using double baseline
FDG PET prior to osimertinib

exposure

NCT03732352

EGFR BATs with
SOC RT and TMZ R I

Immune measures in blood anti-GBM
cytotoxicity of peripheral blood

mononuclear cells directed at GBM
cell lines

NCT03344250

Dacomitinib C II

Progression-free survival (PFS) at six
months (PFS6m) and Safety

and tolerability of oral administration
of PF-00299804.

NCT01520870

Temozolomide,
ABT-414, Radiation A, NR II

III Overall Survival (OS) NCT02573324

EGFR(V)-EDV-Dox R I

Overall Survival (OS)
and identification of recommended

phase 2 dose of EGFR(V)-EDV-Dox in
subjects with recurrent GBM

NCT02766699

C225-ILs-dox R I
Tumor response achieved in

the treatment phase was assessed as
per RANO criteria

NCT03603379

Protein expression
analysis C -

Overall survival and the free survival
was predicted based on the molecular

characteristics
NCT00897663

EGFRvIII-CARs R I Assessment of T cell trafficking within
the brain tumor NCT03283631

EGFRBi Armed
Autologous T Cells W I

II

Overall survival, change of cytokine
profile, incident toxicity,

and the overall survival was assessed
as per the National Cancer Institute
Common Terminology Criteria for

Adverse Events Version 4.0

NCT02521090

Erlotinib
hydrochloride T II

Disease response measured
objectively by MRI of brain duration

of progression-free survival (PFS)
NCT00387894

Radiation,
temozolomide

depatuxizumab
mafodotin

A, NR III Cumulative dose of depatuxizumab
mafodotin NCT03419403

Gefitinib +
Radiation therapy C I

II Overall survival by EGFR status NCT00052208

Cetuximab,
Mannitol R I

II
Composite overall response rate was

assessed through RANO NCT02861898

AMG 596 R I Number of subject with
treatment-emergent adverse events NCT03296696

AMG 596 C I Overall survival and anti-AMG 595
antibody formation NCT01475006
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Table 2. Cont.

Drug GBM Phase Characteristics NCT No.

PI3K/ART/mTOR

PX-866 C II
Measurement of progression
and response of brain tumor

using MRI or CT scan
NCT01259869

INC280 T I, II

Number of Patients
Reporting Dose Limiting

Toxicities (DLTs) in Phase 1
and Phase II Surgical Arm:
Concentrations of INC280
and Buparlisib in Tumor

NCT01870726

XL765 (SAR
245409) + XL147

(SAR 245408)
C I

To assess the biological effect
and PI3K/mTOR

modulations of XL 765
and XL 147 in GBM tissue

NCT01240460

BKM120 + Surgery C II BKM120 brain plasma ratio
at time of surgery NCT01339052

MK-3475 +
PI3K/AKT
Inhibitors

# I, II Progression-free survival NCT02430363

GDC-0084 + Radio
Therapy R I

To estimate the maximum
tolerated dose (MTD) or
RP2D of GDC-0084 after
radiation therapy (RT)

NCT03696355

AZD2014 A, NR I Recommended phase II dose
(RP2D) of AZD2014 NCT02619864

GDC-0084 R II Dose-limiting toxicities
(DLTs) NCT03522298

AZD8055 C I
Establishment of MTD of
AZD8055 with recurrent

gliomas
NCT01316809

GDC-0084 +
Radiation Therapy R I To estimate the MTD or

RP2D of GDC-0084 after RT NCT03696355

CC-115 A, NR I
To determine the MTD,

Non-tolerated dose
and Dose-Limiting Toxicity

NCT01353625

R—Recruiting, C—Completed, A—Active, NR—Not Recruiting, T—Terminated, W—Withdrawn, and #—Study has
passed its completion date and status has not been verified in more than two years.

5.3. Therapies Directed at RTK Ligands

Antibodies not only bind to the extracellular domains but also are capable of trapping the ligands
that activate the RTK signaling pathways [89]. Targeting the ligands might serve as an attractive
means for GBM therapy. However, the usage of antibody was reduced due to various factors such
as mutations in EGFRvIII and the inability to cross the BBB, which limited the tumor penetration
and efficacy of the therapy. Bevacizumab, a humanized murine mAb, was reported to bind to VEGF
and prevent it from binding to the receptor [90]. Bevacizumab was granted accelerated approval by
the FDA in 2009; however, the drug demonstrated reduced efficacy against the newly diagnosed GBM
and had no benefit on the patient’s overall survival [91]. Aflibercept, another trap for VEGF, prevented
its binding to the receptor, and recurrent GBM patients were proven to have only 7.7% of participants
resulting in progression-free survival rates after six months in a phase II trial. Rilotumumab (AMG102),
an anti-HGF mAb, was shown to bind to HGF, thus preventing the binding to the HGFR/c-MET
and thereby activating downstream targets. In combination with temozolomide in vitro, rilotumumab
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was shown to inhibit the growth of U87MG glioblastoma cells. The combination showed only minimal
effects on GBM in the phase II clinical trial [18].

5.4. Targeting Downstream Pathway of EGFR

A comprehensively studied downstream pathway of EGFR is the PI3K/AKT/mTOR, which is
critically involved in regulating cell apoptosis, autophagy, proliferation, and metabolism. Dysregulation
of the pathway, as mentioned earlier, played a prominent role in various cancers [92,93]. Therapeutic
strategies targeting PI3K/AKT in GBM have given promising results in the in vitro and in vivo xenograft
models; however, clinical safety and efficacy need to be proven. Sonolisib (PX-866), an irreversible
PI3K inhibitor, inhibited the angiogenesis and invasion of GBM cells in vitro but did not induce
the apoptosis of GBM cells; nevertheless, the drug caused cell cycle arrest. Sonolisib was well tolerated
but showed disease progression in almost 73% of recurrent GBM patients in the phase II clinical
trial [94]. Various other inhibitors such as XL765 (SAR245409) and GDC-0084, both PI3K and mTOR
inhibitors, showed efficacy against GBM in the in vitro and in vivo models. However, the results as
mentioned above lack the support from relevant clinical data [95].

Sirolimus (rapamycin), temsirolimus (CCI-779), and everolimus (RAD001), the mTOR inhibitors
were evaluated in the various clinical phases and showed little efficacy in treating GBM patients.
Everolimus showed very little effectiveness and a low survival rate in monotherapy and combination
with temozolomide radiotherapy in a phase II clinical trial [96]. Sirolimus monotherapy and in
combination with erlotinib [97] and temsirolimus [98] failed to show any effect in the treatment of
GBM patients in a phase II clinical trial.

Other inhibitors such as vistusertib (AZD2014), palomid 529, and mTOR kinase inhibitor (CC-223)
were dual inhibitors of mTORC1 and mTORC2. Vistusertib showed radiosensitization in GBM cell
lines both in the in vitro and in vivo models, due to which the participants were recruited to phase I
and II clinical trials [99] (clinical trial ID: NCT02619864). In a GBM xenograft model (U87MG cells),
CC-223 exhibited an anti-tumor effect, while Palomid 529 exhibited anti-tumor activity in the orthotopic
murine tumor model [100].

6. Mechanism of Drug Resistance to EGFR–TKIs in Glioma

Although the mechanism of drug resistance to EGFR–TKI in GBM remain unclear, few reports
discussed the possible mechanisms in this regard. The absence of mutation in exons 19 and 21
of the TK domain was reported, especially in first-line EGFR-TKIs such as erlotinib and gefitinib.
Their pharmacological actions were dependent on the modifications, as mentioned above [101].
Another possible mechanism mentioned was an alternative activating signal that compensated for
the inactivation of EGFR signaling by EGFR–TKIs. In addition, the absence of EGFRvIII and loss
of phosphatase and tensin homolog (PTEN) were the other determinants of resistance in certain
studies [102].

The inhibition of mTOR, a downstream molecule of the PI3K/PTEN/AKT pathway, promoted
the response of glioma cells to EGFR-TKIs in vitro [103,104]. Conversely, there was no responsiveness
to erlotinib and no expression of EGFRvIII and PTEN in the phase II clinical trial with relapsed GBM
patients [105]. In addition, a combination of the mTOR and EGFR–TKIs inhibitors (sirolimus) did not
improve the patients’ responsiveness in recurrent GBM patients [106]. On the other hand, erlotinib
inhibited EGFR in EGFRvIII expressing U87 GBM cells and enhanced the expression of PDGFRα,
thereby compensating the signaling pathway inhibited by erlotinib [97].

Despite the numerous studies on GBM treatment targeting EGFR, no therapeutic efficacy has been
reported [107,108]. The therapeutic efficacy was minimal or nil in the case of first and second-generation
EGFR inhibitors for the treatment of recurrent GBM [109,110]. The primary reasons for the above
drugs’ failure were their inability to cross the BBB and the requirement of a relatively high amount of
drug concentrations in the brain [92], which in turn limited their usage. By overcoming the above-said
limitations, effective therapy for GBM could be discovered [92].
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7. Current Pharmaceutical Drug Targets in Glioma

Despite the great activity of EGFR–TKIs, mAb, and chemotherapeutic agents, the therapeutic
outcomes limited by BBB penetration in both preclinical and clinical studies have urged the thought
of using TKIs-loaded nanoformulations in the management of GBM [111]. For example, lipophobic
and less molecular weight drugs could not achieve specific delivery in tumor tissues and were
characterized by a short circulation half-life [112]. Furthermore, compared to the other cancer types
harboring EGFR amplification, clonal resistance was not observed in GBM after the EGFR inhibitor
treatment. However, multiple failures and/or resistance such as the absence of exons 19 and 21 of
the TK domain, an alternative activation of signals, rapid adaptive responses due to EGFR inhibitors,
and the lesser ability of EGFR–TKI drugs to cross the BBB were reported in various studies [113].

Consequently, the novel drug delivery systems (NDDS) were employed for the specific delivery
of FDA-approved drugs to increase its therapeutic outcomes and reduce the adverse effects during
GBM treatment. Among the above-mentioned NDDS, the NPs (Figure 3) with various structures
and properties to serve as the desirable carriers for anti-cancer drugs were invented [114,115].
In addition, the systems appear to be promising approaches to solve the existing problems in
the management of GBM [114]. NPs-based systems have many unique benefits. Firstly, NPs can be
loaded with the hydrophilic and hydrophobic drugs simultaneously, which results in an enhanced
solubility and anti-cancer effect when employed with the suitable combinations of medicines in carriers.
Secondly, the uniform particle size distribution and surface modifications enabled passive or active
cancer targeting and resulted in improved drug availability in the tumor region. Lastly, the NPs as drug
carriers also aided the sustained and controlled drug release at a specific region. The augmented drug
release profiles with extended circulation time permitted improved pharmacokinetics and decreased
the dose-dependent toxicity of therapeutic agents [116,117]. Hence, the subsequent portion reviews
the benefits of various classes of NPs used in EGFR-targeted drug delivery to manage glioma.
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7.1. Organic Nanoparticles

7.1.1. Albumin Nanoparticles

Due to the greater biodegradability and low immunogenicity of serum albumin, it has been
identified as a suitable nanocarrier for the cancer management in recent years. In addition, the ability
of binding or absorbent proteins around the NPs was showcased as the foremost prominent factor for
prolonged circulation time and phagocytosis [118]. As an endogenous substance, albumin might inhibit
therapeutics drugs from unnecessary stability interaction and targeting efficiency. The human serum
albumin-based paclitaxel (PTX) nanoparticles exhibited superior anti-tumor activity by the prolongation
of survival and pro-apoptotic effect, as depicted by terminal deoxynucleotidyl transferase dUTP nick
end labeling (TUNEL) analysis, thereby serving as a novel strategy for treating GBM (Figure 4A,B) [119].
Furthermore, radioiodine cross-linking anti-EGFR (cetuximab) and bovine serum albumin (BSA)
polycaprolactone (PCL) nanoparticles were also useful to induce tumor regression, which in turn
enhanced the cytotoxicity on tumor cells and limited the adverse effects of chemical agents [120].
Thus, it can be stated that albumin NPs exhibited an improvement in therapeutic outcomes.

Tsutsui et al. demonstrated bio-nano capsules (BNCs) as an efficient way to deliver drugs to
brain tumors in Gli36 cell lines. BNCs are composed of a hepatitis B surface antigen, small interfering
ribonucleic acid (siRNA), genes, chemical components, and proteins that selectively target brain tumors.
BNCs, when conjugated with an EGFR antibody, were capable of recognizing EGFRvIII, which in
turn was overexpressed in various human malignancies. EGFRvIII was reported to be overexpressed
in the variability of human malignancies of epithelial origin, particularly in gliomas. As mentioned
above, the reports indicated BNC’s potential as a means to achieve tumor targeting delivery [121].

The intravenous (i.v.) administration of T7 peptide modified core–shell NPs (T7-LPC/siRNA
NPs) consisting of protamine/chondroitin sulfate/siRNA/cationic liposomes assembled layer by layer
followed by modification using T7 peptide resulted in siRNA targeted delivery. T7-LPC/siRNA
NPs, when compared with PEG-LPC/siRNA NPs, showed increased fluorescence intensity in
microvascular endothelial cells of the brain (BMVECs) and U87 glioma cell lines. The NPs resulted in
the downregulation of expression of EGFR protein in U87 glioma cells in vitro. The accumulation of
NPs was more specific to the tumor tissues and penetrated the deep region ascertained by the co-culture
model of BMVECs and U87 cells and in vivo imaging. The reports also confirmed that the NPs
demonstrated the most prolonged survival period and highest down-regulated expression of EGFR,
thereby showing the potential of siRNA delivery for the targeted therapy of GBM [122].

7.1.2. Immunoliposomes (IL) and Solid Lipid Nanoparticles (SLNs)

The sustained and targeted drug release profiles of the immunoliposomes (ILs) and solid
lipid nanoparticles (SLNs) nanosystems enabled the enhanced cancer cell inhibition and decreased
the adverse effects throughout the tumor therapy [123]. Lipids (phospholipids) were utilized to
manufacture NPs due to their safety and biocompatibility [124]. The dual targeting SLN loaded
with etoposide (ETP) containing mAb for insulin receptors and anti-EGFR was used to treat GBM.
The dual-functionalized SLNs crossed the BMVECs/HA (human astrocytes), which is an in vitro model
for BBB, and showed enhanced cytotoxicity against U87MG cells [125], thus proving its potential against
GBM. In another study, the Cetuximab (C225)-immunoliposomes (ILs) encapsulating boron anion
were constructed by using novel maleimido–Polyethylene Glycol (PEG)–cholesterol for the targeted
delivery of boron compounds to EGFR (+) glioma cells for boron neutron capture therapy (BNCT).
It was concluded that the prepared ILs could serve as an efficient delivery vehicle for the BNCT of
glioma [126].
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Figure 4. (A) Schematic representation of preparation and mechanism of action of albumin nanoparticles
(NPs); (B) Fluorescent microscopic terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) assay images of in vivo anti-cancer efficacy of SP–HSA–PTX NPs (Green: TUNEL-stained
apoptosis cells. Blue: 4′,6-diamidino-2-phenylindole (DAPI)-labeled nucleus, Yellow dashed lines:
boundary between (N) normal brain and (G) glioma section). Reprinted with permission from [119],
Elsevier, 2018.

Quantum dot immunoliposome (QD-IL), a hybrid nanoparticle, was targeted toward EGFR to
treat GBM. QD-ILs were taken up efficiently by the malignant cells. In addition, QD-ILs served as
imaging methods proven in both the in vitro and in vivo models. Furthermore, the NPs were also
employed in ligand-directed delivery that allowed targeted drug delivery to the desired site to achieve
efficient treatment for GBM [127]. Moreover, the anti-tumor effect of the combination of bevacizumab
(Bev) and gemcitabine (GM) loaded IL (Bev-GM-IL) in a xenograft mice model (XMM) showed that
the combinational therapy is better than monotherapy. This is due to the synergistic activity of two
different drugs on GBM stem cells. Likewise, the combinational treatment extended the mean survival
time of XMM. Altogether, the above results suggested that the combination of Bev-GM-IL offered
promising outcomes in the treatment of GBM [128].

In another study, doxorubicin (DOX) and vincristine (VCR) were loaded with T7 and DA7R
dual peptides-modified liposomes (T7/DA7R-Ls) to treat glioma. The in vivo (Figure 5) results of
T7/DA7R-Ls showed improved glioma localization compared with mono ligand-modified liposomes
or the free drug. In conclusion, the dual-targeting, co-delivery approach delivered a potential method
for successful brain drug delivery in the glioma treatment [129].

7.1.3. Polymeric Nanoparticles

The comparative evaluation of the other conventional nanocarriers, the polymeric NPs, exhibited
promising benefits in the biomedical applications due to their improved solubility, biocompatibility,
and biodegradability. The biodegradation through circulation in vivo can be eluded efficiently,
and the elimination half-life of the drugs is also prolonged after polymeric NPs encapsulation [130].
Additionally, the polymeric NPs with an applicable particle size distribution could passively help
accumulate medicines in the tumor region by improved permeability and retention time [131,132].
Moreover, the retention time of encapsulated drugs in the tumor region could also be precisely regulated
by various strategies [133]. For all of these advantages, the surface of polymeric NPs could be altered by
selecting specific ligands to achieve active targeting delivery [134]. A study demonstrated the delivery
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of curcumin using poly (D, L-lactic-co-glycolic acid) (PLGA) NPs tagged with an EGFRvIII, which was
internalized by EGFRvIII overexpressed GBM cells leading to the enhanced photodynamic toxicity of
curcumin [135].
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Figure 5. In vivo anti-glioma effect of doxorubicin (DOX) and vincristine (VCR)-loaded T7/DA7R-LS
immunoliposomes. (A) Distribution of Cy5.5 in the mice brain bearing intracranial C6 glioma
determined by a CLSM; (B) MRI of normal and pathological brains at 16 d after inoculation. Reprinted
from [129], Taylor and Fransis Group, 2017.

Lei Wang et al. (2015) prepared the angiopep-2 (ANG)-modified PLGA/DOX/siRNA NPs,
which inhibited the cells by inducing apoptosis and silenced the EGFR pathway in U87MG cells.
The NPs were capable of penetrating the BBB, thus resulting in the enhanced accumulation of
drugs in brain in vivo. Animal studies not only demonstrated the co-delivery of DOX and EGFR
SiRNA but also prolonged the life span of GBM-bearing mice [136]. Chengkun et al. (2019) utilized
the Golgi phosphoprotein 3 (GOLPH3) nanobody to construct an angiopep-2 (A2)-modified cationic
lipid PLGA NPs (A2-N) targeting the Ge and GOLPH3 siRNA (siGOLPH3). The NPs not only
penetrated the BBB but also silenced the expression of GOLPH3 mRNA and enhanced the expression
of EGFR and pEGFR upon entering glioma cells. In addition, the above-mentioned NPs acted
as a combinational anti-tumor therapy in vitro and in vivo [137]. In vivo imaging revealed that
the T7-LPC/siRNA NPs penetrated the deeper regions of the tumor. Furthermore, the accumulation
was more in the brain, which was an added advantage compared to PEG-LPC/siRNA NPs. The group
also demonstrated the enhanced survival period by down-regulating the expression of EGFR in
mice, and therefore, it can serve as a potential target for treating GBM [119]. In another study,
C225 was conjugated to TMZ-loaded PLGA NPs (C225–TMZ–PLGA–NPs) by cross-linking chemistry
to target the EGFR receptor. Furthermore, in vitro cellular uptake and the in vivo evaluation of
PLGA–NPs, TMZ–PLGA–NPs, and C225–TMZ–PLGA–NPs were conducted. In addition, the results
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of cell cytotoxicity, apoptosis in U-87MG, SW480, and SK-Mel 28 cancer cell lines confirmed
that the C225-PLGA-NPs can be utilized as a versatile nanocarrier for the management of EGFR
overexpressing cancers [138].

7.1.4. Dendrimers

The dendrimers are hyper-branched macromolecules that exhibit advantages over the conventional
carriers (liposome, polymeric NPs etc.) such as enhanced stability in the blood circulation and ability
to accommodate various ligands due to its chemosynthetic approach rather than self-assembly
through non-covalent interaction [139,140]. In addition, the structure, size, and molecular weight of
dendrimer have resemblance with bio-structures and proteins (insulin, hemoglobin and cytochrome),
which makes them employable in various fields as gene delivery, immunodiagnosis, and encapsulation
of drugs [141,142]. Dendrimer-based drug delivery employing polyamidoamine (PAMAM) was also
explored for its application in GBM therapy [143,144].

An antisense oligonucleotide (ASODN) delivery of conjugates of folate–PAMAM (FA-PAMAM)
inhibited the C6 cell growth in glioma. The coupling of folic acid to the surface amino groups of
PAMAM dendrimers and ASODNs (ASODN: FA-PAMAM) corresponded to rat EGFR in the ratio
of 16:1. The ASODN:FA-PAMAM combination suppressed EGFR and C6 cell growth expression,
thus enhancing the survival time [145].

Cetuximab (C225) could be covalently linked to methotrexate (MTX) by the 5th generation (G5)
of PAMAM dendrimers via its fragment crystallizable (Fc) region (C225–G5–MTX) to target EGFR
and EGFR variant III (EGFRvIII). Competitive binding assay (CBA) demonstrated that C225–G5–MTX
exhibited a higher affinity for the EGFR-expressing rat glioma cell line (F98EGFR) than the wild-type rat
glioma cell line (F98WT). Subsequently, the improved distribution of 125I bio-conjugate of C225-G5-MTX
noticed in F98EGFR was six-fold greater than F98WT cells, thereby contributing to specific molecular
targeting the GBM treatment. The animal models that received C225-G5-MTX and C-225 or MTX
exhibited 15- and 19.5-day survival rates, respectively. Correspondingly, the results were non-significant
between the control and test animals [146].

PAMAM dendrimer and Tat peptide were fabricated to bacterial magnetic NPs
(Tat–BMPs–PAMAM), which were then complexed with the siRNA expression plasmid of human EGFR
(psiRNA–EGFR) through electrostatic interplay (Tat–BMPs–PAMAM/psiRNA-EGFR). The conjugate
offered promising results in reducing tumor growth and suppressing the expression of oncoproteins.
In addition, the conjugate could serve as a possible targeted gene delivery for GBM [147].

Recently, an angiopeptide-2 (Ang2) and low-density lipoprotein receptor-relative protein-1 (LRP1)
was conjugated with PAMAM to improve BBB penetration glioma sites. Furthermore, PAMAM was
concurrently functionalized with an EGFR-targeting peptide (EP-1) to achieve specificity and improved
affinity to target EGFR. The above results showed the potential of the dual drug-loaded PAMAM in
the treatment of gliomas by improving BBB penetration and specific EGFR targeting efficiency, both
in vitro and in vivo (Figure 6) [148].

All the above-mentioned experiments concluded that the dendrimer-based NPs could be utilized
as extensive drug delivery carriers to target and treat various CNS cancer cells by BBB penetration
with the backing of targeting ligands.
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Figure 6. (A) Schematic representation of fabrication of the dual drug loaded polyamidoamine
(PAMAM) dendrimers in the treatment of gliomas by improving BBB penetration; (B) Assessment of
the affinity and specificity of peptide EP-1 toward EGFR; (C) In vitro evaluation of biocompatibility
and anti-tumor efficacy of the dual drug-loaded PAMAM dendrimers; (D) Flow cytometry evaluation for
intracellular uptake of different DOX-loaded dendrimers. Reprinted from [148] Ivyspring International
Publisher, 2020. * p < 0.1, ** p < 0.01, *** p < 0.001, **** p < 0.0001 (Student’s t-test).

7.2. Inorganic Nanoparticles (NPs)

7.2.1. Silica NPs

The mesoporous silica nanoparticles (MS-NPs) are frequently employed as multifunctional
nanocarriers to treat cancer cells owing to its mesoporous structure and enormous surface area. As a
result, the active components can be dumped in the porous structure of NPs to obtain the maximum
amount of drug-loading, and the surface modification of MS-NPs could also increase the intracellular
uptake. Additionally, the alteration of carriers’ particle size, surface charge, and shape could increase
the biocompatibility and minimize the cytotoxicity of MS-NPs [149]. In addition, MS-NPs could be
encapsulated with contrast agents for MRI imaging. Hence, MS-NPs exhibit a chance to improve
the solubility and stability of anti-EGFR drugs by being deposited in the porous structure.

Furthermore, prolonged drug release profiles resulted in decreased cytotoxicity in long-period
cancer therapy [150,151]. The properties mentioned above were ensured by developing DOX magnetic
(Fe3O4) NPs, encapsulated in polyethylene glycol (PEG), to functionalize the porous silica shell and treat
cancer cells [152]. Likewise, multi-targeted oleic acid (OA)–MNPs were developed. Reports confirmed
promising outcomes about the in vitro and in vivo efficacy in treating human cancer cells (HeLa).
The study results stated that the MS-NPs formulations were more predominant than the placebo
or free drugs and could overcome the drawbacks mentioned above of the conventional treatment
approaches [153]. The synthesized and functionalized DOX magnetic MS-NPs were fabricated with
PF-127 and then conjugated with transferrin (Tf) to enhance BBB penetration and achieve sustained
release at the specific site. The Tf-loaded NPs resulted in improved BBB permeability (Figure 7).
Thus, the prepared Tf nanocarriers could be considered as potential candidates in the treatment of
brain tumors [154].
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7.2.2. Magnetic Nanoparticles (MNPs)

Magnetic nanoparticles (MNPs) specifically created an interest in the biomedical application
and research due to various advantages: separation of molecules, gene/drug delivery, magnetic
resonance imaging (MRI), and hyperthermic tumor treatment [155]. Among the several magnetic
nanocarriers, super-paramagnetic iron oxide (SPIO) has been commonly utilized owing to its promising
biocompatibility and magnetic properties. For example, an improved survival rate was noticed in
animal models with C225-IONPs compared to pure C225 in the treatment of GBM [156]. In addition,
SPIO and peptide nanoprobe were effectively combined and demonstrated for specific molecular MRI
and sensitive optical imaging (SOI). Both in vitro and in vivo MRI and SOI showed that the nanoprobe
was useful for targeting GBM with desirable biosafety [157]. In another study, MNPs were employed
by convection-enhanced delivery (CED) in the brain to target the EGFRvIII xenografts GBM model.
Then, MRI was conducted to evaluate brain targeting and the delivery of conjugated MNPs after CED.
The accomplishment of a human clinical trial containing a direct injection of MNPs into recurrent
GBM for thermotherapy proved the safety, efficacy, and feasibility in the patients [158]. In a recent
report, pazopanib was loaded in MNPs, which stimulated the ultrasound’s drug release. The enhanced
drug distribution in the non-small cell lung cancer (NSCLC) region resulted in improved therapeutic
outcomes [159].

7.2.3. Noble Metal Nanoparticles (NM-NPs)

Commonly, the Gold (Au) NPs are known as noble metal NPs, which were comprehensively
studied for biomedical applications due to their lower toxicity, distinctive electronic, and optic
properties that prompted cellular destruction with an application of radiation [160] or light [161].
In addition, AuNPs could be loaded with organic molecules (antibodies), which enhanced
the accumulation of AuNPs within specific cancer tissues or lesions [162]. AuNPs were loaded with
malondialdehyde-modified low-density lipoprotein (MDA-LDL) antibodies by distinct chemistries for
drug recognition and capture from the biological system [163]. Furthermore, 40 nm AuNPs with mAb
targeting the EGFR acted by random adsorption to treat oral squamous cancer. The antibody-loaded
AuNPs accumulation into the tumor region enhanced cancer cell death by photothermal therapy [161].
In addition, the 5 nm AuNPs were surface modified with EGFR antibodies and functionalized using
GM for targeting GBM cells [164]. In another study, Au nanocubes (AuNCs) with pH or temperature
sensitivity were prepared for erlotinib or DOX encapsulation. Firstly, the drug-loaded AuNCs could
accumulate more at the cancer tissue; the particular acidic microenvironment of cancer initiated
erlotinib’s release, precisely. Finally, the controlled release of DOX by near-infrared (NIR) laser
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irradiation improved the therapeutic effect of AuNCs-based nano carrier in A431 cancer cell lines [165].
In addition, the in vivo activity of the Au–C225 conjugate resulted in a similar effect compared to
free C225, concluding that the site-specific conjugation to the AuNP did not affect the biological
action of the EGFR antibody, thereby signifying the value of the intended functionalization approach.
The opportunity to yield accurate AuNP–Immunoglobuin G (IgG) conjugates creates novel paths
to assay the Au–C225 conjugate for cancer therapy, either for sensitizing tumor cells to external
radiation [166]. Based on the promising results of the developed NM-NPs provided a novel way for
the delivery of chemotherapeutic and TKIs drugs.

8. Current Clinical Studies of Nanoformulations

After promising results of preclinical investigations, the organic and inorganic nanoformulations
have entered the clinical trials to assess the tolerability, safety, pharmacokinetics, and efficacy for
the treatment of GBM [167]. Table 3 summarizes the list of current clinical trials on EGFR loaded
nanoformulation for the treatment of GBM. Firstly, the researchers have a newly developed EnGeneIC
delivery vehicle (EDV). This inorganic nanocarrier exploits antibody-targeted, transporting active
anti-cancer drugs into EGFR-expressing cancer cells (EnGeneIC, Lane Cove West, Australia). In a
phase I/II study, the recurrent GBM adult patients were dosed of up to 5 × 109 to determine the safety
and possible dose of EGFR–EDV–DOX (NCT02766699) [168]. The effect of anti-EGFR targeted DOX
loaded into C225-decorated Immunoliposomes (ILs) (C225–ILs–Dox) is being evaluated in a phase I
clinical trial (NCT03603379) [169]. Analogously, DOX–trastuzumab consisting of PEGylated liposomes
has completed a phase I/II clinical trial (NCT01386580). The phase I clinical study of cationic liposomes
loaded with cancer suppressor gene p53 and TMZ (SGT–53–TMZ) was conducted to observe minimal
side effects with a 6-month progression-free survival (PFS) and overall survival (OS) rate in patients
with advanced solid tumors (NCT02340156) [170]. The phase I/II clinical trial was conducted to estimate
side effects and a suitable dose of EGFR-bispecific antibody armed T cells (EGFR-Bi-T) in GBM patients’
treatment. In phase I trials, the patients received EGFR-Bi-T intrathecal (IT) injection twice per week
for four weeks to determine the efficacy and toxicity profile. In phase II trials, the patients received
EGFR-Bi-T IT twice weekly for four weeks and then i.v. over 15–30 min twice weekly for two weeks
(NCT02521090).

Table 3. List of Current Clinical Studies of Nanoformulations.

Nano Carriers Drug Phase Outcome Measures NCT Number Reference

EnGeneIC
delivery

vehicle (EDV)
EGFR-EDV-DOX I Determination of a possible phase

II dose of drug for recurrent GBM. NCT02766699 [168]

ILs C225-IL-DOX I Determination of a suitable ratio
of C225–IL–DOX concentration. NCT03603379 [169]

PEGylated
Lipososmes DOX-Trastuzumab I/II

To determine the safety
and tolerability of i.v.

administration of the PEGylated
liposomes

NCT01386580 NA

Albumin NPs
Rapamycin +

Avastin +
Radiation

II

To determine progression-free
survival (PFS) and overall

survival (OS) rate according to
response assessment in

neuro-oncology (RANO) criteria

NCT03463265 [171]

Cationic
Lipososmes SGT-53 + TMZ II

To determine six-month PFS
and OS, anti-cancer activity, safety,

and efficacy of NPs.
NCT02340156 [170]

enzyme-linked
immune spots EGFR-Bi-T I/II

To determine the maximum
tolerated dose (MTD) for eight

intrathecal (IT) injections
NCT02521090 NA
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9. Future Perspectives

The results of EGFR–TKIs drugs in clinical research showed that the molecularly targeted medicines
combined chemotherapy could achieve the highest therapeutic outcome compared to free active
components. However, the low specific inhibition and drug resistance during treatment were difficulties
in developing targeted molecular active agents. Novel signaling transduction anti-cancer drugs based on
modified therapy could minimize or overcome drug resistance. Remarkably, nanotechnology’s benefits
for the currently available chemotherapeutic and TKI agents provided alternative strategies for improving
therapeutic results: low solubility and BBB penetration, and prolonging the drug accumulation in
the cancer region, decreasing the side effects triggered by non-specific distribution. The nanocarriers’
design has been moved forward via its technological upgradations, yet the nanoplatform fails to attain
comprehensive clinical interpretation. Thus, the nanocarrier delivery approach is intended to assure
better chances of success in a clinical trial [172].

Moreover, the clinical trial evidence (Table 3) was intended to determine the safety and efficacy
of nanoformulations for the GBM treatment that have been happening since the beginning of
the twenty-first century. Hence, the results of clinical studies have not yet been published,
which contribute to paving the way for the clinical interpretation of nanotherapies for GBM.
The researchers have recently considered utilizing natural compounds such as polyphenols
and cannabinoids to target EGFR and its downstream pathway in various cancer cell lines [173–178].
The brain’s microenvironment, prominently advanced as per our understanding, targeting GBM cells
with Janus kinases/signal transducer and activator of transcription proteins (JAK/STAT) inhibitors via
combinational approaches could boost immunity with the reduced oncogenic effect of the GBM cancer
cells [179,180].

10. Conclusions

The clinical trials of the nano-based formulations of chemotherapeutic and/or TKI drugs in
combination are awaited. After an extensive literature search, it could be stated that novel approaches
to treat GBM using mono or combinational therapy of polyphenols and anti-EGFR drugs to target
multi signaling pathways (EGFR, JAK/STAT, and PI3K/AKT/mTOR) would help overcome the multiple
failures of EGFR–TKI drug trials. Furthermore, the novel nano-based combinational therapy might
positively reverse chemotherapeutic and TKI drug-induced resistance.
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Abstract: The dense extracellular matrix (ECM) in heterogeneous tumor tissues can prevent the deep
tumor penetration of drug-loaded nanoparticles, resulting in a limited therapeutic efficacy in cancer
treatment. Herein, we suggest that the deep tumor penetration of doxorubicin (DOX)-loaded glycol
chitosan nanoparticles (CNPs) can be improved using high-intensity focused ultrasound (HIFU)
technology. Firstly, we prepared amphiphilic glycol chitosan-5β-cholanic acid conjugates that can
self-assemble to form stable nanoparticles with an average of 283.7 ± 5.3 nm. Next, the anticancer
drug DOX was simply loaded into the CNPs via a dialysis method. DOX-loaded CNPs (DOX-CNPs)
had stable nanoparticle structures with an average size of 265.9 ± 35.5 nm in aqueous condition.
In cultured cells, HIFU-treated DOX-CNPs showed rapid drug release and enhanced cellular uptake
in A549 cells, resulting in increased cytotoxicity, compared to untreated DOX-CNPs. In ECM-rich
A549 tumor-bearing mice, the tumor-targeting efficacy of intravenously injected DOX-CNPs with
HIFU treatment was 1.84 times higher than that of untreated DOX-CNPs. Furthermore, the deep
tumor penetration of HIFU-treated DOX-CNPs was clearly observed at targeted tumor tissues, due to
the destruction of the ECM structure via HIFU treatment. Finally, HIFU-treated DOX-CNPs greatly
increased the therapeutic efficacy at ECM-rich A549 tumor-bearing mice, compared to free DOX and
untreated DOX-CNPs. This deep penetration of drug-loaded nanoparticles via HIFU treatment is a
promising strategy to treat heterogeneous tumors with dense ECM structures.

Keywords: glycol chitosan nanoparticle; high-intensity focused ultrasound; deep tumor penetration;
dense ECM; cancer treatment

1. Introduction

Anticancer drug-loaded nanoparticles have been used extensively in cancer treatment. This is
because drug-loaded nanoparticles can be efficiently localized at targeted tumor tissues via
nanoparticle-derived enhanced permeation and retention (EPR) effects in many pre-clinical tests [1–3].
The rapid growth of tumor tissues can cause a leaky vasculature as well as a suppression
of lymphatic drainage, resulting in making different characteristics from those of the normal
vasculature. In particular, since nanoparticles can extravasate into tumor tissues efficiently via
the EPR effect, the EPR effect is regarded as the golden standard in designing nanoparticles for drug
delivery [4,5]. Therefore, various nanosized materials, such as liposomes, polymeric nanoparticles,
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metal nanoparticles, and inorganic nanoparticles have been used in tumor-targeting delivery
systems [6–9]. However, challenges remain to further improve the therapeutic efficacy of drug-loaded
nanoparticles in heterogeneous tumors [10–12]. In particular, the delivery efficacy of drug-loaded
nanoparticles is hampered greatly by limited deep tumor penetration in the complex tumor
microenvironment [13–15]. It has been known that heterogeneous tumors differ in their vascular
structure and perfusion rate [16,17]. Moreover, the thick extracellular matrix (ECM) which consists of
collagen and hyaluronan (HA) in the tumor tissue can inhibit the deep tissue penetration of drug-loaded
nanoparticles [18,19]. This is because the dense ECM can act as a physical barrier to the accumulation
and deep tissue penetration of drug-loaded nanoparticles [15,20]. Thus, the development of a way to
ensure a deep penetration of drug-loaded nanoparticles into tumor tissue is an essential challenge to
improve the therapeutic efficacy of nanoparticle-based drug delivery systems in cancer treatment.

Many researchers have tried to improve the delivery efficiency of drug-loaded nanoparticles
through the remodeling of the ECM in the tumor microenvironment [21,22]. Enzyme-conjugated
nanoparticles have been used to increase the deep tissue penetration of nanoparticles through
deconstructing the ECM structure, resulting in improvements in the therapeutic efficacy of the tumor.
For example, matrix metalloprotease (MMP)-conjugated nanoparticles could break down the ECM
structure, resulting in an improved delivery efficiency into deep tumor tissue and the therapeutic
efficacy of drug-loaded nanoparticles [23]. Nevertheless, the applications of enzyme-conjugated
nanoparticles is still limited due to the complex chemical reactions that bind the enzyme to the
nanoparticle surface [24,25]. More practically, high-intensity focused ultrasound (HIFU) technology
has been used to break down physically the dense ECM structure in the tumor microenvironment
without any toxicity in normal organs. HIFU-mediated drug delivery systems could improve the
delivery of high-molecular-weight antibodies and nanoparticles to tumor tissue, due to the successful
destruction of the ECM barrier in tumor tissues [26,27]. In our previous report, we reported the exact
mechanism of the HIFU-mediated deep tumor penetration of nanoparticles in heterogeneous tumor
models [28,29]. Many human solid tumors express high levels of collagen and hyaluronan matrixes
that can acts as physical barriers for inhibiting the deep tumor penetration of antibodies and high
molecular anticancer drugs [30]. In particular, these EMC-rich tumor tissues composed of highly
expressed collagen and hyaluronan matrixes can affect the accessibility and deep tumor penetration
of nanosized drug delivery systems in pre-clinical tests [31]. Interestingly, the dense ECM structure
of tumor tissues was successfully destroyed by non-invasive pulsed-HIFU exposure. Furthermore,
the interstitial flow pressure (IFP) in the tumor tissue was reduced by normalizing the tumor vessels in
ECM-rich tumors. Surprisingly, intravenously injected nanosized nanoparticles could be successfully
accumulated at in ECM-rich tumors exposed to non-invasive HIFU treatments. These overall results
demonstrate that ECM remodeling by HIFU treatment is a promising strategy to enhance the deep
tumor penetration and enhanced tumor targeting of drug-loaded nanoparticles in solid tumors.

Glycol chitosan is a natural polysaccharide which is derived from chitosan, it has biocompatibility,
non-toxicity, biodegradability, and easy fabrication properties [32]. Notably, a large number of reactive
functional groups (primary amine and hydroxyl group) on the glycol chitosan backbone can be modified
with cholanic acids, hydrotropic oligomer, photosensitizers, and fullerene, resulting in the formulation
of nanomedicines for chemotherapy, gene therapy, and photodynamic therapy [33]. Among them,
hydrophobically modified glycol chitosan can form self-assembled nanoparticles due to its amphiphilic
structure. In particular, the hydrophobic inner cores of glycol chitosan nanoparticles can be used to
deliver theranostic agents such as paclitaxel, docetaxel, and iron oxide nanoparticles via the EPR effect
in tumor tissue, resulting in an improved drug delivery efficiency as well as tumor-specific imaging in
pre-clinical mice tumor models [34–36].

Herein, we evaluate the drug delivery efficacy and therapeutic efficacy of HIFU-triggered
drug-loaded nanoparticles at ECM-rich tumor models, wherein the ECM-rich tumor tissues were treated
with HIFU to destroy the dense ECM structure at A549 tumor tissues (Figure 1a). First, we prepared
doxorubicin-loaded glycol chitosan nanoparticles as model drug-loaded nanoparticles. We expect that
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doxorubicin (DOX)-chitosan nanoparticles (CNPs) are very suitable as model drug delivery systems,
due to their high-tumor-targeting ability and low systemic toxicity in vivo [37]. The biodegradable
and hydrophilic glycol chitosan polymers were modified hydrophobic 5β-cholanic acid and the
conjugates were self-assembled to form glycol chitosan nanoparticles (CNPs). Next, the anticancer
drug doxorubicin (DOX) was loaded into CNPs via a simple dialysis method, resulting in DOX-loaded
CNPs (DOX-CNPs). The in vitro drug release, cellular uptake and cytotoxicity of HIFU-triggered
DOX-CNPs were characterized in cultured cells. Finally, the deep tumor penetration and therapeutic
efficacy of HIFU-triggered DOX-CNPs were carefully examined in an ECM-rich A549 tumor animal
model, compared to free DOX and untreated DOX-CNPs.
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Figure 1. (a) High-intensity focused ultrasound (HIFU) treatment of doxorubicin (DOX)-loaded glycol
chitosan nanoparticles (CNPs) (DOX-CNPs) to increase their deep tumor penetration in extracellular
matrix (ECM)-rich tumor models. (b) Schematic illustration of glycol chitosan-5β-cholanic acid conjugate.
The glycol chitosan-5β-cholanic acid conjugates form self-assembled nanoparticles in aqueous condition.
The anticancer drug of DOX can be loaded into CNPs via a dialysis method, resulting in DOX-CNPs.

2. Materials and Methods

2.1. Materials

Glycol chitosan (MW = 250 kDa; degree of deacetylation > 60%), doxorubicin hydrochloride
(DOX-HCl), 5β-cholanic acid, 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride (EDC),
N-hydroxysuccinimide (NHS), triethylamine (TEA), anhydrous methanol and anhydrous dimethyl
sulfoxide (DMSO) were purchased from Sigma-Aldrich (Merck, Darmstadt, Germany). A fluorescent
molecule, Cy5.5-NHS ester, was purchased from Lumiprobe Corporation (Hunt Valley, MD, USA).
All other chemicals were purchased as reagent grade and used without further purification
or modification.
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2.2. Synthesis and Characterization of Doxorubicin-Loaded Glycol Chitosan Nanoparticles (DOX-CNPs)

To prepare glycol chitosan nanoparticles (CNPs), hydrophobic 5β-cholanic acid was chemically
conjugated to the hydrophilic glycol chitosan through amide linkage formation in the presence of
EDC and NHS [15,38]. Briefly, 150 mg of 5β-cholanic acid was dissolved in 120 mL of methanol and
mixed with EDC (120 mg) and NHS (72 mg). A total of 500 mg of glycol chitosan was dissolved
in 120 mL of methanol/deionized distilled water solution (1:1 v/v), followed by slow mixing with
5β-cholanic acid solution. The mixture was vigorously stirred at room temperature for 24 h, and then
purified by dialysis against distilled water/methanol (1:1 and 1:0 v/v) using a Spectra/Por®4 dialysis
membrane (MWCO = 12–14 kDa, Repligen Corporation, Waltham, MA, USA). The resulting solution
was lyophilized to obtain a white powder of CNPs. For the in vitro and in vivo fluorescence monitoring
of CNPs, CNPs were chemically modified with near-infrared fluorescence (NIRF) dye, Cy5.5. In brief,
100 mg of CNPs were dissolved in 40 mL of DMSO, followed by mixing with 1 mL of DMSO
containing 1 mg of Cy5.5-NHS. The mixture was stirred for 12 h at room temperature. Subsequently,
the mixture was purified by dialysis against distilled water for 2 days using a Spectra/Por® 4 dialysis
membrane (MWCO = 12–14 kDa, Repligen Corporation, Waltham, MA, USA). The resulting solution
was lyophilized to obtain Cy5.5-conjugated CNPs.

To prepare DOX-encapsulated CNPs (DOX-CNPs), DOX-HCl was physically encapsulated into
CNPs using a simple dialysis method. In brief, 50 mg of CNPs was dissolved in 10 mL of DMSO/distilled
water (1:1 v/v). A total of 21.4 mg of DOX-HCl was dissolved in 2 mL of DMSO/distilled water (1:1 v/v).
Then, the DOX-HCl solution was treated 10.8 µL of TEA for desalting, followed by mixing with CNP
solution. The mixture was purified by a dialysis against distilled water for 12 h using a Spectra/Por® 4
dialysis membrane (MWCO = 12–14 kDa, Repligen Corporation, Waltham, MA, USA). The resulting
solution was filtered using 0.8 µm syringe filter, followed by lyophilizing to obtain DOX-CNPs.

To confirm the hydrodynamic diameter of CNPs and DOX-CNPs, 1 mg of CNPs and DOX-CNPs
were dispersed into 1 mL of PBS (pH 7.4) using a probe-type sonicator (Amp 21%, 1 min, VCX-750,
Sonics and Materials, Newtown, CT, USA). The volume-weighted size distribution and zeta
potential of CNPs and DOX-CNPs were measured using dynamic light scattering (DLS, Nano ZS,
Malvern Panalytical Ltd., Grovewood Road, Malvern, UK) at 25 ◦C. The size stability and
volume-weighted size distribution of CNPs and DOX-CNPs were monitored in both PBS (pH 7.4) and
1% FBS-containing PBS (pH 7.4) conditions using DLS. The morphologies of CNPs and DOX-CNPs were
observed using transmission electron microscopy (TEM, CM30 Electron Microscope, Philips, CA, USA)
at 200 eKV of an accelerating voltage. For TEM images, CNPs and DOX-CNPs were dispersed in
distilled water and 5 µL of CNPs or DOX-CNPs solution was dropped on a 200 mesh carbon-coated
copper grid, followed by negative staining using 2% uranyl acetate solution. Based on TEM images
(n = 10), size distribution of CNPs and DOX-CNPs were determined using Image Pro Plus4.5 5 software
(Media Cybernetics, Bethesda, Rockville, MD, USA).

2.3. In Vitro Release Profile of HIFU-Triggered DOX-CNPs

An in vitro DOX release from DOX-CNPs was observed in 37 ◦C PBS (pH 7.4) containing 0.1% of
Tween 80. To observe the HIFU-triggered DOX-release, 10 mg of DOX-CNPs was dispersed in PBS (2 mL)
and placed in a dialysis membrane (MWCO = 100 kDa, Repligen Corporation, Waltham, MA, USA)
(n = 3). The membrane was transferred into a 50 mL conical tube filled with 10 mL of PBS (pH 7.4)
containing 0.1% of Tween 80. The conical tubes were placed in a 37 ◦C water bath then shaken
horizontally (100 rpm). The dialysis membrane was treated with HIFU in destruction mode for 5 min
(power: 10 MHz, mechanical index: 0.235) using a High-Resolution Micro-Imaging System (Vevo 770,
Visualsonics, Toronto, ON, Canada). The amount of DOX released from CNPs at a pre-determined
time point was determined using an absorbance at 490 nm measured by the UV–Vis spectrometer
(G1103A, Agilent, Santa Clara, CA, USA).
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2.4. Cellular Uptake Behavior of HIFU-Triggered DOX-CNPs

Human non-small cell lung tumor cells, A549, was cultured in Roswell Park Memorial Institute
(RPMI) 1640 media (Welgene, Daegu, Korea) containing 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin at 37 ◦C in a 5% CO2 incubator. To demonstrate the cellular uptake of
DOX-CNPs, A549 cancer cells (1 × 104 cells) were seeded onto 35 mm glass bottom dish and incubated
for 24 h. After 24 h post-incubation, the medium was replaced with 1 mL of FBS-free RPMI-containing
Cy5.5-labeled DOX-CNPs (1 µg/mL of DOX, 1 mL). To characterize the cellular uptake mechanism
of the HIFU-triggered cellular uptake mechanism of DOX-CNPs, DOX-CNP-treated A549 cells were
treated with HIFU in destruction mode (power: 10 MHz, mechanical index: 0.235) for 5 min and
then incubated for pre-determined time. DOX-CNP-treated A549 cells were washed twice using
Dulbecco’s Phosphate Buffered Saline (DPBS) and fixed with a 4% paraformaldehyde solution for
10 min. The nuclei of A549 cells was stained with DAPI for 5 min at room temperature. The fluorescence
from A549 cells was visualized using confocal laser scanning microscopy (Leica TCS SP8, Wetzlar,
Land Hessen, Germany) equipped with 405-diode (405 nm), Ar (488 nm), and HeNe-Red (633 nm)
lasers. Tumor tissue fluorescence images were acquired using LAS X software (Leica Microsystems,
Wetzlar, Land Hessen, Germany). The fluorescence of DOX and CNP was measured using Image Pro
Plus 4.5 5 image analysis software (Media Cybernetics, Bethesda, Rockville, MD, USA).

2.5. In Vitro Cytotoxicity Test of HIFU-Triggered DOX-CNPs

The A549 tumor cells (5 × 103 cells/well) were seeded onto 96-well plates and stabilized for 12 h.
The A549 cells were then incubated with various concentrations (0, 0.1, 1, 10, 100 and 500 µg/mL of
DOX) of free DOX, CNPs and DOX-CNPs for 24 h. To measure cell viability, 10% (v/v) CCK-8 solution
was added to each well, followed by further incubation for 1 h at 37 ◦C. The absorbance at 450 nm was
measured using a microplate reader (VERSAmax™, Molecular Devices Corp., Sunnyvale, CA, USA).

To analyze the cell viability after HIFU treatment, A549 cells were incubated with CNPs and
DOX-CNPs (100 µg/mL of DOX) for 24 h. These A549 cells were exposed to HFU in destruction
mode (power: 10 MHz, mechanical index: 0.235) for 5 min, followed by further incubation for 24 h
at 37 ◦C in a 5% CO2 incubator. Finally, the A549 cells were washed twice with DPBS. Subsequently,
10% (v/v) CCK-8 solution was added to each well, followed by further incubating for 1 h at 37 ◦C.
The absorbance at 450 nm was measured using a microplate reader (VERSAmax™, Molecular Devices
Corp., Sunnyvale, CA, USA).

2.6. In Vivo Biodistribution of HIFU-Triggered DOX-CNPs in A549 Tumor-Bearing Mice

All animal experiments were performed in compliance with the guidelines of the Institutional
Animal Care and Use Committee (IACUC) in the Research Animal Resource Center of Korea Institute
of Science and Technology (approved number: 2017-109). To establish A549 tumor-bearing mice,
1 × 107 cells of A549 cells were inoculated in the left flank of male Balb-c/nude mice (4 weeks old,
ORIENT BIO Inc., Gyeonggi-do, Korea). When the tumor volume reached approximately 250 ± 50 mm3,
Cy5.5-labeled DOX-CNPs (20 mg/kg, 100 µL) was injected through the tail vein. HIFU (VIFU 2000,
ALPINION, Gyeonggi-do, Korea) was applied at the tumor site for 5 min simultaneously with
an intravenous injection of Cy5.5-DOX-CNPs as pre-set conditions (intensity: 5 W/cm2, frequency:
1.5 MHz, duty cycle: 10%, pulse repetition frequency: 1 Hz, time per spot: 30 s, interval: 2 mm).
Near infrared fluorescence (NIRF) images of mice animal models were carried out through IVIS
SPECTRUM (Xenogen, Alameda, CA, USA). To compare the tumor and organ distributions of
Cy5.5-labeled DOX-CNPs, the mice were sacrificed 24 h post-injection. Tumor, liver, lung, spleen,
kidney, and heart were dissected from mice, and then NIRF images were obtained via IVIS SPECTRUM.

To observe the deep tissue penetration of Cy5.5-labeled DOX-CNPs, tumor tissues were excised 24 h
post-injection of Cy5.5-labeled DOX-CNPs. Excised tumor tissues were embedded in an optimum cutting
temperature tissue compound (OCT compound, Sakura Finetek, Chuo-ku, Tokyo, Japan), followed by
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a transfer to a refrigerator at under −20 ◦C for 24 h. The tumor tissue blocks were sectioned with a
10 µm thickness with a cryostat (Leica, Bannockburn, IL, USA). The tumor tissue slides were washed with
distilled water twice to remove the OCT compound, followed by nuclei staining using DAPI solution for
about 10 min. After being washed three times with DPBS, tumor tissue slides were fixed using mounting
solution (Vectashield, Vector Laboratories Inc., Burlingame, CA, USA). The fluorescence of the tumor
tissue was observed using a fluorescence microscopy (OLYMPUS, Tokyo, Japan).

2.7. Antitumor Efficacy of DOX-CNPs with HIFU Treatment

To evaluate antitumor efficacy in animal models, 1 × 107 cells of A549 cells were inoculated
in the left flank of male Balb-c/nude mice (4 weeks old, ORIENT BIO Inc., Gyeonggi-do, Korea).
When the tumor volume reached approximately 60 ± 5 mm3, saline, DOX (2 mg/kg), DOX-CNPs
(2 mg/kg of DOX) were injected into the A549 tumor-bearing mice through the tail vein. At 1, 3, 5
and 7 days post-injection, the tumor tissues were treated with HIFU for 5 min as pre-set conditions
(intensity: 5 W/cm2, frequency: 1.5 MHz, duty cycle: 10%, pulse repetition frequency: 1 Hz, time per
spot: 30 s, interval: 2 mm). Tumor volume and survival rate were monitored for 22 days to evaluate
the antitumor efficacy of each group.

2.8. Histological Analysis

To observe the ECM-rich structure of A549 tumor tissue, collagen in murine squamous cell
carcinoma (SCC7) and A549 tumor tissues were stained using Masson’s trichrome staining method [28].

In brief, 1 × 106 cells of SCC7 cells and 1 × 107 cells of A549 cells were inoculated in the left flank
of male Balb-c/nude mice (4 weeks old, ORIENT BIO Inc., Gyeonggi-do, Korea). When SCC7 and A549
tumor tissues grew to 250 ± 50 mm3, both tumors were excised and fixed in 4% formaldehyde solution.
The tumor tissues were then embedded in paraffin after dehydration. Paraffin-embedded tumor tissues
were cut to 6 µm thick and tissue slides were stained with Masson’s trichrome staining solution.

Furthermore, ECM structure changes of A549 tumor tissues after HIFU treatment were observed
using Masson’s trichrome staining method. In brief, 1 × 107 cells of A549 cells were inoculated in the
left flank of male Balb-c/nude mice (4 weeks old, ORIENT BIO Inc., Gyeonggi-do, Korea). When A549
tumor tissues grew to 250 ± 50 mm3, the tumor tissues were treated with HIFU for 5 min as pre-set
conditions (intensity: 5 W/cm2, frequency: 1.5 MHz, duty cycle: 10%, pulse repetition frequency:
1 Hz, time per spot: 30 s, interval: 2 mm). The tumor tissues were then excised and embedded in
paraffin after dehydration. Paraffin-embedded tumor tissues were cut to 6 µm thick and tissue slides
were stained with Masson’s trichrome staining solution. Blue-stained collagen in the tumor tissue
slides were observed using a light microscope (Olympus, Tokyo, Japan). For the quantification of
blue-stained collagen areas, they were measured using Image Pro Plus 4.5 5 image analysis software
(Media Cybernetics, Bethesda, Rockville, MD, USA).

To observe the organ toxicity of DOX-CNPs according to HIFU exposure, the liver and kidneys
were excised from the A549 tumor-bearing mice at 24 h post-injection of DOX-CNPs with HIFU
exposure. The excised liver and kidneys were fixed using 4% formaldehyde solution, followed by
embedding in paraffin after dehydration. The paraffin-embedded tissues were cut into 6 µm-thick
sections and were stained with hematoxylin and eosin (H&E).

To observe morphological changes in the tumor tissues, tumor tissues were excised from the
A549 tumor-bearing mice at 22 days post-treatment. The excised tumor tissues were fixed using 4%
formaldehyde solution, followed by embedding in paraffin after dehydration. The paraffin-embedded
tissues were cut into 6 µm-thick sections and were stained with hematoxylin and eosin (H&E).
All histological analysis images were acquired through a light microscope (Olympus, Tokyo, Japan).
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2.9. Statistical Analysis

In this study, the statistical differences between each group were analyzed through a one-way
ANOVA in the Origin 2020 software (OriginLab Corporation, Northampton, MA, USA). The significant
difference was marked with an asterisk (*) in the figures.

3. Results and Discussion

3.1. In Vitro Characterization of DOX-Loaded Glycol Chitosan Nanoparticles (DOX-CNPs)

The amphiphilic glycol chitosan-5β-cholanic acid conjugates were prepared by direct coupling
between hydrophobic 5β-cholanic acid and hydrophilic glycol chitosan, resulting in the formation of
nanoparticles in an aqueous condition (Figure 1b). The glycol chitosan-5β-cholanic acid conjugates
contained 162 ± 6.5 molecules of 5β-cholanic acid per glycol chitosan backbone, confirmed by a
colloidal titration method [39,40]. For the in vitro and in vivo near-infrared fluorescence (NIRF)
imaging, 3.9 molecules of Cy5.5 were chemically conjugated to glycol chitosan-5β-cholanic acid
conjugates. Next, the anticancer drug, DOX, was encapsulated into the hydrophobic cores of CNPs via
a dialysis method. The amount of DOX in DOX-CNPs was 10± 1.5 wt%, calculated by the DOX-standard
curve measured at 490 nm in the UV–Vis spectrum. The sizes of CNPs and DOX-CNPs in the aqueous
solution measured by DLS were 283.7 ± 5.3 nm and 265.9 ± 35.5 nm. The volume-weighted distribution
of CNPs and DOX-CNPs ranged from 260 to 300 nm and 140 to 300 nm, respectively, showing a
wider size distribution after DOX encapsulation (Figure 2a). Additionally, the TEM images showed
that CNPs and DOX-CNPs had spherical nanoparticle structures with diameters of 262 ± 12 nm
and 250 ± 17 nm, respectively (Figure 2b). The size histogram from the TEM images of CNPs and
DOX-CNPs showed 200 to 260 nm of distribution, resulting in the similar size distribution of CNPs
and DOX-CNPs (Figure S1a and S1b). The surface charges of CNPs and DOX-CNPs were measured
to +15.45 ± 0.90 mV and +15.3 ± 0.45 mV, indicating that the surface of CNPs and DOX-CNPs were
covered with positively charged glycol chitosan polymers (Figure 2c). Although CNPs and DOX-CNPs
had a positive surface, the volume-weighted size distribution of CNPs and DOX-CNPs showed no
changes in the size distribution under 1% FBS-containing medium (Figure S1c and S1d). Furthermore,
the size of CNPs and DOX-CNPs was stable for 3 days in both PBS (pH 7.4) and 1% FBS-containing PBS
(pH 7.4) conditions (Figure 2d). This is because glycol moiety can act as poly(ethylene glycol) (PEG),
resulting in the inhibition of size changes by interrupting protein adsorption [41]. This biocompatible
glycol chitosan polymer outer surface of CNPs and DOX-CNPs could prevent the adsorption of
non-specific proteins in vivo and enables high accumulation at targeted tumor tissues through EPR
in vivo [37]. Based on these characterization results, we expect that CNPs can sufficiently encapsulate
the anticancer drug DOX into the hydrophobic inner cores of 5β-cholanic acid. Prior to the in vivo
study of the DOX-CNPs, in vitro drug release profiles were evaluated. In the case of DOX-CNPs
without ultrasound treatment, it was confirmed that the drug was released gradually up to 24 h,
but 5 min of HIFU treatment (destruction mode, power: 10 MHz, mechanical index: 0.235) substantially
increased the drug release amount by 1.6 and 2.2 times after 30 min or 1 h post-incubation in PBS at
37 ◦C, compared to untreated DOX-CNPs, due to the ultrasound-triggered rapid drug release from
DOX-CNPs (Figure 2e).
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Figure 2. Physicochemical properties of DOX-CNPs in vitro. (a) The volume-weighted size distribution
of CNPs and DOX-CNPs (1 mg/mL) in PBS (pH 7.4), measured using dynamic light scattering. (b) TEM
image of CNPs and DOX-CNPs. (c) Characteristic table of CNPs and DOX-CNPs summarized diameter,
zeta potential, and DOX contents. (d) Size stability of CNPs and DOX-CNPs in PBS (pH 7.4) and 1%
FBS-containing PBS (pH 7.4) for 3 days. (e) In vitro release behavior of DOX from the DOX-CNPs
(mean ± SD, n = 5). HIFU treatment was carried out for 5 min.

3.2. In Vitro Cellular Uptake and Cytotoxicity of HIFU-Triggred DOX-CNPs

To observe the cellular uptake of HIFU-triggered Cy5.5-labeled DOX-CNPs, A549 cells were
treated with 100 µg of DOX-CNPs and the cells were exposed to HIFU in destruction mode
(power: 10 MHz and mechanical index: 0.235) for 5 min and the cellular uptake of HIFU-triggered
Cy5.5-labeled DOX-CNPs were visualized with confocal microscopy (Figure 3a). In the control,
without HIFU exposure, Cy5.5-labeled DOX-CNPs (red colors) slowly bound to cell membranes
after 10 min post-incubation and then they were internalized into the cytoplasm at up to 30 min,
wherein the bright red colors of Cy5.5-labeled DOX-CNPs were clearly observed in the cytoplasm
compartment of A549 cells. It is reported that CNPs show a fast uptake into cancer cells via diverse
nanoparticle-derived endocytic pathways [42–44]. Interestingly, the HIFU-triggered cellular uptake
of Cy5.5-labeled DOX-CNPs (red color) was clearly observed after 5 min of HIFU pre-treatment
(destruction mode; power: 10 MHz, mechanical index: 0.235), compared to untreated Cy5.5-labeled
DOX-CNPs. After 10 min post-incubation, a large amount of Cy5.5-labeled DOX-CNPs in the cell
membrane and cytoplasm were observed in A547 cells. Furthermore, most DOX-CNPs were rapidly
internalized into the cytoplasm compartment of A549 cells after 30 min post-incubation, due to the
HIFU-triggered rapid cellular uptake mechanism. More importantly, the rapid cellular uptake of DOX
(green color) in CNPs was clearly observed via the HIFU-triggered fast cellular uptake of DOX-CNPs,
compared to free DOX. In the case of HIFU exposure, the cellular uptake of Cy5.5-labeled DOX-CNPs
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increased by 1.6 and 2.0 times after 10 and 30 min post-incubation, compared to untreated DOX-CNPs
(Figure S2). Finally, after 30 min post-incubation, the cellular uptake of DOX molecules in CNPs
increased by 5.1 times via the HIFU-triggered cellular uptake of DOX-CNPs, compared to free DOX.
This is because HIFU exposure to live cells can increase the permeability of nanoparticles into cell
membranes via the sonoporation effect as well as the mechanical effects of ultrasound [45–47].
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Figure 3. In vitro cellular uptake and cell viability of DOX-CNPs in cultured cells. (a) HIFU-triggered
(US+) cellular uptake mechanism of DOX-CNPs. A549 cancer cells were incubated with free DOX
(1 µg/mL), DOX-CNPs (10 µg/mL) and HIFU-triggered (US+) DOX-CNPs (10 µg/mL) for 10 min and
30 min. DOX-CNP-treated A549 cells were exposed to HIFU in destruction mode (power: 10 MHz,
mechanical index: 0.235) for 5 min. (b) Cell viability of free DOX, CNPs and DOX-CNPs in cultured
A549 cells (mean ± SD, n = 5). (c) Cell viability of HIFU-triggered DOX-CNPs (10 µg/mL) in
A549 cells. CNPs (US+) and DOX-CNPs (US+) groups were treated with HIFU in destruction
mode (power: 10 MHz, mechanical index: 0.235) for 5 min and the cell viability was measured 24 h
post-incubation (mean ± SD, n = 5). (*) indicates difference at the p < 0.05 significance level.

To evaluate the cytotoxicity of DOX-CNPs in A549 tumor cells, the cell viability of A549 cells was
assayed using cell counting kit-8 (CCK-8) at various concentrations of free DOX, CNPs, and DOX-CNPs.
CNPs did not show severe cytotoxicity at a high concentration (500 µg/mL) in culture media. However,
the cell viability of DOX-CNPs-treated A549 cells gradually decreased, due to the release of free DOX
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from DOX-CNPs (Figure 3b). Furthermore, the cell viability of free DOX-treated A549 cells decreased in
a DOX concentration-dependent manner. Interestingly, HIFU exposure could increase the cytotoxicity
of DOX-CNPs in cultured cells, compared to untreated DOX-CNPs (Figure 3c). When the A549 cells
were treated with 100 µg of DOX-CNPs (10 µg of DOX) for 24 h, the cell viability was measured at
67.68 ± 5.07%. However, after HIFU exposure for 5 min, the cell viability of DOX-CNP-treated A549
decreased to 51.99 ± 1.79%. It is deduced that the rapid cellular uptake and the rapid drug release of
HIFU-triggered DOX-CNPs could increase the cytotoxicity of drug-loaded nanoparticles in cultured
cells, compared to untreated DOX-CNPs.

3.3. In Vivo Biodistribution and Therapeutic Efficacy of HIFU-Triggered DOX-CNPs

The in vivo biodistribution of Cy5.5-labeled DOX-CNPs without or with HIFU treatment was
monitored in ECM-rich A549 tumor-bearing mice. This is because A549 tumor tissues with stiff ECMs
composed of dense collagen and hyaluronan could prevent the deep tissue penetration of nanosized
drug carriers [15,28]. Prior to monitor-targeted tumor accumulation, we firstly confirmed the collagen
contents of tumor tissues using A549 and SCC7 tumor-bearing mice. When the tumor volume reached
to 250 ± 50 mm3, tumor tissues were excised from the mice, followed by staining using Masson’s
trichrome staining solution. Compared to SCC7 tumor tissue images, A549 tumor tissue images
showed a widely dispersed collagen area which was blue-stained by Masson’s trichrome staining
solution (Figure S3a). Furthermore, the blue-colored collagen fibers were intricately connected to each
other throughout A549 tumor tissues, indicating ECM-rich tumor tissues. However, in the case of
SCC7 tumor tissues, almost no collagen fibers were seen in ECM-less tumor tissues. In particular,
the amount of collagen fibers in A549 tumor tissues was eight times higher than that of SCC7 tumor
tissues (Figure S3b).

Next, we confirmed a tumor tissue collagen destruction effect by HIFU treatment. The A549 tumor
model was established by a subcutaneous injection of 1 × 107 cells into the Balb-c/nude mice. When the
tumor was grew up 250 ± 50 mm3, A549 tumor tissues were treated with HIFU (intensity: 5 W/cm2,
frequency: 1.5 MHz, duty cycle: 10%, pulse repetition frequency: 1 Hz, and time per spot: 30 s) for
5 min. Then, A549 tumor tissues were excised from the mice, followed by staining using Masson’s
trichrome staining solution. A549 tumor tissue images showed a widely dispersed blue-stained
collagen area whereas the blue-stained collagen area was dramatically reduced after HIFU treatment
(Figure S4a). Furthermore, the blue-stained collagen area of the HIFU-treated A549 tumor tissue
observed was six times lower than that of the A549 tumor tissue, resulting in a significant reduction in
collagen in the tumor tissue by HIFU treatment (Figure S4b).

To monitor the targeted tumor accumulation of DOX-CNPs, the A549 tumor model was made
by a subcutaneous injection of 1 × 107 cells into the Balb-c/nude mice. When the tumor volume
reached 250 ± 50 mm3, Cy5.5-DOX-CNPs (20 µg/kg, 100 µL) were intravenously injected into the A549
tumor-bearing mice (n = 3). After an intravenous injection of Cy5.5-DOX-CNPs, the tumor was treated
with HIFU (intensity: 5W/cm2, frequency: 1.5 MHz, duty cycle: 10%, pulse repetition frequency: 1 Hz,
and time per spot: 30 s) for 5 min and the tumor-targeting ability of Cy5.5-DOX-CNPs were visualized
using non-invasive NIRF imaging. As we expect, 6 h post-injection, HIFU-treated groups showed a high
NIRF intensity of Cy5.5-labeled DOX-CNPs at targeted tumor tissues (white dotted circle), compared to
untreated DOX-CNP groups (Figure 4a). The tumor accumulation of HIFU-treated DOX-CNPs groups
increased noticeably via the nanoparticle-derived EPR effect for 24 h, whereas untreated DOX-CNP
groups slightly accumulated at targeted tumor tissues up to 24 h post-incubation, due to the dense
ECM structure of A549 tumor tissues. To observe ex vivo NIRF images, the tumor tissues and the
major organs, including liver, lung, spleen, kidney, and heart, were excised from the tumor-bearing
mice at 24 h post-injection (Figure 4b). The bright NIRF signal of HIFU-treated DOX-CNPs was
clearly observed at targeted tumor tissues. In the control, both DOX-CNPs without and with HIFU
treatment showed the similar non-specific accumulations in normal tissues, such as liver, lung,
and kidney. In the HIFU-treated groups, the NIRF signal intensity of Cy5.5-labeled DOX-CNPs in
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the tumor tissue was 1.84 times higher than that of the untreated groups (Figure 4c). It is deduced
that HIFU treatment at targeted tumor tissues could destroy dense ECMs composed of collagen
and hyaluronan, resulting in the deep tumor penetration of DOX-CNPs at ECM-rich A549 tumor
tissues [28,48]. Surprisingly, intravenously injected DOX-CNPs could be successfully accumulated at in
ECM-rich tumors exposed to HIFU treatments. Lastly, the excised tumor tissues were further observed
using fluorescence microscopy. The NIRF microscopic images showed that untreated DOX-CNPs
mainly localized in the boundary region of ECM-rich tumor tissues, indicating that dense ECM
structures inhibited the deep tumor penetration of drug-loaded nanoparticles (Figure 4d). However,
HIFU-treated DOX-CNPs localized substantially in the deep inner part of ECM-rich tumor tissues via
the HIFU-derived destruction of the dense ECM structure. These results indicate that HIFU treatment
on ECM-rich tumor tissues helped the deep tumor penetration of DOX-CNPs in vivo.
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Figure 4. In vivo near-infrared fluorescence (NIRF) imaging of Cy5.5-labeled DOX-CNPs in ECM-rich
A549 tumor animal model. (a) Biodistribution of Cy5.5-labeled DOX-CNPs without and with HIFU
treatment (intensity: 5 W/cm2, frequency: 1.5 MHz, duty cycle: 10%, pulse repetition frequency: 1 Hz,
time per spot: 30 s, interval: 2 mm, expose time: 5 min). The red and white dot circles indicate tumor
site. (b) Ex vivo NIRF imaging of liver, lung, spleen, kidney, heart, and tumor at 24 h post-injection.
(c) Mean NIRF signal intensity of ex vivo NIRF image (Spl.; spleen, Kid.; kidney). (d) Ex vivo NIRF
microscopic images of deep tumor penetration of untreated Cy5.5-labeled DOX-CNPs and HIFU-treated
Cy5.5-labeled DOX-CNPs in ECM-rich tumor tissues.
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3.4. In Vivo Therapeutic Efficacy Using HIFU-Triggered DOX-CNPs in A549 Tumor-Bearing Mice

The in vivo therapeutic efficacy of HIFU-triggered DOX-CNPs in tumors was monitored up to
24 days. When tumors grew to approximately 60 ± 5 mm3, saline, DOX (2 mg/kg), DOX-CNPs (2 mg/kg
of DOX) were injected into the A549 tumor-bearing mice through the tail vein. At 1, 3, 5 and 7 days
after injection, tumor tissues were treated with HIFU (+HIFU) (intensity: 5 W/cm2, frequency: 1.5 MHz,
duty cycle: 10%, pulse repetition frequency: 1 Hz, and time per spot: 30 s) for 5 min. In the control,
saline-injected mice without and with HIFU treatment did not show any therapeutic efficacy during
the experiment. However, free DOX, DOX (+HIFU), DOX-CNPs showed a mild inhibitory effect on
tumor growth, indicating free DOX was not enough to kill A549 tumor cells. Moreover, DOX-CNPs did
not present an enhanced therapeutic efficacy of drug-loaded nanoparticles in ECM-rich tumor tissues
due to the limited deep tumor penetration effect. In particular, HIFU-treated DOX-CNPs showed
an improved therapeutic efficacy, compared to free DOX and DOX-CNPs without HIFU treatment.
At 22 days post-treatment, the mean tumor volumes of DOX-CNPs (+HIFU) were greatly suppressed
to 110.46 ± 18.52 mm3, compared to free DOX (+HIFU) (197.01 ± 21.22 mm3) and DOX-CNPs without
HIFU treatment (187.77 ± 18.30 mm3) (Figure 5a). To demonstrate the organ toxicity of DOX-CNPs after
HIFU treatment, H&E-stained tissue images of liver and kidney after 22 days post-injection confirmed
that there was no organ toxicity (Figure S5). Furthermore, all animal groups showed no changes
in survival rate during the treatment (Figure 5b). These results indicate that the HIFU treatment of
DOX-CNPs could greatly increase the antitumor efficacy in ECM-rich tumor models, resulting in the
deep tumor penetration of drug-loaded nanoparticles at targeted tumor tissues.
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Figure 5. In vivo therapeutic efficacy of HIFU-triggered DOX-CNPs in ECM-rich A549 tumor-bearing
mice. (a) Antitumor efficacy of DOX-CNPs with HIFU treatment (n = 5 per group). The arrows indicate
DOX-CNP injection and HIFU treatment (intensity: 5 W/cm2, frequency: 1.5 MHz, duty cycle: 10%,
pulse repetition frequency: 1 Hz, time per spot: 30 s, interval: 2 mm, expose time: 5 min). (*) indicates
difference at the p < 0.05 significance level. (b) Survival rate of A549 tumor-bearing mice treated
with saline, saline (HIFU+), DOX, DOX (HIFU+), DOX-CNPs, and DOX-CNPs (HIFU+). The arrows
indicate HIFU treatment.
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4. Conclusions

We studied the drug delivery efficacy and therapeutic efficacy of HIFU-triggered drug-loaded
nanoparticles on ECM-rich tumor models. Doxorubicin-loaded glycol chitosan nanoparticles
(DOX-CNPs) could be well accumulated in ECM-rich tumor tissues through HIFU treatment.
The in vitro HIFU-triggered DOX-CNPs showed enhanced cellular uptake and rapid drug release from
drug-loaded nanoparticles in cultured cells, resulting in increased cytotoxicity, compared to DOX-CNPs
without HIFU treatment. In addition, when ECM-rich A549 tumor tissues were treated with HIFU,
DOX-CNP could be effectively accumulated at targeted tumor tissues via deep tumor penetration,
wherein the dense ECM is broken by external HIFU. Based on these results, HIFU treatment on
ECM-rich tumor tissues could increase the accumulation efficiency of DOX-CNPs and inhibit efficiently
tumor growth. Therefore, the improved antitumor efficacy of HIFU-triggered DOX-CNPs can be
successfully applied to heterogeneous cancer treatments.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/12/10/974/s1,
Figure S1: TEM size histogram and volume-weighted size distribution of CNPs and DOX-CNPs, Figure S2:
Quantitative analysis of cellular uptake of free DOX and Cy5.5-labeled DOX-CNPs in A549 cancer cells, Figure S3:
Collagen matrix in SCC7 and A549 tumor tissues that were stained with Masson’s trichrome staining, Figure S4:
Masson’s trichrome staining images of A549 tumor tissues without or without HIFU treatment, Figure S5: Liver
and kidney H&E staining images to demonstrate organ toxicity of DOX-CNPs after HIFU treatment.
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Abstract: The use of ultrasound (US) and microbubbles (MB), usually referred to as sonoporation,
has great potential to increase the efficacy of chemotherapy. However, the molecular mechanisms
that mediate sonoporation response are not well-known, and recent research suggests that cell stress
induced by US + MBs may contribute to the treatment benefit. Furthermore, there is a growing
understanding that the effects of US + MBs are beyond only the cancer cells and involves the tumour
vasculature and microenvironment. We treated pancreatic cancer cells (MIA PaCa-2) and stromal cells,
fibroblasts (BJ) and human umbilical vein endothelial cells (HUVECs), with US ±MB, and investigated
the extent of uptake of cell impermeable dye (calcein, by flow cytometry), viability (cell count,
Annexin/PI and WST-1 assays) and activation of a number of key proteins in important intracellular
signalling pathways immediately and 2 h after sonoporation (phospho flow cytometry). Different cell
types responded differently to US ± MBs in all these aspects. In general, sonoporation induces
immediate, transient activation of MAP-kinases (p38, ERK1/2), and an increase in phosphorylation of
ribosomal protein S6 together with dephosphorylation of 4E-BP1. The sonoporation stress-response
resembles cellular responses to electroporation and pore-forming toxins in membrane repair and
restoring cellular homeostasis, and may be exploited therapeutically. The stromal cells were more
sensitive to sonoporation than tumoural cells, and further efforts in optimising sonoporation-enhanced
therapy should be targeted at the microenvironment.

Keywords: sonoporation; microbubbles; ultrasound; intracellular signaling; phosphorylation;
ultrasound contrast agents; drug delivery; cellular stress; pancreatic cancer; tumour microenvironment
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1. Introduction

The use of ultrasound (US) and microbubbles (MB) in combination with chemotherapy to increase
the efficacy of cancer therapy has gained interest in the last 20 years. The term “sonoporation”,
is often used to describe this phenomenon. The term describes the formation of pores that occur
when cells come into contact with MBs oscillating in an US field [1], hypothesised to enhance uptake
for co-administered chemotherapeutics [2]. However, there is still no consensus on what the exact
mechanisms underlying US + MBs enhanced cancer therapy are. Furthermore, the cellular stress
induced by US + MBs themselves has been proposed to contribute to the anti-cancer effects [3,4].

Despite the insufficient mechanistic understanding, substantial in vitro [5–13] and in vivo
research [5–9,14–17] has shown that US + MBs-enhanced cancer therapy is beneficial for cancer
therapy. In 2016, results from the first Phase 1 human clinical trial using US + MBs in combination
with chemotherapy to treat pancreatic ductal adenocarcinoma (PDAC) were published [18]. PDAC is a
deadly cancer, with less than an 8% five-year overall survival [19], which requires better treatment
options. The clinical trial demonstrated that the use of US + MBs is safe, and a secondary endpoint
indicated that sonoporation + chemotherapy (gemcitabine) may increase survival of patients. PDAC is
characterised by extensive desmoplastic stroma, thought to originate from cancer-associated fibroblasts
(CAFs), and a complex hypoxic tumour microenvironment, which are major contributors to resistance
to chemotherapy [19,20]. Some hypothesised effects of sonoporation on the tumour microenvironment
are increased drug extravasation from the blood vessels or destruction of tumour vasculature [2],
but the relevance of microenvironmental effects for the clinical efficacy of sonoporation remains
largely unknown.

In vitro sonoporation research has typically focused on cancer cell lines, evaluating the
sonoporation efficacy either by uptake of cell impermeable dyes [5,8,9,21] and/or by evaluation
of the viability of cells exposed to sonoporation [21] or sonoporation in combination with drugs [5–9,22].
Based on the fact that MBs are usually injected into the vasculature, in vitro studies have also addressed
the effects of sonoporation on endothelial cells, showing increased permeability both in the cellular
membrane [23,24] and interendothelial openings between cells [25–28].

Our previous study [4] using leukemic cells as a model system of cancer compared to healthy
peripheral blood cells demonstrated that different cell types have different sensitivities to sonoporation
in terms of molecular uptake, effect on viability and intracellular signalling. This was a simplified
system compared to solid tumours, which consist of the complex tumour microenvironment with
stromal cells, immune cells, fibroblasts, blood vessels and extracellular matrix (ECM) in addition to,
and supporting, the cancer cells [29]. The observed difference in sonoporation sensitivity raises the
question of whether the cell types within a solid tumour may also respond differently, meaning that
treatment of the cancer cells might not be the most important sonoporation effect in the enhancement
of chemotherapeutic efficacy. Investigations on the cellular responses to US + MBs should, therefore,
be carried out in cell types relevant for the tumour microenvironment.

In this study, we aim to improve our understanding of how sonoporation may affect pancreatic
cancer by evaluating the effects on the uptake of cell impermeable dye, viability and intracellular
signalling response in PDAC, endothelial and fibroblast cell types. The results from this study will
help expand our understanding of how the different cell types respond to sonoporation, which is
needed for the development of better in vitro and in vivo models for sonoporation, the optimisation of
sonoporation parameters and the choice of drugs. In fact, the results indicate that the cancer cells are
not the most sensitive to sonoporation in terms of uptake of cell-impermeable molecule, reduction in
viability or intracellular signalling response (phosphorylation of p38, ERK1/2, ribosomal protein S6
and 4E-BP1), further suggesting that cells in the tumour microenvironment may be relevant for
sonoporation efficacy.
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2. Materials and Methods

2.1. Chemicals

All chemicals were purchased from Merck KGaA (Darmstadt, Germany) unless otherwise stated.

2.2. Maintenance Cell Culture

Pancreatic ductal adenocarcinoma cell line MIA PaCa-2 (ATCC® CRM-CRL-1420TM,
kindly donated by Professor Anders Molven, University of Bergen, Bergen, Norway) was cultured
in high-glucose Dulbecco’s modified Eagle’s medium (DMEM #5671) supplemented with 10% foetal
bovine serum (FBS), 2% L-glutamine, 1 mM sodium pyruvate and 2.5% horse serum. Human foreskin
fibroblasts (BJ, ATCC® CRL-2522TM, kindly donated by professor Donald Gullberg, University of
Bergen, Bergen, Norway) were cultured in high-glucose DMEM #5671 supplemented with 10% FBS,
1% L-glutamine and 50 U/mL Penicillin/50 U/mL Streptomycin. Single-donor lot human umbilical
vein endothelial cells (HUVECs) (Cat#CC-2517, Lonza, Basel, Switzerland, kindly donated by Prof.
Jim Lorens, University of Bergen, Bergen, Norway) were cultured in EGMTM-2 medium supplemented
with EGMTM-2 Endothelial Cell Growth Medium-2 BulletKitTM (Lonza). Cell culture medium was
changed on the HUVECs every second day according to suppliers’ recommendations, except when
cultured in Petaka G3 LOT® (Celartia Ltd., Powell, OH, USA) [c.f. Section 2.4]. HUV-EC-Cs (ATCC®

CRL-1730TM) were cultured in F12-K medium (ATCC, Manassas, VA, USA) supplemented with
endothelial growth supplement from bovine neural tissue (#E2759) and 10% FBS. All cells were
cultured in a 5% CO2 humidified atmosphere at 37 ◦C.

2.3. Isolation of Cancer-Associated Fibroblasts (CAFs)

CAFs were isolated from cancer tissue biopsies of PDAC patients with primary lesions after
informed consent, and in accordance with the Declaration of Helsinki and approval by the Ethics
Committee (REK 2013/1772). In brief, tissues were collected and washed in Dulbecco’s modified
Eagle’s medium (DMEM #6429) supplemented with 2% antibiotic-antimycotic (AB/AM), 100 U/mL
penicillin, 100 µg/mL Streptomycin and 25 ng/mL Amphotericin B (Thermo Fischer Scientific, Waltham,
MA, USA). Bleeding and necrotic areas of the tissues were cut out using a sterile scalpel and washed
thoroughly. Tumour tissues were then cut into approximately 2–4 mm2 tissue bits and then transferred
onto a 10 cm culture dish, slightly air-dried (approximately 2 min) to allow explants to attach on
the growth surface of the dish, and incubated in FAD medium (DMEM/Nutrient Mixture F-12 Ham
supplemented with 10% FBS, 0.4 mg/mL hydrocortisone, 1% Insulin-Transferrin-Selenium, 50 mg/mL
L-ascorbic acid, 10 ng/mL epidermal growth factor and 1% AB/AM). Explants with an outgrowth of
cells with fibroblast morphology were trypsinized in a clonal ring placed around the respective explant
and fixed on the bottom of the dish with sterile vaseline and placed in 6-well plates. Isolated fibroblasts
were further characterised for lineage-specific markers: ESA, CD31, CD45 and CD140b for epithelial,
endothelial, blood-borne and mesenchymal origin, respectively. CAFs were further cultured in DMEM
(#6429) supplemented with 10% FBS and without AB/AM.

2.4. Cell Culture for Experiments

Three days prior to experiments, 26 mL of cell suspension was injected in Petaka G3 LOT®

(low oxygen transport) cell culture chambers (Figure 1a referred to as Petaka herein). A suitable
number of cells were injected to achieve confluency at the time of US/MB exposure. To avoid the
influx of air, the air valve on the Petakas was sealed with tape, and they were cultured in the
horizontal position for a minimum of 24 h to allow for cells to adhere to the plastic surface. The Petaka
chambers are designed for cell culture within a limited gas exchange and a gradually decreasing
oxygen concentration [30], which is closer to pO2 (“physioxia”) found in living tissue compared to the
“normoxic” conditions at atmospheric O2 pressure commonly used in vitro [31].
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Figure 1. (a) Drawing of cell culture bioreactor (Petaka) used for culturing of cells prior to ultrasound
(US) treatment; (b) cutaway of custom-made US treatment chamber used for US treatment of cells
(adapted from [22], Pharmaceutics, 2020).

2.5. Microbubbles

SonazoidTM (GE Healthcare, Little Chalfont, UK) was reconstituted by adding 2 mL NaCl 9 mg/mL
(B Braun, Melsungen, Germany) and gently agitated for 30 s. MBs were aspirated via a 19 G needle
and transferred to an eppendorf tube. A 19 G venting needle was used to avoid a pressure drop in the
vial. To ensure that the reconstituted bubbles were stable, Sonazoid™ bubbles were used within 1 h of
reconstitution. A 60 µL volume of reconstituted Sonazoid™ (1.2 × 109 bubbles/mL) was diluted in
NaCl 9 mg/mL to a total volume of 1 mL and injected into the Petaka immediately prior to US exposure,
giving a concentration of 2.8 × 106 bubbles/mL in the Petaka. In the untreated sample, and US alone
controls, 1 mL of NaCl 9 mg/mL was added to Petaka. The Petakas were gently rolled in all directions
to ensure a homogenous distribution of MBs and NaCl.

2.6. In Vitro Treatment with Ultrasound and Microbubbles

The cells were exposed to US using a custom-made US treatment chamber (Figure 1), based on
a previous design [32] and previously used in [22], suited for US exposure of adherent cells when
cultured in Petakas.

The US system consisted of 128, 9 × 6 mm PZ26 elements firing upwards as a plane-wave into the
Petaka, ensuring US treatment of the entire cell-covered surface in the Petaka. The US transducers were
driven by a custom Open Ultrasound system (Lecoeur Electronique, Chuelles, France). The acoustic
field had been calibrated in three axes using a 200 µm needle hydrophone (Precision acoustics Ltd.,
Dorset, UK) in the fully assembled US chamber, and the Petaka was placed at the acoustic focus.

Before US treatment, air pockets were removed from the Petaka. To ensure that the floating
MBs would come into contact with the cells, the Petaka was placed in the US treatment chamber
(Figure 1) with the cell-covered side on top, closest to the US absorber. A low-Mechanical Index (MI)
(<0.01) B-mode scan was performed before treatment with US ±MB to detect air pockets in the US
bath between the water medium and the Petaka. Air pockets, if present, were removed before US
treatment. The US conditions used were based on a previous study [22] and referred to as “Medium
US” or “High US” (see Table 1 for details). As untreated control, a Petaka, containing cells but no
MBs, was placed in the US treatment chamber for 5 min without application of US. All experiments
were performed in triplicate at minimum, except CAFs, where sonoporation experiments were only
performed once and only treated with “High US”, due to limited material availability. Imaging of cells
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was performed immediately after sonoporation with 10×magnification using a Nikon Eclipse E200
microscope equipped with a Lumenera Infinity 1 camera.

Table 1. US parameters (5 min treatment with US ±microbubbles (MBs)).

Name Frequency
(MHz)

No. of
Cycles

Duty
Cycle (%)

Pulse Repetition
Frequency (kHz)

MI
Intensity

ISPTA
(mW/cm2)

ISPPA
(W/cm2)

Medium 2.00 80 1.8 22 0.2 50 2.7
High 2.00 160 3.6 22 0.378 358 9.64

2.7. Calcein Uptake

To assess if the cell membrane had been permeabilised, a nontoxic cell-impermeable fluorescent
dye, calcein, was added during treatment with US±MB. A 50 mg/mL calcein stock solution in 1 M NaOH
was kept at 2–8 ◦C protected from light. Immediately prior to treatment with US ±MB, calcein was
mixed with NaCl 9 mg/mL ±MBs in the 1 mL that was injected into the Petaka. A concentration of
6 µM calcein was used in all experiments.

After treatment with US ±MB, the cells were incubated for 1 h to allow for cell membrane pores
to re-seal [4,33], flushed twice with phosphate-buffered saline (PBS), detached using trypsin-EDTA
0.05% and harvested from the Petaka. Following centrifugation and resuspension in PBS, the cells
were analysed by flow cytometry on an Accuri C6 flow cytometer (BDBioscience, Franklin Lakes, NJ,
USA). Data collected from Acurri C6 were gated in FlowJo®, and the uptake of calcein was measured
as a percentage of calcein-positive cells. The gating strategy is shown in Supplementary Figure S1.
The median fluorescence intensity (MFI) of the cells in the calcein-positive population was also recorded.

2.8. Viability Analysis: Apoptosis and Cell Death

Cells were treated with US ± MBs and cultured in Petaka placed in a 5% CO2 humidified
atmosphere at 37 ◦C for 24 h. Following incubation, the medium from the Petaka was collected,
cells were flushed with phosphate-buffered saline (PBS) and the cells were detached from the plastic
using Accutase®. Harvested medium and cell suspension were combined, and cells were counted
using a haemocytometer (later referred to as cell count 24 h). Trypan Blue® (Thermo Fischer Scientific,
Waltham, MA, USA) was added to identify dead cells. Apoptosis was assessed by staining with
Annexin V antibody and propidium iodide (PI) using Dead cell Apoptosis kit with Annexin V Alexa
FluorTM 488 and Propidium Iodide (PI) (Invitrogen, Catalog #V12341, Thermo Fischer Scientific,
Waltham, MA, USA). The assay was performed in accordance with the manufacturer’s protocol with
two exceptions: Half the concentration of Annexin V antibody and of PI were used, based on titration,
and PI was added shortly before flow cytometry analysis. Data were collected on an Acurri C6 flow
cytometer and gated in FlowJo®. The gating strategy is shown in Figure S2.

To assess cell loss during US exposure (e.g., due to cell detachment or destruction), the cell count
per Petaka was counted using a haemocytometer at 0 h (as described in Section 2.10). As mentioned
above, cells were also counted after 24 h to assess sonoporation effects on viability. CAFs could
not be reliably counted in the haemocytometer, due to low cell concentration. CAFs were counted
24 h after US exposure by analysis of a fixed volume of cell suspension (300 µL) using an Accuri C6
flow cytometer.

2.9. Viability Analysis: Growth Potential and Metabolic Activity

Cells harvested from the Petaka 24 h post-sonoporation were used to assess their proliferative
capacity after re-seeding. Live cells (Trypan blue® negative) were seeded on 96-well cell culture plates
(MIA PaCa-2: 3000 cells, fibroblasts: 6000 cells, HUVEC: 3000 cells), and their metabolic activity was
assessed after 24, 48 and 72 h by addition of WST-1 reagent (Roche Diagnostics GmbH, Mannheim,
Germany). WST-1 was added 2 h before detection on a multiwell spectrophotometer in accordance to
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the manufacturer’s protocol. Live cells were also seeded on 24-well plates (MIA PaCa-2: 30,000 cells,
fibroblasts: 60,000 cells, HUVEC: 30,000 cells), and the cells were detached using Accutase®, diluted in
cell culture medium, and counted after 24, 48 and 72 h using a haemocytometer.

2.10. Sample Preparation for Phosphospecific Flow Cytometry

To investigate changes in intracellular signalling events, cells were harvested from separate
Petakas as soon as possible after sonoporation and after 2 h of incubation. Timepoints were selected
based on a previous study [4]. Cells cultured in separate Petakas were treated with 1 µM A23187
(calcium ionophore) + 100 nM phorbol myristate acetate (PMA: PKC activator) for 30 min as positive
controls for intracellular signalling. Cells were detached from the Petaka using the cold trypsin
method [34,35], i.e. with ice-cold 2.5% trypsin not containing ethylenediaminetetraacetic acid (EDTA).
Prior to cell detachment, the medium was harvested, the Petaka was flushed once with ice-cold
PBS, and the collected cell culture medium and PBS were placed on ice during detachment of cells.
Ice-cold 2.5% trypsin was added to the Petaka and subsequently placed on ice during the detachment
time. In all experiments, the cell detachment on ice started within 1–3 min after US exposure.
Cell detachment time varied between cell lines, as shown in Figure S3. Cell culture medium, PBS,
and cells were collected and fixed by adding 16% paraformaldehyde (PFA, Alfa Aesar, Haverhill, MA,
USA) directly to yield a final concentration of 2%, incubated for 15 min at room temperature and
permeabilised by adding ice-cold methanol [4,36]. Before addition of PFA, a sample was taken for cell
count (later referred to as cell count 0 h) and counted using a haemocytometer.

2.11. Barcoding

To reduce antibody staining variability, the samples were barcode-stained. The six individual cell
samples were stained with unique signatures of succinimidylesters of Pacific Blue and Pacific Orange
(barcoding) for multiplex flow cytometry [37]. After barcode-staining, the samples were washed in
PBS containing 1% bovine serum albumin and 2 mM EDTA, then pooled prior to antibody staining.
A graphical depiction of barcoding/sample preparation is shown in Figure S4: One barcode represents
all five samples from one timepoint in each experiment (Untreated cells, Medium US, High US,
Medium US + MBs, High US + MBs) and a positive control. Pooled cells were split into different
tubes and each tube was stained with an antibody panel. Each panel consisted of a combination of
two antibodies conjugated to either Alexa Fluor® 488 or 647 (Table S1). The panels of markers were
based on our previous study [4]: Mitogen-activated protein kinase (MAPK; p38 and extracellular
regulated kinase 1/2 (ERK1/2), cAMP response element-binding element (CREB), protein kinase A
(PKA), signal transducer and activator of transcription 3 (STAT3; 727 epitope), phosphoinositide
3-kinase (PI3K), Akt and mammalian target of rapamycin (mTOR) pathway proteins (ribosomal protein
S6) and eukaryotic translation initiation factor 4E-binding protein (4E-BP1). The panel was extended to
include focal adhesion kinase (FAK) and Src, based on studies on mechanotransduction in response to
US [38–40]. Samples were analysed on an LSR Fortessa flow cytometer (BD Bioscience, Franklin Lakes,
NJ, USA).

2.12. Data Analysis of Phosphospecific Flow Cytometry

Data collected on the LSR Fortessa were compensated, gated and de-barcoded in DIVA software.
The gating strategy is shown in Figure S5. Analysis of median fluorescence intensity (MFI) was
performed in Cytobank (Cytobank Inc., Santa Clara, CA, USA). The MFI of each sample was corrected
for autofluorescence of the cells and the barcode staining by subtraction of MFI of the corresponding
barcoded cells unstained with antibody. The arcsinh ratio (arcsinh (treated/5)−arcsinh (control/5)) was
calculated in Microsoft Excel to depict changes in phosphorylation.
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2.13. Statistical Analysis

Statistical comparisons were performed in GraphPad Prism 8 (San Diego, CA, USA).
A Shapiro-Wilk normality test was performed on all datasets to determine if the data were normally
distributed. As over 95% of the datasets passed the normality tests, a repeated-measures one-way
Analysis of Variance (ANOVA) with Holm–Sidak’s multiple comparison test of the sample MFI versus
the untreated samples was used. In addition, an ordinary ANOVA was used for statistical comparisons
of calcein uptake and viability (treated cells versus untreated cells; medium US + MBs vs. high
US + MBs only for % calcein-positive cells). Significance level was set at p-value 0.05.

3. Results

3.1. Direct Effects of Sonoporation: Uptake of Cell Impermeable Dye and Cell Lysis (Cell Count)

In all cell types, uptake of calcein was only observed when MBs were added, suggesting that
increased uptake only occurs after sonoporation. The lowest uptake was observed in MIA PaCa-2,
12% of cells at Medium US + MBs and 25% at High US + MBs (Figure 2a). In HUVECs, the percentage of
cells taking up calcein was high (70%) at both Medium and High US + MBs (Figure 2b). The percentage
of cells taking up calcein was even higher in fibroblasts, and increased with US intensity from
Medium US (79%) to High US (90%) (Figure 2c). The increase in US parameters from medium US
to high US had a significant effect on uptake in MIA PaCa-2 and fibroblasts (p < 0.001 and p < 0.01,
respectively (statistic not displayed in Figure 2)).

1 
 

 

2 

 

3 

Figure 2. The percentage of cells taking up calcein. Addition of MBs was necessary for increased uptake
in cells. (a) In MIA PaCa-2, increased US intensity increased the percentage of calcein-positive cells.
(b) In human umbilical vein endothelial cells (HUVECs), increased US intensity was not important
for percentage of calcein-positive cells. (c) In fibroblasts, increased US intensity resulted in a small
increase in percentage of calcein-positive cells. Mean ± SEM; *** p < 0.001, **** p < 0.0001 (treated vs.
untreated cells).

The sonoporation parameters used in this study did not induce a reduction of cells (cell lysis) in
any of the cell lines used (Figure 3).

3.2. Cellular Viability upon Sonoporation

Sonoporation may induce apoptosis [41–44] and reduce proliferation of cells [4]. Sonoporation at
the US intensities in this study had minimal negative effects on the viability of MIA PaCa-2, HUVECs and
fibroblasts. In MIA PaCa-2, no increase in percentage of apoptotic cells were observed by Annexin/PI
staining (Figure 4a), although a small increase in dead cells at High US (p < 0.05) was observed
by Trypan Blue staining in samples taken directly after collecting cells and medium (Figure S6).
In HUVECs, apoptosis measured by Annexin V/PI staining increased with increasing US + MBs,
but this was not statistically significant (Figure 4b). The uptake of Trypan Blue in HUVECs at these
parameters was significantly different from untreated cells (p < 0.01) (Figure S6). In fibroblasts, a very

175



Pharmaceutics 2020, 12, 1058

small, but statistically significant (p < 0.05), increase in cell count was observed after 24 h of culturing
after sonoporation with Medium US + MBs (Figure 4c).
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2 

 

3 Figure 3. Cell count immediately (0 h) after sonoporation. Cell count (0 h) indicated no mechanical
destruction of cells in (a) MIA PaCa-2 and (c) fibroblasts, while a minor and nonsignificant reduction
was observed in (b) HUVECs. Mean ± SEM.

 

2 

 

4 Figure 4. Viability of cells harvested after 24 h of incubation in Petaka. (a) No significant reduction in the
cell count or increase in apoptotic AnnexinV/PI-stained cells of MIA PaCa-2 was observed. The metabolic
activity (WST-1) after re-seeding was not affected by US + MB. (b) Cell count 24 h post-sonoporation of
HUVECs is slightly, but not significantly, decreased in treated samples. Percentage of apoptotic cells
24 h post-sonoporation by AnnexinV/PI staining was increased, and also not statistically significant.
No significant change was observed in the metabolic activity (WST-1) of the cells after re-seeding of
the cells, although some reduction in metabolic activity was observed in cells exposed to US + MBs.
(c) No significant reduction in the cell count, increase in apoptotic AnnexinV/PI stained cells or reduced
metabolic activity (WST-1) after re-seeding of fibroblasts was observed. Mean ± SEM. * p < 0.05
(treated vs. untreated cells).
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The long-term viability after the re-seeding of cells was not significantly reduced in any of the cell
types (WST-1 in Figure 4, confirmed by cell counts in Figure S6). In HUVECs, there is a trend towards
reduced cell metabolic activity and growth after 48 h in cells treated with US + MBs, although this was
not significant.

3.3. Sonoporation Induced Changes in Intracellular Signalling

Sonoporation induced phosphorylation of MAP-kinases p38 T180/Y182 and ERK1/2 T202/Y204
in all three cell types, but with different magnitudes and timings (Figure 5a). The most pronounced
activation was observed in fibroblasts immediately after sonoporation, while the activation on MIA
PaCa-2 and HUVECs was weaker or delayed. In MIA PaCa-2, an immediate, weak activation of
both p38 T180/Y182 (Medium and High US + MBs; p = 0.15 (ns) and p < 0.05, respectively) and
ERK1/2 T202/Y204 (Medium and High US + MBs, p < 0.05 and p = 0.15 (ns), respectively) was
observed in cells treated with the combination of US + MBs (Figure 5a). p38 was still significantly
activated 2 h after sonoporation, but very weakly. In HUVECs, phosphorylation of p38 T180/Y182
was moderately increased in cells treated with US both with and without MBs immediately after
sonoporation, although this effect was only significant in cells treated without MBs (p < 0.05) (Figure 5a).
After 2 h, p38 T180/Y182 phosphorylation was still elevated, but lower than that at 0 h, in HUVECs
treated without bubbles (ns). In HUVECs treated with US + MBs, phosphorylation of p38 T180/Y182
was further increased 2 h after sonoporation (Medium US and High US + MBs; p < 0.01 and p = 0.08
(ns), respectively). ERK1/2 T202/Y204 phosphorylation was unchanged in HUVECs immediately
after sonoporation, but a small insignificant increase was observed 2 h after sonoporation in cells
treated with US + MBs. In fibroblasts, US + MBs induced significant, immediate changes in the
phosphorylation level of MAP-kinases p38 T180/Y182 (p < 0.05) and ERK1/2 T202/Y204 (p < 0.01) In
response to both Medium and High US (Figure 5a). Two hours after sonoporation, the phosphorylation
level was returned to the basal level. The phosphorylation of downstream target STAT3 S727 was not
significantly changed in any of the cell types, although STAT3 S727 was weakly increased immediately
and 2 h after sonoporation in fibroblasts.

In the mTOR pathway, 2 h after sonoporation, phosphorylation of ribosomal protein S6 was
increased in MIA PaCa-2 at the S240 epitope and in fibroblasts at both the S240 and the S235/236
epitopes (Figure 5b). However, phosphorylation of S6 was not statistically significant and varied
between experiments (Figure S7). Unlike the other cell lines, phosphorylation of ribosomal protein S6
was not increased at 2 h in HUVECs.

In general, sonoporation caused dephosphorylation of 4E-BP1 T36/45, particularly when MBs
were added (Figure 5b). In MIA PaCa-2, 4E-BP1 T36/45 was significantly dephosphorylated 2 h after
sonoporation using Medium US and Medium/High US + MBs (p < 0.05). Phosphorylation of 4E-BP1
T36/45 in HUVECs was decreased immediately using Medium US and High US + MBs (p < 0.05 and
p = 0.09 (ns), respectively), and at 2 h after using sonoporation High US + MBs (p < 0.05). In fibroblasts,
the dephosphorylation of 4E-BP1 T36/45 was most pronounced immediately after sonoporation MB
(Medium and High US + MBs; p < 0.001 and p < 0.0001, respectively). 4E-BP1 T36/45 was also
dephosphorylated in the fibroblasts in response to US without MBs, immediately after sonoporation
using Medium US (p < 0.05) and 2 h after using Medium and High US (p < 0.01 and p < 0.05,
respectively).

The only statistically significant change in phosphorylation of Akt S473 was observed in
MIA PaCa-2, 2 h after sonoporation, but this effect was very small (p < 0.05) (Figure 5b).
Changes in phosphorylation of CREB, PKA, Src and FAK, together with all experiments with CAFs,
were nonsignificant, and are presented in Supplementary data (Figures S8–S10).
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Figure 5. Intracellular signalling induced by sonoporation. Heatmaps displaying changes in
phosphorylation status (shown as arcsinh ratio) of the chosen range of proteins in response to treatment
with US with and without SonazoidTM MBs. Phosphorylation status was detected immediately (0 h)
and 2 h post-sonoporation. Different phosphorylation profiles were observed in the (a) MAP-kinase
pathway (p38, ERK1/2 and downstream target STAT3 S727), and (b) mTOR (ribosomal protein S6 and
4E-BP1) and PI3K pathways (Akt). Mean ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001
(treated vs. untreated cells).

3.4. Induction of Apoptosis by Inhibition of MEK/ERK in Combination with Sonoporation

The role of the ERK1/2 activation in response to sonoporation is not yet known, but has been
shown to be important for cellular recovery in cells exposed to pore-forming toxins through an
intracellular mechanism involving p38 and ERK1/2 (similar to observations in fibroblasts in Figure 5) [45].
Similar to Cabezas et al. [45], we treated cells with MEK/ERK inhibitor U0126 prior to sonoporation,
which increased the percentage of apoptotic fibroblasts (from 13% to 26%) and the percentage of
apoptotic HUVECs from 43% to 51% (Figure 6), but not at all in MIA PaCa-2. However, the increases
were only significant in HUVECs (p < 0.05).
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Figure 6. Inhibition of MEK/ERK with U0126 in combination with high US + MBs increased the
percentage of apoptotic (b) HUVECs (p < 0.05) and (c) fibroblasts, but not (a) MIA PaCa-2. Mean ± SEM,
* p < 0.05 (treated vs. untreated cells).

4. Discussion

4.1. Sensitivity to Sonoporation

In this work, we aimed to compare the sonoporation efficacy and intracellular signalling responses
to sonoporation in a selection of cell lines representative of the cellular diversity present in solid
tumours. The uptake of calcein and other cell-impermeable dyes is commonly used in sonoporation
research as a measure of cell permeabilization and successful drug uptake [5,8,41,46–49]. The dye
uptake may be measured both as a percentage of stained cells and sonoporation efficiency (amount of
molecules taken up, measured as fluorescence intensity). In previous studies, the percentage of
stained cells and sonoporation efficiency followed the same trend [4,33], but contrary to expectations,
opposite trends were observed in percentage and efficiency (MFI) between the cell types in this study
(Figure 2 and Supplemental Figure S11). For the purpose of this discussion, we have focussed on
percentage calcein-stained cells (Figure 2), which is the most commonly used measure. Furthermore,
this measurement followed similar trends as the observed changes in intracellular signalling.

Interestingly, the cancerous MIA PaCa2 cells experienced a considerably lower percentage of
calcein-positive cells in both the medium and high US settings (12%/25%) compared to HUVECs
(70%/70%) and fibroblasts (79%/90%). Whilst high US + MB was shown to be most efficient in
sonoporation, the higher ultrasound intensity might lead to cell damage. However, the low-intensity
US regimen used in this study did not have a major impact on cell viability. It has previously been
concluded that cancerous cells may be more sensitive to US ±MB, both in terms of viability [50,51],
or viability and uptake of cell-impermeable dye [4], but the current results indicate that sonoporation
efficacy is not really a question of healthy versus cancer cells. In addition, different PDAC cancer cell
lines have different sensitivities to sonoporation, as shown by Bjånes et al. (Supplementary Data) [22].

Sonoporation efficacy has been associated with multiple factors. While larger cells have a greater
likelihood of interaction with microbubbles, additional factors might be more relevant [51]. This is
supported by our results on sonoporation efficacy in small HUVECs versus larger HUV-EC-C cells
(HUVEC cell line) (Figure S12) where the difference in uptake was not significant, and a larger
difference was actually observed between HUVECs and MIA PaCa-2 despite their similarity in cell size
(Figure S13). Cell membrane stiffness is also proposed to influence sonoporation [52], which should be
explored in further studies.
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4.2. Induction of Sonoporation Signalling

Activation of intracellular signalling follows a similar pattern as observed in our previous
study on a leukemic cell line and peripheral mononuclear blood cells (PBMCs) [4], suggesting a
general mechanism across cell types and irrespective of differences in the culturing of suspension
and adherent cell lines. In both studies, the magnitude of activation follows the trend of calcein
uptake (i.e. extent of permeabilisation). The most important pathways involved were activation of
the MAP-kinases p38 and ERK1/2 (and CREB, STAT3, Akt in [4]), and activation of either 4E-BP1
or eIF2α [4], and ribosomal protein S6 2 h post-sonoporation. Just as in MIA PaCa-2, the changes
in intracellular signalling previously observed were overall weaker in PBMCs [4], where a lower
proportion of cells were sonoporated.

No major impact on cell viability was observed in this study, except a small increase in apoptotic
fibroblasts and HUVECs when MEK/ERK was inhibited using U0126. The activation of MAP-kinase
(p38, ERK) and dephosphorylation of 4E-BP1 in response to sonoporation resembles signalling related
to membrane repair following pore formation and osmotic stress in cells exposed to pore-forming
toxins [45,53] and electroporation [54,55]. The similarity was most pronounced in fibroblasts,
which may explain why viability was not affected in the fibroblasts in spite of the high rate of
sonoporation (calcein uptake). The mechanism for repair of sonoporation-induced pores, i.e. repairable
sonoporation [56], is still not yet fully known but has also been compared by others to membrane repair
in cells exposed to pore-forming toxins [57]. The relationship between pore formation (by sonoporation,
pore-forming toxins, electroporation), signalling events and membrane repair requires further evidence
in future studies.

Dephosphorylation of 4E-BP1 is most commonly known to suppress protein synthesis through
inhibition of cap-dependent protein translation [58,59], which under stressful conditions, may be
regulated though the unfolded protein response (UPR) to restore cellular homeostasis [60]. However,
the sonoporation-inhibition of 4E-BP1 may itself contribute to the anti-cancer effects of sonoporation.
In PDAC therapy, inhibition of 4E-BP1 in cancer-associated fibroblasts was found to repress secretion
of proteins involved in chemoresistance, and to improve the efficacy of chemotherapy (gemcitabine)
by acting as a stroma-targeted therapy [61].

Together with dephosphorylation of 4E-BP1, sonoporation induced a paradoxical phosphorylation
of ribosomal protein S6 in the mTOR signalling pathway. The role of S6 activation in response to
sonoporation is not yet known, but we observed this activation to be absent under conditions where
cellular viability was decreased by sonoporation in our previous study on leukemic cells too [4].
Typically, activation of ribosomal protein S6 stimulates cap-dependent protein translation downstream
of mTOR [62]. The activation may imply that cellular homeostasis is restored, resulting in stimulated
protein synthesis, but further studies are required to confirm this.

4.3. Limitations of This Study and Future Perspectives

Whilst the effects of sonoporation on cancer cells have been extensively studied and, to some
extent, also on HUVECs, the effects on fibroblasts, cancer-associated fibroblasts and other cells of the
tumour microenvironment are less known. As these results show that the different cell types respond
differently to sonoporation, it is important to include the cells of the tumour microenvironment in
future studies. This study was limited by the inclusion of only one cell line for each cell type and
only one cancer cell line. Based on differences in sonoporation efficacy between PDAC cell lines [22]
differences in magnitude of signalling changes may be anticipated.

The main limitations are that each cell type was studied separately and cultured as a monolayer
on a plastic surface with no regulation of liquid flow, temperature or gas saturation. Cells were
cultured in Petaka G3 LOT cell culture chambers. Even though these are designed to regulate gas
exchange, pO2 depends on the cell line and cell counts, and a limitation in these experiments is that
pO2 was not monitored, as this parameter may affect both the physical properties of microbubbles and
viability/responses of the cells.
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Recent studies on interendothelial openings between cells [25–27] suggest that the effects of
sonoporation are beyond the simple formation of pores in cancer cells interacting with bubbles in
an US field. However, this was also studied on monolayers of endothelial cells alone. The term
“sonopermeation” has been introduced to cover the broader range of effects leading to increased
delivery of drugs, including endocytosis, opening of cellular junctions and changes in vessels and
the stromal compartment [63], but actual determinations of the role of different cell types and the
mechanism of sonoporation require more advanced organoid models or preclinical studies with
humanised immune systems and tumours. Furthermore, as the results in all cell lines in this study
confirm that MBs are essential for sonoporation, more advanced models are also required to assess
if MBs only affect the endothelium or if the reduced viability and opening of junctions between
endothelial cells can lead to interaction with the tumour microenvironment and cancer cells.

The majority of these studies have been performed in triplicate due to the complexity of the
technical process required to obtain results. This may impact the statistical analysis and potential
conclusions that can be drawn from this study. Further work and additional repetitions should be
performed to independently validate these results.

5. Conclusions

Different cell types respond differently to US + MBs, in terms of uptake of cell-impermeable dye,
reduction in viability and intracellular signalling. Sonoporation is associated with activation of the
MAP-kinases p38 and ERK, and increase in the phosphorylation of ribosomal protein S6 together
with dephosphorylation of 4E-BP1. This may be a stress-response for cells to survive and repair the
cell membrane after sonoporation, resembling cellular responses to electroporation and pore-forming
toxins, and are potential drug targets enhancing the efficacy of sonoporation in cancer therapy. As cell
types in the tumour microenvironment are more sensitive to sonoporation, further efforts in optimising
sonoporation-enhanced therapy should be targeted at the microenvironment.
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Abstract: Most cancer biologists still rely on conventional two-dimensional (2D) monolayer culture
techniques to test in vitro anti-tumor drugs prior to in vivo testing. However, the vast majority of
promising preclinical drugs have no or weak efficacy in real patients with tumors, thereby delaying
the discovery of successful therapeutics. This is because 2D culture lacks cell–cell contacts and natural
tumor microenvironment, important in tumor signaling and drug response, thereby resulting in a
reduced malignant phenotype compared to the real tumor. In this sense, three-dimensional (3D)
cultures of cancer cells that better recapitulate in vivo cell environments emerged as scientifically
accurate and low cost cancer models for preclinical screening and testing of new drug candidates
before moving to expensive and time-consuming animal models. Here, we provide a comprehensive
overview of 3D tumor systems and highlight the strategies for spheroid construction and evaluation
tools of targeted therapies, focusing on their applicability in cancer research. Examples of the
applicability of 3D culture for the evaluation of the therapeutic efficacy of nanomedicines are discussed.

Keywords: 3D cultures; tumor microenvironment; tumor spheroids; efficacy analysis; drug resistance;
cancer therapy

1. Introduction

Significant investments are made in cancer research for drug discovery and development. Yet,
the approval rate (≤5%) of drugs that reach the clinic remains very low [1,2]. Typically, anticancer
compounds are tested in two dimensional (2D) cell culture models, that involve a panel of cancer
cell lines, such as those used by the US National Cancer Institute [3]. Drugs that show promising
cytotoxicity in 2D in vitro system progress to animal models of human cancers (mainly mice) for
anti-tumor efficacy testing [4]. Unfortunately, most of the promising preclinical drugs have no
or weak efficacy in real patients with tumors, resulting in a significant delay of anticancer drug
development [5]. One of the main factors underlying this poor success is the inadequacy of the
preclinical 2D cultures and animal models to recapitulate the human tumor microenvironment (TME).
TME is a complex and heterogeneous structure made of cellular (e.g., transformed epithelial cells,
fibroblasts, infiltrating lymphocytes, mesenchymal stem cells, endothelial cells) and non-cellular (e.g.,
extracellular matrix—ECM, growth factors, cytokines and chemokines) components, with a critical role
in cancer development and progression [6,7]. The 2D culture systems lack the structural architecture
and the microenvironment of the tumor, and display altered gene expression and activation of cell
signaling pathways, compared to the in vivo tumor tissues (Table 1) [8–10]. Besides the associated
higher cost and ethical issues, animal models also display significant limitations and poorly reflect the
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proprieties of human tumors. For instance, the stromal component of the xenograft is not of human
origin, the rate of growth is higher in xenografts (doubling time of a few days) than in primary human
tumors (doubling time of a few months), and, thus, they often tend to respond better to anticancer
drugs [11].

Table 1. Differences between conventional 2D monolayer and 3D spheroid cultures.

Cell Culture System Advantages Disadvantages

2D cultures

• Fast replication;
• Low cost;
• Easy to manipulate;
• Establish long-term cultures.

• Homogeneity in oxygen and
nutrients perfusion;

• Decreased cell–cell and
cell–ECM interactions;

• More susceptible to pharmacological action;
• Poor cell differentiation;
• Faster proliferation than in vivo tumors.
• Modified genetic profile when compared to

in vivo tissue.

3D cultures

• Heterogeneity in oxygen and
nutrients perfusion;

• 3 different layers (proliferation, quiescence and
necrosis zones) resembling the in vivo tumors;

• Increased cell–cell and cell–ECM interactions;
• Mimic drug penetration in the tumor.
• Recapitulate the genetic in vivo profile.

• High cost;
• Greater difficulty in carrying out

methodological techniques.

Therefore, the development of preclinical models that better recapitulate patient tumor and
microenvironment represents a promising challenge to improve the success rates in anticancer drug
development. Since the discovery of the importance of the extracellular matrix (ECM) in cell behavior,
it became clear that three-dimensional (3D) cell culture systems offer an excellent opportunity to
recapitulate the real avascular tumor, by allowing cancer cells to be cultured, either alone or in
co-culture with other cell types, in a spatial manner reminiscent of the structural architecture of
the tumor that provides cell–cell and cell–ECM interactions, thereby mimicking the native tumor
microenvironment (Table 1) [12–15]. Hopefully, besides circumventing the barriers and limitations
imposed by 2D monolayer cultures, 3D cell culture models could reduce or, ideally, replace the use
of animal models, thereby resolving the associated ethical and cost issues [16,17]. Here, common
3D cell culture methods are highlighted, the characterization tools for the evaluation of the targeted
effect are reviewed, with focus on multicellular tumor spheroids (MCTS) and their applicability in
cancer research.

2. Tumor Microenvironment as Pathophysiologic Barrier to Anticancer Therapy

The TME comprises the heterogeneous population of malignant cells, the ECM, and various
tumor-associated cells such as cancer-associated fibroblasts (CAF), endothelial cells, adipocytes, and
immune cells (Figure 1). Tumor-associated macrophages (TAMs) are monocyte-derived macrophages
that can be categorized as inflammatory M1 macrophages, with roles in phagocytosis and cell killing,
and immunosuppressive M2 macrophages, with roles in tissue repair [18]. The TME, mainly through
hypoxia and secreted cytokines, promotes the M2 phenotype which favors, amongst others, tissue
repair and tumor invasion and progression [19,20]. TAMs can constitute up to 50% of the tumor mass,
and are associated with poor prognosis in many cancer types. CAFs are also a major component of the
TME, characterized by a high interaction with tumor cells and the TME. In this context, CAFs contribute
to tumor cell invasion, as well as to changes in tumor growth and immune microenvironment, through
ECM remodeling and production of soluble factors [21,22].

188



Pharmaceutics 2020, 12, 1186

Pharmaceutics 2020, 12, x  3 of 40 

 

the tumor mass, and are associated with poor prognosis in many cancer types. CAFs are also a major 

component of the TME, characterized by a high interaction with tumor cells and the TME. In this 

context, CAFs contribute to tumor cell invasion, as well as to changes in tumor growth and immune 

microenvironment, through ECM remodeling and production of soluble factors [21,22]. 

  

Figure 1. Schematic representation of the tumor microenvironment. The tumor ecosystem consists of 

a heterogeneous population formed by cancer and infiltrating immune cells, including tumor-

associated fibroblasts, myeloid-derived suppressor cells and immune cells. The cross-talk between all 

these tumor microenvironment components play an essential role in tumor growth, development and 

metastasis, under hostile conditions. Soluble factors are constantly produced, triggering 

immunosuppressive responses and tumor survival. Created with BioRender.com. 

The ECM provides structural support for cells in the extracellular space, and is composed of 

structural fibrous proteins (e.g., collagens and elastin), multiadhesive proteins (e.g., fibronectin and 

laminin), glycosaminoglycans (e.g., heparan sulfate, hyaluronan), proteoglycans (e.g., perlecan, 

syndecan), and sequestered growth factors, as well as secreted proteins [23–25]. The cross-talk 

between the different TME cells and components plays an essential role in tumor growth, progression 

and metastasis [26]. 

Many factors present in the TME, including transforming growth factor beta (TGF-β), cytokines 

(IL-10 and IL-1β), members of the VEGF, plateled-derived growth factor (PDGF), FGF, angiopoietin 

families, Bv8/PROK2, and hypoxia-inducible factor (HIF)-1α, provide molecular support to tumor 

growth and progression [27–30]. Additionally, cancer cells are experts in modifying their 

surrounding environments. For instance, cancer cells can co-opt fibroblasts to obtain growth factors, 

such as basic fibroblast growth factor (bFGF), necessary to sustain their growth and proliferation. 

additionally, tumor cells can interact with the surrounding endothelial cells, promoting the release 

of soluble factors, like vascular endothelial growth factor (VEGF), to trigger the angiogenic process. 

Tumor cells can also evade the immune-mediated cellular destruction through different strategies. 

For instance, loss of tumor antigen expression precludes their recognition by the immune system, 

production of immunosuppressive cytokines protects them from the cytotoxic lysis by immune cells, 

and development of immunosuppressive forces leads to local immunosuppression in the TME that 

shifts the phenotype and function of normal immune cells from an anti-tumor state to a pro-tumor 

state [31–36]. 

Currently, treatment options against cancer include surgery, chemotherapy, radiation therapy, 

hormonal therapy, and targeted therapy [37]. Basically, anticancer therapies aim to target tumor cells 

either directly, through DNA damage by cytotoxic drugs or local radiation causing apoptosis, or 

indirectly, through the destruction of TME so as to deprive cancer cells of the machinery that fuel 

Figure 1. Schematic representation of the tumor microenvironment. The tumor ecosystem consists of a
heterogeneous population formed by cancer and infiltrating immune cells, including tumor-associated
fibroblasts, myeloid-derived suppressor cells and immune cells. The cross-talk between all these tumor
microenvironment components play an essential role in tumor growth, development and metastasis,
under hostile conditions. Soluble factors are constantly produced, triggering immunosuppressive
responses and tumor survival. Created with BioRender.com.

The ECM provides structural support for cells in the extracellular space, and is composed
of structural fibrous proteins (e.g., collagens and elastin), multiadhesive proteins (e.g., fibronectin
and laminin), glycosaminoglycans (e.g., heparan sulfate, hyaluronan), proteoglycans (e.g., perlecan,
syndecan), and sequestered growth factors, as well as secreted proteins [23–25]. The cross-talk between
the different TME cells and components plays an essential role in tumor growth, progression and
metastasis [26].

Many factors present in the TME, including transforming growth factor beta (TGF-β), cytokines
(IL-10 and IL-1β), members of the VEGF, plateled-derived growth factor (PDGF), FGF, angiopoietin
families, Bv8/PROK2, and hypoxia-inducible factor (HIF)-1α, provide molecular support to tumor
growth and progression [27–30]. Additionally, cancer cells are experts in modifying their surrounding
environments. For instance, cancer cells can co-opt fibroblasts to obtain growth factors, such as basic
fibroblast growth factor (bFGF), necessary to sustain their growth and proliferation. additionally,
tumor cells can interact with the surrounding endothelial cells, promoting the release of soluble
factors, like vascular endothelial growth factor (VEGF), to trigger the angiogenic process. Tumor cells
can also evade the immune-mediated cellular destruction through different strategies. For instance,
loss of tumor antigen expression precludes their recognition by the immune system, production of
immunosuppressive cytokines protects them from the cytotoxic lysis by immune cells, and development
of immunosuppressive forces leads to local immunosuppression in the TME that shifts the phenotype
and function of normal immune cells from an anti-tumor state to a pro-tumor state [31–36].

Currently, treatment options against cancer include surgery, chemotherapy, radiation therapy,
hormonal therapy, and targeted therapy [37]. Basically, anticancer therapies aim to target tumor
cells either directly, through DNA damage by cytotoxic drugs or local radiation causing apoptosis,
or indirectly, through the destruction of TME so as to deprive cancer cells of the machinery
that fuel their growth and progression. However, these therapies induce new biological tumor
responses, mainly through immunological and angiogenic modulation, contributing to drug resistance,
which remains a serious consequence of most anticancer treatments, impacting the patient’s prognosis
and quality of life [31,38].
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The TME imposes many biological barriers that greatly hinder drug delivery to tumors [39,40].
These barriers include malformed vasculature, rigid extracellular matrix, hypoxia, acidic pH, abnormal
enzyme level, altered metabolism pathway, and immunosuppressive environment. Uncontrolled cell
growth and proliferation result in insufficient blood supply to cancer cells in the inner core and in the
intermediate layer of the tumor mass, causing cellular hypoxia [39]. Hypoxia, one of the hallmarks
of cancer, plays a fundamental role in tumor development and malignancy. This condition is able
to modify the tumor endothelial cells morphology, reducing oxygen diffusion to cancer tissue [41].
While hypoxia is harmful to non-tumor cells, unfortunately, cancer cells readily switch from oxidative
phosphorylation to aerobic glycolysis, a condition known as Warburg effect, orchestrated by the
transcription factor HIF-1α through which cancer cells acquire many malignant properties [42,43].
Moreover, the tumor vessels exhibit a disordered structure, which leads to a decrease in the blood
perfusion homogeneity [44]. This tumor vascular deficiency makes difficult drug distribution to
all cancer cells, impacting therapy effectiveness [43]. TME pH also contributes to anticancer drug
resistance. The increase in anaerobic metabolism leads to greater lactic acid production, reducing
the extracellular pH, that ranges from 6.2 to 7.2 [45]. As pH levels decrease, metalloproteinases
become activated, destroying cell interactions which facilitates tumor migration and invasion [46].
Acidic microenvironment causes the “ion trapping” phenomenon, process in which basic anticancer
drugs are transformed into a cation substance, reducing their transmembrane permeability and,
consequently, their effectiveness [47]. Immune cells such as macrophages, neutrophils, mast cells,
myeloid-derived suppressor cells, and natural killer cells, secret many soluble factors that promote
immunosuppression, angiogenesis, chronic inflammation, and drug resistance [43,48–50]. Additionally,
the mechanisms associated with immune escape during tumor progression can promote resistance to
anticancer drugs [31,43]. Tumor cells themselves can alter the organization and protein deposition of
the ECM, forming a physical barrier that prevents drug penetration into tumor cells [51,52].

Therefore, new therapeutic strategies have been developed to target the tumor-promoting
microenvironmental factors in a goal to block the interaction between tumor cells and the TME [53].
Such strategies include, for example, inhibition of the extracellular ligand-receptor interactions and
downstream pathways, re-programming the immune response, and co-targeting of tumor cells and the
microenvironment [43].

As outlined above, the tumors and their microenvironment provide multiple biological barriers
against drug penetration, accumulation, and efficacy, leading to tumor resistance to therapy [54].
Thus, discovery and delivery testing of new anticancer drug candidates require preclinical models that
are more physiological than conventional 2D cultures, capable of recapitulating these TME barriers.
In this sense, the spheroids provide the appropriate model of the pathophysiologic parameters present
in the real tumor, because they recapitulate the complex multicellular architecture, the barriers to mass
transport, and extracellular matrix deposition, which explain their growing use as models for better
prediction of drug effects and delivery in the last decades [55].

3. Common Characteristics of Spheroids and Tumors

Various cancer cells can spontaneously assemble into spheroids in culture environment that
privileges cell–cell and cell–ECM interactions over cell–substrate interactions [14]. These predominant
cell–cell and cell–ECM interactions result in the formation of a 3D structure that closely reproduces
mimics the native spatial organization and environment of avascular tumors, where cells can proliferate,
aggregate and differentiate (Figure 2) [56]. Common methods for spheroid generation are described
in the next section. Spheroids have a diameter of 200 micrometers or more, generally with a
spherical shape, and display three concentric zones of heterogeneous cell populations: an external
zone of highly proliferating and migrating cells; a middle zone of quiescent cells, and an internal
zone of necrotic cells [57,58]. These cell layers are so defined due to the nutrients and oxygen
gradients that are established, as a result of limited diffusion, from the outside to the center of the
spheroids. Thus, cells of the peripheral layer of the spheroids are exposed to sufficient oxygen and
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growth factors from the medium, which stimulate their proliferation. At the middle layer, limited
diffusion of growth factors forces cell entry into quiescent state of the cell cycle. In large spheroids
(>500 micrometers), oxygen deficiency (hypoxia) in the innermost zone induces altered gene expression,
through stabilization of the transcription factor HIF-1α, and, consequently, triggers the Warburg effect,
promoting aerobic glycolysis and lactic acid production, thereby lowering pH of the inner layer of
spheroids [59]. Nutrient and oxygen deprivation, together with the accumulation of metabolic waste,
triggers the necrotic death of cells at the innermost layer.
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Figure 2. Typical structure of a multicellular tumor spheroid. The geometric rearrangement of the
cells within the spheroid forms three concentric zones of heterogeneous cell populations: an external
proliferating zone (Proliferative zone); a middle zone of quiescent cells (Quiescent zone), and an internal
zone of necrotic cells (Necrotic zone). These cell layers are caused by the gradients of nutrients, oxygen,
and pH (yellow), from the outside to the center of the spheroid, and by the gradients of CO2, waste,
and lactate, from the center to the outside. Created with BioRender.com.

Therefore, 3D culture systems recapitulate many characteristics of in vivo tumors, such as cell–cell
and cell–ECM interactions, nutrient and oxygen gradients, and distinct layers of cell populations.
Besides, the morphology and polarity of the cells, as well as gene expression and activation of cell
signaling pathways, are also close to those of real tumors [8,9,60,61]. These features make spheroids a
promising model for the study of cancer biology, cancer initiation, invasion and metastatic processes,
as well as drug testing.

4. Methods for Spheroid Generation

Cells grown in culture environment of low binding or absence of adhesive surface can assemble
into 3D spheroids, as these conditions favor cell–cell and cell–ECM interactions over cell–substrate
interactions. Spheroids can be obtained after 1 to 7 days of culture, with various morphologies,
depending on the cell line and the approach used. Examples of studies that performed spheroid
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generation techniques are shown in Table 2, providing information on cell lines, density and the time
required to obtain the spheroids. According to the literature, spheroids of 300–500 µm of size are those
that best mimic in vivo tumors in terms of hypoxia and proliferation gradients. Typically, spheroids
are constructed from tumor cells, using scaffold-free or scaffold-based techniques [62].

4.1. Scaffold-Free Techniques

In scaffold-free techniques, different factors (e.g., low-adhesion substrates, gravity force and
magnetic action) contribute to cellular aggregate formation and spheroid generation. During this
process, the ECM is originated through continuous deposit of proteins produced by spheroid cells [63].
The most common scaffold-free techniques currently used are ultra-low attachment plates, hanging
drop, magnetic levitation and magnetic 3D printing. The advantages and disadvantages of each
method are summarized in Table 3.

4.1.1. Ultra-Low Attachment Plates

The surfaces of the plates are coated with a substrate to prevent cell adhesion, promoting
cell aggregation and spheroid formation. Besides presenting low adhesion, the wells of these
plates have a defined shape (round bottom, V-shaped or conical), allowing the positioning of a
single spheroid [64,65]. Generally, the main substrates used to coat the plate are agar/agarose
or poly(2-hydroxyethyl methacrylate), by adding 50 µL of solution in each well of 96-well plates,
at concentrations of 15 mg/mL and 5 mg/mL, respectively [66–68]. With this technique, a large number of
spheroids can be generated simultaneously on the same plate, facilitating experimental reproducibility,
in addition to enable the monitoring of spheroid formation and growth. As disadvantages, some tumor
cell lines do not form tight spheroids in ultra-low attachment plates [69].

4.1.2. Hanging Drop

In this method, approximately 25 µL of cell suspension is positioned inside of a petri dish lid,
which contains phosphate-buffered saline (PBS) to avoid dehydration of the cellular solution. Then,
the lid is inverted and due to surface tension, the droplets remain suspended. Owing to the force of
gravity, the cells within the droplets spontaneously form cellular aggregates, giving rise to a single
spheroid [70,71]. This method allows large production of spheroids and an easy control of their
size. However, it is labor intensive due to its multistep process, and there is a risk of cell damage in
case of media evaporation, requiring constant monitoring of the culture medium [71–74]. Moreover,
the hanging drop method can originate spheroids with heterogeneous sizes and morphologies,
impacting the spheroid standardization, which is essential for new drug screening. Recently, studies
have developed different tools to minimize these limitations and facilitated the realization of this
method [75–77]. For instance, the pressure-assisted network for droplet accumulation (PANDA) system
consists of a pressure chip capable to create homogeneous and compact hanging drop array, enabling
the fast and economical production of spheroids [75]. Another way to circumvent these barriers is
through the use of 3D printed hanging-drop dripper array that allows in situ analysis of drug screening,
tumor metastasis and tumor transendothelial migration, besides promoting heterotypic spheroid
interaction [77].

4.1.3. Magnetic Levitation and Magnetic 3D Printing

Through a mixture of magnetic particles/nanoparticles, the cells are magnetized and incubated
under magnetic forces to overcome the gravitational force, allowing their levitation and, consequently,
formation of cellular aggregate [78]. In this method, after the cells absorb the magnetic particles,
a magnet is positioned above (magnetic levitation) or below (magnetic 3D printing) the plate, promoting
cells aggregation and spheroid generation [70]. Spheroids are usually formed in less than 16 h,
being considered a fast-acting technique [72]. However, prior preparation of magnetic nanoparticles is
necessary, and limited number of spheroids are generated [78].
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4.2. Scaffold-Based Techniques

In scaffold-based techniques, external cell anchoring systems are used to mimic the ECM
structure, allowing greater cell–cell and cell–matrix interaction. These systems can consist of porous
microcarriers of natural, synthetic, and semisynthetic hydrogels made of cross-linked polymers.
Porous scaffolds are widely used in the bioengineering sector, and have gained prominence in 3D
cell culture implementation [63,72,79]. Due to their interconnected pores, these structures allow
greater diffusion of nutrients, oxygen and metabolic debris, in addition to mimicking the ECM
architecture, providing cellular support, attachment and proliferation [80–82]. 3D porous scaffolds also
promote the formation of bigger spheroids, compared to non-porous scaffolds, and enhance tumor
cell invasion and therapeutic resistance [83,84]. Although they are synthesized mainly by polymers
such as poly(ε-caprolactone), porous microparticles can consist of different substances, including
natural (e.g., chitosan, hyaluronic acid, alginate, collagen, gelatin, silk fibroin), and synthetic (e.g.,
poly(lactide-co-glycolide)) materials [85–90]. The porosity and pore size of the scaffold are essential for
the establishment of effective 3D models, as they can affect the transport of oxygen, metabolites and
nutrients, as well as cell adhesion and cell growth [91]. While porous 3D scaffold methods are useful to
control the spheroid size, effective collecting and separation of spheroids from 3D scaffolds may be
difficult [92]. Common scaffold-based methodologies include spinner flasks, micropatterned plates,
matrix encapsulation, matrix on top, matrix embedded, microcarriers beads, and microfluidic devices.

4.2.1. Spinner Flasks

Continuous rotating agitation inhibits cell adhesion to the surface, leading to spheroid formation.
The main means of rotation used are through spinner flasks and rotating flasks. In spinner flasks,
a magnetic stirrer is positioned inside the flask, allowing homogeneous distribution of oxygen and
nutrients. However, the cells are subjected to direct shearing force, which increases the risk of their
damage. In the rotating flasks, the flask itself is rotated, allowing the dispersion of oxygen and nutrients,
and the reduction of the shear forces on the cells [70]. As an advantage, this method allows large scale
generation of spheroids. However, the continuous rotation prevents the visualization of the aggregates,
can damage the cells, and is hard to monitor [71]. Yet, this method is considered as one of the most
efficient systems for obtaining large amounts of spheroids under controlled nutritional conditions [72].

4.2.2. Micropatterned Plates

The plates are modified to create micrometer sized compartments with a low adhesion surface
within each microspace, providing a micropattern or microwells which induce cells to grow as
clusters. First, a layer of 3-trimethoxysilyl polymethacrylate is added to the glass plate, to ensure
fixation of the hydrogel microwells to the plate, followed by a uniform layer of hydrogel. Soon after,
using photolithography techniques, polydimethylsiloxane is added to the hydrogel for microwell
formation [70]. The cell suspension is then seeded into hydrogel microwells, which can vary in size
from 150–600 µm [93]. This method allows large scale production of spheroids. However, bubbles
often form during the culture, and pipetting can damage micropatterned surfaces due to pipetting [64].

4.2.3. Matrix Encapsulation

Suspended cells are surrounded by hydrogel and placed in calcium free solution, forming cellular
microcapsules. In these microcapsules, cells aggregate to form matrix encapsulated spheroids [70].
Generally, microcapsules have a size between 100 and 500 µm, are capable of generating monotypic or
heterotypic spheroids, and allow cell–cell and cell–ECM interaction [94]. In these systems, the transport
of nutrients and metabolic residues occurs by simple diffusion and, as the microcapsule increases,
the nutrient transport becomes limited, which can cause cellular necrosis. Due to their viscoelastic
capabilities, alginate hydrogels has been widely used to generate microcapsules [95]. An important
advantage is that this method yields homogeneous sized spheroids.
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4.2.4. Matrix on Top and Matrix Embedded

The matrix on top and matrix embedded methods are quite similar. In the matrix-on-top method,
the cells are seeded and trapped on the top of the solid matrix, and spheroids are formed through
cellular aggregation. In the matrix embedded method, cells suspended in the liquefied matrix are only
incorporated into the matrix after the gelation process [70]. Several compounds have been used as
a matrix, including agarose, matrigel, collagen, and synthetic polymers [96]. Matrix-on-top method
facilitates post-culture processing and imaging of the generated spheroids.

4.2.5. Microcarrier Beads

This system has been used for more than 25 years for to generate 3D cell culture [97]. In this method,
cells adhere to natural (e.g., collagen, cellulose) or synthetic (e.g., dextran, poly(d,l-lactide-co-glycolide))
matrix-coated beads, forming spheroidal structures [98,99]. The microcarrier beads provide a cell
attachment surface, allowing the aggregation, especially of cells unable to aggregate spontaneously.
This method is considered a fast, easy, and reproducible spheroid generation system, and allows the
adhesion of different cell types to form heterogeneous spheroids. However, the presence of microcarrier
beads in spheroids does not mimic the tumor physiological conditions in vivo [100].

4.2.6. Microfluidic Devices

The cells are placed in microchannels with a free perfusion system, allowing the distribution
of oxygen and nutrients, and the elimination of metabolic waste. As an advantage, this system can
mimic tumor microvasculature in vivo. However, this method requires specialized laboratories and
equipment [101–103]. Due to its ability to guarantee gases permeability, polydimethylsiloxane (PDMS)
is the most used material for making microfluidic devices [104]. In addition, PDMS are biocompatible,
easy to make, and are low cost. However, under high pressure, PDMS microchannels can be deformed,
causing changes in fluid speeds. Depending on the type of sealing, reversible or irreversible, the PDMS
microfluidic devices can withstand pressure up to 0.3 or 2 bar, respectively. Moreover, when exposed
to some fluids, PDMS microfluidic can swell, which impacts in device function [105–107]. Other
microfluidic device polymers, such as thermoset polyester, polyurethane methacrylate and Norland
Adhesive 81, also undergo structural changes when exposed to pressures above 10, 8 and 5 bar,
respectively [108].
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5. Tools to Evaluate Targeting Effect

Several techniques are available to characterize spheroids, either in viable, fixed, or dissociated
state, before and after anticancer drug treatment. These techniques were described in details in a
number of excellent review papers [63,140,141], and allow the characterization of the organization, size,
shape, gene and protein expression, metabolic status, migration and invasion of anticancer drug-treated
spheroids. In general, standard biological assays used for 2D culture can be applied to spheroids,
with some drawbacks as outlined below (Table 4).

5.1. Optical Microscopy

Morphologic changes such as size and shape can be monitored over time by optical microscopy and
analyzed by appropriate software [142,143]. For instance, with a standard phase-contrast microscope,
the difference in the size or volume between treated and untreated spheroids at a defined endpoint,
or even during treatment, can be used to evaluate the efficacy of an anticancer drug.

Fluorescence microscopy can provide information on ECM deposition in spheroids immunostained
with antibodies against fibronectin, laminin, and collagen IV [144], while relevant information such as
cytoskeletal arrangement, proliferation, and apoptosis in the spheroids can be obtained by Hoechst
or DAPI, phalloidin, Ki-67, caspases, Annexin V, Propidium iodide, and TUNEL staining [63,145].
Confocal laser microscopy is required to obtain higher spatial resolution, needed to analyze spheroid
architecture. However, this analysis is restricted to small spheroids due to limited light penetration
and to light scattering in thick tissues [143].

To overcome these issues, spheroids can be processed for histological sectioning. Then, staining
methods such as hematoxylin and eosin staining allow distinction of pyknotic nuclei and eosinophilic
cytoplasm in spheroid sections. For proliferating and quiescent cell populations, the use of specific
antibodies in immunohistological staining is required. However, spheroid fixation used in the
histological procedure precludes the study of dynamic alterations in the spheroids over time.
Additionally, sample fracture and morphology deformation can occur during spheroid sectioning.
Due to the delicate nature and small size of spheroids, the fixation time may need to be reduced,
comparatively to biopsies or organ fragments. Further spheroid processing has also presented some
challenges. For example, the inclusion of several spheroids in a unique paraffin block may involve
a more arduous and costly sectioning process, since the spheroids will localize in different section
planes. The development of microwell-containing apparatuses facilitated this process, allowing the
simultaneous analysis of multiple spheroids in a more organized and cheaper manner [146].

To overcome these drawbacks of spheroid fixation and sectioning, faster and noninvasive
microscopy approaches have been developed in the last years to image the innermost layer of
live and fixed spheroids, such as light sheet fluorescence microscopy (LSFM), single or selective
plane illumination microscopy (SPIM), and multi-photon microscopy (MPM) [147–149]. These new
microscopic approaches allow deep tissue imaging study without the need of physical sectioning,
while allowing dynamic processes to be studied in live 3D cultures at high resolution, under reduced
light exposure and phototoxicity.

5.2. Electron Microscopy

Electron microscopy techniques are widely used to characterize spheroids because they provide
high resolution, at nanoscale levels. High-resolution images of the internal structures can be generated
by transmission electron microscopy (TEM) while high-resolution images of the surface of spheroids
can be achieved by scanning electron microscopy (SEM) [56].

The TEM technique provides information on cell–cell interaction in the spheroids, such as cell
junctions, and ECM deposition, as well as information on treatment outcomes such as apoptosis,
cell shrinkage and organelle swelling [150]. Importantly, TEM is mostly used to analyze the distribution
of drugs or nanoparticles in the spheroid [151].
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The SEM technique provides high-resolution images and is used to analyze, for instance, cellular
protrusions, integrity of cell–cell interactions, integrity of cellular membrane after anticancer drug
treatment [56,152,153].

Both TEM and SEM are very informative although specimen collapse and morphological alterations
can be associated with the steps involved in the procedures [154].

5.3. Flow Cytometry

Quantitative measurements such as cell viability, proliferation kinetics, cell cycle, apoptosis,
and uptake of anticancer drugs and nanomedicines in spheroids can be performed using flow
cytometry. Mechanical or enzymatic disaggregation of spheroids by trypsin or less toxic enzyme
cocktail (Accutase®) is needed to obtain single cell suspension that can be stained and manipulated
similarly to 2D cultures, and analyzed by flow cytometry [155]. For instance, single cells can be stained
with calcein and ethidium to evaluate live cells and dead cells, respectively [56]. Other fluorescent
dyes are used to analyze proliferating or quiescent cells (e.g., Propidium iodide), entry intro S phase
of the cell cycle (e.g., 5-bromo-2′-deoxyuridine (BrdU) detected by a fluorescently labeled secondary
antibody), or the expression of specific cellular proteins with fluorescently labelled antibodies. Flow
cytometry analysis does not enable evaluation of penetration of anticancer drugs due to spheroid
disaggregation and cell dissociation. However, it was reported that Hoechst 33342 (a fluorescent DNA
dye) forms a marked diffusion gradient into the inner space of spheroids, therefore enabling cells of the
different layers to be sorted on the basis of Hoechst staining intensity [156,157]. One major limitation
of flow cytometry analysis is the need of a large amount of spheroids due to loss of cells during the
process of cell dissociation [140].

5.4. Colorimetric Methods

Cell viability in the spheroids can be evaluated without the need of cell dissociation. For this
purpose, are used colorimetric, fluorometric and luminescent methods that include acid phosphatase
assay, Alamar blue, MTT assay, and lactate dehydrogenase quantification [140,158,159]. Nowadays,
specialized kits for cytotoxicity assessment in spheroids are made available from many manufacturers.
For instance, commercially available cell viability assays such as CellTiter-Glo 3D with better penetration
of the reagents into the spheroids are easy to implement, and enable more accurate cytotoxicity
determination [142,160]

5.5. Molecular Biology Tools

Standard molecular biology assays such as Western blot and qRT-PCR are useful to evaluate
differential protein and gene expression, respectively, between 2D and 3D systems and/or before and
after drug treatment. These techniques involve the use of cell lysis during the procedures of cellular
protein and RNA extraction from the spheroids [59,161].
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6. Application of 3D Cultures in Anti-Cancer Drug Discovery and Delivery

The capacity to reproduce the in vivo 3D tumor environment such as cellular heterogeneity, gene
expression patterns, cell differentiation, generation of hypoxia, activation of cell signaling pathways,
and cell–cell and cell–ECM adhesions, are amongst the many advantages that prompted the use of
spheroids for in vitro evaluation of chemoresistance, migration and invasion, and other aspects of
tumor biology (e.g., cancer stem cells/tumorigenicity, hypoxia and tumor metabolism). We will focus
on chemoresistance and migration/invasion, and provide a brief overview on the use of spheroids to
study drug delivery. Details of the other aspects were reviewed elsewhere [64,70,212,213].

6.1. Chemoresistance

Drug resistance is a major concern responsible for the failure of the current chemotherapeutics
and their ability to fight cancer, especially in aggressive and highly metastatic tumors. It is now well
established that cancer cells, grown in vitro as 3D spheroids, more accurately mimic the drug behavior
in terms of sensibility and resistance than cells grown as 2D monolayers [214]. This difference is
probably due to the TME and the spatial organization of the spheroids [215]. Increased cell–cell and
cell–matrix adhesions may lead to changes in gene expression. Upregulation of cell–adhesion molecules,
such as lumican, SNED1, DARP32, and miR-146a, was reported to increase chemotherapeutic resistance
in pancreatic tumor spheroids as compared to 2D monolayers [59]. Fibronectin protected DU145
prostate cancer cell spheroids against ceramide and docetaxel-induced apoptosis through interaction
with Insulin like growth factor-1 receptor [216]. A variety of apoptotic stimuli, including combinations
of tumor necrosis factor-related apoptosis-inducing ligand (TRAIL), ribotoxic stressors, histone
deacetylase, and proteasome inhibitors, were reported to be highly effective against mesothelioma
cells when grown as monolayers than when grown as multicellular spheroids [214].

Increased resistance to chemotherapeutic drugs in spheroids is attributed to many factors
associated with their constitution and organization, such as hypoxia, altered cellular energy metabolism,
the acidic microenvironment, the cellular heterogeneity including the presence of cancer stem cells,
and cell–cell and cell–ECM interactions [215,217–222]. The mechanisms by which these factors confer
chemoresistance to spheroids were nicely reviewed in [223]. While most studies showed that cells in
spheroids are more chemoresistant than cells in 2D monolayers, some studies reported that cells in
MCTS are equally or even more sensitive to anticancer agents than their 2D monolayer counterparts.
For example, the proteasome inhibitor PS-341 was shown to be equally effective in killing ovarian and
prostate tumor cells grown in the form of multicellular spheroids, and tumor cells grown in monolayer
cell culture [224].

A number of studies reported that spheroids are also more radioresistant than 2D monolayers.
For instance, increased cell compaction increased the resistance of human colon adenocarcinoma
spheroids to ionizing radiation [225]. Besides the aforementioned factors, radioresistance may be due
to decreased radiation-induced DNA damage as a consequence of lack of oxygen in the spheroids,
given that oxygen seems to be required to stabilize DNA damage upon radiation [226–228].

6.2. Migration and Invasion

The acquisition of motility and migratory ability is an important hallmark of malignant tumors.
Common characteristics of solid tumors, such as hypoxia and soluble mediators-mediated interactions
with stromal cells, drive tumor cell migration and invasion, through essential steps that involve,
amongst others, actin cytoskeleton remodeling, changes in cell–cell and cell–ECM adhesion, and protein
degradation of the surrounding ECM [229,230]. Therefore, the success of studying the multistep process
of metastasis relies on a 3D microenvironment through which tumor cells can move and disseminate.
In this sense, tumor spheroids are viewed as relevant in vitro models for studying invasion and
migration processes [70,166,231,232]. For instance, 3D spheroids display adhesion and ECM molecule
expression pattern similar to that of the tumor in vivo, and can also induce expression of proteins
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associated with metastasis [70,231,233]. Importantly, non-tumor cells are also present in the TME and
continuously interact, through paracrine signaling, with cancer cells. For instance, fibroblasts were
shown to promote contact-dependent cancer cell motility and invasion of 3D spheroids in co-culture
with colorectal cancer cells, a finding validated in vivo [234]. Therefore, ideal migration/invasion
assays should be performed in 3D co-cultures that also include non-tumor cells, such as macrophages,
dendritic cells, endothelial cells, CAFs and immune cells, in order to better simulate the migration and
invasion process found in tumor tissues. CAFs, through the release of cytokines and growth factors,
together with the other stromal cells, promote the epithelial-mesenchymal transition in heterotypic
3D cell cultures, resulting in tumor development and metastasis [111,234–236]. At the same time,
endothelial cells in 3D co-cultures tend to accumulate in the peripheral layer, facilitating the adhesion
and infiltration of immune cells [28]. In fact, immune cells can secrete interleukin 6 and MMP-9, which
cause inflammation, angiogenesis and ECM degradation, thereby promoting tumor invasion and
metastasis [237].

Several assays are available to determine the invasion and migration potential of cells in
spheroids [70,232]. In the transwell-based or Boyden chamber assays, the spheroids are seeded
on the top of a filter coated with a thick layer of ECM-derived components, usually collagen I, and
invasion, in response to a chemo-attractant such as growth factors, can be measured by determining
the number of cells that move from the top chamber to the lower chamber [70,232,238]. Additionally,
the ability of the cells to invade cellular barriers can be determined by adding a layer of fibroblasts or
endothelial cells on top of the matrix [70]. This latter is particularly relevant to mimic the ability of
cancer cells to cross the blood vessel barrier and to invade deeply the tissues. Alternatively, spheroids
can be completely embedded into different matrices, usually between two layers of ECM gel, where cells
leave the spheroids and invade the surrounding matrix [96,239]. Sophisticated techniques combined
with computerized quantification are now available to reproducibly perform optimized experimental
conditions and to calculate the invasive index of cells [70,239–241]. For instance, the extent and rate
of tumor spheroid invasion, using the 3D spheroid invasion assay, was rapidly and reproducibly
measured using imaging cytometer [238]. Spheroid invasion assays can also be used as a metric
to measure drug efficacy [96]. For example, lower concentrations of the adjuvant gamma-linolenic
acid caused an increase in glioma spheroid invasion, but increased the apoptotic index at higher
concentrations [242]. In sum, spheroids have been widely utilized to study the role of mechanisms
involved in cellular invasion, and represent a valuable tool for preclinical evaluation of therapeutic
agents targeting invasion [96,166,232].

6.3. Spheroids and Nanomedicines

Systemic drug toxicity and poor efficacy remain a major concern in cancer therapy due to the
lack of selective drug delivery to tumor tissues, stressing the need to improve tumor targeting [243].
Nanomedicines have thus emerged as promising approach to (actively) target tumor and improve drug
delivery. These nanostructures are biocompatible, biodegradable, non-toxic, can be prepared on a large
scale, can provide controlled drug release, and enhance tissue/cell-specific targeting, in addition to
reducing side effects [244–248]. However, despite the promising preclinical outcome that was reported
for a significant number of nanotherapeutics, only few nanodrugs reached the clinic and achieved the
expected results in patients [243]. Many barriers influence the efficiency of nanomedicine delivery to
the target tumor, that are not recapitulated by the 2D monolayer cultures.

Tissue penetration of nanoparticles (NPs) relies on their diffusion capacity through the ECM,
which varies in density and size, and is also influenced by cell–cell interactions, necrotic core,
hypoxia, and by the intravascular pressure irregularities due to vessel compressions applied by
growing tumors [249–251]. In this sense, as outlined above, spheroids have gained in popularity
over traditional 2D culture systems because their pathophysiological features are close to those of
the native tumors, being an excellent model to evaluate nanodrugs and to better predict their clinical
outcomes [101,197,212,252]. Consequently, spheroids have been used as valuable tool to study different
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physico-chemical proprieties of nanocarriers such as chemical composition, size, shape and surface
properties, which are crucial for their penetration and antitumor efficacy [197,253,254].

A general observation from studies that used spheroids is that nanoparticles (NPs) penetration
is inversely correlated to the particle size [159,254–256]. NPs with small size (<100 nm) penetrate
deeply and faster in the spheroids and distribute homogeneously, as compared to larger NPs (>100 nm)
which remain confined to the superficial layers [159,257–259]. However, NPs <50 nm were reported to
interact with liver cells, and to be poorly retained in the tumor [260].

The surface charge of NPs also influences their penetration in the spheroids: negatively charged
NPs penetrate deeply while their positive counterparts remain at the outer layers [56,199]. Yet, more
effective drug delivery is warranted by NPs with positive surface charge due to electrostatic interactions
with negatively charged cell membranes. To overcome this issue, it has been proposed the use of
pH-responsive negatively charged NPs that can turn to positively charged ones once in contact
with acidic conditions (e.g., tumor microenvironment), so that negative surface charge ensures deep
penetration in the spheroids, while positive surface charge enables more effective drug delivery [199,
261].

Although little information exists on the influence of NP shape on penetration and accumulation
in the spheroid, the existing literature indicates that nanorods seem to diffuse more rapidly in spheroids
compared to nanospheres, and that short nanorods (400 nm in length) accumulate more rapidly and
are better internalized than long nanorods (<2000 nm in length) [262–264].

Interestingly, NP penetration into spheroids has been enhanced by modification of the surface
coating. For instance, ECM-degrading enzymes such as collagenases have been used to coat NPs of up
to 100 nm in size, which demonstrated superior (4-fold increase) penetration over control NPs [258].
Drug efficacy is the most important endpoint of any formulation, and it depends greatly on the
penetration and accumulation into the spheroids [254]. In general, nanocarrier formulations with high
penetration and accumulation in the spheroids exhibited better antitumor activity [159].

Comparison between NP delivery and efficacy between 3D tumor spheroids and animal models
revealed key similarities between the two systems. For instance, the photosensitizer verteporfin
encapsulated into lipid nanocarriers strongly reduced tumor cell viability of ovarian spheroid cancer
cells, and also inhibited tumor growth in an orthotopic murine ovarian cancer model, when compared
to free drug [265]. Similar to in vivo tissues, HepG2 cells in 3D hydrogels were more resistant
to biotin-conjugated pullulan acetate nanoparticles (Bio-PA NPs) treatments compared to the 2D
system [266]. Moreover, Bio-PA NPs exhibited similar anti-tumor activity in 3D culture cells and
in in vivo xenografted hepatic tumor model [266]. Studies also observed that iRGD-conjugated
nanoparticles with doxorubicin were able to accumulate with more efficacy and penetrate deeply
into tumor in both SH-SY5Y spheroids and H22 tumor-bearing mice, restraining tumor growth in
both systems [267]. Overall, this highlights the predictive power of spheroids for in vivo therapeutic
efficacy, and their potential as promising alternative to animal models for cancer study, hopefully
resolving high cost and ethical issues associated with animal use.

7. Concluding Remarks and Perspectives

It is consensual that 3D tumor models enable evaluation of anticancer drugs and nanomedicines
in a condition closer to the real tumor, owing to their key features such as spatial organization, cell–cell
and cell–ECM, diffusive gradients, complex cell signaling, drug resistance and metabolic adaptation.
As reviewed here, these features are missing in 2D culture systems and, consequently, 3D culture
models in preclinical evaluation are expected to provide more accurate results of the therapeutic
potential of anticancer drug candidates, thereby increasing the predictability of the in vivo efficacy.
Identifying and eliminating those therapeutics that did not show any interesting efficacy in 3D cultures
will reduce animal use and speed up the number of therapeutics that reach the clinic.

It is noteworthy that most of the published works used spheroids made of only cancer cells, and,
thus, do not represent the complexity associated with the diversity of the cellular and non-cellular

210



Pharmaceutics 2020, 12, 1186

components present in the real tumor. Spheroids that incorporate cell types recapitulating the
vasculature (e.g., endothelial cells), the immune system (e.g., leukocytes) and ECM production (e.g.,
fibroblasts) are, thus, highly recommended. This is important as it would make the geometry of drug
penetration in the spheroids closely similar to that in vivo, therefore providing better prediction of
drug effects and delivery mechanisms and, at the same time, reducing costly investments associated
with the ultimate step of clinical investigations.

Standardized methodologies for generation and characterization of spheroids are urgently needed,
this would avoid variability in size and homogeneity, as well as in biological effect evaluation.
Although considerable progress has been made to adapt existing 2D culture analysis assays to the
spheroid model, many challenges remain to be addressed. Enabling acquisition of high-resolution
images from intact spheroids remains a major challenge, due to the size of spheroids and poor light
scattering. On the other hand, histological procedures for spheroid sectioning require special care in
handling, as specimen tend to collapse or fracture easily. Mass production, together with developing
easy to handle spheroids that are time and cost effective, with reduced workflows of culture and
analysis, is crucial in order to encourage their routine use in drug discovery research. We are, yet,
still far from giving up using animal models for safety and efficacy studies of drugs. Meanwhile, and
ideally, the use of spheroids in preclinical testing could reduce the number of compounds progressing
to in vivo testing, thereby reducing the numbers of animals used.

In conclusion, the use of 3D models to assess tumor penetration, accumulation and antitumor
activity of drug and nanomedicine candidates is becoming a reality, and should turn out a mandatory
step between 2D and in vivo models in the near future, with a great impact on the transferability of
new anticancer drugs from bench to bedside. Hopefully, the generation of tumor spheroids from the
patient’s own cells may enable personalized approaches to screening and selecting the appropriate
drugs for the patients.
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Abstract: Within tumors, Cancer Stem Cell (CSC) subpopulation has an important role in maintaining
growth and dissemination while preserving high resistance against current treatments. It has been
shown that, when CSCs are eliminated, the surrounding Differentiated Cancer Cells (DCCs) may
reverse their phenotype and gain CSC-like features to preserve tumor progression and ensure tumor
survival. This strongly suggests the existence of paracrine communication within tumor cells. It is
evidenced that the molecular crosstalk is at least partly mediated by Extracellular Vesicles (EVs),
which are cell-derived membranous nanoparticles that contain and transport complex molecules
that can affect and modify the biological behavior of distal cells and their molecular background.
This ability of directional transport of small molecules prospects EVs as natural Drug Delivery
Systems (DDS). EVs present inherent homing abilities and are less immunogenic than synthetic
nanoparticles, in general. Currently, strong efforts are focused into the development and improvement
of EV-based DDS. Even though EV-DDS have already reached early phases in clinical trials, their
clinical application is still far from commercialization since protocols for EVs loading, modification
and isolation need to be standardized for large-scale production. Here, we summarized recent
knowledge regarding the use of EVs as natural DDS against CSCs and cancer resistance.

Keywords: cancer stem cells; extracellular vesicles; drug delivery systems

1. Introduction

Despite achieving great advances in oncology in the past few years, in terms of treatment and
patient survival, cancer still represents the second cause of death worldwide. In particular, treatment
resistance and metastasis in vital organs account for 90% of cancer related deaths [1]. New treatments
and therapeutic approaches are needed to successfully fight tumor resistance, cancer progression and
metastasis to improve clinical outcomes.

A tumor is a highly complex and heterogenic dynamic entity that evolves over time, adapting
and therefore surviving to adverse conditions [2]. As the disease progresses, it becomes more difficult
to treat, since it spreads to distant organs and/or acquires resistance to the treatment [3–5].

Within the tumor, a heterogeneous mix of different environments and cell types, such as CSCs
(Cancer Stem Cells), DCCs (Differentiated Cancer Cells), CAFs (Cancer Associated Fibroblasts),
mesenchymal cells, tumor-infiltrated immune cells, endothelial cells and stromal cells can be
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found. All of them are located within the extracellular matrix and together contribute to disease
progression [6–10]. The constant exchange of information among these cells is essential to guarantee
survival and progression of the tumor and to orchestrate the coordination and collaboration of
different cells.

In this review, we assess the versatility of TME (Tumor Micro Environment) and the main player
of communication within TME, the Extracellular Vesicles (EVs) and its use as a drug delivery system
(DDS) for cancer treatment. We cover mostly in vitro studies taking into account the main cells currently
used as EV sources. However, in vivo studies and a few ongoing (phase I or II) clinical studies are
also described. We advocate for EVs, either natural or engineered, by comparison with liposomes or
synthetic drug delivery particles. Indeed, we are well aware of the many challenges, which remain to
be solved in order to translate the worldwide increasing current knowledge about EVs from the bench
to the clinical care of cancer patients.

Cancer Stem Cells, Cancer Resistance and Cell Communication

CSCs substantially contribute to tumor growth and progression. They are an undifferentiated
subset of cells within the tumor with stem-like properties, high proliferation rate, ability to differentiate
and self-renewal potential [2,11–14]. CSCs are believed to sustain uncontrolled tumor growth and
to be responsible for cancer progression, recurrence, metastatic spread, invasiveness, multidrug
resistance and treatment failure [4,6,7,15–18]. Therefore, after treatment, the tumor percentage of CSC
subpopulation frequently rises when compared to other tumor cells types [4–6,19]. It has been shown
that only a few CSCs are needed for tumor regeneration in vivo, and they can enter to an undetectable
quiescence state when the conditions of the TME are not favorable and proliferate afterwards [2,4,17].

Until the 1990s, the initiation and progression of a tumor was explained by the clonal cancer model,
in which cancer was thought to be driven by accumulated somatic mutations that confer uncontrolled
growth, a more aggressive behavior and higher fitness to a malignant transformed cell [17,20].

However, it was later shown that not all the cells within the tumor presented the same tumorigenic
potential. With this knowledge, a hierarchical model (also referred to as the CSC model) (Figure 1A)
has been described. Accordingly, only a small and distinct subpopulation of CSCs is alleged to have
the capacity to generate and maintain the tumor [4,5]. In this model, cancer cells are created from a
precursor cell, which undergoes either symmetric (generating two CSCs or two DCCs) or asymmetric
(generating a CSCs and a DCCs) divisions [10]. Here, DCCs do not present the ability to self-renew
indefinitely and can only generate cells of their same type. On the other hand, CSCs can generate
multiple and heterogeneous tumor subpopulations that differentiate into diverse lineages [17,21].
In terms of cancer treatment, according to the hierarchical model, the complete eradication of the CSCs
population should be enough to eradicate the tumor and prevent the relapse of the disease [6,13].
Therefore, strong efforts have been invested over the past decade, in the identification of CSCs within
the tumor in order to target treatments against them [10].

Nevertheless, this hierarchical model cannot explain the dynamic behavior seen in the CSC
subpopulation, as the concepts of DCC and CSC were not conceived within the same cell [16].
Therefore, a new stochastic model has been recently postulated (Figure 1B) [16,22,23]. According to this
model, a tumor is composed by different cell populations that maintain a stable communication among
them. Through this communication, they can “sense” if one specific subpopulation of the tumor cells is
redundant, absent or has been depleted. In this model, the amount of CSCs seems to remain constant,
to maintain the mentioned equilibrium within the TME [4,6,17]. According to a stochastic model, any
cell of the tumor can initiate the progression of the disease due to the existing phenotypic plasticity,
and, further, any cancer cell can recover the stem-cell-like phenotype by dedifferentiation [6,13,24].
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Figure 1. Tumor cell models. (A) Hierarchical model of division: a cancer stem cell (CSC) is originated
from a normal stem cell that escapes from cell cycle regulation. This CSC has self-renewal capacity
and acts as the cell of origin of the tumor and can generate different types of tumor cells. Because of
plasticity, those differentiated cells can reverse their phenotype into CSCs. (B) Stochastic model of
division: The cells of origin of the tumor can be any type of cell that experiences oncogenic mutations.
Some mutations can lead to stem-like phenotypes and thus the cells become CSCs. This phenomenon
(plasticity) unites the hierarchical model with the stochastic model.

Although the hierarchical model and the stochastic model have different considerations regarding
the importance of CSCs in tumor initiation and progression, they are not mutually exclusive because
of cellular plasticity (Figure 1) [6]. Essentially, the tumor is formed in a hierarchical manner, that is
unstable since constant stochastic actions allow for the introduction of newly hierarchically organized
cell populations [6,25,26].

In this context, cancer cells interact with other cells from the TME through direct cell–cell
contact and/or using paracrine signaling, particularly for distant cells. Both cellular and non-cellular
components of the niche have a role in maintaining stable the stemness potential of the tumor and
further regulate CSC plasticity and EMT (epithelial to mesenchymal transition) [6,17,27,28].

Besides, different stress situations can also have critical involvement in the initiation and
progression of the tumor. Previous studies have reported the important influence of hypoxia,
intratumoral pH and other stress conditions, such as chemotherapeutic treatments, in the CSC niche.
These stimuli can promote angiogenesis and the activation of stemness genes and therefore can initiate
the dedifferentiation of DCCs [17,29]. Moreover, CSCs present adaptations to survive under hypoxia
or acid environments [7]. These examples support the existence of a controlled balance between both
cellular populations within the TME and suggest that any alteration in their stable state can have a
potential influence in the clinical outcome of a patient [17].

Elucidating the molecular mechanisms that govern cellular plasticity may be essential to overcome
the challenge that current therapies face when fighting against cancer. Effective targeting therapies
need to be developed to eliminate the roots of continuously evolving tumor cell populations and to
avoid the regeneration of CSCs [17,25].

2. Extracellular Vesicles in Cellular Communication

As mentioned before, CSC are not a static cell subpopulation of tumor cells, but a population with
a highly dynamic phenotype [12]. However, the mechanisms behind these phenomena are still unclear.
Recent evidence suggests that the molecular crosstalk between CSCs and DCCs within the TME has a
determining role in this process [12]. Moreover, as the reversion process seems to be an important
factor for the tumor to gain therapeutic resistance, this crosstalk may represent a crucial mechanism
to promote tumor survival. Extracellular vesicles (EVs), mostly exosomes, derived from CSCs are
probably one of the most important elements of this crosstalk (Figure 2a) [12,30].
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Figure 2. Cellular crosstalk with Extracellular vesicles (EVs). (a) EV-mediated molecular crosstalk
between cancer stem cells (CSCs) and differentiated cancer cells (DCCs) allows for maintaining stable
subpopulations. (b) Thanks to this cellular communication, DCCs can reverse to the CSCs phenotype
when the CSC population decreases and vice versa.

EVs are naturally cell-derived membranous nanoparticles that contain and transport a wide range
of complex molecules such as proteins, nucleic acids, sugars and lipids to specific targeted cells, which
can affect and modify their behavior [31–35]. They form an endogenous natural transport system
throughout which biomolecules can be exchanged among neighboring recipient cells or even to distant
organs [1]. They carry a similar set of molecules as the original cell, reflecting thus its biological
status, which changes in pathological conditions such as cancer [34,36]. Almost all cell types have been
reported to release these vesicles, including human cells [33]. EVs are commonly classified conferring
to their biosynthesis mechanism and size in three subtypes: exosomes, microvesicles and apoptotic
bodies [37].

As introduced previously, EVs have been found to participate in the pathogenesis of cancer
cell-to-cell communication, as they can transport biomolecules that promote tumor growth, cancer
progression, treatment resistance and facilitate metastasis [1,34,38–40].EVs participate in the creation of
the pre-metastatic niche and can also influence therapeutic efficacy, as they may grant chemo-protective
properties for tumor cells [41,42]. Among EVs, exosomes present inherent roles in cell-to-cell
communication because of their small size (30–100 nm in diameter [12]) and the expression on their
lipid bilayer membrane of cell-specific markers [43]. Exosomes are considered to be information
carriers between CSC and other cells within the TME, which are essential for the survival of the
tumor [12,40,44]. Of interest, it has been shown that cancer cells secrete significantly more exosomes than
other cells [45]. Those secreted from cancer cells can regulate the cellular metabolism of the recipient
cells, reprograming them to promote or enhance functions such as EMT, apoptosis, proliferation,
angiogenesis, immune response suppression, stemness and cellular migration, as they may carry
and transfer stemness-related molecules, oncogenic factors and capacity of multidrug resistance to
antitumoral treatment [1,12,40,46–49].

Many studies have shown that cancer cell-derived exosomes can also affect and change the
surrounding microenvironment by reprogramming the stromal cells to create a favorable niche
for tumor progression [10,38,40,41]. At the same time, CSCs can modulate all components of the
tumoral niche, facilitating CSCs growth and dissemination [10]. This tumoral niche components can
simultaneously regulate the required equilibrium of CSCs and the process of cellular plasticity and are
required for the maintenance of the CSC population (Figure 2b) [10,12,17,27].
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3. Extracellular Vesicles as Natural Drug Delivery Systems

An ideal anticancer therapy should therefore target both CSCs and DCCs, and also the signals that
promote the reversion to the CSC phenotype, to avoid progression and future relapses of the disease.

In this context, specific drug delivery may promote efficiency of anti-cancer therapy. The use of
synthetic nanoparticles as drug delivery systems has been in the limelight for the past years [50,51].
Nanomedicine uses nanoscale materials, ranging from 1 to 1000 nm of size, as a consequence of their
unique medical benefits regarding their structure and functionality [50]. However, rather few results
have been reported in cancer drug delivery and only few prototypes have reached clinical trials; thus,
very few of these treatment strategies have successfully transited from bench to bedside [26,52,53].
The main challenges of nanocarriers are still inadequate PK/PD (pharmacokinetic/pharmacodynamic)
features, toxicity and immunogenicity, and unspecific targeting capacity. In addition, conventional
DDS present significant difficulties in overcoming natural barriers and reaching their expected targets.
Therefore, a new focus and a new paradigm of this prospective scientific field is urgently needed [33].

In this context, EVs are attractive, promising candidates to optimize drug delivery for clinical
uses. These novel carriers present inherent targeting abilities and less immunogenicity than synthetic
nanoparticles and seem to be able to successfully deliver drugs to the tumor site. Nevertheless, our
current knowledge on the functions of the molecules exposed at the external surface or incorporated in
the lumen of the EVs is still very limited, which hampers the exploitation of specific therapeutic and
diagnostic uses and their translation into clinical applications. It is necessary to gain insight in the
fundamental processes of EVs biology, to understand the basic mechanisms by which these vehicles
can load their specific cargos and target specific cell types, as well as orchestrating their different
functional roles as intercellular messengers.

Exosomes, which are considered to develop a principal role in cell-to-cell communication in cancer
and in the maintenance of the dynamic equilibrium of CSCs, are being investigated for their potential
use against cancer [10,12].

EVs are proposed as natural carriers with manipulated cargo to fight multidrug resistance and
metastatic dissemination. EVs may well have advantages compared to the currently available DDS,
as they seem to be stable in circulation, they can inherently overcome biological barriers (even the
blood-brain barrier), and present intrinsic cell-specific targeting properties [1,12,33,54]. Additionally,
EVs can avoid phagocytosis, present significantly low autologous immunogenicity and may use
endogenous mechanisms for cargo uptake, trafficking and delivery [1,33,54,55]. The structure of
the EVs resembles liposomes but with a more complex lipid layer composition. This complexity in
the composition of their membrane helps to deliver the carried material directly into the targeted
cell [10]. Moreover, EVs surface markers can be modified or replaced to enhance tumor-targeting
specificity, and reduce the systemic toxicity [12,34]. For example, EVs could be coated with CSC marker
antibodies to direct the vesicle to this specific cell population within the tumor, which is responsible for
tumor progression [12]. They could also be used to present tumor CSC-specific antigens to T cells and
consequently help the immune system to fight the disease more efficiently. Up today, chemotherapeutic
drugs delivered by exosomes have been shown to have much more stability and effectiveness without
toxicity, compared to conventional therapies [12].

Besides, the presence in EVs of different cell-type specific molecular signatures as biomarkers has
placed them at the forefront of diagnostics in a wide variety of diseases. Currently, there is a huge
interest in applying EVs or synthetic EVs as drug delivery systems. However, not all components in
the natural EVs are essential for their function and delivery properties [10]. Therefore, understanding
which are the crucial components of natural EVs responsible for specific biological functionalities, such
as efficient homing to target cells and efficacious intracellular delivery of their cargo, is still a focus of
current studies.

Among all properties that make EVs prospective candidates for drug delivery, probably their
most interesting quality is their capacity to transmit nucleic acids and proteins to other cells, and the
possibility to directly release their cargo into the cytoplasm of the recipient cells [10,33]. For instance,
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siRNA and microRNA could be delivered to specific organs or tissues with the aim to target CSC
signaling pathways or for gene therapy [12]. Besides, it is important to comprehend the role of EVs in
cancer progression and metastatic growth in order to use this knowledge against the disease [43].

3.1. Sources of EV-Based Drug Delivery

During the production process of EVs for cancer treatment, it is important to ensure optimal
consideration of certain variables known to influence EV properties: cell type, cell collection process
and/or expansion methods, the triggering mechanism for the release of EVs and the isolation and storage
methods. All these steps can affect EVs population size, membrane markers (especially important for
targeting), purity and content [43]. Applications for EVs as drug delivery vehicles includes allogenic
and autologous treatments [34,56]. Moreover, the cell source of these EVs is important to avoid immune
rejection responses and to allow specific applications. Until now, the most used cell sources of EVs for
drug delivery have been immune cells, mesenchymal stem cells (MSCs), cancer cells, and commonly
used commercial cell lines.

3.1.1. Immune Cell-Derived EVs

Immune cell-derived EVs are especially promising for cancer therapy, as they seem to share a
common action mechanism with the cellular function of their secreting cells, and therefore protect
against different diseases and foreign antigens. For instance, natural killer cells when fighting cancer
cells, secrete EVs containing different cytotoxic proteins, which are targeted to kill those specific cells
and stimulate the action of the immune system [34,57,58]. Therefore, genetic engineered EVs derived
from the immune system cells, may represent an advantage for cancer treatment. This has already
been seen in vitro and in vivo models [59–61]. In a recent study, EVs derived from macrophages
and loaded through sonication with Paclitaxel (PTX) prevented metastasis in a lung cancer mouse
model. Moreover, when these EVs were modified to reduce their immunogenicity by adding an
aminoethylanisamide-polyethylene glycol vector, the EVs enhanced their circulation time and were
directly targeted to lung metastases [59–61].

3.1.2. MSC-Derived EVs

MSC-derived EVs come from a cell source thought to possess limited immunogenicity and
consequently, are suitable for allogenic transplantation. This happens when the expression of
co-stimulatory molecules, such as class I major histocompatibility complex molecules, is very low.
This quality would be a major goal to avoid immune rejection of the treatment. Moreover, EVs from
MSCs present inflammatory tropism and one of their natural functions is to exert therapeutic effects,
which comes along with the desired purpose of the natural drug delivery systems [34,53,57]. However,
until now, MSCs have had limited use in therapy because of their potential oncogenicity. Nevertheless,
several studies have been carried out, using MSCs as a source of EVs for different treatments. As,
for example, tumor proliferation has been inhibited by PTX-loaded EVs, which had been released from
PTX-treated MSCs in vitro [58,62]. Moreover, MSCs-EVs have reached clinical trials in regenerative
medicine for tissue repair after myocardial infarction [63]. In this pathology, the affected cardiomyocytes
are usually replaced by a non-elastic collagen scar, which impairs the heart function. However,
MSC-derived EVs have been demonstrated to improve recovery after myocardial infarction by
promoting neoangiogenesis [63].

3.1.3. Cancer Cell-Derived EVs

Cancer cell-derived EVs are produced in large quantities with special homing abilities due to
the TME influence [34,57]. EVs produced in cancer cells express tumor-specific antigens on their
membrane, which could help in the generation of the anti-tumor immune response, which has
been recently confirmed using a mouse model [34,58]. Moreover, it has been seen that EVs from
cancer cells loaded with chemotherapeutic agents can reduce resistance of CSCs to the applied
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treatment [12,34]. For example, a mouse lung cancer model study showed promising results, as when
chemotherapy-loaded EVs were injected, the tumor load was reduced and therefore the survival was
prolonged when compared to free chemotherapy treatment [34]. On the other hand, a clinical study has
used cisplatin-loaded EVs from A549 human lung cancer cells in three end-stage lung cancer patients,
resistant to cisplatin. The results showed that the global quantity of tumor cells and the incidence of
CSCs was reduced drastically, while treatment with free cisplatin did not show any beneficial effects
for the patients [34,64].

However, it is very important to take into consideration the possibility that this type of EV could
also cause tumor growth and metastasis, since such EVs may help tumors to adapt and survive,
particularly by the activation of pathological pathways and exerting immune-suppressive effects.
Consequent studies were performed to assess how to block this immune-suppressive response, and it
was found that, when those EVs were mixed with the adequate immune stimulatory adjuvants,
the immune-inhibitory effect could be suppressed, and, therefore, an antitumoral response was
promoted [58].

3.1.4. Commonly Used Cellular Lines-Derived Evs

Other common cellular lines, used on a regular basis in the laboratory, can also be a source of
EVs for drug delivery. These cell lines (such as human embryonic kidney 293 cell line (HEK293T),
Chinese hamster ovary cell line (CHO) or the cervical cancer immortal (HeLa) cell line) are easy to be
genetically manipulated and have been commonly used for protein modification and overexpression.
For example, the cellular line HEK293T, is one of the most used cellular lines for research on EV-mediated
drug delivery and shows potential for industrial applications. Although EVs derived from HEK293T
cells can be enriched with some molecules from cancer-related pathways, HEK293T-derived EVs
display high transfection efficiency and are easy to load with small therapeutic RNA molecules [65].

3.2. Modification and Loading of EVs

Different methods have been proven useful to upload therapeutic molecules into EVs.
These therapeutic agents can either be chemotherapeutic agents or nucleic acids (RNA-based
therapies) [34]. At the moment, there are two ways to create EVs containing a desired drug or
molecule. It is possible to either load the drugs/molecules first into parental cells and then generate the
release of EVs, which will already contain the given molecules, or incorporate the drugs/molecules
into previously isolated EVs [1,43].

3.2.1. Modification of Parental Cells

The engineering of parental cells, with the aim to transmit a determinate molecule to the EVs these
cells secrete, can be performed through different methods. Subsequently, altered cells are cultured
and secrete modified EVs containing the molecules of interest [66]. Of note, modifying the cells that
will later produce the EVs may allow for designing exosomes to target specific tissues [10]. Moreover,
using this methodology for cargo upload preserves the intact integrity of EVs membrane, which is
usually damaged when other post-isolation loading techniques are employed [34]. Two of the perhaps
most used approaches to engineer parental cells are the loading of these cells with exogenous cargo
and the transfection of parental cells with DNA (Figure 3a) [1,56].
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Figure 3. Extracellular vesicles (EVs) loading methods. (a) EVs can be loaded before isolation by
engineering their parental cells. This procedure can be achieved by incubation of the parental cells with
the desired cargo or by transfection of the cells. EVs secreted by those cells will already contain the cargo.
(b) EVs can be loaded with a desired cargo after being isolated from the sample. This procedure can be
chemically induced (through transfection or saponin reaction) or physically induced (through sonication
or electroporation).

On one hand, the therapeutic of interest could be simply loaded in the parental cells from which
exosomes will be isolated, through incubation of the cells with the drug [67]. For example, when a
high dosage of PTX was cultured together with MSCs cell line SR4987 during 24 h, it was internalized
by the cells and later released inside most EVs. Those EVs showed significant anticancer effect in vitro
and in vivo when compared to a control group [62,68]. However, this method can cause cytotoxicity to
the parental cell due to the drug loading and low efficacy of this drug loading within exosomes [1].

On the other hand, the DNA of interest could be transfected, and consequently alter and control
the phenotype and cargo of the EVs derived from genetically modified cells [1]. Of note, not all cell
lines are suitable for exogneneos expression, and the loading of EVs is difficult to control. In the
study performed by O’Brien et al., the invasive triple negative breast cancer cell line (Hs578T) was
engineered to overexpress miR-134. As a consequence, the EVs released by these cells contained the
desired miRNA. Those were isolated and used with the aim to decrease the expression of Hsp90 in
the cancer cell line. When the miR-134 entered via EVs to the targeted cells, cell migration has been
reduced and the efficacy of the anti-Hsp90 treatments increased [1,69].
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3.2.2. Direct Loading of EVs

There is also the possibility to load functional therapeutic molecules, such as biomolecules,
synthetic compounds or drugs, directly to previously isolated EVs (Figure 3b) [67,68]. Since the lipid
bilayer represents in these cases a restriction for the loading, the different techniques must accomplish
the final goal of bypassing the EV membrane without causing excessive damage [1]. They are usually
referred to as active loading strategies, which can be chemically induced (with chemical agents such as
transfection reagents or saponin) or physically induced (involving the disruption of the membrane
with methodologies such as electroporation or sonication) [33,34]. Loaded EVs may be structurally
modified and engineered to improve cancer therapy after loading, to enhance its homing abilities [70].

Depending on the nature of the cargo, different loading methods may be chosen, and, occasionally,
the simple mixing of EVs with a free drug is enough [1,54]. For example, with some hydrophobic drugs
(such as PTX), it is only required to mix the cargo with EVs to accomplish the loading and encapsulation
in the vesicles. This allows for increasing drug solubility and stability. Some clinical trials have
already used this methodology to deliver specific cargo to the tumor, for instance, curcumin-loaded
EVs [58]. Free curcumin (an anti-inflammatory agent used for treating cancer) has been mixed with
previously purified exosomes from a mouse tumor cell line (EL-4). The curcumin particles were
successfully internalized by the exosomes, and those exosomes exerted positive effects when delivered
to inflammatory cells, increasing the efficacy of the curcumin particles [68].

3.3. Evs Isolation Techniques

Once the best cellular line for a specific experiment has been chosen and, if required, parental cells
have been engineered and loaded with the desired cargo, EVs (containing the drug or not yet modified)
need to be isolated. Several EV isolation techniques can be used for this purpose. An optimal method
is expected to demonstrate the high purity, high efficiency and high recovery yield of exosomes, as well
as scalability and reproducibility [1,33].

Until date, several methods for EVs/exosome isolation have been described (Table 1).

Table 1. Extracellular vesicle (EV) isolation techniques.

Isolation Method Procedure Advantages Disadvantages

Differential
Ultracentrifugation (UC)

The different molecules in a
fluid sample are separated by
centrifugation at high g-forces.
Can be combined with sucrose

density gradients or SEC for
higher purity.

As the gold standard for EVs
isolation, it is a cheap and

scalable technique.

Low-yield technique with a
time-consuming protocol,

difficult to automatize.
Moreover, specialized

instruments and training are
needed. EVs may collapse and

the resulting sample is
usually contaminated.

Size-Based Filtration,
Chromatography and

Fractionation

Technique based on a column
filled with different sized pores.
Smaller size molecules will have
to go through many pores while

larger molecules will be
faster eluted.

Fast (normally a single step)
and automatable method with

high purity and integrity of
the resulting sample.

The type of membrane used can
have a large impact on the
quality of the isolated EVs.

Immunoaffinity
Selective antibody-mediated

arrest of EVs with specific
surface antigens.

Allows a more selective
isolation of EVs.

Protocols for immunoaffinity
procedure are set on a very
small scale and the costs for

large volume samples isolation
are high. Also, it is hard to

recover fully intact EVs.

Polymer precipitation

The sample containing the EVs
is precipitated with a solution of

PEG and concentrated
by centrifugation

Easy, scalable technique that
does not require long runs or

specific equipment.

The purity of the sample
obtained should be improved.
It is frequent to have samples

contaminated with other
particles and proteins.

Microfluidic separation
This method uses different

techniques like immunoaffinity
or filtrations to isolate EVs.

Fast technique with high
sensitivity and efficiency.

This method presents a low
sample volume restriction and

needs expensive devices.
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3.3.1. Differential Ultracentrifugation and Density Gradient Centrifugation

Differential ultracentrifugation (UC) is the current gold standard and most commonly used
method for EV purification, as it is a cheap scalable technique and can be used in most circumstances.
However, this method still presents some drawbacks. It is a low-yield, time-consuming method,
difficult to automatize and with a high risk of EVs collapse or aggregation. Moreover, this process
requires access to specialized instruments and training [33,41,71]. This isolation technique is based
on sequential centrifugation for the sedimentation of EVs at high g-forces. It starts with low-speed
spins to remove cells and large cellular debris. Later high-speed UC is used to pellet EVs. However,
the resulting sample is usually contaminated with various types of EVs and protein aggregates. It is
possible to further separate the different vesicle types by later sucrose density gradients to significantly
improve the purity of the sample [1,33,40,43,72].

3.3.2. Size-Based Filtration, Chromatography and Fractionation

Size-based filtration methods (i.e., tangential filtration, flow-field franctionation) together with
chromatography-based separation are emergent large-scale EV isolation techniques, that are fast and
automatable [33]. Nevertheless, the major weakness of this methodology is that the type of membrane
used can have large impact on the quality of the isolated EVs [40]. With this methodology, EVs can be
separated from the rest of the sample via sequential filtration using different filters with the desired
pore size or molecular weight limit [1,72]. Heinemann et al. designed a three-step protocol with the
aim to isolate EVs using only a filtration technique [33,73]. Initially, cell debris is being removed using
a 0.1 µm pore size polyethersulfone (PES) membrane. Then, free proteins and a large volume of the
sample are reduced using a 500 kDa molecular weight cut-off modified Polyethersulfone (PES) filter.
The last step of the protocol consisted in the final EVs isolation with a 0.1 um Track Etch filter [33].

In addition, a chromatography method of special relevance for EVs isolation is size-exclusion
chromatography (SEC). It is a promising technique as it allows for the separation of nanoscale particles
depending on their hydrodynamic size [72]. It consists of a column filled with different-sized pores.
Smaller-sized molecules will have to go through many pores, while larger molecules will be eluted
faster [1]. SEC seems to present the high purity and integrity of the sample and advantages in different
types of fluid, such as plasma or serum [40]. It is possible to combine SEC with UC for a better
result [1,33,74].

Asymmetric Flow Field-Flow Fractionation is another used technique for EVs isolation based on
their size. More commonly used for the separation of other types of nanoparticles, this methodology
consists of the application of a laminar flow on the sample and a crossflow separation field which
pushes the particulate molecules to an accumulation wall. Smaller particles will be reflected to the
center of the chamber faster and eluted before larger ones. This technique has been reported to
successfully isolate EVs sorted from a mouse melanoma cell line [1].

3.3.3. Immunoaffinity

Immunoaffinity, is a method based on selective antibody-mediated arrest of EVs with specific surface
proteins. Thanks to the specificity of antibodies receptors, this technique allows for a more selective isolation
of exosomes. Specific antibodies are fixed on a surface of exosomes. Several washes are performed,
consequently exosomes detached and are collected [1]. This technique allows one to obtain a higher purity
of the sample, and the separation from the different subtypes of EVs could be performed [33,75]. It is used
to isolate subpopulations of EVs derived from cell sources, such as cancer cells. For example, a method to
specifically isolate exosomes derived from antigen-presenting cells used antibody-coated magnetic beads to
capture a precise subtype of exosomes through the major histocompatibility complex class II [33]. However,
protocols for immunoaffinity procedure are set on a very small scale and the costs for large volume samples
isolation are highly expensive, which are important drawbacks for the clinical translation [33,40]. Moreover,
it is hard to recover fully intact EVs [76].
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3.3.4. Polymer Precipitation

Another technique for EV isolation is a method based on polymer precipitation, commonly used
to precipitate other molecules such as viruses. In this method, the sample containing the EVs is
precipitated with a solution of polyethylene glycol (PEG). Then, with a centrifugation, it is possible to
obtain a pellet containing EVs [1]. This approach for EVs isolation is easy, scalable and does not require
long runs or specific equipment. Actually, different commercial EV isolation kits, such as Exosome
Isolation (Thermo Fisher Scientific) or ExoQuick (System Biosciences), are used to simplify the EVs
isolation process [40]. However, the purity of the sample obtained this way is not currently suitable for
clinical application [40,77].

3.3.5. Microfluidic Separation

Finally, microfluidics is a separation method widely used for other nanoparticles. This method
is fast and presents high sensitivity as it can be combined with other techniques such as
immunoaffinity methodologies, using surface protein markers to enrich the sample of exosomes
without contamination [1,41,72]. This technique allows one to obtain relatively pure samples of EVs.
For instance, CD41-positive platelet-derived EVs were isolated from plasma through a quick process
using an anti-CD41 antibody-coated surface [33]. However, a strong limitation of this method is the
low sample volume restriction [1,72].

3.4. EVs for Drug Delivery in the Clinics

The race to find the best type of EVs, isolation method and source for these potential drug delivery
systems has already started. Currently, some clinical trials have by now demonstrated the promising
application of EVs in the clinics (Table 2). Yet, these methodologies are at the early stages of investigation
and clinical application [33]. It is, however, possible to find a few listed clinical trials already using EVs
of different sources as drug delivery systems to treat cancer (Table 2) (http://clinicaltrials.gov [78]). Here,
we highlight a study in phase I carried out in the USA (NCT03608631), expected to present results by
March 2022, which aims to use mesenchymal stromal cell-derived EVs loaded with KrasG12D siRNA
to fight against a specific type of pancreatic cancer. Another clinical trial in France (phase II), completed
in 2018 (NCT01159288), assessed the potential of vaccinations with tumor antigen-loaded dendritic
cell-derived exosomes against lung cancer, with the aim to activate the innate and adaptive immunity of
the patients. Phase I of this study already showed safety of the treatment and feasibility [79]. However,
the final results of its phase II have not yet been revealed.

Table 2. Clinical trials with EVs as drug delivery systems.

Type of Cancer EV Source Isolation Method Loading Method Therapeutic Cargo Phase Ref.

Malignant
pleural effusion Tumor cells Not mentioned Not mentioned Chemotherapy Phase II NCT01854866

Non-small cell
lung cancer Dendritic cells Ultrafiltration/UC Not mentioned Peptides Phase II NCT01159288

Pancreatic
cancer

Mesenchymal
stromal cells Not mentioned Not mentioned KrasG12D siRNA Phase I NCT03608631

Melanoma
(stage III/IV)

Autologous
monocyte-derived

dendritic cells
Ultrafiltration/UC Incubation with

parental cells MAGE3 Phase I [78]

Lung cancer
(stage IV)

Human lung
carcinoma cell line

A549

Differential
gradient

centrifugation
Passive incubation Cisplatin Phase I [64]

Colon cancer Plant nanovesicles Not mentioned Not mentioned Curcumin Phase I NCT01294072
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To exemplify the use of non-human EVs sources for drug delivery, there is a phase I clinical study
being carried out in the USA (NCT01294072), with the purpose of using plant-derived exosomes for
the delivery of curcumin to targeted colon tumors, as previous clinical trials showed low efficiency
and limited bioavailability of oral consumed curcumin, even in high doses [79]. This phase I study is
scheduled to end by December 2022.

3.5. Artificial Extracellular Vesicles as Ideal Drug Delivery Systems

Each cellular type, loading method or isolation technique has certain potential for the production
and obtention of efficient EVs for drug delivery. However, these qualities may not be enough on their
own to generate an ideal EV-based DDS. Moreover, clinical use of this drug carriers is at the moment
limited due to the low yield production of EVs by the different cell sources [80,81]. Yet, this knowledge
could be used to synthesize artificial EVs specifically designed for drug delivery against a specific
type of cancer. Several methodologies have already been described for the generation of artificial EVs,
although more research and consensus among scientists in terms of biomaterials is needed [82].

Within the concept of artificial EVs as novel delivery systems, these can be separated into
semi-synthetic EVs (which have been only modified before or after isolation) or fully synthetic EVs/EV
mimetics (cell culture generated or artificial structures that mimic native EVs) [80,82]. These EV mimetic
vehicles are usually produced on a large-scale by extrusion of specific cells (using micrometer-sized
membranes) or built up from synthetic lipid materials forming liposomes [80,81]. Synthetic liposomes
have been considered to be a viable vehicles for cancer therapy for a long time, as most cancers
present a high number of light density lipoprotein receptors [83]. Therefore, liposomes or lipid-based
nanoparticles have centered many efforts in the past few years. They were demonstrated to effectively
load different drugs such as RNAs or chemotherapeutic agents. However, they were prone to present
immunogenicity and toxicity as well as low ability to reach specific organs or tissues, which is a major
drawback for human treatments [83]. The benefits of engineered vesicles that carry both the simplicity
of liposomes, which can be easily modified, as well as specific EV membrane proteins, grant these
artificial EVs the ideal characteristics for drug delivery [80,84].

Furthermore, artificial EVs can be engineered to present on their cell membrane surface other
targeting ligands to improve their biodistribution and targeting capabilities. This method has
been used as an example to create EVs expressing a fusion protein for the treatment of chronic
myelogenous leukemia, a disease in which some patients develop drug resistance against common
treatments (i.e., tyrosine kinase inhibitors) or have strong side effects because of inefficient site-specific
accumulation of the drug [34,85]. In this case, HEK293T cells were used as the source of EVs, being first
transfected with a plasmid containing the exosomal protein Lamp2b fused with interleukin 3 (IL-3).
The IL-3 receptor is overexpressed in blasts from patients suffering chronic myelogenous leukemia;
therefore, this molecule could be used for targeting purposes against this type of cancer. Moreover,
EVs were loaded with Imantib, a first line leukemia treatment. In cell culture and mouse models,
the efficacy of such EVs as drug delivery vehicles has been confirmed since the cytotoxicity of Imantib,
when compared to EVs without the lamp2b-IL-3 fusion protein, was significantly reduced, while the
survival rate augmented [85]. These results show that using targeting ligands can improve drug
delivery to specific sites and this significantly improves the treatment.

Likewise, elements to avoid the activation of the immune system against the EVs could be
incorporated into the vesicles to enhance their immune evasion properties. The most common
approach in this context is the use of PEG (also used in polymer precipitation isolation technique),
a molecule that forms a hydration layer around the vesicles which reduces their recognition by
immune cells and therefore enhances the circulation time of the particles [34]. This was confirmed by a
study where mice were injected with EVs from human epidermoid carcinoma cells fused with PEG.
These vesicles could be found in blood after one hour, while non-PEGylated EVs had been completely
cleared from circulation within ten minutes [34,86].
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In addition, stimuli-responsive elements could be used to improve functionality and spatial
action by adding, for example, peptides that are sensitive to the acid TME, such as pH-sensitive
functional groups, generating the extracellular release of the drug only when the EVs are exposed
to the acidic tumor environment [34]. As an example, EVs were modified with 3-(diethylamino)
propylamine (DEAP), which causes the collapse of the EV membrane when the pH is below 7.0 [34,87].
Another pH-sensitive membrane functionalization approach which enhances EV uptake and cytosolic
release is cationic lipid and pH-sensitive peptide (GALA) conjugation [10]. In both cases, the disruption
of the membrane from EVs containing a drug allow the release of the drug to a targeted site [34].
However, additional types of stimuli-induced responses could also be useful to fight cancer and
overcome the current failures (Figure 4).
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Figure 4. Structure of an ideal extracellular vesicle (EV) for drug delivery. EVs can be artificially
synthetized or engineered to gain potential as ideal Drug Delivery Systems (DDS). While maintaining
their natural membrane or synthetizing a simple liposome, immunosuppressive molecules (such as
polyethylene glycol (PEG)) could be added to the membrane to avoid the action of the immune system
of the patient. Moreover, different targeted ligands (like IL-3, integrins or glycans) could be used to
direct the vesicles with the therapy to specific cells or tissues delivery. Moreover, stimuli-responsive
elements (for instance pH-sensitive peptide (GALA) or 3-(diethylamino) propylamine (DEAP)) help
to deliver their cargo with more specificity. Within the inner core, EVs may contain genetic material
(like siRNA for therapy) of drugs against cancer or other diseases.

4. Discussion

Efforts to develop new treatments based on nanomedicine applications have exponentially grown
for the past decades with the final aim of improving the delivery of different treatments by using
nanocarriers to a wide range of diseases, including cancer. This kind of therapy presents advantages
when compared to conventional cancer therapy (i.e., Chemotherapy), in terms of improved solubility,
enhanced circulation time, targeted delivery and reduction of adverse side effects. Yet, only a few
synthetic DDS have reached the market so far, as only few of them have been completely safe and
significantly improved patient outcomes [88,89]. One of the major drawbacks of synthetic nanoparticles
is the insufficient accumulation of drug in the desired organ or tissue [88,90]. Indeed, despite many
preclinical studies, only one synthetic nanoparticle with active targeting capacity is on the market
today [91].

Many studies and reviews have discussed the possibility to modify EVs to target various
diseases [1,34,38,54,56,66,67]. This interest arises from the specific role of EVs in cellular communication
and their capacity to alter the recipient cell phenotype by transferring their inner content [33].
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Possibly, the utmost benefit of EVs is their lack of immunogenicity [43]. Contrarily, synthetic
nanoparticles such as liposomes may cause hypersensitivity reactions and immune rejection [65].
On the other hand, EVs present intrinsic targeting capabilities through ligands and receptors expressed
on their membranes, which is a very important feature in order to achieve a targeted drug delivery
system and might offer serious advantages in reduction of side effects and enhanced efficacy over
other synthetic nanoparticles [43]. Synthetic nanoparticles have the tendency to become very fast
opsonized with proteins in the blood stream, while the targeting features of EVs confer an important
influence on bio-distribution of the drug, enhancing circulation time and cellular interactions with
intrinsic homing abilities [55,58,92]. The complex composition of their surface membrane enables high
specificity and selectivity for their targets [55]. Besides, nucleic acids (i.e., small RNA) might especially
benefit from being delivered by EVs [58]. Although the benefits in using natural nanoparticles for drug
delivery in cancer seem obvious, the mechanisms by which EVs are transported through the body and
to their target cells or tissue are not yet fully understood. EV-based DDS need to be further studied and
validated [34,93]. An additional problem of EVs-based DDS is the lack of high-throughput methods
of isolation and efficient drug loading for clinical applications. Currently, most studies have been
made under a small-scale EVs production protocol [33]. Yet, large-scale synthesis would be required
for their clinical translation. Furthermore, it is also important to take into account the feasibility
of manufacturing EV-based DDS under good manufacturing practices (GMP) [10]. On the other
hand, synthetic DDS can be produced as a large-scale homogeneous population, with standardized
protocols [34].

For EVs application as DDS, it is very important to consider the different features of the EVs.
Some EVs, depending on their cell of origin, can stimulate immune and anti-tumor responses [58].
This illustrates that the choice of an appropriate cell type or cell state are essential questions for the
production of efficient EV-based DDS in a given disease or therapeutic application [59,65]. As mentioned
above, the most used sources for EVs are immune cells, MSCs, cancer cells or common cell lines.
Immune cells used as an EVs source in clinical trials demonstrated that non-modified EVs are usually
not enough to induce potent beneficial effects in vivo [59]. On the other hand, MSC-derived EVs
do not affect the immune system [59]. Still, this kind of EV proved to reach targeted organs after
infusion bypassing the lung microvasculature [94,95]. Confirmed differences exist in biological
effects of MSC-derived EVs from different sources (bone marrow, adipose tissue or endothelium) [94].
Although this cell source seems to be the most extended in use, its application in clinical trials is still
limited, as some critical parameters, such as culture conditions or protocols for production, storage or
administration, are not standardized [94–96]. On the other hand, the use of cancer cell lines as a source
of EVs may simplify their isolation. However, the yet unknown content shared through cancer cells
with EVs may represent an important safety risk [58]. Finally, EVs obtained from common cellular lines
may be easier to produce in large quantities, although with fewer biological benefits. Other studies
point to using EVs of vegetable origin (from freshly prepared juice of edible plants) as a source for drug
delivery. For example, EVs derived from grapefruit juice proved to successfully deliver interfering
RNA, proteins or chemotherapeutic agents in animal models [58]. Moreover, other non-human sources
of EVs are being tested, like EVs derived from animal milk, which proved to successfully function as
drug carriers. Attention should be paid to this particular source of EVs as it might allow the production
of low-budgeted and up- scaled EVs [58,97].

Further, the need to find efficient isolation methods for EVs is one of the major limitations to use
EVs for drug delivery [40,63]. Conventional isolation techniques usually present low purity of the
sample and limited recovery yields [34]. Moreover, standardized protocols for the purification and
isolation processes are also needed. These protocols should be scalable to translate the techniques
into large-scale EVs production under GMP [33,43]. Yet, it is important to bear in mind that the
combination of two or more methods may improve the isolation of EVs and the scalability of the
process [1]. Likewise, with the current isolation methods, it was formerly impossible to completely
isolate pure exosome samples [59]. Until date, the most used EVs isolation techniques have been UC
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combined with density gradient centrifugation, polymer precipitation or SEC for further purification
and possible large-scale production of EVs [40,58,63,74]. Lately, novel technologies to isolate EVs are
being developed. Microfluidic platforms are an example of such technologies; they have great potential
but still need to be optimized in order to standardize the protocols and storage conditions, to maintain
the functionality of EVs and make large-scale isolation feasible [58,63,72].

As synthetic nanoparticles have so far failed in their translation to the clinics, and the development
of EVs for drug delivery is still facing some major challenging issues for large-scale production,
artificial extracellular vesicles may represent an ideal DDS connecting the best of both systems [98].
These carriers mimic the structure of EVs, although conserving the simple structure and characteristics
of synthetic DDS [80]. Additionally, large-scale production would be easily achieved in a short time
period, and vesicle loading would become a simpler process [80,81,99]. Some in-between alternatives
for synthetic nanoparticles and EVs have already been investigated, such as cell-membrane-coated
nanoparticles. They use natural membranes and therefore benefit from their biological characteristics
as EVs [34]. Cell-membrane-coated nanoparticles thus carry both properties of synthetic nanoparticles
and cellular membranes. As a drawback, the extraction of this cell membrane is a complicated and
time-consuming process [34,100].

5. Conclusions

Altogether, EVs are prospective for cancer treatment; however, their functionality and physiological
role are still under investigation [40,63]. Moreover, stronger preclinical models (immunocompetent
mice, humanized patient derived xenograft (PDX) models) to predict the human response to the
treatment are needed for early phase clinical trials [58]. Additionally, a better understanding of EV
biological function is needed, and several issues related to the purification, loading, targeting and
scaling-up of EVs as DDS must be carefully considered to successfully transit these particles from
bench to bedside [40,63,94].
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Abstract: In this study, we fabricated tumor-homing pH-sensitive extracellular vesicles for efficient
tumor treatment. These vesicles were prepared using extracellular vesicles (EVs; BTEVs extracted
from BT-474 tumor cells or SKEVs extracted from SK-N-MC tumor cells), hyaluronic acid grafted
with 3-(diethylamino)propylamine (HDEA), and doxorubicin (DOX, as a model antitumor drug).
Consequently, HDEA/DOX anchored EVs (HDEA@EVs) can interact with origin tumor cells owing
to EVs’ homing ability to origin cells. Therefore, EV blends of HDEA@BTEVs and HDEA@SKEVs
demonstrate highly increased cellular uptake in both BT-474 and SK-N-MC cells: HDEA@BTEVs
for BT-474 tumor cells and HDEA@SKEVs for SK-N-MC tumor cells. Furthermore, the hydrophobic
HDEA present in HDEA@EVs at pH 7.4 can switch to hydrophilic HDEA at pH 6.5 as a result
of acidic pH-induced protonation of 3-(diethylamino)propylamine (DEAP) moieties, resulting
in an acidic pH-activated EVs’ disruption, accelerated release of encapsulated DOX molecules,
and highly increased cell cytotoxicity. However, EV blends containing pH-insensitive HA grafted
with deoxycholic acid (HDOC) (HDOC@BTEVs and HDOC@SKEVs) showed less cell cytotoxicity for
both BT-474 and SK-N-MC tumor cells, because they did not act on EVs’ disruption and the resulting
DOX release. Consequently, the use of these tumor-homing pH-sensitive EV blends may result in
effective targeted therapies for various tumor cells.

Keywords: tumor-homing extracellular vesicles; pH-sensitive extracellular vesicles; doxorubicin;
tumor therapy

1. Introduction

Extracellular vesicles (EVs) are nanosized cellular vesicles released from various types of tumor
cells [1–5]. To achieve quick and extensive intercellular communication between tumor cells, EVs are
secreted out of the cells so that they can enter the recipient cells [4–7]. These EVs perform various
biological functions, such as the disposal of cellular waste products, release of foreign invaders, control
of gene expression, and activation of the immune system [8–10].

In addition, EVs intrinsically express various membrane proteins, cell adhesion molecules,
and tumor specific ligands, thereby enabling the homing of EVs to origin cells [4,11–16]. These properties
of EVs enable tumor-homing ability and render them potential candidates as tumor-recognizing drug
carriers. In particular, recent studies suggest that these EVs have the ability to interact with their
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released parental cells, and this property has been used to target tumor cells [4,11–16]. This means
that these EVs are suitable as tumor-targeting and tumor-penetrating drug carriers, as they can be
selectively homed to their parent tumor cells [4,13–22]. Furthermore, the immunogenicity of these EVs
is relatively low; therefore, they exhibit excellent body safety for biomedical applications [4,10,19,20].

In this study, we fabricated tumor-homing pH-sensitive EVs. These EVs were prepared using EVs
(BTEVs extracted from BT-474 tumor cells or SKEVs extracted from SK-N-MC tumor cells), hyaluronic
acid grafted with 3-(diethylamino)propylamine (HDEA), and doxorubicin (DOX) [3]. In particular,
we prepared EV blends using HDEA/DOX anchored EVs (HDEA@BTEVs and HDEA@SKEVs) to
target different tumor cells. The EV blends are expected to yield efficient cellular uptake for parent
BT-474 and SK-N-MC tumor cells. Therefore, we hypothesize that these different EVs can target their
origin tumor cells, owing to their homing ability to origin cells, allowing their efficient accumulation
into heterogeneous tumor cells. Furthermore, 3-(diethylamino)propylamine (DEAP) moieties present
in HDEA can be protonated at endosomal pH and induce the destabilization of EVs, owing to
DEAP-mediated vesicle destabilization, followed by the release of encapsulated DOX [3,23–31]. In this
study, we investigated the tumor targeting ability, pH-sensitive properties, and antitumor efficacy of
EV blends against BT-474 and SK-N-MC tumor cells.

2. Materials and Methods

2.1. Materials

Hyaluronic acid (HA, Mw = 4.8 kDa), 3-(diethylamino)propylamine (DEAP), N-hydroxysuccinimide
(NHS), N,N’-dicyclohexylcarbodiimide (DCC), triethylamine (TEA), deoxycholic acid (DOCA),
4-dimethylaminopyridine (DMAP), pyridine, dimethyl sulfoxide (DMSO), sodium tetraborate, adipic
acid dihydrazide (ADH), doxorubicin hydrochloride (DOX), paraformaldehyde, heparin, and Triton
X-100, 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Chlorin e6 (Ce6) was purchased from Frontier Scientific Inc (Logan, UT, USA).
RPMI-1640 medium, DMEM medium, fetal bovine serum (FBS), phosphate buffered saline (PBS), ethylene
diamine tetra-acetic acid (EDTA), penicillin, trypsin, and streptomycin were purchased from Welgene
Inc (Seoul, Korea). EV-depleted FBS was purchased from System Biosciences Inc. (Palo Alto, CA, USA).
Cell Counting Kit-8 (CCK-8) was purchased from Dojindo Molecular Technologies Inc. (Santa Clara, CA,
USA). Wheat Germ Agglutinin Alexa Fluor® 488 Conjugate (WGA-Alexa Fluor® 488), fluorescein
isothiocyanate (FITC) were purchased from Life Technologies (Carlsbad, CA, USA).

2.2. Synthesis of HA-g-DEAP

The detailed synthesis method of HA grafted with DEAP (HA-g-DEAP: HDEA) was described in
our previous report [3,29–31]. Briefly, HA (200 mg) was reacted with DEAP (55 mg) in DMSO (10 mL)
containing DCC (110 mg), NHS (60 mg), and TEA (500 µL) at 25 ◦C for 3 days, to produce HDEA
(Figure S1). HA grafted with DOCA (HA-g-DOCA: HDOC) was prepared as a pH-insensitive control
group against pH-sensitive HDEA. The detailed synthesis method of HDOC was described in our
previous report [3,29–31]. Briefly, HA (200 mg) was reacted with DOCA (650 mg) in DMSO (10 mL)
containing DCC (340 mg), DMAP (20 mg), and pyridine (500 µL) at 25 ◦C for 3 days, to produce
HDOC (Figure S2). In addition, HDEA (100 mg) or HDOC (100 mg) were reacted with Ce6 (15 mg) in
DMSO (10 mL) containing DCC (10 mg), ADH (9 mg), NHS (6 mg), and TEA (200 µL) at 25 ◦C for
2 days, to produce Ce6-labeled HDEA or Ce6–labeled HDOC [3,30,31]. The non-reacted chemicals
were removed via dialysis against fresh DMSO for 3 days, and then deionized water for 3 days using a
pre-swollen dialysis membrane (Spectra/Por®6 MWCO 2 kDa, Spectrum Laboratories Inc, Rancho
Dominguez, CA, USA). The dialyzed solution was freeze-dried; subsequently, the final product was
obtained [3,29–31].
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2.3. Harvest of EVs

To harvest EVs, human breast carcinoma BT-474 cells and human neuroblastoma SK-N-MC cells
were selected as the EV secreting cell lines and purchased from the Korean Cell Line Bank (Seoul,
Korea). BT-474 cells were cultured in an RPMI-1640 medium containing 1% penicillin-streptomycin
and 10% EV-depleted FBS in a 5% CO2 atmosphere at 37 ◦C. SK-N-MC cells were cultured in the DMEM
medium containing 1% penicillin-streptomycin and 10% EV-depleted FBS in a 5% CO2 atmosphere at
37 ◦C. The cell culture medium was centrifuged at 2000 g for 20 min at 4 ◦C and additionally centrifuged
at 10,000 g for 30 min to eliminate large cell debris and dead cells. Subsequently, the supernatant was
again ultracentrifuged at 100,000 g at 4 ◦C for 70 min to separate EVs pellets. The obtained pellets
were washed using fresh PBS (150 mM, pH 7.4) and then ultracentrifuged at 100,000 g at 4 ◦C for
70 min. These purified EVs were stored at −80 ◦C, after being suspended in fresh PBS (150 mM,
pH 7.4) [3,30,32–34]. In addition, the suspended EVs concentration was analyzed using Nanosight
(LM10, Malvern Instruments, Malvern, UK) with NTA 2.3 software [3,35].

2.4. Preparation of EV Samples

Sonication was performed to incorporate HDEA (or HDOC) and DOX to EVs [3,30,36]. HDEA
(300 µg, or Ce6-labeled HDEA) or HDOC (200 µg, or Ce6-labeled HDOC) dissolved in DMSO (0.1 mL)
containing DOX (400 µg) were mixed with EVs (200 µg) suspended in PBS (10 mL, 150 mM, pH 7.4)
at 25 ◦C, and the solution was sonicated using a tip sonicator, vcx-130 with cv-18 (Sonics, Newtown,
CT, USA) with a 30% amplitude for 30 s. This sonication process was repeated 6 times at 3 min
intervals. The obtained solution was incubated at 37 ◦C for 60 min to recover the EVs. The filtration
method using 0.22 µm membranes was performed to remove HDEA (or HDOC) or DOX aggregates.
Ultracentrifugation at 100,000 g at 4 ◦C for 70 min was performed to remove free HDEA (or HDOC) and
DOX to yield HDEA@EVs or HDOC@EVs [3,30,36]. In addition, DOX@EVs with DOX and without
HDEA and HDOC were prepared following the same procedure as described above.

2.5. Measurement of Loading Contents

The concentration of HDEA or HDOC (with fluorescent Ce6 dye) in the EVs was measured using
a fluorescence spectrofluorometer (RF-5301PC, Shimadzu, Kyoto, Japan) at λex of 450 nm and λem of
670 nm using a DMSO/PBS solution (90/10 vol.%) [3,30,31]. The HDEA or HDOC loading content (%)
was calculated as the weight percentage of HDEA or HDOC in the EVs. The concentration of DOX
entrapped in the EVs was measured using a fluorescence spectrofluorometer at λex of 470 nm and λem

of 592 nm using a DMSO/PBS solution (90/10 vol.%). The DOX loading content (%) was calculated as
the weight percentage of DOX in the EVs [3,30,31].

2.6. Characterization of EV Samples

The particle size and zeta potential of the EV samples at pH 7.4 or 6.5 were measured using a
Zetasizer 3000 instrument (Malvern Instruments, Malvern, UK) [3,30,37–40]. The morphologies of the
EV samples at pH 7.4 or 6.5 were analyzed using a transmission electron microscope (Talos L120C, FEI,
Hillsboro, OR, USA) [3,31,37,38].

2.7. In Vitro DOX Release Test

The EV samples (equivalent to DOX of 100 µg/mL) in PBS (3 mL, 150 mM, pH 7.4) were added
to a dialysis membrane (Spectra/Por® MWCO 10 K) and immersed in fresh PBS (15 mL, 150 mM,
pH 7.4 or 6.5) [3,30,31,40]. A DOX release test was conducted using a mechanical shaker (100 rpm) at
37 ◦C [3,30,31,40]. The external PBS of the dialysis membrane was extracted and replaced with fresh
PBS at the specified time point. The amount of DOX released from the EV samples was measured
using a fluorescence spectrofluorometer at λex of 470 nm and λem of 592 [3,27].
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2.8. Hemolysis Test

To determine the endosomolytic activity of the EV samples, a hemolysis test was conducted using
red blood cells (RBCs) collected from BALB/c mice (7-week-old female) [31,41,42]. The RBC solutions
(106 cells/mL) at pH 7.4 or 6.5 were incubated with the EV samples (equivalent to EVs of 30 µg/mL,
without DOX) at 37 ◦C for 1 h. The RBC solutions were centrifuged at 1500 g for 10 min at 4 ◦C and
the supernatant was collected. The light absorbance (LA) value of the supernatant was measured
using a spectrophotometer at a wavelength of 541 nm. A 0% (as a negative control) LA was acquired
from a PBS-treated intact RBC solution and the 100% (as a positive control) of LA value was obtained
from completely lysed RBC solution using 2 wt.% Triton X-100. The hemolysis (%) of each EV sample
was determined as the LA of the RBC solution treated with each sample relative to the control LA
value [31,41,42].

2.9. Cell Culture

Human breast carcinoma BT-474 cells, human neuroblastoma SK-N-MC cells, and human liver
carcinoma Huh7 cells were purchased from the Korean Cell Line Bank. When the cells were grown
as a monolayer (1 × 106 cells/mL), they were harvested by trypsinization using a 0.25% (wt./vol.)
trypsin/0.03% (wt./vol.) EDTA solution. Subsequently, the cells suspended in the RPMI-1640 or DMEM
medium were seeded in well plates before cell test [37–40].

2.10. In Vitro Cellular UPTAKE test

BT-474, SK-N-MC, or Huh7 tumor cells were incubated with EV samples (equivalent to DOX of
5 µg/mL) or free DOX (5 µg/mL) for 4 h. After washing the cells using fresh PBS (150 mM, pH 7.4),
the fluorescence intensity of the cells was determined using a FACSCaliburTM flow cytometer (FACS
Canto II, Becton Dickinson, Franklin lakes, NJ, USA) [3,31,37–39]. In addition, to visualize the cellular
uptake of the EV samples, BT-474 or SK-N-MC tumor cells were incubated with the EV samples for
4 h and then fixed using 3.7% formaldehyde in PBS. The fixed cells were monitored using a Nikon
microscope equipped with a VNIR hyperspectral camera system (Cytoviva high-resolution adapter,
Cytoviva, Auburn, AL, USA) [43–45]. For confocal microscopy analysis, the treated cells were stained
with WGA-Alexa Fluor® 488 and DAPI. The stained cells were then fixed using 3.7% formaldehyde
in PBS and analyzed using a confocal laser scanning microscope (LSM710, Carl Zeiss, Oberkochen,
Germany) [3,30,31].

2.11. In Vitro Cytotoxicity Test

To determine the cytotoxicity, BT-474, SK-N-MC, or Huh7 tumor cells were incubated with the EV
samples (equivalent to DOX of 5 µg/mL) or free DOX (5 µg/mL) at pH 7.4 for 4 h. After washing the
cells using fresh PBS (150 mM, pH 7.4), the treated cells were further incubated with fresh RPMI-1640
or DMEM medium at 37 ◦C for 24 h. CCK-8 assay was used to determine the cell viability [3,31,38–40].
In addition, the viability of the cells incubated with drug-free EVs for 24 h was measured using the
CCK-8 assay to determine the original toxicity of the EVs and polymers [3,31,38–40].

2.12. In Vitro Cellular Uptake Test of EV Blends

BTEVs (with fluorescent Ce6 dye incorporation) and SKEVs (with fluorescent FITC dye
incorporation) were used to visualize the cellular uptake of the EV blends. Here, Ce6 dye or
FITC dye was incorporated into the EVs through sonication [3,30,36]. Briefly, Ce6 dye (200 µg) or FITC
dye (200 µg) dissolved in DMSO (0.1 mL) were mixed with EVs (200 µg) suspended in PBS (10 mL,
150 mM, pH 7.4) at 25 ◦C; subsequently, the solution was sonicated using a tip sonicator, vcx-130
with cv-18 (Sonics, Newtown, CT, USA) with 30% amplitude for 30 s. The obtained solution was
incubated at 37 ◦C for 60 min to recover the EVs. The filtration method using 0.22 µm membrane was
performed to remove Ce6 or FITC aggregates. Ultracentrifugation at 100,000 g at 4 ◦C for 70 min was
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performed to remove free Ce6 or FITC. The measured weight of the Ce6 or FITC dye incorporated
in the EVs was 1–2 wt.%, as evaluated using a fluorescence spectrofluorometer. The obtained EV
blends [HDEA@BTEVs/HDEA@SKEVs (50/50 wt.%)] (equivalent to EVs of 30 µg/mL, without DOX)
were added to the tumor cells seeded on coverslips in a culture plate at 37 ◦C for 4 h. After washing
the cells using fresh PBS (150 mM, pH 7.4), the treated cells were fixed using 3.7% formaldehyde in
PBS. The fixed cells were analyzed using a confocal laser scanning microscope (LSM710, Carl Zeiss,
Oberkochen, Germany) [3,30,31].

2.13. In Vitro Cytotoxicity Test of EV Blends

The mixed tumor cells (BT-474/SK-N-MC = 50:50 ratio of the number of cells) were prepared before
the cell test and incubated with EV blends [HDEA@BTEVs/HDEA@SKEVs (50/50 wt.%)] (equivalent to
DOX of 5 µg/mL), HDEA@BTEVs (equivalent to DOX of 5 µg/mL), or HDEA@SKEVs (equivalent to
DOX of 5 µg/mL) for 4 h at 37 ◦C. After washing the cells using fresh PBS (150 mM, pH 7.4), the treated
cells were additionally cultured with fresh RPMI-1640/DMEM mixed medium (50/50 vol.%) at 37 ◦C
for 24 h. The CCK-8 assay was used to determine the cell viability [3,31,38–40].

2.14. Statistics

All the experimental results were analyzed using Student’s t-test or ANOVA at a significance level
of p < 0.01 (**) [37].

3. Results and Discussion

3.1. Characterization of EV Samples

To fabricate pH-sensitive EV blends for targeting heterogeneous tumor cells, we first harvested
EVs (BTEVs from BT-474 tumor cells and SKEVs from SK-N-MC tumor cells). The harvested BTEVs
and SKEVs were almost spherical, as shown in the TEM image (Figure S3a). Subsequently, these EVs
(BTEVs and SKEVs) were identified to exhibit specific protein expressions (Figure S3b). In particular,
TSG 101, a conventional marker for EVs, was highly expressed in all EVs [46–48]. The estrogen receptor
alpha (ER-α) was significantly detected in the SKEVs, whereas the tau protein (Tau) was only detected
in the BTEVs (Figure S3b) [49–52]. Next, we incorporated pH-sensitive polymers (HDEA) and an
antitumor model drug (DOX) to the EVs through sonication, as described in the experimental methods
section. Finally, we obtained HDEA-anchored BTEVs (HDEA@BTEVs) or HDEA-anchored SKEVs
(HDEA@SKEVs). HDOC@BTEVs and HDOC@SKEVs were prepared as pH-insensitive EVs to evaluate
the pH-sensitive properties of HDEA@BTEVs and HDEA@SKEVs, respectively. The loading content of
HDEA or HDOC in the EV samples was 29–31 wt.%, and the loading content of DOX in the EV samples
was 12–16 wt.% (data not shown). Next, we prepared EV blends by physically mixing HDEA@BTEVs
and HDEA@SKEVs (a weight ratio of 50/50) in PBS (pH 7.4).

As shown in Figure 1a, we expect the EV blends to home to their parent cells owing to the EVs’
homing ability [4,11–17]. Here, the DEAP moieties in the EVs can be protonated at the endosomal pH
6.5, inducing EV destabilization and accelerating the release of encapsulated DOX [3,23–31].

Figure 1b,c shows that the average particle sizes of intact EVs and the EV samples ranged from
105 to 120 nm at pH 7.4. However, the particle size of the HDEA@BTEVs and HDEA@SKEVs increased
from 105 nm at pH 7.4 to 200 nm at endosomal pH 6.5 (Figure 1b,c), likely owing to the destabilized
membrane of EVs due to the protonated DEAP [3,30,31]. By contrast, intact BTEVs, intact SKEVs,
HDOC@BTEVs, and HDOC@SKEVs indicated no significant difference in particle size when the pH
of the solution was reduced to pH 6.5; this could be due to the absence of pH-sensitive polymers
(HDEA). In addition, as the pH of the solution decreased from 7.4 to 6.5, the zeta potentials of the
HDEA@BTEVs and HDEA@SKEVs increased from −18.3 and −18.6 mV to −8.6 mV and −9.2 mV,
respectively (Figure 1d,e). It was assumed that the protonated DEAP at pH 6.5 elevated the zeta
potential of the HDEA@BTEVs and HDEA@SKEVs [3,30,31]. However, the zeta potential of intact
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BTEVs, intact SKEVs, HDOC@BTEVs, and HDOC@SKEVs indicated no significant difference at pH
7.4 and 6.5. Furthermore, the morphological images obtained from TEM reveal that almost spherical
HDEA@BTEVs and HDEA@SKEVs at pH 7.4 were destabilized at pH 6.5, and that their structures
were partially cracked (Figure 1f). However, the HDOC@BTEVs and HDOC@SKEVs did not show any
noticeable changes between pH 7.4 and 6.5. These results demonstrated that pH-sensitive DEAP in the
HDEA@BTEVs and HDEA@SKEVs mediated the destabilization of the EVs structure, owing to the
protonation of HDEA [3,30,31] at endosomal pH 6.5.
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Figure 1. (a) Schematic illustration of tumor-homing pH-sensitive extracellular vesicles (EVs). Particle
size distribution of (b) BTEVs and (c) SKEVs at pH 7.4 or 6.5. Zeta potential changes of (d) BTEVs and
(e) SKEVs at pH 7.4 or 6.5 (n = 3, as multiple experiments, ** p < 0.01 compared to EVs at pH 7.4).
(f) TEM images of EVs at pH 7.4 or 6.5.

3.2. pH-Triggered DOX Release

The DOX release profile of the EV samples was monitored at pH 7.4 or 6.5 (Figure 2). At pH
7.4, all the EV samples released DOX gradually, and no significant differences were observed in the
DOX release rates. However, at pH 6.5, the HDEA@BTEVs and HDEA@SKEVs exhibited a significant
increase in the DOX release rates. Specifically, in 48 h, they released approximately 80–85 wt.%
of the encapsulated DOX. In addition, regardless of pH change, the DOX@BTEVs, HDOC@BTEVs,
DOX@SKEVs, and HDOC@SKEVs showed a passive DOX release of 40–45 wt.%. These results indicate
that the HDEA@BTEVs and HDEA@SKEVs recognized a slight pH change, resulting in an accelerated
DOX release at pH 6.5.
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Figure 2. Cumulative doxorubicin hydrochloride (DOX) release from (a) BTEVs and (b) SKEVs at pH
7.4 or 6.5 in 48 h (n = 3, as multiple experiments).

3.3. Endosomolytic Activity Test

To evaluate the endosomolytic activity of EV samples, we performed a hemolysis test using RBCs
with an endosomal-like membrane (Figure 3). At pH 7.4, intact EVs and all the EV samples exhibited
negligible hemolytic activity. However, in response to endosomal pH 6.5, the hemolytic activities
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of the HDEA@BTEVs and HDEA@SKEVs increased significantly, likely owing to the proton sponge
effect [3,30,31] of the protonated DEAP. By contrast, intact BTEVs, HDOC@BTEVs, intact SKEVs,
and HDOC@SKEVs indicated no significant difference in hemolytic activity at pH 6.5. These results
indicate that the endosomolytic activity of the HDEA@BTEVs and HDEA@SKEVs facilitated the
cytosolic release of drugs in the tumor cells.
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3.4. In Vitro Cellular Uptake and Cytotoxicity of EV Blends

We verified the cellular uptake behaviors of EV samples for tumor cells (BT-474, SK-N-MC, and
Huh7 cells) using a FACSCaliburTM flow cytometer [3,31,37–39]. Figure 4 shows the quantitative
results of the cellular uptake of EV samples in tumor cells (BT-474, SK-N-MC, and Huh7). The average
fluorescence intensity of BTEVs samples (HDEA@BTEVs, HDOC@BTEVs, and DOX@BTEVs) in BT-474
tumor cells was ~1.4 × 103; however, those of the SKEV samples (HDEA@SKEVs, HDOC@SKEVs,
and DOX@SKEVs) and free DOX were ~1.2 × 102 and ~45 (Figure 4a), respectively. Consequently,
the uptake of the BTEV samples by the BT-474 tumor cells increased significantly, compared with
that of the SKEV samples and free DOX. Meanwhile, as shown in Figure 4b, the uptake of the SKEV
samples by the SK-N-MC tumor cells increased, compared with that of the BTEV samples and free
DOX. The average fluorescence intensity of the SKEV samples in SK-N-MC tumor cells was ~1.6 × 103;
however, those of the BTEV samples and free DOX were ~1.5× 102 and ~57, respectively. However,
the uptake of all the EV samples in the Huh7 tumor cells was extremely low and did not exhibit a
noticeable difference between all samples (Figure 4c). In addition, the average fluorescence intensity of
all EV samples in the Huh7 tumor cells was ~1.1 × 102. Overall, these results indicate that EVs with
homing ability were efficiently endocytosed to their parent tumor cells [4,11–17].

To further evaluate the internalization of EVs to their parent tumor cells, we also performed
in vitro cell imaging studies using a VNIR hyperspectral camera system and a confocal laser scanning
microscope [3,30,31,43–45]. The hyperspectral images shows that the DOX (present in EV samples)
signal of BT-474 tumor cells treated using BTEV samples (HDEA@BTEVs and HDOC@BTEVs) was
higher than that of BT-474 tumor cells treated with SKEV samples (HDEA@SKEVs and HDOC@SKEVs)
(Figure 5a), whereas the DOX signal of SK-N-MC tumor cells treated using SKEV samples was
higher than that of SK-N-MC tumor cells treated with BTEV samples (Figure 5b). Figure 6 shows
confocal images of BT-474 and SK-N-MC tumor cells treated using EV samples. The treated cells were
stained using DAPI and WGA-Alexa Fluor® 488 to visualize the cell nuclei and membranes [3,30,31].
The confocal images revealed that the BTEV samples were actively internalized to BT-474 tumor
cells, although the SKEV samples were ineffective in interacting with BT-474 tumor cells (Figure 6a).
Similarly, the SKEVs samples were efficiently internalized to SK-N-MC tumor cells, whereas the BTEV

252



Pharmaceutics 2020, 12, 372

samples were poorly internalized to SK-N-MC tumor cells (Figure 6b). These results support the
homing ability of EVs to their parent tumor cells, which is consistent with the results shown in Figure 4.Pharmaceutics 2020, 12, x FOR PEER REVIEW 9 of 17 
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To verify the cellular uptake of the EV blends for BT-474 and SK-N-MC tumor cells, we performed
in vitro cell imaging studies using a confocal laser scanning microscope [3,30,31]. As shown in Figure 7a,
BT-474 and SK-N-MC tumor cells were first cultured on coverslips. Subsequently, the coverslips were
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moved to empty cell-culture plates and then treated with each EV samples or the EV blends. As shown
in Figure 7b, Ce6 dye-incorporated HDEA@BTEVs displayed strong Ce6 fluorescence in BT-474 tumor
cells, although the fluorescence intensity of Ce6 was weak in SK-N-MC tumor cells. By contrast,
the FITC dye-incorporated HDEA@SKEVs displayed a strong FITC fluorescence signal for SK-N-MC
tumor cells, but a weak FITC fluorescence signal in BT-474 tumor cells. More importantly, the EV blends
displayed a strong Ce6 fluorescence and a weak FITC fluorescence in BT-474 tumor cells, whereas a
weak Ce6 fluorescence and a strong FITC fluorescence in SK-N-MC tumor cells. These results indicate
that the EV blends were selectively internalized to each parent tumor cells.
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DOX of 5 µg/mL) for 4 h incubation at 37 ◦C.

Figure 7c shows the cytotoxicity of the HDEA@BTEVs (equivalent DOX concentration of 5 µg/mL),
HDEA@SKEVs (equivalent DOX concentration of 5 µg/mL), and the EV blends (equivalent DOX
concentration of 5 µg/mL) to the mixed BT-474 and SK-N-MC tumor cells (50:50, cell number ratio).
The EV blends exhibited highly increased tumor cell death for mixed BT-474 and SK-N-MC tumor cells.
However, the HDEA@BTEVs or HDEA@SKEVs resulted in fewer tumor cell deaths. It is assumed
that the efficient uptake of the EV blends in both BT-474 and SK-N-MC tumor cells resulted in the
significantly increased antitumor efficacy.

In addition, to evaluate the cytotoxicity of the EV samples, BT-474, SK-N-MC, and Huh7 tumor
cells were treated using free DOX and EV samples at the equivalent DOX concentration of 5 µg/mL.
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First, HDEA@BTEVs and HDOC@BTEVs exhibited relatively increased BT-474 tumor cell death
compared with the SKEVs samples (HDEA@SKEVs and HDOC@SKEVs) (Figure 8a); this was likely
owing to the homing ability of the BTEVs. However, the pH-insensitive HDOC@BTEVs resulted in a
relatively reduced BT-474 tumor cell death, likely owing to the reduced DOX release (Figure 2). Similarly,
the homing ability of the SKEVs resulted in the increased cell-cytotoxicity of the HDEA@SKEVs against
SK-N-MC tumor cells (Figure 8b). However, Huh7 tumor cells treated with HDEA@BTEVs or
HDEA@SKEVs did not exhibit noticeable levels of cell death. The low cellular uptake of the BTEV and
SKEV samples in Huh7 tumor cells resulted in less cell-cytotoxicity for Huh7 tumor cells (Figure 8c).
These results indicate that the homing ability of EVs to their parent tumor cells (Figures 4–6) and
the endosomolytic activity/endosomal pH-triggered DOX releasing property of HDEA-anchored EVs
(Figures 2 and 3) enabled a significantly improved tumor cell death. In addition, all EV samples
without DOX showed negligible cytotoxicity up to 3 × 108 particles/mL in 24 h for incubation with
BT-474, SK-N-MC, and Huh7 tumor cells (Figure 8d–f), supporting their non-toxicity.Pharmaceutics 2020, 12, x FOR PEER REVIEW 11 of 17 
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dihydrochloride (DAPI) and Wheat Germ Agglutinin Alexa Fluor® 488 Conjugate (WGA-Alexa Fluor®488).
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(Figure 2). Similarly, the homing ability of the SKEVs resulted in the increased cell-cytotoxicity of the 
HDEA@SKEVs against SK-N-MC tumor cells (Figure 8b). However, Huh7 tumor cells treated with 
HDEA@BTEVs or HDEA@SKEVs did not exhibit noticeable levels of cell death. The low cellular 
uptake of the BTEV and SKEV samples in Huh7 tumor cells resulted in less cell-cytotoxicity for 
Huh7 tumor cells (Figure 8c). These results indicate that the homing ability of EVs to their parent 
tumor cells (Figures 4–6) and the endosomolytic activity/endosomal pH-triggered DOX releasing 
property of HDEA-anchored EVs (Figures 2 and 3) enabled a significantly improved tumor cell 
death. In addition, all EV samples without DOX showed negligible cytotoxicity up to 3 × 108 
particles/mL in 24 h for incubation with BT-474, SK-N-MC, and Huh7 tumor cells (Figure 8d–f), 
supporting their non-toxicity.  

Figure 7. (a) Schematic illustration of in vitro experiments using Ce6 dye-incorporated HDEA@BTEVs,
FITC dye-incorporated HDEA@SKEVs, and EV blends [Ce6 dye-incorporated HDEA@BTEVs/FITC
dye-incorporated HDEA@SKEVs (50:50 wt.%)]. (b) Confocal images of BT-474 cells (left) and
SK-N-MC cells (right) treated with Ce6 dye-incorporated HDEA@BTEVs, FITC dye-incorporated
HDEA@SKEVs, or EV blends [Ce6 dye-incorporated HDEA@BTEVs/FITC dye-incorporated
HDEA@SKEVs (50/50 wt.%)] (equivalent to EVs of 30 µg/mL) for 4 h incubation at 37 ◦C. (c) Cell viability
determined by CCK-8 assay of tumor cells treated with EVs or EV blends [HDEA@BTEVs/HDEA@SKEVs
(50/50 wt.%)] (equivalent to DOX of 5 µg/mL) for 4 h incubation at 37 ◦C (n = 7, as multiple experiments,
** p < 0.01 compared with each EV sample).
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Figure 8. Cell viability determined by Cell Counting Kit-8 (CCK-8) assay of (a) BT-474, (b) SK-N-MC
and (c) Huh7 cells treated with free DOX (5 µg/mL) or EVs (equivalent to DOX of 5 µg/mL) for 4
h incubation at 37 ◦C (n = 7, as multiple experiments), (** p < 0.01 compared with the free DOX).
Cell viability determined by CCK-8 assay of (d) BT-474, (e) SK-N-MC, and (f) Huh7 cells treated with
blank EVs (without DOX) for 24 h incubation at 37 ◦C (n = 7, as multiple experiments).
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4. Conclusions

In this study, tumor-homing pH-sensitive EV blends were fabricated using tumor-specific EVs
(extracted from SK-N-MC and BT-474 tumor cells) and pH-sensitive HDEA. HDEA and DOX were
incorporated in two different EVs through sonication; subsequently, they were blended in a weight
ratio of 50:50. The EV blends, comprising two different EVs, can target two different parent tumor cells
owing to the EVs’ homing ability. In addition, the pH-sensitive disruption of EVs owing to DEAP
molecules promoted DOX release. Consequently, the EV blends killed the heterogeneous parent tumor
cells effectively. Hence, we believe that EV blends with tumor cell targeting ability, the rapid release of
DOX at the endosomal pH, and the enhanced antitumor effect may be novel strategies for treating
various tumors.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/12/4/372/s1,
Figure S1. 1H-NMR analysis of HDEA. Figure S2. 1H-NMR analysis of HDOC. Figure S3. TEM analysis of intact
(a) BTEV or SKEV. (b) Western blot analysis of the TSG 101 (tumor susceptibility gene 101), ER-α (estrogen receptor
alpha), or Tau (tau protein) in BTEVs or SKEVs.
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Abstract: The Pancreatic Ductal Adenocarcinoma (PDAC) is one of the most aggressive and
dangerous cancerous diseases, leading to a high rate of mortality. Therefore, the development
of new, more efficient treatment approaches is necessary to cure this illness. Peptide-based drug
targeting provides a new tool for this purpose. Previously, a hexapeptide Cys-Lys-Ala-Ala-Lys-Asn
(CKAAKN) was applied efficiently as the homing device for drug-loaded nanostructures in
PDAC cells. In this research, Cys was replaced by Ser in the sequence and this new SKAAKN
targeting moiety was used in conjugates containing daunomycin (Dau). Five different structures
were developed and tested. The results indicated that linear versions with one Dau were not
effective on PANC-1 cells in vitro; however, branched conjugates with two Dau molecules showed
significant antitumor activity. Differences in the antitumor effect of the conjugates could be explained
with the different cellular uptake and lysosomal degradation. The most efficient conjugate was
Dau=Aoa-GFLG-K(Dau=Aoa)SKAAKN-OH (conjugate 4) that also showed significant tumor growth
inhibition on s.c. implanted PANC-1 tumor-bearing mice with negligible side effects. Our novel
results suggest that peptide-based drug delivery systems could be a promising tool for the treatment
of pancreatic cancers.

Keywords: pancreatic cancer; targeted tumor therapy; homing peptide; antitumor peptide conjugates;
daunomycin; oxime linkage

1. Introduction

Pancreatic Ductal Adenocarcinoma (PDAC) is one of the most aggressive and dangerous cancerous
diseases with a high mortality rate [1]. In the USA, more than 55,000 new cases were estimated in 2018
which is 3–4% of the all newly diagnosed cancer cases. Approximately 80% of these incidences will
lead to death within a year [2]. The average 5-year survival rate is less than 5% [3]. The main reason for
the high mortality of pancreatic cancer patients could be very poor prognosis. The early diagnosis of
PDAC is still difficult, and most patients have already progressed to not operable and incurable statuses
at the recognition of the disease [4]. In addition, the chemotherapy applied to treat pancreatic cancers
is usually ineffective due to the fast development of resistance. Chemotherapy causes many side effects
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because of the low selectivity of the currently used drugs [5]. Furthermore, the hypovascularity of
PDAC and a dense desmoplastic stroma that create barriers restrict drug delivery to the tumor site [6].
Therefore, the design of efficient anticancer agents against PADC is one of the most challenging tasks
for scientists working on cancer research [7]. Targeted tumor therapy could be a promising strategy
to overcome these drawbacks in pancreatic cancer treatment—similar to other types of cancers [8].
Targeted tumor therapy is based on targeting tumor-specific or overexpressed receptors or other
cell surface compartments on tumor cells that can be recognized selectively by antibodies or small
molecules like folic acid or peptides [9,10]. Drug molecules attached to these homing moieties can
enter specifically into tumor cells, resulting in selective toxicity without causing toxic side effects in
healthy tissues. The application of small molecule drug conjugates (SMDCs) over antibody-drug
conjugate (ADCs) may have an advantage in the treatment of PDAC because SMDCs have higher
tissue permeability [11].

Several homing peptides that recognize pancreatic cancer cells and could be used for drug targeting
directly or as a part of nanoparticles have been described in the literature [12–15]. One of them is the
CKAAKNK oligopeptide that was selected by phage display technique and which can specifically bind
to tumor vessels in RIP-Tag2 transgenic mice, a prototypical mouse model of multistage pancreatic islet
cell carcinoma [16]. Valetti et al. attached the CKAAKN homing peptide to a squalene (SQ) molecule
via thiol-maleimide Michael addition coupling [17]. The conjugate was co-nanoprecipitated with the
squalenoyl prodrug of gemcitabine (SQdFdC) resulting in nanoparticles. The construct was tested on
MIA PaCa-2 human pancreatic adenocarcinoma cells, which overexpress frizzled-5 (FZD-5) receptors
compared to NIH/3T3 fibroblasts. It was indicated that these cells selectively took up the nanoparticles
decorated with the homing peptide by a receptor-mediated way [18]. Frizzled receptors as Wnt binding
7TM GPCRs are key players in the Wnt/β-catenin signal pathway that is commonly hyperactivated in
pancreatic cancers, leading to enhanced cell proliferation [19]. In the presence of appropriate ligands,
the FZD-5 receptor can be internalized, usually in a heterodimeric form [20]. Therefore, this protein is
a promising target for drug targeting to tumor cells. In addition, these data indicated the efficacy of the
CKAAKN peptide as a homing device—related to the Wnt-2 sequence—for targeted tumor therapy.

In our research, several SMDCs were developed, derived from the CKAAKN oligopeptide.
The structure–activity relationship was investigated as well. In this work, cysteine was replaced
by serine to remove the unnecessary thiol group at the conjugation site. This exchange is widely
used to eliminate reactive thiol group when it is not essential for the biological activity. In addition,
the substitution of Cys by Ser improves the hydrophilicity and solubility of the peptide and its
conjugates. Daunomycin (Dau), as an anticancer agent was attached to the homing peptides via oxime
linkage, which shows proper stability in the circulation and allows the release of an active metabolite
in lysosomes [21,22]. This active metabolite contains an amino acid (Aaa) to which daunomycin is
connected through an aminooxyacetyl moiety (Dau=Aoa-Aaa-OH). This metabolite was proved to bind
to DNA; however, the binding efficacy highly depends on the type of the amino acid [22].

The PANC-1 cell line, originally derived from head pancreatic carcinoma, was applied in our
studies, and has an invasive phenotype and the ability to give metastasis to the peripancreatic lymph
node; thus, this cell line can be considered as an in vitro model of lymph-node-positive PDAC.
The invasiveness and metastatic potential of pancreatic cancer cells has been shown to be influenced
by the Wnt/β-catenin pathway. This Wnt/β-catenin pathway has also been reported as a central
element of immune-escape mechanisms of pancreatic tumors by providing an environment with
immune-tolerogenic cytokine and chemokine [23]. Moreover, the expression level of β-catenin, a key
protein of the Wnt pathway, has been found to be well-correlated with the gemcitabine-resistance of
different pancreatic cell lines, including PANC-1 cells [24]. These three characteristics of pancreatic
tumor cells like PANC-1 seem to be interrelated and orchestrated by the Wnt/β-catenin pathway.

The influence of the number of drugs as well as the presence of an enzyme cleavable spacer on
antitumor activity was studied in PANC-1 pancreatic cancer cells. The antitumor effect is influenced by
several cellular factors; therefore, the binding, the cellular uptake and the metabolism of the conjugates
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were also investigated. The best compounds identified in the in vitro studies were applied in vivo
experiment using subcutan (s.c.) developed PANC-1 tumor-bearing SCID mice. The results were
compared with free drug administration.

2. Materials and Methods

2.1. Chemicals

All amino acid derivatives and Wang resin were purchased from Iris Biotech GmbH
(Marktredwitz, Germany), whereas reagents for coupling and cleavage (N,N′-diisopropylcarbodiimide
(DIC), 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), 1-hydroxybenzotriazole hydrate (HOBt),
4-(dimethylamino)pyridine (DMAP), triisopropylsilane (TIS), trifluoroacetic acid (TFA)) and ninhydrin
were delivered by Sigma-Aldrich Kft. (Budapest, Hungary). Aminooxyacetic acid (Aoa) and
methoxyamine were TCI (Tokyo, Japan) products. The solvents (dichloromethane (DCM),
N,N-dimethylformamide (DMF), acetonitrile (CH3CN)) for synthesis and purification were obtained
from Reanal (Budapest, Hungary) or VWR International Kft. (Debrecen, Hungary). Daunomycin (Dau)
was donated from IVAX (Budapest, Hungary).

2.2. Synthesis of Peptides

Peptides were synthesized manually by solid-phase peptide synthesis on Wang resin (0.25 g,
0.52 mmol/g) using the standard protocol of Fmoc/tBu strategy. The first amino acid derivative
(5 equivalent to the resin capacity) was attached to the resin with a DIC coupling agent in the presence
of 0.5 equivalent DMAP in DMF. The Fmoc group was removed with 2% DBU and 2% piperidine in
DMF (four times; 2, 2, 5, 10 min, respectively). For the coupling of the following amino acid derivatives,
DIC-HOBt mixture (3 equivalent each) were applied in DMF for 60 min. The ε-amino group of lysine
used for the development of a branch was protected with 4-methyltrityl (Mtt) group that could be
removed selectively next to the tert-butyl type protecting groups with 2% TFA and 2% TIS in DCM
(7 times; 1, 1, 3, 3, 5, 10, 30 min, respectively). The aminooxyacetic acid used for the development of an
oxime linkage was incorporated in its isopropylidene protected form [25] either to the N-terminus or to
both N-termini (backbone and branch) of the peptides. DIC and HOBt coupling agents were used for
this purpose, similar to the coupling of amino acid derivatives. The peptides were removed from the
resin by cleavage with 5 mL TFA, containing 0.125 mL distilled water and 0.125 mL TIS (as scavengers).
The crude product was precipitated by dry diethyl ether, dissolved in 10% acetic acid, freeze-dried and
purified by RP-HPLC (Gradient I.).

2.3. Synthesis of Daunomycin Conjugates

In the first step, the isopropylidene protecting group was removed from the aminooxyacetyl
moiety of the purified peptide derivatives by methoxyamine (in 1.5 M concentration) in 0.2 M NH4OAc
buffer solution (pH = 5) at RT for 2 h. The reaction took place quantitatively. The unprotected products
were isolated by RP-HPLC (Gradient I.). Prior to the conjugation, the solvent was evaporated and
then the rest was re-dissolved in 0.2 M NH4OAc buffer solution (pH = 5) and 2 equivalent Dau to the
peptide was added to the mixture. The reaction was carried out overnight. The reaction mixture was
injected directly to the HPLC in all cases and the conjugates were separated from the excess of Dau by
RP-HPLC (Gradient II.)

2.4. Reverse Phase High-Performance Liquid Chromatography (RP-HPLC)

The purification of the crude products was carried out by RP-HPLC using KNAUER 2501
HPLC system (Bad Homburg, Germany) and Phenomenex Luna (Torrance, CA, USA) C18 column
(250 × 21.2 mm I.D.) with 10 µm silica (100 Å pore size). Experiments were carried out at a flow rate of
14 mL/min at room temperature. Linear gradient elution was applied. Gradient I: 0 min 5% B, 10 min
5% B, 10.1 min 20% B, 50 min 80% B. Gradient II: 0 min 20% B, 5 min 20% B, 50 min 80% B. Eluent A
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was 0.1% TFA in distilled water and eluent B was 0.1% TFA in CH3CN-water (80:20, v/v). Peaks were
detected at λ = 220 nm.

Analytical RP-HPLC was performed on a Waters Symmetry (WAT 045905) C18 column
(150 × 4.6 mm I.D.) with 5 µm silica (100 Å pore size) as a stationary phase. A linear gradient
elution was developed: 0 min 0% B; 2 min 0% B; 22 min 90% B with eluent A (0.1% TFA in water) and
eluent B (0.1% TFA in acetonitrile-water (80: 20, v/v)). A flow rate of 1 mL/min was used at ambient
temperature. Samples were applied dissolved in eluent A and 20 µL was injected. Peaks were detected
at λ = 220 nm.

2.5. Mass Spectrometry (MS)

The identification of the peptide analogues and conjugates was achieved by electrospray ionization
mass spectrometry (ESI-MS) on a Bruker Daltonics Esquire 3000 Plus (Bremen, Germany) ion trap mass
spectrometer, operating in continuous sample injection at 4 µL/min flow rate. Samples were dissolved
in ACN-water (50:50 v/v%) mixture containing 0.1 v/v% AcOH. Mass spectra were recorded in positive
ion mode in the m/z 50–2000 range.

For the stability and metabolism studies of the conjugates, liquid chromatography–mass
spectrometry (LC-MS) analyses were performed on a Q ExactiveTM Focus, high resolution and
high mass accuracy, hybrid quadrupole-orbitrap mass spectrometer (Thermo Fisher Scientific, Bremen,
Germany) using on-line UHPLC coupling. UHPLC separation was performed on a Dionex 3000 UHPLC
system using a Supelco Ascentis C18 column (2.1 × 150 mm, 3 µm). Linear gradient elution (0 min 2% B,
1 min 2% B, 17 min 90% B) with eluent A (0.1% HCOOH in water, v/v) and eluent B (0.1% HCOOH in
acetonitrile/water, 80:20, v/v) was used at a flow rate of 0.2 mL/min at 40 ◦C. High-resolution mass
spectra were acquired in the 200–1600 m/z range. LC-MS data were analyzed by XcaliburTM software
(Thermo Fisher Scientific) and with Origin Pro 8 (OriginLab Corp., Northampton, MA, USA).

2.6. Measurement of Lysosomal Degradation of Conjugates by LC-MS

Conjugates were dissolved in distilled water in 2.5 µg/µL concentration followed by dilution with
0.2 M NaOAc solution (pH = 5.03) to 0.025 µg/µL. The lysosome-homogenate was prepared from rat
liver and contained proteins in 16.6 µg/µL concentration. An aliquot (20 µL) of this stock solution
was further diluted with 190 µL 0.2 M NaOAc solution, therefore the final protein concentration was
0.83 µg/µL. To prepare the reaction mixture, 15 µL (0.83 µg/µL) lysosome homogenate was added to
500 µL (0.025 µg/µL) conjugate solution. Furthermore, a control reaction mixture was always prepared
which contained 500 µL conjugate solution and 15 µL NaOAc solution only. The solutions were stirred
on 600 rpm at 37 ◦C and samples (50 µL) were taken out at 0 min, 5 min, 15 min, 30 min, 1 h, 2 h,
6 h, 24 h, and 72 h. The enzymatic activity was quenched by adding 5 µL formic acid to the samples.
After this procedure, samples were frozen immediately at −25 ◦C. Control samples were taken at
0 min, 15 min, 1 h, 6 h, 24 h and 72 h. Composition of the samples was determined by HPLC-MS as
described above.

2.7. Cell Cultures

For the in vitro characterization of conjugates four different tumor cell lines were used: PANC-1
(human pancreatic carcinoma of ductal origin), Colo-205 (human colorectal adenocarcinoma), A2058
(human metastatic melanoma) obtained from the European Collection of Authenticated Cell Cultures
(ECACC, Salisbury, UK) and EBC-1 (human lung squamous cell carcinoma) purchased from the
Japanese Research Resources Bank (Tokyo, Japan). Normal Human Dermal Fibroblasts (NHDF;
Promocell, Heidelberg, Germany) as non-tumorous control cells were also investigated in order to
determine the tumor selectivity of the proposed conjugates.

Dulbecco’s Modified Eagle Medium (DMEM, Lonza, Basel, Switzerland) was used for the
culturing of the PANC-1, Colo-205 and EBC-1 cell lines, while the A2058 cell line was maintained
in RPMI 1640 (Lonza). These basal media were supplemented with 10% fetal bovine serum
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(FBS, Gibco®/Invitrogen Corporation, New York, NY, USA), L-glutamine (2 mmol/L) (Lonza) and
100 µg/mL penicillin/streptomycin (Gibco®/Invitrogen Corporation). The medium of the Colo-205
cell line also contained 4500 mg/L D-glucose (Sigma-Aldrich, St. Louis, MO, USA), while, in case of
EBC-1 cells, 1% non-essential amino acids (NEAA, Gibco®/Invitrogen Corporation) and 1 mM sodium
pyruvate (Sigma-Aldrich) were also added to the culturing medium. For the cultivation of NHDF
cells, Promocell Fibroblast Growth Medium (Promocell, Heidelberg, Germany) was used after adding
SupplementMix (supplements necessary for the optimal growth of human fibroblasts, Promocell,
Heidelberg, Germany) and the aforementioned antibiotics. All cell lines were grown in a T25 culture
flask (Sigma-Aldrich or Eppendorf AG, Hamburg, Germany) in an incubator providing an atmosphere
of 37 ◦C and 5% CO2.

2.8. Measurement of the In Vitro Cytotoxicity of Conjugates

The PANC-1 model cell line exhibits adherent properties under laboratory conditions; therefore,
the potential effects of novel antitumor conjugates on cell viability were measured by impedimetry
allowing the real-time detection of cell adhesion. This measurement is based on the registration of
electrical resistance (impedance, Z) in alternating current (AC) field. The living cells transplanted
to the gold measuring electrodes are physically insulated by phospholipid bilayer that covers them.
This instrumentally measurable property changes (decreases) in response to cellular cytotoxic agents.
Our measurements were performed on xCELLigence single plate (ACEA Biosciences, San Diego,
CA, USA) dedicated for impedimetric analysis of cellular samples at 37 ◦C and 5% CO2.

During the initial phase of the experiments—the baseline recording—a special 96-well cell culture
plate, E-plate (ACEA Biosciences), equipped with measuring electrodes, was pretreated with freshly
prepared cell culture medium (for 60 min; sampling frequency: 1 min). Subsequently, PANC-1 cells
were plated at a cell density of 104 cells/well. During the 24 h incubation, the cells evenly covered the
electrodes at the bottom of the wells of the E-plate. The resulting confluent cell cultures were then
treated with the test substances at the following final concentrations: 10−6, 10−5, 10−4 M. Total treatment
duration was 72 h and the sampling rate was 1 min (0–24 h); and then 15 min (48–72 h). In our
measurements, three replicates were used, the control was the drug-free medium. The device displays
the impedance change in the form of a cell index (CI), which is a relative (to the start of the experiment)
and dimensionless index. The CI results were analyzed with xCELLigence RTCA 2.0 software and
Origin Pro 8.0 software. Normalized CI values, expressed as a percentage of control, were used to
characterize the cell viability and hence the effect of conjugates.

EBC-1 and Colo-205 model cells have weak/negligible adherent properties, and A2058 cells could
not produce constant cell index values. Therefore, a colorimetric assay (alamarBlue-assay) was chosen
instead of the xCELLigence system to investigate the viability of these model cells treated with the
conjugates. Due to the growth characteristics of NHDF cells, alamarBlue-assay was performed also on
this cell line.

The protocol for the alamarBlue-assay was similar to the method which was published earlier [26],
with some minor modifications. Briefly, the cell seeding occurred on 96-well cell culture plates
(Sarstedt AG, Nümbrecht, Germany) at 104 cells/well concentration. After a 24 h long culturing period,
the treatment was carried out with the conjugates at 10−4, 10−5 and 10−6 M final concentrations for
24, 48 and 72 h. In the next steps, the alamarBlue reagent (0.15 mg/mL, Sigma-Aldrich) dissolved
in phosphate-buffered saline (PBS; pH = 7.2), was added to the wells. After 6 h incubation with
the reagent, the fluorescence intensity of the samples was obtained by an LS-50B Luminescence
Spectrometer (Perkin Elmer Ltd., Buckinghamshire, UK) or a FluoroskanTM FL Microplate Fluorometer
and Luminometer (Thermo Scientific, Waltham, MA, USA) by using the following settings: λex = 560 nm
and λem = 590 nm.

Three parallels were performed per treatment group. In the case of controls, an equivalent volume
of cell culture media was added to the cell. Fluorescence intensities of the samples treated with various
concentrations of conjugates were expressed as a percentage of the fluorescence of control.
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2.9. Flow Cytometric Measurement of Cell Surface Binding and Internalization

Cell surface binding and internalization of the conjugates were performed by flow cytometry
(FACS-Calibur, Becton Dickinson, San Jose, CA, USA) based on the detection of the fluorescence activity
of Dau (λex = 488 nm, λem = 585 nm) linked to the peptides. Studies of binding and uptake were
performed on PANC-1 cells.

Cells were seeded (2.5 × 105 cells/mL, 900 µL/well) on 12-well plates, 24 h prior to the treatment
with conjugates and free Dau. To distinguish the cell surface binding and internalization of conjugates,
the cells were treated with the conjugate solutions at a final concentration of 10−5 M at two temperatures
(37 ◦C and 4 ◦C) in parallel. After the incubation period of 30 min, cells were washed with PBS and were
removed from the plate using TrypLE (Thermo Fisher Scientific, Waltham, MA, USA) cell-dissociation
reagent, thus avoiding cell surface protein degradation. To stop the enzymatic dissociation, 500 µL
of fresh medium was added to the wells after 3–5 min and the cells were transferred to FACS-tubes.
After the centrifugation of the cell suspension, the cell pellets were resuspended in PBS (400 µL/tube)
and the samples were measured by a flow cytometer.

To determine the fluorescence intensity and to evaluate the results CellQuest Pro (Becton Dickinson)
and Flowing2.5.1. (Turku Center of Biotechnology, Turku, Finland) software were used. The measurement
was carried out twice with two parallels per treatment group. Samples containing cells treated
with fresh cell culture medium at 37 ◦C and 4 ◦C were used as negative controls. The instrument
determines the relative fluorescence intensity of Dau built in the conjugates as geometric mean channel
(GeoMean) value.

GeoMean values of the 4 ◦C and 37 ◦C samples were corrected with GeoMean values representing
the autofluorescence of negative control samples. The fluorescence intensity of cells treated at 4 ◦C is
proportional to the amount of conjugates bound to the cell surface, whereas the fluorescence intensity
of cells treated at 37 ◦C is composed of the signal of conjugates internalized by the cells and those bound
to the cell surface, too. The fluorescence intensity specific for the amount of conjugates internalized by
the cells was calculated by subtracting GeoMean values of the cells incubated at 4 ◦C from GeoMean
values of the samples incubated at 37 ◦C.

2.10. Experimental Animals

The Balb/c mice and immunodeficient SCID mice used in these studies were kept as described
previously [27] and cared for according to the “Guiding Principles for the Care and Use of
Animals” based upon the Helsinki Declaration, and they were approved by the local ethical
committee. The permission license for breeding and performing experiments with laboratory animals:
PEI/001/1738-3/2015 and PEI/001/2574-6/2015.

2.11. Acute and Chronic Toxicity Studies

Prior to the determination of in vivo antitumor activity, the acute and chronic toxicity studies of
conjugate 4 (Dau=Aoa-GFLG-K(Dau=Aoa)-SKAAKN-OH) were investigated. Healthy Balb/c male mice
(3 animals in each group with 29–33 g body weight) were used for these experiments. The conjugate
was dissolved in sterile water for injection (Pharmamagist Kft., Budapest, Hungary) and injected in
a volume of 0.1 mL/10 g body weight using the appropriate concentrations. In acute toxicity study,
intraperitoneal (i.p.) administration of the conjugate 4 was carried out in 4 different doses: 3.125, 6.25,
12.5 and 25 mg/kg Dau-content. In chronic toxicity study, mice were treated with a dose of 10 mg/kg
Dau-content of the conjugate on days 1, 3, 7, 9 and 11 (5 treatments). The toxicity was evaluated on the
basis of life span, behavior and looking of the mice, as well as body weight. These parameters were
followed for 14 days.
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2.12. Mouse Model of Subcutaneous Human Pancreatic Cancer, Doses of Treatments and Measurements

For establishing pancreatic tumor in experimental animals, PANC-1 cells were used, which were
cultured in RPMI 1640 medium (Lonza), supplemented with 10% heat-inactivated FBS (Biosera, Nuaille,
France), and 1% penicillin/streptomycin (Lonza). They were cultured in sterile T175 flasks (Sarstedt AG)
with a ventilation cap at 37 ◦C in a humidified atmosphere with 5% CO2.

Pancreatic cancer (PANC-1) cells were injected into SCID male mice (22–34 g) subcutaneously
(s.c.), 3 × 106 cells per animal in 200 µL M199 (Sigma-Aldrich) per animal. The (i.p.) administration
of treatment started 10 days after cells inoculation when the average tumor volume was 36 mm3.
Four groups with 7 animals per group were established and treated. The doses and schedule were
as follows: control group was treated with sterile water used for the solubilization of Dau and the
conjugates, while animals in the group administered with free Dau were treated on days 10, 19 and 24
after cell inoculation with a dose of 1 mg/kg. Mice administered with the conjugate 4 were separated
in two groups and treated either with a dose of 10 mg/kg Dau-content (21.6 mg/kg conjugate) or
with a dose of 2 mg/kg Dau-content (4.3 mg/kg conjugate) on days 10, 13, 19, 21, 24, 28, 31, 34, 39,
42, 46, 49, 53, 56, 60, 63, 67 and 70 after cells inoculation. Animal weight and tumor volumes were
measured initially when the treatment started and at periodic intervals according to the treatment
schedule. A digital caliper was used to measure the longest (a) and the shortest diameter (b) of a given
tumor. The tumor volume was calculated using the formula V = ab2 × π/6, where a and b represent
the measured parameters (length and width). The experiment was terminated on day 74 after cells
inoculation (day 65 of treatment). Animals treated with free Dau had to be terminated after 3 treatments
on day 28 after cells inoculation (day 19 of treatment) due to significant weight-loss. Animals were
sacrificed by cervical dislocation; primary tumors and livers were harvested and weighted.

2.13. Statistical Analysis

For data on the cell viability assay, a one-way ANOVA algorithm of OriginPro 8.0 (OriginLab
Corporation, Northampton, MA, USA) was used to assess the significance and calculate p-values.
To compare the difference for all means, a Tukey’s post-hoc test was performed. In the case of the in vivo
studies, statistical analyses were performed by GraphPad Prism 6 (GraphPad Software, San Diego,
CA, USA) using the non-parametric Mann–Whitney test, where p-values lower or equal than 0.05 were
considered statistically significant. The symbols *, **, and *** mean significant at p ≤ 0.05, p ≤ 0.01,
and p ≤ 0.001, respectively.

3. Results and Discussion

3.1. Synthesis and Chemical Characterization of Conjugates

Five daunomycin-peptide conjugates were prepared for targeting PDAC cells. In our research,
the potential homing peptide CKAAKN derived from phage display was modified by the replacement
of Cys to Ser. The Cys/Ser exchange is commonly used in peptide chemistry, because of their similar
structure (only thiol group is replaced by hydroxyl group), when there is no biological function of Cys.
In CKAAKN the Cys was used for conjugation through its SH group (thioether linkage). This means
that the free thiol group is not necessary for the biological activity; therefore, it can be replaced by
other amino acids. Using another type of conjugation (e.g., oxime bond formation) the remaining
free thiol group of Cys might cause unwanted disulfide bond formation that results in by-product.
In addition, the Cys/Ser substitution can increase the hydrophilicity of the peptide that improves the
water solubility of the peptide–drug conjugate.

Daunomycin (Dau) was applied as a payload. It was indicated in our previous research that Dau
can be attached to peptides via oxime linkage easily with good yields. The oxime linked Dau-peptide
conjugates showed circa one order of magnitude lower in vitro cytotoxic effect than the free drug.
It might be because of the lower DNA binding affinity of the Dau containing metabolite compared to
Dau [22]. However, the oxime linked conjugates are stable in the circulation and no loss of Dau can be
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observed before reaching the target cells. In addition, the conjugates are significantly better tolerated
in vivo. Usually, they are not toxic up to 30 mg Dau content/kg body weight, while the free Dau can
be applied at 1–2 mg/kg dose as maximum tolerated dose (MTD) [28]. Furthermore, the conjugates
usually show similar or higher tumor growth inhibition at 10 mg Dau content/kg than the free drug at
MTD with significantly less toxic side effects [27,29]. According to our observations the oxime linked
Dau-peptide conjugates prevent better also the cell proliferation and metastases in mice models.

The syntheses of homing peptides were carried out by solid-phase peptide synthesis on Wang resin,
that provides free carboxyl group on the C-terminus, using Fmoc/tBu strategy. Prior to the cleavage of
the peptides from resins, isopropylidene protected aminooxyacetic acid (> = Aoa-OH) was attached to
the amino function(s) of peptides. The isopropylidene protecting group was cleaved from the purified
peptide derivatives by 1.5 M methoxyamine in ammonium-acetate buffer at pH 5. The salt and the
side products were removed by RP-HPLC. Purified peptide derivatives were linked via oxime bond to
Dau overnight in ammonium-acetate buffer at pH 5 followed by an additional HPLC purification step.
The synthesis route of a selected conjugate is presented on Scheme 1. Characteristics of the conjugates
are given in the Tables S3–S7 with their metabolites obtained during lysosomal degradation.
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3.2. In Vitro Cytotoxicity of Conjugates

The characterization of the antitumor effect of the prepared conjugates was performed primary
on PANC-1 pancreatic ductal adenocarcinoma cells. This cell line was derived from a head pancreatic
carcinoma with invasive phenotype and an ability to give metastasis to peripancreatic lymph node,
thus PANC-1 cell line can be considered as an in vitro model of lymph-node-positive PDAC [23].
To obtain the selectivity of the conjugates, their cytotoxicity was also measured on Colo-205 colon
adenocarcinoma, A2058 metastatic melanoma and EBC-1 lung squamous cell carcinoma cell lines.
Due to the different adherent and growth characteristics of these model cells, two different methods
were chosen for determining the antiproliferative/cytotoxic effect of the conjugates. Measurements
on PANC-1 cells were conducted by an impedimetric technique (xCELLigence System) because
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of its ability to establish tight adhesion and large spread area. The viability of Colo-205, A2058
and EBC-1 cells were analyzed by a colorimetric assay (alamarBlue-assay). Colo-205 cells can
grow in suspension and can partly attach to a tissue culture ware. Since the xCELLigence system
monitors attached cells only, and any kind of effects (e.g., cytotoxic effect) causing alteration in cell
adhesion or spreading, we expected that the cytotoxic effects of conjugates on Colo-205 cells would be
therefore under-detected with impedimetry. EBC-1 cells are adherent, but they have a weak spreading
capacity only. Thus, the attached membrane area, which determines fundamentally the usability of
impedimetry [30], is in a small range. Therefore, the impedimetric measurement is not optimal or
reliable for measuring the EBC-1 cell line. In addition, CI curves of A2058 cells demonstrated that
these cells were not able to form a stable plateau phase, which would be required for the treatment and
for reading the concentrations having an anti-tumor effect.

To obtain cytotoxicity using impedimetry, cells were treated for 24, 48 and 72 h by the 10−6, 10−5

and 10−4 M concentration solutions of the conjugates. The viability results of the 72 h treatment
with conjugates at 10−5 M concentration are displayed in Table 1 as an example. The results show
that the difference between the efficacy of the conjugates was well-observable in this concentration.
The conjugates were ineffective at lower, 10−6 M concentration; when the conjugates were applied in a
higher, 10−4 M concentration, most of the cells were killed after 72 h incubation.

Table 1. Characterization of the cytotoxicity of the conjugates on the PANC-1 cell line.

Code Compounds Viability a (%) at 10−5 M Concentration,
After 72 h Incubation

1 Dau=Aoa-SKAAKN-OH 112.5 ± 5.1
2 Dau=Aoa-KSKAAKN-OH 154.2 ± 7.1
3 Dau=Aoa-GFLG-KSKAAKN-OH 105.1 ± 1.9
4 Dau=Aoa-GFLG-K(Dau=Aoa)SKAAKN-OH 0.1 ± 0.1
5 Dau=Aoa-GFLG-K(Dau=Aoa-GFLG)SKAAKN-OH 31.3 ± 1.8

a Cell index (CI) values of the treated cells are normalized to the CI values of the control wells and expressed as
percentages. Data are given as mean values ± standard deviation (SD), (n = 3).

The linear peptide conjugate 1 did not show any antitumor effect on PANC-1 cells (Table 1) up to
10−5 M concentration. The connection of Dau=Aoa to the α-amino group of extra Lys incorporated
to the N-terminus of the peptide (conjugate 2) and the presence of a Cathepsin B cleavable GFLG
spacer [31] between the Dau=Aoa and the homing peptide (conjugate 3) did not improve the activity of
conjugate 1. The modification with extra Lys was done to introduce an additional conjugation site
(the ε-amino group of extra Lys), which provided the opportunity to create a branch with a second
drug molecule.

The linear conjugate (3) with Gly-Phe-Leu-Gly (GFLG) spacer between the Dau=Aoa and the
homing peptide was also used for the formation of conjugates with double Dau-content.

In contrast to the linear conjugates, the compounds with branched structure and two drug
molecules decreased the cell viability significantly. Especially, conjugate 4, in which Dau=Aoa was
attached directly to the side chain of the Lys residue used for conjugation, presented high toxicity on
PANC-1 cells. Less than 1% of the cells survived a 72 h treatment at a 10−5 M peptide concentration
(Table 1). The incorporation of an extra GFLG spacer (conjugate 5) into the branch decreased the
potency of conjugate 4 (the cell viability was ca. 31% after 72 h). Nevertheless, a similar magnitude
of cytotoxicity (viability: 34%) of conjugate 5 was already manifested after 24 h, while, in the case of
conjugate 4, only a slight antitumor activity (viability: 91%) was observed (Figure 1A).
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It is important to note that the treatment with a conjugate could change the cell number and/or
the morphology of the attached cells. In an impedimetric measurement, these changes could modify
the CI and eventually the calculated viability parameter. In our previous study, the real-time curves
showed a CI increase in the first 30 h of the treatment with a Dau-containing conjugate, but in the
long term (40–72 h) the CI values were constantly decreased [32]. Depending on the efficacy of those
conjugates, the transitional CI increase—probably as a result of morphological alterations—lasted
shorter time interval and then turned into a decline of CI (cytotoxic effect) [32]. The treatment with
conjugate 1 and 2 at 10−5 M for 72 h was not able to trigger cell death characterized by cell detachment
and a decreased CI. However, our results still show that the treatment could irreversibly influence the
cellular morphology (e.g., large and flat cell shape) which was manifested in increased CI values and
cell viability higher than 100% (Table 1). This irreversible morphological alteration could evolve cell
death by increasing incubation time and/or concentration. Real-time results of the highest concentration
(10−4 M) of conjugate 1 and 2 support this theory. They caused an initial (0–36 h) increase in the CI
values at 10−4 M concentration (viability after 24 h treatment: conjugate 1: 224.1 ± 18.73%; conjugate
2: 163.5 ± 24.3%) compared to the control. After this initial phase, the cell index values constantly
decreased over the long term (after ~40 h), which represented their cytotoxic effect (viability after 24 h
treatment; conjugate 1: 17.1 ± 1.3% and conjugate 2: 34.6 ± 9.4%).

To confirm that the different methods can be used to compare the effects of conjugates on the
different model cells, the cytotoxicity of Dau was measured by both impedimetric and colorimetric
methods on PANC-1 cells. In these experiments, very similar IC50 values—the concentration needed
to decrease the cell viability by 50% (impedimetry: 1.89 × 10−7 M and colorimetry: 1.79 × 10−7 M)—
were detected, which proved the suitability of these methods to evaluate the selectivity of the
tested conjugates. Comparing the results of the viability measurements on different tumor cell lines,
the conjugates 4 and 5 containing two drug molecules were proved to be more effective on PANC-1
cells than on melanoma (A2058), colon carcinoma (Colo-205) and lung carcinoma (EBC-1) cell lines.
On the contrary, the linear conjugates (conjugates 1, 2 and 3), which were found to have no antitumor
activity on PANC-1 cells, could exert a cytotoxic effect on the other three cell lines, especially on
Colo-205 colon carcinoma cells (Table S1).

Regarding the applicability of a SMDC for targeted tumor therapy it is important to investigate
whether it has no or negligible effect on healthy cells. The conjugate 4, as the most effective conjugate
on PANC-1 cells, was selected for such an experiment. The effect of conjugate 4 on NHDF cell
viability is depicted in Figure 1B, in comparison with its antitumor effect on PANC-1 cells (Figure 1A).
The conjugate elicited a slight cytotoxic effect on NHDF cells, but this activity proved to be much
lower than in case of PANC-1 cells. After 72 h incubation with 10−5 M conjugate 4, roughly 75% of
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NHDF cells remained viable, while practically no viable PANC-1 cells were detectable. In the highest
concentration (10−4 M), where most of the PANC-1 were killed already after 24 h, only 20% of NHDF
cells were killed after 24 h. It seemed that the longer incubation time with conjugate 4 could not make
cytotoxic effect be stronger in NHDF cells, since its time-dependent effect reached a plateau in a shorter
incubation time (Figure 1B). Similar to the characteristics of the effects of conjugate 1 and 2 discussed
above, the treatment with 10−6 M conjugate 4 resulted in cell viability values higher than 100% for
PANC-1 cells. In this case as well, these results could be also due to irreversible morphological changes
(e.g., large and flat cell shape) induce by conjugate 4. The cells (so called senescent cells [33]) with
altered morphology can go through apoptosis by increasing exposure time or concentration, which is
recognizable in Figure 1A.

3.3. Cellular Uptake Measurements

PANC-1 cells were chosen to investigate the binding and the cellular uptake of the conjugates
since these conjugates were designed for targeting pancreatic tumor cells and the most significant
difference between their cytotoxic activities was also observed on this cell type.

The highest cellular uptake was detected in the case of the most cytotoxic conjugate 4 (Figure 2,
Table S2). Interestingly, the binding affinity of conjugate 2 was higher compared to conjugate 4, but its
cellular uptake was lower, although different was not significant. This may be explained by the more
positive character of conjugate 2 that can slightly decrease internalization. However, the difference in
cellular uptake of conjugates cannot completely explain the significant difference in their biological
activity. Nevertheless, some correlations between these characteristics of conjugates can be established.
Conjugates 1 and 3 entered the cells less efficiently than conjugate 4, the ability of which correlated well
with the binding affinity and can explain their neutral effect on inhibition of cell viability. This negative
correlation was especially significant in the case of conjugate 3 (Figure 2). The difference in the binding
affinity and cellular uptake of conjugates 4 and 5 might explain their in vitro antitumor effect.
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If we compared the intracellular fluorescence intensity of conjugates with that of free Dau,
which served as a positive control, a two orders of magnitude difference could be observed (Table S2).
This is not surprising, because the conjugates are assumed to enter the cells by receptor-mediated
endocytosis, which has a lower capacity compared to the passive diffusion of free Dau. It was also
previously reported that conjugation of Dau to a targeting peptide can decrease its fluorescence intensity
by 90% compared to the free molecule [22]. Active metabolites released during the intracellular
degradation (see in 3.4. chapter) of these constructs, have higher fluorescence than the intact conjugates.
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However, 30 min incubation time used in our cellular uptake measurements is short and generate a
negligible amount of metabolites only. Therefore, the fluorescence intensity originated from the intact
conjugate only was detectable and evaluable in the cellular uptake measurement.

3.4. Characterization of Lysosomal Degradation of Conjugates by LC-MS

The antitumor activity of SMDCs depends on many factors, such as receptor binding, cellular
uptake, stability, lysosomal degradation, the structure of the resulted metabolite and the localization of
the metabolite in the cell. As was presented above, in some cases the cell viability inhibition and the
cellular uptake of the conjugates correlated well, but in other cases not. Therefore, it was reasonable to
study the lysosomal degradation process, which determines the formation of active metabolites and
consequently the antitumor activity of SMDCs.

The conjugates were reacted with lysosome homogenate, which contains lysosomal enzymes
such as various proteases, for example, Cathepsin B, that can be overproduced in cancer cells and
significantly influence the degradation of the conjugates. Under this procedure the peptide bonds
are cleaved by the enzymes in various positions, and thus degradation products can be identified in
the reaction mixture. The identification of the degradation products was performed by the LC-MS
technique. In this work, we focused on the presence and the amounts of Dau-containing metabolites,
because these compounds are presumed to be responsible for the cytotoxicity of the conjugates
(Tables S3–S7).

The release of free Dau was not detected from conjugates, however, various Dau-containing
metabolites bearing one or a few amino acids were formed. The degradation of conjugates 1 and 2 was
very fast. After 30 min, the presence of only small fragments: Dau=Aoa-S-OH and Dau=Aoa-SK-OH
(Figure 3) can be detected in the case of conjugate 1 (Table S3). Because the smallest metabolite
releases quite fast, the law antitumor effect can be explained either by the low cellular uptake of
this metabolite or its lower binding affinity to DNA [22]. The metabolites with OH groups on the
amino acids have lower binding affinity to DNA than Dau=Aoa-Gly-OH or H-Lys(Dau=Aoa)-OH.
In addition, the metabolite has to diffuse out from the lysosomes that might be also prevented by its
hydrophilic character.
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Figure 3. Time-dependent LC-MS intensity change of various molecules during the enzymatic
degradation study of conjugate 1: (A) the release of the smallest Dau-containing metabolite;
(B) the intensity of the Dau=Aoa-SK-OH metabolite; (C) the time-dependent decrease in the amount of
the intact conjugate 1.
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The Dau=Aoa-K-OH, Dau=Aoa-KS-OH (Figure 4) and Dau=Aoa-KSK-OH metabolites were detected
in the case of conjugate 2 (Table S4). The results indicate that the release of the smallest metabolite was
rather slow. The pKi value of this fragment is in a basic range, that might hinder the diffusion out of
the metabolite from the lysosomes as well. This observation explains the low cytotoxic effect of this
conjugate—even its cellular uptake was high.Pharmaceutics 2020, 12, x FOR PEER REVIEW 13 of 20 
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Figure 4. Time-dependent LC-MS intensity change of various molecules during the enzymatic
degradation study of conjugate 2: (A) the release of the smallest Dau-containing metabolite;
(B) the intensity of the Dau=Aoa-KS-OH metabolite; (C) the time-dependent decrease in the amount of
the intact conjugate 2.

Enzymatic degradation of conjugates containing a Cathepsin B cleavable GFLG spacer (3, 4, 5)
resulted in the formation of Dau=Aoa-GFL-OH; Dau=Aoa-GF-OH and the Dau=Aoa-G-OH compounds
as final products of the degradation. Dau=Aoa-G-OH is the smallest Dau-containing metabolite,
furthermore, this compound is known to have a cytotoxic effect (Tables S5–S7) [22].

Lysosomal degradation of conjugate 3 was rapid and completed within 1 h. After 0, 5, 30 and
60 min incubation, large fragments were detected lacking two or four amino acids from the C-terminus
(Dau=Aoa-GFLGSKAA-OH, Dau=Aoa-GFLGKSK-OH). The detected fragments indicated that in this
case, the peptidyl dipeptidase activity is predominant over the cleavage of the enzyme labile spacer.
After 30 min, the presence of the two smallest fragments Dau=Aoa-GF-OH and Dau=Aoa-G-OH can be
already detected. The intensity of the latter product—possessing cytotoxic property [22]—increased
with increasing incubation time (Figure 5). After 72 h, only these two smallest metabolites were detected
in the reaction mixture. However, the dipeptide containing fragment was still the main product.

After 72 h, the degradation of compound 4 resulted in similar products (Dau=Aoa-GFL-OH,
Dau=Aoa-GF-OH and Dau=Aoa-G-OH) as the conjugate 3. These metabolites originated from the
cleavage of the GFLG spacer. Furthermore, additional Dau-containing metabolites could be identified
in the case of conjugate 4. After 2 h, the presence of the H-K (Dau=Aoa) SK-OH fragment could be
detected as the main peak that was still the most intense peak after 72 h. In addition, the formation
of H-K(Dau=Aoa)-OH (Table S6) was also observed. This compound was also shown to have DNA
binding affinity similar to the Dau=Aoa-G-OH [22]. The time-dependent increment in the amount of
these two active metabolites could be observed (Figure 6). The H-K(Dau=Aoa)-OH metabolite with
free α-amino and the carboxyl group of Lys has a rather neutral character because of the zwitterionic
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structure that might help the diffusion out of the lysosomes in contrast to Dau=Aoa-Lys-OH. Altogether,
conjugate 4 showed the highest cellular uptake and efficient release of two active Dau-containing
metabolites that correlate its highest in vitro cytotoxic effect.Pharmaceutics 2020, 12, x FOR PEER REVIEW 14 of 20 
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Figure 5. Time-dependent LC-MS intensity change of various molecules during the enzymatic
degradation study of conjugate 3: (A) the release of the smallest Dau-containing metabolite;
(B) the intensity of the Dau=Aoa-GF-OH metabolite; (C) the time-dependent decrease in the amount of
the intact conjugate 3.
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Figure 6. Time-dependent LC-MS intensity change of various molecules during the enzymatic
degradation study of conjugate 4: (A,B) the release of the two smallest Dau-containing metabolites;
(C) the intensity of the Dau=Aoa-GF-OH metabolite; (D) the time-dependent decrease in the amount of
the intact conjugate 4.
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The degradation of conjugate 5 in which both Dau are attached through GFLG spacer to the peptide
backbone provided only the Dau=Aoa-GFL-OH, Dau=Aoa-GF-OH and Dau=Aoa-G-OH (Table S7)
fragments that increased in time. However, the degradation of conjugate 5 was not yet complete after
72 h. In this case, a larger metabolite (H-K(Dau=Aoa-GFLG) SK-OH (Table S7) was still observed.
The presence of this large molecular weight metabolite mentioned above suggested that the amount
of the released Dau=Aoa-G-OH is derived rather from the N-terminus of the linear part, but its
release is quite slow compared to the other conjugates (Figure 7). In comparison, compound 3
(Dau=Aoa-GFLGKSKAAKN-OH) was degradable by lysosomal enzymes quite fast resulting in the
same metabolites, but the in vitro cytotoxic effect was much lower. This can be clearly explained by
the very low binding efficiency and cellular uptake of conjugate 3. The difference in the metabolite
release between compound 3 and 5 suggests that the branching cause steric hindrance for enzyme
degradation. It seems that this effect is higher when the flexible GFLG spacer is in the branch (compare
with conjugate 4).
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Figure 7. Time-dependent LC-MS intensity change of various molecules during the enzymatic
degradation study of conjugate 5: (A) The release of the smallest Dau-containing metabolite;
(B) the intensity of the Dau=Aoa-GF-OH metabolite; (C) the time-dependent decrease in the amount of
the intact conjugate 5.

3.5. Acute and Chronic Toxicity Studies of Conjugate 4

The conjugate 4 (Dau=Aoa-GFLGK(Dau=Aoa)SKAAKN-OH), that was the most efficient one
in vitro experiments, was selected for in vivo studies. Prior to the treatment of tumor-bearing mice,
acute (single i.p. administration) and chronic toxicity (5 i.p. treatments on days 1, 3, 7, 9 and 11)
studies were conducted on healthy Balb/c male mice. These experiments were continued for 14 days,
and no significant changes in the body weight, the general looking and the behavior of the animals,
were observed during this period of time (Figure 8). Based on the results, it was concluded that the
conjugate was not toxic at the applied concentrations and can be further investigated for its in vivo
antitumor activity.
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3.6. In Vivo Tumor Growth Inhibition of the Conjugate 4 in Pancreatic Tumor-bearing Mice

The tumor growth inhibition effect of conjugate 4 and free Dau on PANC-1 tumor-bearing SCID
female mice was investigated. The free drug was applied once a week in the maximum tolerated dose
of 1 mg/kg body weight while the conjugate was administered in average three times per week either
in 2 mg/kg or in 10 mg/kg dose calculated for the Dau-content.

Body weight of s.c. human pancreatic cancer-bearing mice were evaluated. In comparison to
the start of the experiment, the animal weight decreased significantly for 21% in the free Dau-treated
group, and this group was terminated on day 28 after cell inoculation (day 19 of treatment) (Figure 9A).
However, 35.7% inhibition of tumor growth (according to the tumor volume) was measured in this
group, while in case of the groups treated with conjugate 4 at doses of 2 and 10 mg/kg Dau-content,
the tumor growth inhibition was 6.8 and 27.9%, respectively, at this time point.

During the whole experiment, the animal weight stayed stable in conjugate 4 treated groups,
with 0.8% decreasing under a dose of 2 mg/kg and 4% decrease in 10 mg/kg group. Animal weight
decreased by 8.5% in the control group in comparison to the start of the experiment.

Antitumor effect of conjugate 4 was evaluated by measuring tumor volume in each group. At the
end of the experiment (day 74) dose of 2 mg/kg, Dau-content inhibited tumor volume by 14%, while the
dose of 10 mg/kg Dau-content inhibited significantly the tumor volume by 32.2% in comparison to
the control group (Figure 9B). Interestingly, on the day 70 (day 61 of treatment), the inhibitions were
17.5%, and 39.9%, respectively, while on day 67 (day 58 of treatment) the dose of 10 mg/kg Dau-content
elicited the most significant inhibition (43%) in the tumor volume compared to the control group.
The data suggested that the tumor developed resistance during such a long treatment schedule.

At the end of the experiment (day 74), the animals were sacrificed and the antitumor effect of
conjugate 4 was also evaluated by measuring tumor weight in each group (Figure 9C). Results showed
that conjugate 4 inhibited tumor growth significantly under both doses (2 mg/kg Dau-content: 27.3%,
10 mg/kg Dau-content: 30.4%) in comparison with the tumor weight in the control group. Tumor
weight depends on the content of tumor mass, necrotic cells, vessels, and general density which can
differ for two tumors of the same size (same volume). Nevertheless, the correlation between the
inhibition of the tumor volume and weight could be obtained at the end of the treatment with the lower
dose, but the calculated SD values resulted in the significant inhibition of tumor weight (p = 0.05),
while it was not significant for tumor volume [34]. The results indicated that the treatment with the
higher dose of the conjugate might provide a higher shrinkage of tumor that could be suitable for
preoperative chemotherapy.

The examination of the liver weight was carried out at the end of the experiment to determine
the liver toxicity—as an indicator of toxic side effects—of conjugate 4 in s.c. human pancreatic
cancer-bearing mice (Figure 9D). In the group treated with free Dau (three times with 1 mg/kg dose),
the average liver/body weight ratio was significantly decreased by 29.1% compared to the control
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group, as well as in comparison to the groups treated with conjugate 4 (18 times with 2 or 10 mg
Dau-content/kg dose); even so, the treatment period with free Dau was 46 days shorter than in case of
the conjugate 4. Average liver weight in conjugate 4 treated groups was not significantly changed in
comparison to the control group.
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Figure 9. The effect of conjugate 4 (2 mg/kg and 10 mg/kg Dau-content, 18 treatments, black arrows)
and free Dau (1 mg/kg, three treatments, red arrows) in subcutaneous PANC-1 human pancreatic
carcinoma bearing mice. (A) Animal body weight changes (percentage compared to the start of the
experiment, average ± SEM). (B) Tumor volume (mm3, average ± SEM). (C) Tumor weight (grams,
average ± SD) after termination of the experiment, 74 days subsequent to cell inoculation. (D) Liver
weight/body weight ratio (percentage, average ± SD) after the termination of the experiment, 74 days
after cell inoculation for the control and the conjugate treated groups, while 28 days after cell inoculation
for the free Dau-treated group. Seven animals per group. Statistical analysis was performed by the
Mann–Whitney test. *, ** and *** denote significant at p ≤ 0.05, p ≤ 0.01 and p ≤ 0.001, respectively.
The blue and green * denote significant difference of conjugate 4 (10 mg/kg) treated group compared to
the control and conjugate 4 (2 mg/kg) groups, respectively (B). The blue * signifies significant difference
of conjugate 4 (2 and 10 mg/kg) treated groups compared to the control (C). The blue, green, and purple
* denotes significant difference of free Dau-treated group compared to the control and conjugate 4
(2 and 10 mg/kg) groups, respectively (D).

To summarize the in vivo experiments, the data indicated that conjugate 4 could inhibit the tumor
growth of s.c. human pancreatic cancer (PANC-1)-bearing mice significantly without causing any toxic
side effects. Even a low dose (2 mg/kg Dau-content) of conjugate 4 could inhibit the tumor growth
significantly, without any toxicity for the animals.

4. Conclusions

In this study, our goal was to select a potential peptide–drug conjugate for efficient targeted tumor
therapy against pancreatic cancer. We developed five peptide-based drug conjugates against pancreatic
cancer cells (PANC-1). SKAAKN hexapeptide was applied as targeting moiety which differs only at
the N-terminal amino acid of CKAAKN that was efficiently used for drug delivery in a former study.
Because in our construct thiol group Cys was not used as a conjugation site, it was replaced by Ser.
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Three linear conjugates with one Dau and two-branched variants with two conjugated Dau were
developed. The cytotoxicity, binding and cellular uptake of the conjugates were studied on PANC-1
cells. In addition, the degradation of the conjugates in lysosome homogenate was investigated as
well. It was indicated that the efficacy of these peptide–drug conjugates was influenced by various
factors. Our results indicate that at the development of peptide–drug conjugates, not only the cellular
uptake of the conjugates but also the effective release of the active metabolite should be taken into
account. The release of active metabolites was shown to depend highly on the structure of the conjugate.
The most efficient conjugate was Dau=Aoa-GFLGK(Dau=Aoa)SKAAKN-OH (conjugate 4) in the in vitro
experiments, and it was selected for further in vivo studies. In contrast to the free drug, conjugate 4
did not show any toxicity during the treatment but elicited significant >30% tumor growth inhibition
in PANC-1 bearing mice. The results suggested that SKAAKN peptide-based drug delivery systems
could be promising constructs alone or in combination for the treatment of pancreatic cancers.

According to the results, conjugate 4 is suitable for further preclinical in vivo studies on
more appropriate mice models representing better the stroma and the environment of PDAC.
However, the models investigating stromal–tumor interactions are either induced (genetically modified)
allograft models or patient-derived tumor xenografts (PDX). Both are very complex test tools; the use of
the latter is gradually increasing, but due to the housing of special animals, the license of their use and
the low efficiency of the establishment of tumors, they are not currently widespread in basic research.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/12/6/576/
s1, Table S1: In vitro cytotoxic effect of the prepared conjugates on various cell lines, Table S2: Relative
fluorescence intensity results of binding and cellular uptake measurements on 20 PANC-1 cells, Table S3:
Chemical characterization of identified fragments of conjugate 1, Table S4: Chemical characterization of identified
fragments of conjugate 2, Table S5: Chemical characterization of identified fragments of conjugate 3, Table S6:
Chemical characterization of identified fragments of conjugate 4, Table S7: Chemical characterization of identified
fragments of conjugate 5, Figure S1–S5: HPLC chromatogram of conjugates 1–5, Figure S6–S10, Mass spectra of
conjugates 1–5.
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Abstract: The targeting of gastrin-releasing peptide receptors (GRPR) was recently proposed for
targeted therapy, e.g., radiotherapy. Multiple and frequent injections of peptide-based therapeutic
agents would be required due to rapid blood clearance. By conjugation of the GRPR antagonist RM26
(D-Phe-Gln-Trp-Ala-Val-Gly-His-Sta-Leu-NH2) to an ABD (albumin-binding domain), we aimed
to extend the blood circulation of peptides. The synthesized conjugate DOTA-ABD-RM26 was
labelled with indium-111 and evaluated in vitro and in vivo. The labelled conjugate was stable in
PBS and retained specificity and its antagonistic function against GRPR. The half-maximal inhibitory
concentration (IC50) of natIn-DOTA-ABD-RM26 in the presence of human serum albumin was
49 ± 5 nM. [111In]In-DOTA-ABD-RM26 had a significantly longer residence time in blood and in
tumors (without a significant decrease of up to 144 h pi) than the parental RM26 peptide. We conclude
that the ABD-RM26 conjugate can be used for GRPR-targeted therapy and delivery of cytotoxic
drugs. However, the undesirable elevated activity uptake in kidneys abolishes its use for radionuclide
therapy. This proof-of-principle study justified further optimization of the molecular design of the
ABD-RM26 conjugate.

Keywords: prostate cancer; gastrin-releasing peptide receptor; RM26; albumin-binding domain;
targeted therapy; gastrin-releasing peptide receptors (GRPR) antagonist

1. Introduction

Prostate cancer is one of the most commonly diagnosed and deadliest cancers in men worldwide [1].
A lot of research has been focused on identifying novel prostate cancer cell targets, raising the sensitivity
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towards diagnosing prostate cancer, including detection of distant metastases, and expanding the
therapeutic options for patients.

The gastrin-releasing peptide receptor (GRPR), a G-protein coupled receptor, is a member of
the bombesin receptor family. GRPR is normally expressed in different organs such as the pancreas
and the stomach [2], and is overexpressed in various cancers, including prostate and breast cancers.
GRPR overexpression in prostate cancer is androgen dependent and is found in 63–100% of primary
prostate cancer samples and in more than 50% of lymph node and bone metastases, but not in
hyperplastic and benign prostate cells [3,4]. Overexpression of GRPR is high in the early stages of
prostate cancer (but decreases with disease progression when tumors dedifferentiate into higher grade)
and in androgen-insensitive and spread metastatic lesions [5–7].

These findings established GRPR as an important target for diagnostic imaging of prostate
cancer and, possibly, for therapeutic use. A limited clinical study in patients with prostate cancer
(n = 11) reported high sensitivity, specificity, and accuracy (88%, 81% and 83%, respectively) in
the detection of primary lesions, and a sensitivity of 70% for the detection of metastatic lymph
nodes [8]. Numerous bombesin analogues have been developed to target GRPR [9], but antagonists
have recently been favored over agonists for receptor targeting [10]. Activation by agonists causes
receptor downregulation [11] and is accompanied by physiological actions that are not limited to cell
proliferation [12].

RM26 (D-Phe-Gln-Trp-Ala-Val-Gly-His-Sta-Leu-NH2) is an extensively studied GRPR
antagonist [13]. It binds to GRPR with high affinity and shows favorable pharmacokinetics when linked
to different macrocyclic chelators using PEG linkers [14–16]. In clinics, [68Ga]Ga-NOTA-PEG3-RM26
has recently been evaluated for GRPR imaging in patients with prostate and breast cancers.
[68Ga]Ga-NOTA-PEG3-RM26 could efficiently detect primary tumors and distant metastases, and was
well tolerated by patients [17–19].

Other GRPR antagonists have demonstrated inhibition of cell proliferation in vitro, and multiple
injections of therapeutic doses of the GRPR antagonist RC-3095 in a phase I trial were well tolerated;
however, no follow-up studies were reported [20]. Antagonists to GRPR labelled with lutetium-177
were evaluated in preclinical studies on mice bearing prostate cancer xenografts, demonstrating
a promising therapeutic efficacy with extended survival of the mice receiving the radiolabelled
peptide [21,22]. The GRPR antagonist [177Lu]Lu-RM2 was studied for the treatment of patients
with metastatic castration-resistant prostate cancer by delivering at least one therapy cycle of the
GRPR-targeting radioligand [23]. The therapy was deemed safe with no reported adverse effects and
with the pancreas being the dose-limiting organ. However, due to rapid blood clearance of the labelled
peptide, multiple frequent injections are required to deliver an appropriate dose to the tumor.

Extending the biological half-life of the GRPR-targeting ligand is a way to minimize the number
of injections and to prolong the bioavailability of the ligand for binding to tumor cells. One approach
of extending the biological half-life is by conjugating an albumin-binding domain (ABD) that would
extend the biological half-life of the targeting agent. The engineered albumin-binding domain ABD035,
derived from streptococcal protein G, has a femtomolar affinity for human serum albumin (HSA) [24].
ABD035 and related variants have been conjugated to several proteins for increases in vivo half-life,
and the conjugates were considered safe and non-immunogenic, and have also been used in clinical
studies with no reported adverse effects [25].

In this study, we aimed to develop and perform preclinical evaluation of the GRPR antagonist
RM26 conjugated to ABD035 and assess the possibility for using the ligand in GRPR-targeting therapy
for cancer treatment. The chelator DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid)
was coupled to the N-terminus of ABD for radiolabeling with indium-111 for in vitro and in vivo
characterization. DOTA is a convenient chelator for stable coordination of indium-111, an isotope with
relatively long half-life of 2.6 d that allows for the examination of biodistribution over several days.
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2. Materials and Methods

Prostate carcinoma cell line PC-3 (GRPR positive) was purchased from ATCC, Manassas, VA, USA.
The cells were maintained in RPMI-1640 media supplemented with 10% fetal bovine serum (FBS),
1% penicillin–streptomycin (PEST) (100 IU/mL penicillin, 100 µg/mL streptomycin), and 1% 2 mM
L-glutamine (L-Glut), all purchased from Biochrom AG, Berlin, Germany, and incubated at 37 ◦C in
5% carbon dioxide gas and 95% air.

The activity content was measured using a 2840 automated gamma counter Wizard2TM

(PerkinElmer, Waltham, MA, USA). Instant thin-layer chromatography (ITLC) results were analyzed
using Cyclone® Plus (PerkinElmer). Statistical analyses were performed by unpaired, two-tailed t-tests
using GraphPad Prism 8 for Windows (GraphPad Software, San Diego, CA, USA); p values below 0.05
were considered significant.

2.1. General Peptide Synthesis

Peptides were produced by solid phase peptide synthesis (SPPS) with a fully automated
microwave-assisted synthesis instrument (Biotage®-Initiator Alstra, Uppsala, Sweden). The amino acid
monomers were Fmoc-protected, and as solid support, a Rink amide ChemMatrix resin (Biotage®) was
used. Amino acids were purchased from Advanced Chemtech (Louisville, KY, USA), Novabiochem
(St. Louis, MO, USA) and Sigma Aldrich (St. Louis, MO, USA). For a scale of 0.1 mmol peptide, 200 mg of
resin was used. The resin loading was 0.5 mmol/g, and a five-times molar excess of amino acid was used
in each cycle. For the coupling reaction, equimolar concentrations of DIC (N,N-diisopropylcarbodiimide,
Sigma Aldrich, St. Louis, MO, USA)/Oxyma (ethyl (2Z)-2-cyano-2-hydroxyiminoacetate, Merck,
Kenilworth, NJ, USA) (1:1) were used to activate the amino acids. Double coupling steps were applied
for selected amino acid residues.

The temporary protecting group Fmoc was cleaved with 20% piperidine (Sigma Aldrich) in NMP
(1-methyl-2-pyrrolidone, Merck). The non-reacted amino groups were capped with acetic anhydride
(Honeywell Fluka, Charlotte, NC, USA)/DIEA (N,N-diisopropylethylamine, Sigma Aldrich) after each
round of coupling. The amino acid side chains were protected with the following protecting groups:
tBu (tert-butyl) for Ser and Tyr; Pbf (2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl) for Arg;
Trt (trityl) for Asn and His; Boc (tert-butyloxycarbonyl for Lys; and OtBu (tert-butyl ester) for Glu and
Asp. The orthogonal protecting group Mtt (4-methyltrityl) was used for selected Lys residues.

2.1.1. Synthesis of DOTA-ABD-Cl

The 46 amino acid ABD was synthesized by SPPS as described in the previous paragraph.
Double coupling steps were applied for selected amino acid residues: Asn9, Lys14, Tyr15, Tyr21,
Arg23 and Asn26. A DOTA chelator (DOTA-tris(tBu)ester, CheMatech) was manually coupled to the
N-terminus using DIC/Oxyma (1:1)-activated coupling chemistry. After the conjugation of DOTA,
the Mtt-protected Lys14 was manually deprotected by 10 × 2 min treatment of the peptide–resin with a
reaction solution of DCM/TFA/TIS (dichloromethane, VWR (Radnor, PA, USA)/trifluoroacetic acid,
Alfa Aesar, Kandel, Germany)/triisopropylsilane, Sigma Aldrich) at a 94:1:5 ratio. The deprotected
Lys residue was acylated with chloroacetic acid (Sigma Aldrich) (10 equivalents) in the presence of
N,N-dicyclohexylcarbodiimide (DCC, Aldrich) (5 equivalents) as an activator and DIEA (10 equivalents)
as a base for 1 h at room temperature. All manual coupling and deprotection steps were monitored by
ninhydrin tests and repeated if necessary.

The final product was cleaved from the resin, and the side chains were deprotected with a mixture
of TFA/TIS/H2O 95:2.5:2.5 for 3 h. The crude peptide was extracted with H2O/tert-butyl-methyl ether
(Merck) with a 1:1 ratio, and the water phase containing the peptide was lyophilized. The correct
molecular weight was confirmed after the synthesis by MALDI-TOF mass spectrometry (MALDI
TOF/TOF analyzer, Sciex, (Applied Biosystems, Foster City, CA, USA).
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2.1.2. Synthesis of RM26

The bombesin analogue RM26 was synthesized by SPPS as described above. Fmoc-statine
was incorporated without side chain protection. After the synthesis of the first nine
amino acids, the PEG4 linker (Fmoc-15-amino-4,7,10,13-tetraoxapentadecacanoic acid, ChemScene,
Chemtronica AB, Sollentuna, Sweden) and the N-terminal thiol group-containing mercaptopropionic
acid (S-trityl-β-mercaptopropionic acid, Peptides International, Gardner, MA, USA) were coupled
manually to the RM26 peptide (D-Phe-Gln-Trp-Ala-Val-Gly-His-Sta-Leu-NH2) in sequential steps.
The coupling and deprotection steps were monitored by ninhydrin tests and repeated if necessary.
As a last step of the synthesis, a final piperidine deprotection was performed in order to reverse
possible acylation of the statine side chain. After the final cleavage from the resin using a mixture
of TFA/TIS/H2O/EDT 94:1:2.5:2.5 and an ether extraction step, the correct product was analyzed and
verified with MALDI-TOF.

2.1.3. Purification of DOTA-ABD-Cl and RM26

DOTA-ABD-Cl and RM26 were purified by reversed-phase HPLC (RP-HPLC) (Agilent 1200 series,
Agilent Technologies, Santa Clara, CA, USA) on a semi-preparative column (5 µm, 9.4 × 250 mm
Zorbax 300SB-C18, Agilent Technologies). A gradient of 20–60% acetonitrile in H2O with 0.1% TFA
was used as the mobile phase. The total running time was 30 min with a flow rate of 3 mL/min, and a
40 ◦C column temperature was applied in order to maximize the degree of separation. The peaks were
collected and analyzed by MALDI-TOF to identify the correct product. The fractions containing the
correct product were pooled and lyophilized.

2.1.4. Conjugation of DOTA-ABD-Cl to RM26

Purified DOTA-ABD-Cl and RM26 were conjugated through formation of an alkyl thioester
between the chloroacetyl and thiol functional groups on the two molecules. The reaction was
performed as described by Lindgren, et al. [26] in a ligation buffer containing 10 mM EDTA
(ethylenediaminetetraacetic acid) in phosphate buffered saline (PBS, 60%, pH 8) with acetonitrile
as co-solvent (40%). The pH of the reaction was set to 8–8.5 with NaOH (5%). A two times molar
excess of RM26 was used. The total peptide concentration was approximately 2 mg/mL. To avoid
the formation of disulfide-linked RM26 dimers and to reduce dimers already present in the solution,
TCEP (tris(2-carboxyethyl)phosphine) (10 mM TCEP for 0.2–1 mg/mL protein) was added to RM26
prior to the conjugation reaction.

The final product was purified by reversed-phase high-performance liquid chromatography
(RP-HPLC) with a gradient of 20–60% acetonitrile in H2O with 0.1% TFA as the mobile phase over
30 min with a flow rate of 3 mL/min and 40 ◦C column temperature. The peaks were collected and
analyzed by MALDI-TOF mass spectrometry, and the correct molecular weight was confirmed with
electrospray ionization-mass spectrometry (ESI-MS) (Thermo Ultimate3000, Thermo Fisher Scientific,
Waltham, MA, USA, Bruker Impact II, Bruker Daltonics, Billerica, MA, USA). The purity of the
conjugate was analyzed with an analytical RP-HPLC column (3.5 µm, 4.6 × 150 mm Zorbax 300SB-C18,
Agilent Technologies) using the same conditions as described for the purification of the product.
The protein concentration of the samples used for surface plasmon resonance (SPR) analysis and
circular dichroism (CD) spectroscopy was determined by quantitative amino acid analysis (Alphalyse,
Odense, Denmark).

2.1.5. Expression and Purification of Recombinant ABD Control Protein

Methods for expression and purification of recombinant ABD can be found in detail in the
Supplementary Materials Information. In brief, ABD035 was expressed as a thioredoxin fusion
protein using the pET32a expression vector in BL21 (DE3) star Escherichia coli cells. After overnight
autoinduction, the cells were lysed by sonication, and the His6-tagged fusion protein was purified
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using immobilized-metal ion chromatography (IMAC) purification. Following enterokinase-His6

(Sino Biological, Beijing, China) cleavage, the now untagged ABD035 protein was purified by collecting
the unretarded flow-through from a second IMAC round. The purity and molecular weight of the
purified ABD035 were confirmed using MALDI-TOF and SDS-PAGE.

2.2. Circular Dichroism

The secondary structures of ABD035, DOTA-ABD-Cl and DOTA-ABD-RM26 were determined by
circular dichroism spectroscopy (Chirascan, Applied Photophysics, Leatherhead, UK). All CD spectra
were obtained at 20 ◦C using a protein concentration of 0.2 mg/mL in 20 mM potassium phosphate
buffer with 100 mM KCl pH 7.4. To estimate the percentage of helicity in each construct, the measured
ellipticity (θobs) was first converted to the mean residue ellipticity (MRE) using the following formula
MRE = θobs/10 × l × C × n, where l is the pathlength in cm, C is the peptide concentration in the molar,
and n is the number of residues in each construct. From the mean residue ellipticity at 222 nm, MRE222,
the fraction helix, FH, was calculated using the following formula, FH = (MRE222 − [θ]C)/([θ]H − [θ]C).
[θ]H and [θ]C are given by [θ]H = 40,000 × (1 − (2.5/n) + 100 × T, and [θ]C = 640 − 45 × T. T is given in
◦C, here 20, and n is the number of residues in each construct (Scholtz 1991).

2.3. Surface Plasmon Resonance (SPR) Experiments

The interaction between DOTA-ABD-RM26 and HSA was investigated using Biacore T200
(GE Healthcare Life Sciences, Uppsala, Sweden). HSA was immobilized to 660 RU at a dextran
surface on a Series S Sensor Chip CM5 chip (GE Healthcare Life Sciences, Uppsala, Sweden).
Immobilization was performed using standard (1-ethyl-3-(3-dimethylamino) propyl carbodiimide,
hydrochloride/N-hydroxysuccinimide (EDC/NHS) amine coupling procedures. After immobilization
of the ligand, remaining unreacted NHS esters were deactivated by injection of 1 M ethanolamine.
One surface was activated followed by deactivation and used as a reference, and another surface
was immobilized with L1CAM-Fc (Sino Biological) as a control in all SPR experiments. All runs
were performed with phosphate buffered saline with 0.5% Tween®-20 (PBST), pH 7.4 as running
buffer. DOTA-ABD-RM26 at seven concentrations (0.27, 0.82, 2.47, 7.4, 22.2, 66.7 and 200 nM) was
injected onto HSA for 150 sec at a flow rate of 30 µL/min. Dissociation was allowed for 7200 s (2 h)
followed by surface regeneration by injection of 10 mM HCl. As comparison, unconjugated ABD035
and DOTA-ABD-Cl were injected to the surface at the same concentrations, using the same flow rate,
association time and dissociation time. Kinetic parameters were calculated using a 1:1 Langmuir
binding model in the Biacore T200 Evaluation software. All runs were performed in duplicates.

2.4. Radiolabeling and In Vitro Stability of DOTA-ABD-RM26

The DOTA-ABD-RM26 conjugate was radiolabeled with indium-111 by adding [111In]InCl3
(2.3–19.7 MBq) to 14–21 µg of DOTA-ABD-RM26 (2–3 nmol) and 80 µL of ammonium acetate buffer
(0.2 M, pH 5.5). The reaction mixture was incubated at 85 ◦C for 30 min, and the radiochemical yield
was determined by radio ITLC using 0.2 M citric acid buffer for elution. The radiolabeled conjugate was
purified using NAP-5 size-exclusion columns. The labelling stability was tested by adding 1000-fold
molar excess of EDTA or PBS to [111In]In-DOTA-ABD-RM26, and the percentage of indium-111 release
was determined using radio ITLC at 1, 4 and 24 h at room temperature. For some of the experiments,
HSA was bound to the purified [111In]In-DOTA-ABD-RM26 by adding 10-fold molar excess of HSA
and allowing the conjugation to proceed for 1 h at room temperature.

Parental peptide DOTA-RM26 was labelled with indium-111 according to previously
described procedure [14] with quantitative yield (determined by HPLC) and used in experiments
without purification.
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2.5. In Vitro Specificity Assay

The in vitro specificity assay was performed on PC-3 cells (GRPR positive). One day before
the experiment, the cells (5 × 105 cells/well) were plated on 6-well plates. At the time of the assays,
the cells were washed, and 500 nM/well of DOTA-ABD-RM26 in the presence of HSA or 250 nM/well
of DOTA-RM26 were added to the blocked wells in triplicates. The blocking was allowed to proceed
for 10 min at room temperature; then, 20 nM/well of [111In]In-DOTA-ABD-RM26 plus HSA was
added to non-blocked wells and to the wells blocked with either DOTA-ABD-RM26 plus HSA or
DOTA-RM26. The dishes were incubated for 1 h at 37 ◦C followed by washing the cells and treatment
with trypsin–EDTA to the cells detached. The cells were then collected, and the radioactivity content
was measured using a gamma counter.

2.6. Competitive Binding (IC50) Assay

PC-3 cells (5 × 105 cells/well) were plated on 12-well plates one day before the competitive binding
assays. Three conjugates (natIn-DOTA- RM26, natIn-DOTA-ABD-RM26 and natIn-DOTA-ABD-RM26
with addition of HSA) were used to compete with [111In]In-NOTA-PEG4-RM26 for GRPR.
DOTA-RM26 and DOTA-ABD-RM26 were loaded with stable indium by adding 3-fold molar excess
of InCl3 to each conjugate, and the reactions proceeded as described earlier. On the day of the
experiment, the cells were washed, and 1 nM of [111In]In-NOTA-PEG4-RM26 was added to each
well along with a series of concentrations ranging between 0−10 µM of the competing conjugate.
The dishes were incubated at 4 ◦C for 5 h. The cells were then washed and treated with trypsin–EDTA
until cell detachment. The cells were collected, and the radioactivity content was measured using a
gamma counter.

2.7. Cellular Processing Assay

For the cellular processing assay, PC-3 cells (5 × 105 cells/well) were plated on 35 × 10 mm dishes
two days before the experiment. On the day of the experiment, the cells were washed, and 20 nM/well
of [111In]In-DOTA-ABD-RM26 plus HSA were added. At predetermined time points of 1, 2, 4, 8 and
24 h, the cells were washed, and the dishes were placed on ice. The membrane-bound fraction was
separated by adding 1 mL of 0.2 M glycine buffer containing 0.15 M NaCl and 4 M urea (pH 2) and
incubation on ice for 5 min. The solution was collected, and the cells were washed with more glycine
buffer that was collected as well. To collect the cells and determine the internalized fraction, 0.5 mL of
1 M NaOH was added followed by incubation at 37 ◦C for 30 min. The cells were scraped, and the
solution was collected after washing with additional 1 M NaOH. The radioactivity content was then
measured on a gamma counter.

2.8. In Vivo Targeting Specificity and Biodistribution Studies

All animal studies were approved by the Ethics Committee for Animal Research in Uppsala,
Sweden, following the national legislation on protection of laboratory animals (4/16, 26 February 2016).

BALB/c nu/nu female mice were implanted subcutaneously with PC-3 cells in PBS
(6.5 × 106 cells/mouse) on the hind leg. Tumor size was 0.4 ± 0.2 g at the time of the experiment
(2−3 weeks following implantations). A group of four mice was used per data point.

One group of mice was intravenously injected with 40 pmol (30 kBq in 100 µL PBS) of
[111In]In-DOTA-ABD-RM26 and another group was injected with the same amount and activity
of [111In]In-DOTA-ABD-RM26 along with 10 nmol of DOTA-ABD-RM26 to test the in vivo targeting
specificity for [111In]In-DOTA-ABD-RM26. The mice were euthanized at 72 h post injection (pi).

To study the biodistribution over time, four groups of mice were injected with 40 pmol (30 kBq in
100 µL PBS) of [111In]In-DOTA-ABD-RM26 and euthanized at predetermined time points of 1, 24, 72 and
144 h pi. A group of mice was injected with 40 pmol (30 kBq in 100 µL PBS) of [111In]In-DOTA-RM26
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and euthanized at 1 h pi. After euthanization, the organs of interest were collected and weighed,
and the radioactivity content was measured on a gamma counter.

3. Results

3.1. Peptide Synthesis, Purification and Conjugation

The syntheses of DOTA-ABD-Cl and RM26 were successfully performed in an automated SPPS
system using microwave-assisted coupling and Fmoc chemistry. Double-coupling steps for the selected
amino acids were introduced in order to increase the yield. Final modifications were performed
manually. Following the final TFA cleavage and ether extraction of both peptides, RP-HPLC was
performed to purify the crude peptides. The crude purities of DOTA-ABD-Cl and RM26 after the
syntheses were 40% and 45%, respectively. The purified products were used as starting material for
the conjugation reaction (Figure 1).
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Figure 1. Schematic protocol for production of the DOTA-ABD-RM26 conjugate.

During the different steps of the synthesis, the peptides and the final products were analyzed,
and the correct molecular weights were confirmed with MALDI-MS (Table 1; Figures S1–S3).
The conjugation reaction was performed based on a previously developed protocol [26]. After the
successful crosslinking of the peptides, another HPLC purification step was performed where the
peaks containing the conjugate were collected and analyzed (Figure S4). The molecular weight of the
final product was confirmed by ESI-MS (Table 1; Figure S5), and the high purity of the conjugate (98%)
was assessed by analytical HPLC. The correct size and purity of recombinantly produced ABD035
were verified by SDS-PAGE (Figure S6) and MALDI-MS (Table 1; Figure S7).
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Table 1. Peptides and proteins used in the study.

Name Peptide Sequences a Theoretical MW (Da) Experimental MW (Da)

RM26
Mercaptopropionyl-[PEG4]-

D-Phe-Gln-Trp-Ala-Val-
Gly-His-Sta-Leu-NH2

1448.7 1446 b

ABD035

AMALAEAKVLAN
RELDKYGVSDFY

KRLINKAKTVEGV
EALKLHILAALP

5383.4 5367 b

DOTA-ABD-Cl
[DOTA]-LAEAKVLANRELDK
(ClAc)YGVSDFYKRLINKAKT
VEGVEALKLHILAALP-NH2

5571.9 5555 b

DOTA-ABD-RM26

[DOTA]-LAEAKVLANRELDK
(RM26)YGVSDFYKRLI

NKAKTVEGVEAL
KLHILAALP-NH2

6984.2 6989 b

6983.9 c

a RM26 amino acid sequence shown in three-letter code, and ABD amino acid sequences shown in one-letter
code. PEG4 = 15-amino-4,7,10,13-tetraoxapentadecacanoic acid. DOTA = 1,4,7,10-tetraazacyclododecane
-1,4,7,10-tetraacetic acid. b Analyzed by MALDI-MS. c Analyzed by ESI-MS.

3.2. Characterization of Synthesized Conjugate

Circular dichroism: The CD spectra of both DOTA-ABD-Cl and the control protein ABD035
displayed a characteristic alpha-helical pattern with minima at 208 nm and 222 nm (see Figure 2A).
The CD spectrum of the DOTA-ABD-RM26 conjugate indicated a contribution of both random
coil and alpha-helix, with a signal minimum at approximately 205 nm and a dip at 222 nm.
The melting temperature was estimated to be 50 ◦C for the synthetic constructs DOTA-ABD-Cl
and DOTA-ABD-RM26, and 54 ◦C for the recombinant control protein ABD035 (Figure 2B). CD spectra
collected at 20 ◦C after thermal unfolding suggest that all proteins refold after heating.
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Figure 2. Circular dichroism (CD) spectra (A) and thermal melting curves (B) of DOTA-ABD-RM26,
DOTA-ABD-Cl and ABD035.

SPR analyses: According to the SPR analysis of the interaction between DOTA-ABD-RM26 and
HSA, the conjugation of RM26 and DOTA to ABD had a limited impact on the binding of ABD035 to
HSA at room temperature (Figure 3). The KD (equilibrium dissociation constant) for DOTA-ABD-RM26
binding to HSA is similar to that of the control protein ABD035 alone for binding to HSA (Table 2).
SPR sensorgrams for each construct are to be found in Supplementary Information Figures S8–S10.
As presented in Figure 3, the dissociation rate is the fastest for DOTA-ABD-Cl among the three
constructs, while the unmodified ABD035 has the slowest dissociation rate.
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Table 2. Kinetic constants for ABD variants binding to human serum albumin (HSA) determined
by SPR.

Construct ka (1/Ms) kd (1/s) KD (M)

ABD035 2.5 × 106 5.4 × 10−5 2.2 × 10−11

DOTA-ABD-Cl 3.0 × 106 3.8 × 10−4 1.3 × 10−10

DOTA-ABD-RM26 7.9 × 106 6.6 × 10−5 8.3 × 10−11

3.3. Radiolabelling of DOTA-ABD-RM26 and Stability of the Labelled Conjugate

DOTA-ABD-RM26 was radiolabelled with indium-111 with good radiochemical yield (63 ± 3%)
determined by ITLC. After purification on a size-exclusion column, the radiochemical purity of
[111In]In-DOTA-ABD-RM26 was higher than 99.5%. The purified [111In]In-DOTA-ABD-RM26 was
stable in PBS with minimal release of indium-111 within 24 h incubation (0.9± 0.2%). However, there was
noticeable release of indium-111 when challenged with 1000-fold molar excess of EDTA—15 ± 1% release
after 24 h incubation.

3.4. In Vitro Characterization of [111In]In-DOTA-ABD-RM26

The binding specificity of [111In]In-DOTA-ABD-RM26 toward GRPR: the in vitro binding specificity
assay (Figure 4A) showed significantly decreased cell-associated activity when GRPR-expressing PC-3
cells were preincubated with 250 nM of RM26 or 500 nM of DOTA-ABD-RM26 in the presence of HSA.
This demonstrated that the GRPR antagonist retained specific binding toward GRPR after conjugation
with ABD. This also confirmed that the conjugate bound to HSA retained binding to GRPR.

Cellular processing: The cellular processing of [111In]In-DOTA-ABD-RM26 was studied on
GRPR-expressing PC-3 cells in the presence of 10-fold molar excess of HSA (Figure 4B). Internalization of
the radiolabelled conjugate was slow, and after 24 h of incubation, no more than 27% of cell-associated
activity was internalized, which corroborated the antagonistic nature of RM26.

Competitive binding: The half-maximal inhibitory concentration (IC50) for natIn-DOTA-ABD-RM26
was 30 ± 3 nM and 49 ± 5 nM in the presence of 10-fold molar excess of HSA, which demonstrated
that binding of albumin to the ABD-containing conjugate did not influence the binding to GRPR
(Figure 5). The half-maximal inhibitory concentration for natIn-DOTA-RM26 measured in the same
setting was 4.5 ± 0.7 nM.
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3.5. In Vivo Characterization of [111In]In-DOTA-ABD-RM26

In vivo targeting specificity: The in vivo targeting specificity of [111In]In-DOTA-ABD-RM26
to GRPR was studied in mice bearing PC-3 xenografts and demonstrated significant reduction
of activity uptake in tumors when 10 nmol of non-labelled DOTA-ABD-RM26 was co-injected
with the labelled conjugate (5 ± 2% ID/g) and compared with the group injected with 40 pmol of
[111In]In-DOTA-ABD-RM26 (10 ± 1% ID/g) (Figure 6). The activity uptake in the spleen and stomach
was slightly but significantly lower in the blocked group than in the non-blocked group.

Biodistribution of [111In]In-DOTA-ABD-RM26: The biodistribution of [111In]In-DOTA-ABD-RM26
1 h pi showed the highest activity concentration in blood (32 ± 4% ID/g) and an elevated uptake in
kidneys (35 ± 6% ID/g) (Figure 7). The activity uptake in PC-3 tumors was 7 ± 2% ID/g at this time point.
At 24 h pi, the activity uptake in blood decreased more than 3-fold, while the activity uptake in tumors
increased almost 2-fold to 11 ± 2% ID/g. At this time point, activity uptake in the lungs decreased
2-fold, but activity uptake remained stable in the majority of the other studied organs, except bones,
where it increased significantly from 3.3 ± 0.4% ID/g at 1 h pi to 4.4 ± 0.5% ID/g at 24 h pi.

With time, the activity concentration in blood continued to decrease, and the activity uptake in the
kidney was reduced 2-fold 6 d pi. The tumor activity uptake remained stable within the observation
period (144 h pi 10 ± 1% ID/g). The activity uptake in the majority of the other organs remained stable,
except the lungs and intestine where it continuously decreased.
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The biodistribution of [111In]In-DOTA-ABD-RM26 was compared with that of [111In]In-DOTA-RM26
1 h pi to evaluate the impact of ABD coupling on the biodistribution pattern and tumor targeting of
RM26, as shown in Figure 8. The uptake in the pancreas (GRPR-expressing tissue) and tumor were on
the same level for both radiolabelled conjugates. The activity uptake of [111In]In-DOTA-ABD-RM26
was significantly higher than that of [111In]In-DOTA-RM26 in all other studied organs and tissues.
Activity concentration in blood was over 100-fold higher for the GRPR-targeting peptide coupled
to ABD (32 ± 4% ID/g for [111In]In-DOTA-ABD-RM26 compared with 0.27 ± 0.04% ID/g for
[111In]In-DOTA-RM26).
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4. Discussion

Prostate cancer remains a challenge with high incidence and mortality rates. Several molecular
targets associated with prostate cancer cells have been identified with the main focus aimed at prostate
specific membrane antigen (PSMA)-targeting [27]. Targeting PSMA has demonstrated its utility in
prostate cancer patient management both for diagnostic and radionuclide targeted therapy. However,
other targets need to be evaluated for the treatment of prostate cancer, since not all tumors overexpress
PSMA [28]. GRPR has emerged as an important target in a number of cancers including prostate
cancer [20]. Targeting GRPR in oligometastatic prostate cancer could improve therapy output in
early stages of prostate cancer. GRPR antagonists have been used for imaging GRPR-expressing
tumors demonstrating high sensitivity and safety [8,17–19,29]. Recent clinical studies have commenced
evaluating GRPR antagonists for treating patients with metastatic castration-resistant prostate cancer
showing promising results [23].

Radiolabelled GRPR-targeting antagonistic peptides have demonstrated high and specific uptake
in GRPR lesions and a rapid blood clearance which is favorable to diagnostic imaging shortly after
administration, but for targeted radiotherapy, multiple injections would be required. The aim of
this study was to develop a GRPR-targeting ligand based on a GRPR antagonist and an ABD that
would have prolonged blood circulation time and, therefore, increase the tumor uptake of the
ligand. This therapeutic construct could further be coupled to a cytotoxic agent (drug or therapeutic
radionuclide) and used for targeting therapy of cancer. This approach would facilitate therapy by
minimizing the number of injections and by improving delivery of cytotoxic agent to tumors.

To extend the circulatory half-life of the RM26 analogue targeting the GRPR receptor, a construct
was designed with the peptide conjugated to an ABD (see Figure 1). Since the C-terminus of RM26
is important for receptor binding [30], the N-terminus of the peptide was modified for crosslinking
to ABD. These modifications included the addition of a PEG4 linker as a spacer between the two
molecules and a terminal thiol-containing mercaptopropionic acid residue for the conjugation to ABD
via a thioether bond. ABD was functionalized with a chloroacetyl group at the Lys residue in position
14. Position 14 was chosen for conjugation as helices two and three of ABD are responsible for the
interaction with HSA, and by coupling RM26 to the first helix of ABD, it was hypothesized that the
HSA binding would not be impaired. In an earlier study, it has been shown that this position in ABD is
suitable for conjugation of short peptides, without disrupting HSA binding [26]. The chelator DOTA
was coupled to the N-terminus of ABD for the purpose of coordinating radionuclides for in vitro and
in vivo experiments.
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The designed conjugate, entitled DOTA-ABD-RM26, was successfully labelled with indium-111,
a radiometal with relatively long half-life (2.81 d), allowing for studies of the biodistribution pattern
of the labelled conjugate over several days. We noticed that both labelling yield and stability of
the new conjugate were moderate when challenged with EDTA. Together this could mean sterical
hindrance in building the In-DOTA cage complex, because usually this complex is very stable [31].
The new GRPR-binding conjugate retained both specific targeting to the receptor and antagonistic
feature despite the bulky modification (the total molecular weight of albumin-ABD-RM26 construct is
approximately 60-fold higher than for RM26). However, both coupling of ABD and further interaction
of the conjugate with albumin negatively affected binding to GRPR, decreasing the IC50 value for
ABD-RM26 towards GRPR. Further, the apparent affinity of ABD-RM26 toward HSA was slightly
compromised (see Table 2). In the literature, affinity measurements of ABD035 have indicated higher
affinity for HSA with a KD of about 120 fM [25]. However, the very slow off-rates make it difficult to
calculate the kinetic parameters, and the results presented herein should be seen as a comparison of
the relative affinities of the ABD constructs rather than exact values. The obtained results confirm that
the conjugation of RM26 and DOTA only marginally affects the binding of ABD035 to HSA, and that
high affinity to HSA is retained, with an estimated KD of 83 pM for DOTA-ABD-RM26 binding to HSA.
A folded protein typically gives rise to a defined CD spectrum, while unfolding or partially unfolding
the protein leads to changes in secondary structure, which results in changes in the CD spectrum.
Far-UV CD spectra on DOTA-ABD-Cl and ABD035 are typical of helical proteins, while ABD-RM26 is
partially unfolded (Figure 2A). According to helix–coil theory [32], ABD035 is about 75% helical (36 out
of 49 residues in helical conformation), and DOTA-ABD-Cl is about 60% helical (27 out of 46 residues
in helical conformation), while ABD-RM26 is only about 33% helical (18 out of 56 residues in helical
conformation). A helicity of 75% for ABD035 is in agreement with a solution NMR structure of the
serum albumin binding domain G148−GA3, which show a helicity of about 80% in the same region [33].

While data from our SPR measurements indicate that conjugation of DOTA and RM26 has a minimal
impact on ABD binding to HSA at 25 ◦C, the CD spectra display lower helicity of DOTA-ABD-RM26 than
ABD and DOTA-ABD-Cl under the tested conditions. When determining melting point for the three
constructs, we found that Tm is approximately 50−54 ◦C for all constructs. However, as a consequence
of the low amplitude for the melting curve of DOTA-ABD-RM26, the melting temperature can only be
roughly estimated for this conjugate. Our data showed that DOTA-ABD-RM26 had low helicity at
42 ◦C in the tested conditions during CD measurements. This could have an impact on experiments
performed in vivo. However, bombesin has previously been shown to form alpha-helical structures
upon interaction with lipids and membranes [34]. Hence, the conditions used for measurements of
Tm and secondary structure by CD might not be fully representative of the biophysical properties of
DOTA-ABD-RM26 when interacting with GRPR or HSA in vivo.

Despite compromised affinity to GRPR, the new conjugate bound to GRPR specifically in mice
bearing PC-3 xenografts. The in vivo targeting specificity was evaluated at 72 h pi so that the radioligand
could be appropriately cleared from blood and other non-targeting organs. It is interesting to note that
while activity uptake decreased 2-fold in xenografts with high GRPR expression, the uptake in other
GRPR-expressing tissues (pancreas and organs of GI tract) decreased only marginal. Lower GRPR
expression in these organs than in xenografts together with relatively moderate affinity of the new
conjugate to GRPR (IC50 49 ± 5 nM vs 4.5 ± 0.7 nM for parental peptide DOTA-RM26) could explain
this observation.

The utilized approach for extension of blood circulation of a GRPR-targeting peptide by conjugation
to ABD resulted in significantly slower blood clearance of the targeting agent. The activity concentration
in blood 1 h pi was as high as 32 ± 4% ID/g and decreased only 3.5-fold at 24 h pi. Such extension
would not be possible for the relatively small ABD-RM26 conjugate (7 kDa) without interaction with
albumin in blood circulation [35–37]. High activity concentration in blood contributed to elevated
activity uptake in non-targeted organs (see Figure 8). Contrastingly, in targeted organs (pancreas and
intestines) and GRPR expressing xenografts, activity uptake was equal both for ABD-coupled and
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parental RM26. We could speculate that the initially bulky ABD-RM26/albumin complex has limited
tissue penetration in comparison with the small RM26 peptide. However, the high concentration of
labelled conjugate in blood overcame this limitation, and activity uptake in tumors increased up to 24 h
pi, while RM26 reached maximum activity uptake at 1 h pi (with 80% of maximum uptake reaching
30 min pi, data for [177Lu]Lu-DOTAGA-RM26 [21]).

The activity uptake in tumors increased by 50% from 1 to 24 h pi; this demonstrated the presence
of an intact radiolabelled conjugate in blood circulation capable of binding. This could be evidence
that the ABD-fused GRPR antagonist escaped neprilysin activity in blood circulation. This is of special
importance for targeting therapy. Furthermore, the activity uptake in tumors remained stably high up
to 6 d pi, which dramatically differentiated this conjugate from small antagonistic peptides targeting
GRPR. Typically, activity uptake in tumors decreases 2-4-fold within 24 h pi and continues to decrease
further with time [21,22,38].

However, the in vivo study also showed a very high activity uptake in kidneys, higher than that
in tumors at all studied time points. This high renal uptake was unexpected because conjugation of
ABD to small proteins has been shown to decrease renal reabsorption dramatically, e.g., renal activity
uptake decreased 30-fold for anti-HER2 affibody molecules when coupled to ABD and was below
5% ID/g at a peak 24 h pi [35,39]. The GRPR antagonist RM26 exhibited low renal reabsorption: for
RM26 labelled with lutetium-177, the highest activity uptake in kidneys was found to be at 30 min
pi and dropped 2-fold during the next 30 min [21]. Thus, neither RM26 nor ABD have a tendency to
accumulate in the kidneys. The high renal reabsorption of ABD-RM26 conjugate at later time points
could be explained by corrupted affinity to albumin allowing the construct to retain in blood circulation
due to high albumin availability, but directing the dissociated fraction to renal clearance. The uptake in
other organs such as the liver and bone was also elevated up to 144 h pi, and this can be a consequence
of the radiolabel instability in vivo.

In this study, we hypothesized that conjugation of GRPR antagonist RM26 with ABD would
facilitate GRPR-targeting therapy by minimizing the number of injections, increasing and prolonging
the uptake of targeting agent in tumors, and keeping the healthy organs at a safe level of exposure
to cytotoxic agents, especially to radiation. This study was a proof-of-principle that this approach
is suitable for the development of therapeutic agents. This conjugate could be used for inhibition
of GRPR-driven cell proliferation or delivering cytotoxic agents to GRPR-overexpressing tumors
following previously reported concepts [20,40]. Particularly, high renal and hepatic accumulation
of the anti-HER2 affibody-ABD conjugate bearing cytotoxic maytansine derivate MC-DM1 did not
cause any morphological differences or signs of injury in kidneys and livers, while it demonstrated
significant therapeutic effects in a preclinical therapy experiment [41]. However the unfavorable renal
reabsorption abolished the possibility of using this conjugate for radionuclide therapy, which is in fact
only one type of targeting therapies, due to the high absorbed dose to the kidneys, the critical organ
for radio-targeting therapy. One approach is to redesign the conjugate with the aim of improving
the biodistribution profile, as the position of the ABD could alter the properties of the conjugate,
as previously demonstrated [42].

5. Conclusions

In conclusion, we herein report a successful conjugation of a GRPR antagonist and an
albumin-binding domain that retained GRPR-targeting in vivo and, due to binding to albumin,
resulted in a high and stable tumor uptake over several days. The developed conjugate could
be used for targeted delivery of cytotoxic drugs to GRPR-expressing tumors and to keep a high
therapeutic concentration of the GRPR-targeting antagonistic agent for inhibition therapy. However,
this conjugate is not suitable for radionuclide therapy, and further research with the aim of improving
the biodistribution profile of the ABD-RM26 conjugate is desirable.
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Abstract: Metastasis is the process of dissemination of a tumor, whereby cells from the primary site
dislodge and find their way to other tissues where secondary tumors establish. Metastasis is the
primary cause of death related to cancer. This process warrants changes in original tumoral cells and
their microenvironment to establish a metastatic niche. Traditionally, cancer therapy has focused on
metastasis prevention by systematic treatments or direct surgical re-sectioning. However, metastasis
can still occur. More recently, new therapies direct their attention to targeting cancer stem cells.
As they propose, these cells could be the orchestrators of the metastatic niche. In this review, we
describe conventional and novel developments in cancer therapeutics for liver and lung metastasis.
We further discuss the resistance mechanisms of targeted therapy, the advantages, and disadvantages
of diverse treatment approaches, and future novel strategies to enhance cancer prognosis.

Keywords: lung metastasis; liver metastasis; cancer stem cells; cancer treatments and progres-
sion biomarkers

1. Introduction

Metastasis is an inefficient process in which cells from the primary tumor spread
by releasing circulating tumor cells (CTCs) into the vasculature towards a distant organ
to colonize it, establishing metastasis. A process where only 0.01% of the cells that en-
ter the circulation can successfully reestablish a new metastasis, and while this seems
highly inefficient, it is more often than not a fatal step in cancer progression [1,2]. Cancer
stem cells (CSC) are the subpopulation of cells responsible for promoting angiogenesis,
local invasion, distant metastasis, and resistance to apoptosis. Moreover, epithelial tumor
cells (mature population) gain invasiveness and migratory abilities through the process
of epithelial–mesenchymal transition (EMT), which is where a complex network of in-
terconnected factors and pathways meet, such as transforming growth factor-β (TGFβ),
epidermal growth factor (EGF), insulin-like growth factor (IGF), WNT, Hedgehog, and
Notch pathways, all of which regulate and promote CSC growth [3–5]. The spread of CSC
from the primary tumor to a secondary site is a process highly dependent on signaling
cues, such as hypoxia, acidic pH, and/or glucose deprivation [6]. However, only one out of
500 CSC will survive in the circulation, even though mechanisms to protect CSC from elimi-
nation by the immune system exist as the secretion of IL-4 and CD200, which represents an
important role in immune escape [7]. CSC in the bloodstream or otherwise in the lymphatic
system can cluster together with stromal cells (fibroblasts, endothelial, tumor-infiltrated
myeloid cells, or pericytes) for improved metastasis potential. Endothelial cells (ECs) in
healthy established vessels remain quiescent for years. Under certain conditions, such as
hipoxia or inflammation, as occurs in pathologies such as cancer and wounds, they can
rapidly switch to an angiogenic state and start to form new blood vessels by interaction
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with pericytes [8–10]. Once an angiogenic switch is turned on, factors (VEGF, PDGF, TNF-α,
and IL-8) inside the tumor promote growth and metastasis [11,12]. A majority of ECs in
the tumor vasculature are tumor-derived ECs (TECs) retain remain distinct from cancer
cells, by are not immortal and their ontological endothelial identity permit participate in
making up the lining of neoangiogenic vasculatures in the TME and accelerating tumor
progression [13,14]. Circulating tumor endothelial cells (CTECs) with a mature phenotype,
derived from vessel wall turnover, play an important role in tumor initiation, progression,
metastasis, and neovascularization [15]. Moreover, it has been found clusters of endothelial
cells expressing endothelial markers as vimentin and other lineage markers, such as FN1,
SERPINE1, and FOXC1, that improve the survival of cancer stem cells and promote their
dissemination [15]. Increased CTECs in cancer patients have a worse prognosis, indicated
as potential biomarkers of angiogenesis and metastasis, and can express PDL-1 that permit
the evaluation of immunotherapy efficacy [16].

Once CSC attaches and develops with success, a pre-metastatic niche will form. Pre-
metastatic niches additionally require exosomes or exosomal-like extracellular vesicles
(ECV) from entrained bone marrow-derived cells and macrophages to start changes in the
cells. Ideally building an effective microenvironment that serves as a fertile niche for tumor
cell growth [8–10]. Researchers estimate that between 20% and 54% of malignant tumors
develop metastasis. Primarily at lymph nodes, with the liver and lungs as the second
most common sites of metastasis [17]. Colorectal cancer, the third most frequent neoplasm,
can progress to the liver (40–50%) and lung (10–20%) depending on the primary tumor’s
stage. Clinical data show that median survival is just 5–20 months without treatment [18].
Meanwhile, pancreatic ductal adenocarcinoma (PDAC) is one of the most aggressive
cancers with high metastatic potential. At the time of PDAC diagnosis, approximately
50% of patients present metastatic disease with 19–39% affected in the lungs and >50%
in the liver. The median survival time is around 6–11 months in patients with metastatic
pancreatic cancer [19]. Interestingly, several studies have reported that isolated lung
metastases are associated with better survival outcomes than patients with other solitary
metastatic organs [20–22]. In what follows, we will discuss differences between the cascade
of events in primary tumors which promote the establishment of pre-niche and niche
metastasis.

2. Why Liver Metastasis?

The physiological functions of the liver are related to the metabolism of nutrients
absorbed by the gastrointestinal tract and the detoxification of dangerous molecules present
in the circulation. These functions are responsible for a delicate balance between immune
tolerance and immune response. Their correct functioning requires normal cytoarchitecture
of the hepatic lobules. This cytoarchitecture includes polarized hepatocytes and an intricate
network of discontinuous capillaries (sinusoids) and bile ducts. Important cell types in the
lobule are Kupffer cells (KCs), a type of specialized macrophages that take up and destroy
foreign material, and hepatic stellate cells (HSCs), which are involved in the response to
liver damage. HSCs are found in the space of Disse, which separates hepatocytes from
sinusoids [23]. Due to the total blood volume that circulates through the liver, about 30%
of blood volume per minute, it is the preferred organ for metastasis development [24].
The portal vein is a vessel that carries blood from the gastrointestinal tract, gallbladder,
pancreas, and spleen to the liver. The right portal vein is the continuation of the main portal
vein, while it separates the left portal vein from the main portal vein at an acute angle [25].
This explains why the segment of the right lobe liver is the main target of metastases. Also,
the blood circulation in the colon and proximal rectum drain through the hepatic portal
system, while the blood of the distal rectum goes to the lung. This vascular organization
correlates with the fact that colorectal cancer prefers liver metastasis, with the lung as the
second favored metastatic site [26]. However, to allow hepatic metastasis development, the
liver must present damage. There are several hypotheses regarding the pro-metastatic state
consequent to cirrhosis, steatosis, and nonalcoholic fatty liver disease. Some authors state
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that altered hepatic cytoarchitecture creates an unfavorable environment [27]. Others report
that these alterations slow the passage of neoplastic cells through the microcirculation
and enhance cellular-vascular contact and stress micro thrombotic phenomena through
the expression of adhesion molecules, facilitating metastasis [28]. Chronic inflammation
that results from receiving nutrients, toxins, and microorganisms via the portal vein
from the gut can activate HSCs or produce oxidative stress that leads to liver injury
creating a microenvironment favorable for the increased growth of metastases [27]. Also,
organotropism is regulated by multiple factors, organ-specific niches, and the interaction
between tumor cells and the host microenvironment [29].

Factors Crucial for the Formation of Liver Metastasis

Pre-niche is formed by the preconditions in specific organs in terms of nutrients,
extracellular matrix, and immune cells necessary to generate fertile soil before the arrival
of CTC, which increases the success of metastasis establishment, as shown in Figure 1 [30].

Figure 1. Liver metastases process. Development of liver metastases involves changes in tumor cell metabolism, as well as
EMT and is induced by inflammatory cytokines, miRNAs, hypoxia, and pH. These factors allow for dissemination of CSC.
Growth factors promote survival of cells in the blood and the lymphatic circulation, these cells form clusters (fibroblasts,
endothelial, tumor-infiltrated myeloid cells, or pericytes) in order to arrive to hepatic tissue. Also, liver metastasis niche
is improved by damage inducers, that activate HSCs, KCs, CAFs, myofibroblast, TAMs or produce oxidative stress and
cytokines production promoting CSC establishment and growth.

After that, primary tumors can induce stromal cell remodeling of the extracellular ma-
trix which takes care of cell organization. To increase the survival of CTC from the hostile
microenvironment, they usually form CTC clusters. Interactions between cancer cells and
endothelial cells with an endothelial layer, and the underlying basement membrane VCAM,
ICAM, or L1 molecules, expressed by the vascular endothelium, in interaction with α4β1
integrin and αvβ3 integrin, play a central role in leukocyte recruitment to develop this
process [28,31]. Other tumor-recruited cells such as cancer-associated fibroblasts (CAFs),
stromal myofibroblast, endothelial cells, pericytes, diverse immune cells, mesenchymal
stem cells (MSCs), and tumor-associated macrophages (TAMs) contribute to tumor growth
and serve as a prerequisite for tumor cell invasion and metastasis [8,30]. For example,
during the early stages of tumor development, cytotoxic immune cells such as natural killer
(NK) and CD8+ T cells recognize and eliminate the more immunogenic cancer cells. High
levels of tumor-infiltrated T cells indicate a good prognosis in many solid tumors, while

301



Pharmaceutics 2021, 13, 103

high levels of macrophage infiltration correlate with a worse prognosis. TAMs promote
tumor progression in different ways, such as secreting cytokines like IL-10 and TGF-β,
which induce immunosuppression and impair poor response by cytotoxic lymphocytes T
and dendritic cell maturation [32]. Also, TAMs release a plethora of extracellular matrix
(ECM) remodeling factors (plasminogen activation system, matrix metalloproteinases, and
kallikrein-related peptidases), affecting the composition, structure, and elasticity of the
ECM and the availability of growth factors, creating conduits for the migration of tumor
cells [32]. Metastasis-associated macrophages (MAMs), in murine CRC models, have been
shown to increase the extravasation of tumor cells and help in their survival by secreting
growth factors and concomitantly inhibiting cytotoxic T cells [33]. Some key mediators in
regulating immune responses are myeloid-derived suppressor cells (MDSC) which express
CD11b+ and CD33+. CD11b is a subunit of the integrin adhesion molecule, which expresses
in bone marrow-derived immune cells. CD11b was reported to promote myeloid cell migra-
tion to the tumor microenvironment, which secreted cytokines related to tumor growth and
angiogenesis. Researchers relate the expansion of MDSCs to tumorigenesis in CRC, and
the density of CD33+ MDSCs in the microenvironment was a negative prognostic factor
in CRC patients. Recently reported higher expression (lymphocytes CD3+) in primary
tumor than in hepatic metastases, while CD33 had higher expression in hepatic metastases
than in primary tumor. In turn, CD33+ showed that more immunosuppression of cells
in the liver may contribute to the poor response to immunotherapy [34–36]. Although
to date, some cell types have been associated with better or worse prognoses of primary
tumors, unlike in metastasis where there are many other factors involved, such as the
treatment they are receiving, this may change the microenvironment and therefore favor
the progression of the disease. In most patients, physicians do not focus the treatment
used on destroying the cells responsible for tumor chemoresistance and progression, and
therefore this approach is being increasingly included in patients with already advanced
stages, increasing their survival. MicroRNAs (miRNAs or miR) are short 18–22 nucleotide
non-coding RNAs that control several processes by regulating gene expression. miRNAs
can bind directly to mRNAs forming miRNA-mRNA complexes at the 3′UTR, where they
recruit the ribonucleotide silencing complex (RiSC) and undergo either deadenylation and
degradation via CAF1 and PABP, or transcriptional repression [8,37–41]. Colon cancer
metastasis regulation has been a widely studied topic; in particular, the study of miR
which acts as oncogenes have gained track in the last couple of decades. Cancer alters
miRNA expression as stress and other microenvironmental factors changed through can-
cer’s development [42]. Factors involved in tumor progression and the development of
metastasis include hypoxia, which in CRC is very common and becomes more aggressive,
invasive, and resistance to chemo- and radiotherapy. It associates with the activation
of transcription factors involved in the maintenance of EMT/CSC phenotypes and en-
richment of CD44high, CD24low or ALDHhigh CSC population [43,44]. Non-coding RNAs
play critical roles in the response to hypoxia in various cancers as miR-10b, miR-181b,
miR-155, miR-210, miR-372/373, and miR-424 become upregulated under hypoxia [45].
A recent review by Gonzalez-Villareal in colorectal cancer metastasis emphasized EMT
regulation, with members of the miR-200 family upregulated by Ascl2 as key regulators.
Moreover, miR-199a downregulation and miR-210 and miR-21 upregulation are also as-
sociated with EMT enhancing HIF-1α/VEGF expression [30]. An EMT major driver is
hypoxia, which involves HIF1a/b, VEGF, and p53, all of which downregulate miR-107
and miR-145, negatively correlating with p70S6K1 [46]. Increase expression of miR-210 via
HIF-1α downregulates ephrin A3, which results in decreased migration, with an increase
in glucose metabolism stimulating tumor growth [47–49]. Particularly in liver metastasis,
p53 mutations, such as R175, G245, R248, R249, R273, and R282, produce gain-of-function
and typically translocate with p63 (DNp63a) and p73 to promote TGF-β by RhoA or BRAF.
miR-527/665 suppresses KSRP and miR-198, switching off SMAD4 and TGF-βR2 [50–52].
Malignant cells have glucose consumption rates about 200 times higher than normal cells;
hence, their energy has more to do with the Warburg effect. According to this model, cancer
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cells get energy from lactate, free fatty acids, and ketones generated from the activation of
anaerobic glycolytic and autophagic programs. Several authors have proposed that CSCs
possess unique metabolic features when compared with the differentiated bulk of tumor
cells, and with normal stem cells which allow CSC maintenance and dissemination. This
might represent an effective approach to ablate the cells at the origin of the cancer. Their
nutrients become linked via metabolic networks, enhancing the ability of cancer cells to
survive and seed in a certain environment. Researchers have shown that liver metastasis
regulation has a dependency on miR-885 overexpression by targeting CPEB2 and vWF.
Significantly, these targets involve insulin regulation via insulin-like factor growth protein 5.
IGFBP5 has been shown to regulate cell growth, differentiation, apoptosis, and metastasis.
Yet, oxidative phosphorylation, due to hypoxic conditions, remains a preferred energy
source [30,53]. Implied in this alternative energy metabolism is creatine kinase brain-type
(CKB), necessary to produce phosphocreatine and maintain ATP levels, which are secreted
into the microenvironment by the downregulation of miR-483 and miR-551a [54]. In liver
metastasis of CRC, researchers observed an enhancement of fructose metabolism via the
upregulation of enzyme aldolase B (ALDOB), hence providing extra fuel for metastatic
outgrowth [55]. Thus, as the metabolic center of the entire organism, the liver appears
to provide a unique milieu enabling or forcing cancer cells to assume specific metabolic
activities for colonization. It involves molecular pathways for liver colonization, including
nitric oxide and ROS, and the expression of adhesion molecules such as selectins and
integrins. Also involved are phagocytosis, cytokines, such as TNFα and TGFβ, interferon
gamma (IFNγ), interleukins (IL-1, IL6, IL8, IL-10, IL12, and IL18), growth factor monocyte
chemoattract protein-1 (MCP-1), and macrophage inflammatory protein (MIP-1) released
by KCs and HSCs [56]. Proinflammatory cytokines such as IL-6, preparing a permissive
inflammatory pre-metastatic niche where circulating CRC cells can home and survive,
colonize, and eventually form micro and macro metastasis. IL-6 then activates signal trans-
ducer and activator of transcription 3 (STAT3) signaling in hepatocytes, which produces
serum amyloid A protein (SAA) that orchestrates the formation of a pro-metastatic niche in
the liver. It has been reported that S1PR1–STAT3 upregulation in tumor cells induces IL-6,
which activates S1PR1–STAT3 in MDSCs in the liver, leading to pre-metastatic niche forma-
tion prior to CRC cell arrival [57]. Expression of fibronectin and granulin by macrophages
stimulates HSC for differentiation into myofibroblasts, whose release periostin, creates
a fibrotic environment in the liver that sustains tumor growth [58]. Similarly, human
hepatic sinusoidal endothelial cells in vitro express macrophage migration inhibitory factor
(MIF-1), which improves EMT, migration, proliferation, and apoptotic resistance in CRC
cells. Finally, angiopoietin-like 6 protein from the liver sinusoidal endothelial cells (LSEC)
induces liver colonization of CRC cells and correlates with CRC progression in in vitro
models [59].

Recent works reported that type XII collagen was the most significantly upregulated
collagen in cancer liver metastasis (CLM) and that there was a difference with the ECM
of the CRC. Collagens that are present in metastatic disease were COL10A1, COL12A1,
COL 14A1, and COL15A1. Also, collagen type IV has a strong association with liver
metastasis in CRC. One important miR is miR-19, which inhibits Transglutaminase-2, a
critical crosslinking enzyme of the ECM, hence inducing invasiveness [60,61]. Another
tumor suppressor miR is miR-155 which acts over several important regulators such as
CTHRC1 and TP53, involved in tumor intravastation [62–64]. Moreover, miR-155, alongside
miR-21, miR-1827, miR-145, and miR-34a, activate Wnt/b-catenin signaling. Additionally
miR135a/b, miR-494, and miR-19a suppress APC and directly activate Wnt [65]. Wnt
regulation is paramount during metastasis, as described in this review. Another study
by Ji et al. confirmed that miR-181a promotes EMT by hindering WIF-. Furthermore,
miR-429, was shown to impede apoptosis and induce EMT by targeting SOX2 [66]. The
potential targeting of miR-429 would then lead to apoptosis. This could be critical to “kill
off” metastatic cells, although research is warranted in order to have precise control as not
to lead a systemic proapoptotic process. Some factors influencing liver metastasis on CRC
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were found, but we know that tumor cells themselves, stromal cells, and the interaction
between CRC cells and their microenvironment, all contribute to hepatic invasion. Until
now, we have known much about the establishment of the pre-metastatic niche but little
about the metastatic niche itself. Therefore, the search for mechanisms and possible
therapeutic targets that can reverse or change the prognosis of the disease is currently being
continued since most patients at the time of diagnosis already arrive in very advanced
stages of the disease, when the approach to treatment is more complex than just treating
the primary tumor and preventing metastasis. Next, the management of patients with liver
and lung metastases in two neoplasms that are on the rise without hereditary history will
be reviewed.

3. Lung Metastasis

The lungs are one of the most complex organs in the human body. Their function is to
exchange oxygen from the external environment with carbon dioxide from the cardiovas-
cular system. Its role in the development of metastasis can result after physical trauma that
induces local inflammation (smokers, asthma, obstructive pulmonary disease, or pneumo-
nia) and tissue damage, creating a favorable environment that attracts metastatic cells from
distant sites. Also, it has been reported that lung inflammation in smokers or in people with
lung diseases such as asthma, chronic obstructive pulmonary disease, and infections, such
as pneumonia, are risk factors for lung metastases. Some factors related to the migration of
cells and vascular permeability are CCL2, S100A8, and SAA3. Upregulation of fibronectin
colocalized with LOX, and higher levels of expression of VCAM-1, a receptor for VLA-4 in
patient samples of metastatic tumor nodules in the lungs and bone, have been found [67].
The pro-metastatic effect played by exposure to smoking is related to the activation of the
ubiquitin-chemokine receptor type 4 (CXCR4) pathway, high tissue levels of E-selectin,
activation of the nuclear factor kappa-light-chain-enhancer of activated B cells (NFκB), sig-
naling in pneumocytes, increased chemokine ligand 2 (CCL2) expression, and macrophage
infiltration in the lung microenvironment. Moreover, lung alveolar cells induce chemokine
secretion, which recruits neutrophils. The latter, through the synthesis of arachidonate
5-lipoxygenase (ALOX5)-dependent leukotriene, may promote survival and proliferation
of leukotriene B4-expressing metastatic clones [17]. Inflamed lungs recruit neutrophils to
release Cathepsin G and neutrophil elastase and destroy the protein Thrombospondin 1
(Tsp-1), which protects lung tissue from metastasis. Another alternative, but not mutually
exclusive, is that micro-metastatic foci are already present at the time of physical injury [68].
Therefore, it is believed that lung metastases depend on circulatory system involvement,
which flows into the pulmonary arterial system through the subclavian vein via the tho-
racic duct from the lymph nodes invaded by tumor cells [69]. More recently, DPC4 loss
is shown to be associated with EMT, tumor progression, and the presence pulmonary
metastases [70].

Factors Crucial for the Formation of Lung Metastasis

Factors produced by cells in pre-niche can support survival and growth of dissemi-
nated tumor cells were in Figure 2. The interstitial space is the main site for lung metastasis,
which is adjacent to the terminal bronchioles. Bronchioalveolar stem cells (BASC) are situ-
ated in the terminal bronchioles and present pro-surfactant apoprotein-C (SP-C), a marker
for alveolar type II (AT2) cells, and CC10, a marker for club cells—both are related with
the lung pre-metastatic niche. Bone marrow cells, club cells, and alveolar macrophages are
also present in pre-metastatic lung [67].
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Figure 2. Lung metastases process. Tumor cell dissemination to lungs results after tissue damage that induces local
inflammation and improves metastatic environment. club cells, alveolar cells recruit neutrophils, CAFs, TAMs, MSCs, and
form a protective niche for help to CSC. In addition, metastases are promoted by CXCR4 signaling, miRNAs, growth factors,
hypoxia, pH and glucose metabolism. Deposition of tenascin-C, collagen I, fibronectin and particular metalloproteases 2
and 9 after cancer cells dissemination to the lung in and important feature for CSC and tumor outgrowth.

Besides promoting the outgrowth of tumor cells, some microenvironmental compo-
nents can suppress metastasis formation. Bone morphogenic protein (BMP) signaling is
an example of an active process that can render tumor cells dormant in the lung. BMPs
belong to the TGF-β family in the lungs, but not in the bone or brain. Endogenous BMP4
generated by epithelial cells and mesenchymal cells confers dormancy on metastasizing
tumor cells [67]. The involvement of the tumor microenvironment contributes to invasion
and chemoresistance, where the extracellular matrix, CAFs, activated pancreatic stellate
cells (PSC), MSCs, and TAMs form a protective niche for CSC [21]. The origin of CSC in
the pulmonary metastatic niche has been associated with the tumor microenvironment to
support cell persistence and maintenance of the undifferentiated state characterized by the
expression of markers such as CD24, CD44, and CD133, which are identified as resistant to
treatment markers and CSC. For example, one miRNA recently studied in PDAC was miR-
93, known to have implications in lung metastasis. miR-93 seems to regulate microtubule
dynamics by controlling the expression of YES1, CRMP2, and MAPRE1. Dysregulation of
these proteins consequently leads to growth by faults in G2/M cell cycle progression [39,71].
As cross-regulation is crucial in metastasis, recent research suggests that EGF and miR-146a
have a reverse dependency in metastasis, since miR-146a levels diminish as metastasis
develops. A study by Mess et al. found that highly metastatic pancreatic cells are distinct
in their overexpression of miR-194, miR-200b, miR-200c, and miR-429, all of which work in
concert to target the tumor suppressor gene EP300 and mutations in CREBBP [72,73]. The
role of these miR-200 family members, including miR-141, is critical in EMT facilitating
invasion. Likewise, miR-494 is important in EMT by targeting PTEN and TGF-β/SMAD
pathways [74]. In contrast, functional studies have currently found that both miR-141 and
miR-429 inhibit tumor development [75–78]. Researchers have also found that miR-10b
increases invasiveness in metastasis by effecting EGF and TGF-β signaling through SMAD
regulation implicating reduction of miR-323-3p and miR-193a, a decrease of both miRNAs
enhances colonization by PANC-1 cells. Out of the many targets regulated by miR-10b
both HOXD10 and KFL4 have implications in the control of matrix metalloproteinases
-2,-9,-14 and E-Cadherin which involve extracellular matrix remodeling, helping promote
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angiogenesis development. Therefore, it is suitable to point out that miR-10b is a likely
therapeutic target [79]. Interestingly, miR-10b is a metastatic regulator in both pancreatic
and colorectal cancer, and other cancers such as lung cancer [80,81]. Therefore, a pro-
posal would be a reactivation of miR-323-3p to control epithelial-mesenchymal transition
and reduce PANC-1 cell growth [82–84]. In lung metastasis, nestin and ABCG2 levels
are elevated [85,86] and associated with the formation of spheroids that are character-
istic of CSCs. Loss of P120CATENIN has been associated with lung metastasis [85,87].
Aspartate-β-hydroxylase (ASPH) is an enzyme that can propagate an aggressive phenotype
characterized by EMT, invasion, degradation or remodeling of the extracellular matrix,
angiogenesis, stem and colonization to distant sites. ASPH works by activating the Notch
axis. ASPH stabilizes Notch receptors, JAG ligands and the ADAM regulator improve
interactions between receptors and Notch ligands, activate the Notch cascade, positively
regulate the genes responsible for EMT, and recently, in PDAC models, their expression
in lung metastases [88]. Pancreatic CSC has been reported to require platelet-derived
growth factor (PDGF) for proliferation and induction of migration. Also, basic fibroblast
growth factor (FGF-2) and TGF-β1 are required for component synthesis. Other factors
are involved in the interaction of cancer cells and CSC include cyclooxygenase (COX)-2
and as the conditioned environment of cancer cells increases, COX-2 expression and CSC
proliferation, and Trefoil factors (TFF)-1, whose expression stimulates the proliferation
and migration of CSC [89]. The arrival of cancer cells to the lung generates a series of
changes that help create mature metastatic niches. One of them is the deposition of the
ECM component tenascin-C after dissemination of cancer cells to the lung which is im-
portant for metastatic outgrowth. For example, one important signaling axis in pancreatic
cancer metastasis is the KRAS/NF-kb/YY1/miR-489. Recently, researchers found that
KRAS activation (90% of pancreatic cancers) leads to miR-489, which exerts control over the
ECM. When KRAS activates it signals YY1, suppresses miR-489, a suppressor of metastasis,
leading to a signaling cascade that activates ADAM9 and MMP7 promoting migration [90].
Also involved with KRAS regulation is miR-143 which downregulates the activity of MMP2,
and MMP9. Recent therapeutic research showed that restoring either miR-143 or miR-145
significantly inhibited pancreatic metastasis [73,80]. Another study by Ta et al. showed
that NF-kβ, constitutively active in pancreatic cancer patients, is promoted by miR-1290,
relates to the expression of IKK1 [91], and is implicated in the downregulation of miR-146a,
suggesting its role as a tumor suppressor in most cancers. Meanwhile, miR-27a becomes
highly upregulated and could be a target for therapeutics during metastasis. Moreover, it
targets Sprouty2 which antagonizes the RAS/MAPK signaling pathway [92]. miR-27a can
induce the suppression of PHLPP2, leading to stimulation of the AKT/GSK3β pathway,
reducing the expression of FOXO1 and upregulating Bcl-2, which leads to minimizing
cell damage [93] with less reduced damage. Apoptosis signaling is further reduced as
miR-320 and miR-365 become upregulated, particularly miR-365 targets SHC-1 and blocks
the pro-apoptotic regulator BAX [94]. Also, miR-1290 is responsible for downregulating
the suppression of cytokine signaling 4, which leads to the activation of both JAK/STAT3
and AKT/PI3K pathways (proliferation) [95]. In addition, these patients have elevated
levels of miR-31-5p, miR-101-3p, miR-34a-3p, miR-21-5p, and miR-155. Interestingly, both
miR-1290 and miR-1246. because of their detectability in serum, are being studied as
potential biomarkers [91,96]. In metastasis, miR-34a is found downregulated since it is
a direct target of TP53 to reduce pro-inflammatory cytokines. Its restoration could be
key in tumor suppression [97,98]. CXCL1/2-expressing tumor cells can recruit CD11b+
Gr1+ bone marrow cells and CXCL1/2 expression promotes lung metastasis and may
contribute to metastatic niche formation after tumor cell dissemination [67]. Coculture
of CSC with a subpopulation of endoglin-expressing pancreatic cancer cells (CD105) has
been reported to increase the proportion of CD105-positive cancer cells and these cells
present higher migration activity compared to CD105-negative cells. Additionally, the
CXCL12/CXCR4 axis is implicated in the homing of cancer cells to metastatic sites which
have been reported associated with melanoma and breast cancer. CXCL1 modulates the
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tumor microenvironment (macrophages, fibroblasts, neutrophils, and osteoclasts). Higher
levels of CXCL1 are associated with tumor size, advancing stage, depth of invasion, and
patient survival in liver metastasis of colorectal and hepatocellular cancer. Promotion of
lung metastasis also is induced by secretion of CXCL1 and VCAM-1 expression and this
regulates trans-endothelial migration of cancer cells. Elevated circulating levels of VEGF
and CXCL1 are predictive of liver and lung metastasis, respectively, making them interest-
ing as a therapeutic target for improved patient care and the prevention of many deaths
from cancer [99]. Although we know a lot of factors that are involved in the establishment
of the metastatic pre-niche, we still have much to discover about the niche that promotes
the progression of metastasis and the best therapeutic targets or biomarkers of clinical
response according to the progression of the disease. The treatment approaches and their
advantages will be reviewed together with the differences observed between metastases in
lung and liver and between CRC and the pancreas.

4. Biomarkers in Metastatic Cancer

Important biomarkers of prognostic significance reported in metastatic disease in
PDAC and CRC are shown in Table 1. Prognostic factors before therapy that influence
success and survival in resection of lung metastases are demographics (age, gender),
primary tumor characteristics (stage, histology, origin), and lung metastases characteristics
(number, size of lesions, the coexistence of liver disease, lymph nodes involved) [100].

Table 1. Biomarkers of lung and liver metastasis.

Biomarker Characteristic Reference

Serum amyloid A (SAA)

-Main acute phase proteins expressed in the liver.
-Circulating levels correlate with cancer progression and

poor survival.
-SAA3 in PDAC is associated with fewer differentiated tumors,

greater migration, and the number of CD133+ CSCs.

[101]

Thrombospondin-2 -Detection of liver metastases.
-Monitor therapy response. [101]

DPC4
-Prognostic marker in PDAC and CRC.

-Promotes EMT.
-DPC4 loss is associated with metastatic disease.

[101]

ASPH -Prognostic factor of PDAC.
-Upregulated in metastatic PDAC. [101]

Oncostatin M (OSM)
-Elevated in the serum of PC patients.

-Associated with highly aggressive metastatic cancers, increased risk
of tumor recurrence, and poor prognosis.

[101]

Non-alcoholic fatty liver disease fibrosis
score (NFS)

-Includes age, diabetes/hyperglycemia, BMI, platelet count, albumin,
and AST/ALT ratio.

-Predicts survival in liver metastases.
[101]

Carcinoembrionary antigen (CEA) -Predicts survival in liver metastasis during treatment. [101]

Recently aneuploidy, leading to genomic instability is known to be the most common
characteristic of malignant cells, was detected on CD31+ CTECs, together with their coun-
terpart CD31- circulating tumor cells (CTCs), together they constitute a unique pair of
cellular circulating tumor biomarkers [13,102,103]. In addition, the basic helix loop helix
factor Twist1 seem to be activated by hypoxia, by this effect it can induce differentiation
of tumor cells into endothelial cells and promote tumor-derived vascular formation [104].
Moreover, recent studies showed that TECs could improve tumor angiogenesis by enhanc-
ing EGFR expression, by increasing its proliferation, and losing ErbB3 expression, hence
inhibiting proliferation [103]. However, recent reports propose that the co-detection of
CTC and CTEC subtypes can be used to predict and evaluate therapeutic effectiveness of
anti-angiogenic treatments [13]. Therefore, in this field, it is necessary to continue studying
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comprehensively CTECs to find novel molecular target in preventing angiogenesis and
development metastasis.

Other factors that influence survival are disease-free time before metastases, and dif-
ferent histologic characteristics of the primary and secondary tumors [100]. This indicates
that a combination of clinical features and metabolic molecules improves sensitivity and
specificity parameters for the establishment of accurate biomarkers. Nowadays, when liver
metastases are detected in patients with advanced cancer, surgery is still the first choice.
However, most of the patients with metastasis lesions at diagnosis are not suitable for
surgery, and immunotherapy may improve tumor elimination and increase survival time
in cancer patients. We start by addressing the highly aggressive and notoriously lethal
pancreatic cancer and its metastasis. From a clinical perspective, pancreatic cancer is a
highly aggressive malignancy capable of disseminating to other tissues.

Characteristically, pancreatic cancer has the potential to metastasize quickly to var-
ious locations such as the lung and liver, yet if detected early, several treatment options
are available including surgery (best scenario), chemotherapy, radiotherapy, and more
recently immunotherapy [77,82,83,105]. While these treatments continue to be at the fore-
front, a full understanding of the underlying mechanisms of how metastasis develops
and novel achievements are being sought. The available regional treatments for liver
metastases from CRC include surgical resection, thermal ablation, regional hepatic intraar-
terial chemotherapy, chemoembolization, radioembolization, and radiation therapy (RT)
including stereotactic RT, as shown in Table 2 [100,101].

Table 2. Conventional treatment for metastatic CCR and PDAC.

Treatment Advantages Limitations Reference

Surgical resection

-Gold standard for liver metastases.
-5-year survival of 33% in CRC liver metastases.

-5-year survival is 27% in PDAC liver metastases.
-Surgical mortality rate is <5%.

The 5-year survival of 43% (21–62%) in PC
lung metastases.

-Better outcome in PDAC (40%) lung metastases.

-Limited liver resection.
-Relapse occurred in 75% of
patients in the first 2 years

after surgery.
-Liver resection is not available

for all patients in PC.
-5-year survival of 19.8% in

PDAC lung
multiple metastases.

[21,100,101,106]

Thermal ablation

-5-year overall survival of 19.9–70% in CRC lung
metastases and 25–55% in liver metastases.

-Minimal invasiveness, safety, equivalent local
control, and survival to lung resection.

-More suitable for small-volume
tumors (diameter ≤ 3 cm).

-Aiming at a tumor-free margin
of > 10 mm.

-Recurrence of 46% after
thermal ablation.

[107–109]

Regional hepatic
chemotherapy

-Overall survival of 6 to 12 months.
-Alternative for patients unable to hepatic resection

or those with poor prognostic features.
-Allows chemotherapy administration for a

longer time.
-10–20% of unresectable patients become resectable

with chemotherapy

-70% of patients have
residual metastases.

-Pump placement by surgery.
[100,110,111]

Radiation

-Reduction in CEA.
-Tumor volumes decrease in liver metastases.

-Option for unresectable disease and for medically
inoperable patients.

-Survival is 70%, 46%, and 46% at 6, 12, and 18
months using selective internal radiation

therapy (SIRT).
-Local controlled disease is >70% using stereotactic

body radiation therapy (SBRT).

-Requires chemotherapy for
better response.

-Tumor diameter of less than
6 cm.

[112,113]
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5. Novel Strategies for Liver and Lung Metastasis Treatment
5.1. Immunotherapy

Immunotherapy is a therapeutic strategy that has been extended to a wide variety of
cancers. In this strategy, the immune system is stimulated by different mechanisms to facil-
itate cancer cell elimination. It uses peptides such as cytokines, growth factors, antibodies,
cells, and immune checkpoint regulators to improve immune performance [114].

5.2. Immune Checkpoint

Cancer cells take advantage of tolerant immune regulatory mechanisms to evade
elimination by T cells. Several immune checkpoints have been identified as targets that are
presented in cancer stem cells as CD28/CD80 (CD86), ICOS (CD278)/ICOSL, CD27/CD70
GITR/GITRL, or co-inhibitors, such as PD-1/PDL-1 (PD-L2), BTLA/HVEM, CTLA4/CD80
(CD86), B7H3, B7H4, B7H5/HVEM, LAG3/MHC II, TIM3/GAL9, TIGIT/Nectin-2, or IDO,
as shown in Table 3. An important target in immunotherapy is programmed death receptor-
1/ligand-1 (PD-1/PD-1L), which are members of the CD28 and B7 families, and participate
in the induction of tolerance through the regulation of T-cell activity. PD-L1 (also known as
CD274 or B7H1) and B7H3 have been identified as promoters of the CSC-like phenotype,
EMT, tumor cell proliferation, metastases, and resistance to therapy. However, tumoral
cells take advantage of this mechanism for immune evasion and improve survival. In some
cases of CRC, this strategy has demonstrated a complete response. The U.S. Food and Drug
Administration (FDA) has approved three PD-1 inhibitors (nivolumab, pembrolizumab,
and cemiplimab) and three PD-L1 inhibitors (atezolizumab, durvalumab, and avelumab)
for the treatment of different types of cancer.

Table 3. Immune checkpoint targets.

Molecule Characteristics Reference

ICOS (CD28)/ICOSL
-ICOS: ICOSL pathway provides key positive second signals that

promote T cell activation, differentiation and effector responses, and T
cell-dependent B cell responses.

[115]

CD27/CD70

-Ligation of CD27 by CD70 induces strong ubiquitination of TRAF and
the activation of both canonical and non-canonical nuclear factor-kB

(NF-kB) pathways.
-Reduced regulatory CD4 T-cell numbers

-CD70 is expressed in most primary human breast carcinomas and that its
expression selectively correlates with lung metastasis.

[116,117]

GITR/GITRL
GITR enhances T-cell proliferation and that the absence of GITR is

protective in several inflammatory disease models, which is attributed to
an impaired effector T-cell function of T cells

[116]

PD-1/PDL-1
(PD-L2)

Members of CD28 and B7 families
Induce tolerance by regulation of T-cell [118]

BTLA/HVEM
BTLA may specifically downregulate Th1-mediated inflammatory

responses
Exerts inhibitory effects on B and T lymphocytes

[115]

CTLA4/CD80 (CD86)

An inhibitory, co-stimulatory molecule which interferes with the process
of T cell activation

Natural ligands of CTLA-4 are CD80 (B7-1) and CD86 (B7-2), which are
both expressed by antigen-presenting cells (APCs).

[119]

B7H3 Tumor cell immune evasion promotes angiogenesis by upregulating
VEGFA [120]

B7H4 molecular biomarker associated with tumor progression and prognosis [121]
B7H5/HVEM Sub-expression of B7H5 is correlated with metastases and poor prognosis [122]

LAG3/MHC II Negatively regulates T-cell function, contributing to tumor escape. [123]

TIM3/GAL9 Associated with immunosuppression and worse clinical outcome in
multiple cancers. [124]

TIGIT/Nectin-2 Inhibition of NK cell activation. [125]
Indoleamine

2,3-dioxygenase (IDO)
Tolerance and suppressing T cell responses to MHC mismatched

allografts, tumors, and self-antigens. [115]
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The combination of nivolumab and ipilimumab also appears to improve overall sur-
vival (OS) and progression-free survival (PFS) in patients with metastatic CRC and has
an acceptable safety profile [118]. In patients with CRC, it has been demonstrated that
a subgroup can benefit from immune checkpoint inhibitors. For example, Le et al. in a
phase II clinical trial, after the administration of pembrolizumab, showed a partial objec-
tive response rate of 40% for DNA mismatch repair deficiency (dMMR) in CRC patients.
Nivolumab was approved in 2017 for metastatic colorectal cancer (mCRC) refractory to
fluoropyrimidine, oxaliplatin, and irinotecan with high microsatellite instability (MSI-H)
and dMMR, in a dose of 3 mg/kg every two weeks. It achieved objective response rates
(ORR) of (31%) and only 12% of patients presented secondary effects like fatigue, diarrhea,
and pruritus. Currently, more questions than answers remain, including when to start
treatment, the optimal sequence, and the optimal duration of treatment. What is certain is
that the effectiveness of the treatment is only initial since as time passes immunological
tolerance occurs that entails a mechanism of evasion of the immune system and therefore,
a null therapeutic effect. It is also necessary to have more molecular tools or biomarkers
to have a more precise evaluation of the expected response and the proper management
of adverse effects and more multiple clinical trials that are in progress. An alternative in
the field of immunotherapy is the granulocyte-macrophage colony-stimulating factor (GM-
CSF) because it can enhance T cell proliferation and cytokine secretion of IFN-γ and IL-2.
In CRC, GM-CSF improves the antibody response to CEA and inhibits metastasis [118].
Also, pancreatic cancer cells secrete GM-CSF, which can inhibit T-cell antitumoral activity
by releasing IL-6 and IL-8. Whole-cell and antigen-specific vaccines have been developed.
The first whole-cell vaccine was GVAX, which has GM-CSF. GVAX has been evaluated in
metastatic CRC patients with or without chemotherapy showing an overall survival of
2.3 and 4.3 months with less toxic effects than conventional treatment [126]. Gene therapy
has been applied for immunotherapy as encapsulation and delivery of plasmids DNA
(pDNAs). Encoding PD-L1 and CXCL12 in a lipid calcium phosphate vector induces
local expression in metastatic liver, reducing lymphoid structures associated with liver
metastasis, progression, and immune evasion in CRC. This is a transitory expression. How-
ever, it can recruit CD8+ T-cell and activation in the metastatic niche. In murine models,
this strategy improves survival by more than 70% [127]. B7H3 is a marker expressed
on immune cells (such as APCs or macrophages) and tumor cells, and it has inhibitory
roles on T cells, contributing to tumor cell immune evasion by immune tolerance. Some
studies report that the upregulation of B7-H3 is closely related to lymph node metastasis
in patients with CRC. Blocking B7H3 with a monoclonal antibody reduces the number of
cancer-initiating cells and is, therefore, a potential new biomarker and therapeutic target
for CRC. Furthermore, based on in vitro and in vivo experiments, it was shown that B7H3
in CRC cells positively regulates the expression of VEGFA and angiogenesis by activating
the NF-κB pathway. Combination therapy of the B7H3 inhibitor 3E8 with bevacizumab
inhibits tumor growth in mouse xenograft models. As such, combination therapy with
B7H3 blocking and anti-angiogenesis compounds is expected to be applied for the clinical
treatment of tumors. On the other hand, this strategy has also been shown to present
activity in pancreatic cancer animal models, inhibiting the infiltration of CAFs that play a
common role in immunosuppression by preventing the infiltration of T cells into tumors.
When CAFs are depleted, these mice are susceptible to the antitumoral effects of both anti-
CTLA-4 and anti-PD-1 antibodies. In pancreatic cancer there is a strong anti-inflammatory
response by T helper type 17 (Th17) cells, T helper type 2 (Th2) cells, and reduction of
APCs. There is also upregulation of immunoinhibitory receptors, such as CTLA-4 and
PD-1, which improve therapeutic performance [126].

5.3. Vaccines

Vaccines in cancer immunotherapy are based on cancer metabolites that can induce a
strong immune response by activation of T cells, and usually employ a vector for delivery.
Dendritic cells (DCs) are the most important potent antigen-presenting cells in vivo, which
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prominently express costimulatory molecules that are uniquely able to induce primary
immune responses. Most clinical trials using DC-vaccines are based on DC loaded with
lysates of isolated CSCs. Recently, it has been reported by Li et al. that DC vaccination
using lung CSC antigens induced MHC expression, cytokine production, lymphocyte
infiltration, and long-term protection against prostate cancer. CD90+HepG2 cells were
fused with DCs as a CD90+HepG2/DC vaccine. CD90+ is one of multiple antigens for
CSC which by a fusion process with DC can present antigens to T cells, activating T cells
to be cytolysis-specific CTLs to eliminate CSC. Also, DCs with CD44 or EpCAM peptides
enhanced T cell stimulation thus resulting in the induction of cell cytotoxicity against
human breast cancer and HCC [128] A CSC lysate has been used as a DC vaccine (Panc-1
and ALDHhigh) and has the ability to induce proliferation of T cell lymphocytes and B cells
(IgG) which are capable of reducing tumor growth, the development of lung metastases,
and increasing survival. Other immunotherapy alternatives in pancreatic cancer consist
of a live-attenuated Listeria monocytogenes vaccine vector, which expresses mesothelin, a
tumor-associated antigen expressed in a wide number of pancreatic cancers. This molecule
activates mesothelin-specific T cells to eliminate cancer cells; patients with pancreatic
cancer who underwent treatment with the vaccine had markedly prolonged survival [129].
This strategy has great benefits, such as generating scalable standardized vaccines by
promoting humoral immunity-immunological memory with low toxic effects (compared
with recombinant proteins or antibodies). However, to have the expected activity, it requires
the co-stimulation of molecules and molecular signals that induce the clonal expansion of
effector cells, which can sometimes be an obstacle to obtaining the desired effect.

5.4. Cell Therapy

Cancer progression is generally associated with impaired antitumor immunity and
recruitment of regulatory cell populations to the tumor microenvironment. Cellular im-
munotherapy refers to the administration of living cells to a patient; this type of im-
munotherapy can be active, where the cells can stimulate an antitumor response in the
patient (dendritic cells), or it can be passive, known as adoptive cell transfer (ACT), when
the cells directly attack tumor cells. The cells that are mainly used are T lymphocytes, NK,
and NKT, which are autologous or allogenic with or without modification. We summarize
the recent research on cellular immunotherapy for destroyed CSC in CRC and pancreatic
cancer [101,118].

5.5. Active Therapy

Success partial in CRC has recently been achieved with this therapy, as it has increased
tumoral expression of an HLA-class I-associated β2- microglobulin molecule, an indicator
of CD8+ T cell activity. In this study, three of 15 patients with metastatic CRC had stabi-
lization or partial remission [118]. Although it turns out to be a promising approach, there
is a more efficient strategy in which DCs are loaded with peptides, proteins, or mRNAs,
controlling with greater precision the immune response generated. Autologous dendritic
cells showed an anti-tumor effect in metastatic liver tumors in a phase II clinical trial [130].
Bagheri V et al. loaded DC with total gastric CSC mRNA expressing markers CD44, CD54,
and EpCAM. These DC were able to induce expression of the IFN-γ gene and generate
a cytotoxic effect after a 12-day coculture with T lymphocytes. Recent studies proposed
the transformation of somatic cells into stem cells (iPS) by DC with transcription factor
overexpression of CSC (NANOG, OKT4a, SOX2, c-MYC, and KLF4). For example, DCs
loaded with NANOG peptides can generate immunological memory after vaccination
and help the immune system to manage the plasticity of the CSC [28]. This strategy is
quite promising since it is a specific target that will mainly affect CSC. Therefore, it will
probably immunologically protect and expect to avoid the development of metastasis from
CRC and pancreatic cancer. Allogeneic CD34+ hematopoietic stem cell transplantation is
commonly employed in the treatment of blood-related malignancies after a regimen of
lymphodepleting drugs. However, CD34+ stem cells play an important role during liver
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development and regeneration. Thus, we hypothesized that some human liver carcinomas
(HLCs) might be derived from transformed CD34+ stem cells. We determined that a
population of CD34+ stem cells functioned as liver CSCs (LCSCs). They were proposed as
a marker of disease progression.

5.6. Passive Therapy

Natural killer (NK) cells participate in the innate immune response by targeting
virus-infected, transformed, and allogeneic cells by NK cell receptors that are activated
or inactivated to eliminate altered cells [131]. These receptors include NKp30, NKp44,
NKp46, DNAX-activating molecule-I (DNAM-I), which can recognize ligands such as
MICA, MICB, and a group of ULBPs. The ability of NKT cells in targeting CSC in colon
adenocarcinoma lesions has been demonstrated. This is mainly due to higher expression of
NKp30 and NKp44, both ligands of CSC for NKT cells [132]. The liver is the main site of
CRC metastasis and shows an increased level of immature NKT cells, which indicates that
NKT cells could be used as a strategy for cancer treatment [131]. Entolimod is a pharma-
cologically optimized flagellin derivative that can activate vertebral Toll-like receptor 5,
and consequently activate the NF-kβ pathway. Moreover, this activation can inhibit the
growth of tumoral cells expressing TLR5 while protecting normal tissues from radiation
and ischemia-reperfusion injuries. It has been found that NK cells are critical for the activity
of entolimod against liver metastases [131]. In another liver metastasis murine model, the
alteration of commensal gut bacteria by antibiotics (vancomycin, neomycin, and primaxin)
increases hepatic CXCR6+ NK cells in metastatic tumors. These NK cells also generate
more interferon-γ (IFN-γ) [133]. Besides NK cells, T cells are also used in immunotherapy.
Tregs (regulatory T cells) also benefit CRC patients as T cells marked with FoxP3+ in CRC
correlate with patient survival and no development of metastases. Adoptive transfer of
lymph node derived CD4+ TH1 cells in stage IV CRC patients improve complete remission
of the disease. Adoptive T-cell transfer is T lymphocytes that are genetically modified
ex vivo to express chimeric antigen receptors and recognize specific membrane proteins
expressed on tumor cells [129]. This engineering of T-cells expressing chimeric antigen
receptors (CARs) is another immunotherapy strategy. CARs are antigen-specific heavy
and light chain antibodies genetically attached to cytoplasmic signaling molecules, such as
4-1BB, OX40, Luk, and TCR ζ-chain, which activate T cell cytotoxic activity without peptide
presentation. This type of therapy is important when MHC class I is reduced. CAR T-cell
technology was described more than twenty years ago and was a success with complete
remission in hematological malignancies (B cells target) [118]. Modification of T cells for
specific recognition of CEA, which has been widely identified in colorectal tumors, helps
patients with advanced-stage CRC [118]. However solid tumors, such as breast, colorectal,
prostate, and kidney, have not been nearly as successful. This strategy of treatment with
CAR-T cells has significant limitations, accessibility, safety, and cost. A phase I clinical
trial of immunotherapy for liver metastasis showed that patients receiving CAR-T cells
modified with an anti-CEA receptor had increased necrosis or fibrosis in metastasis biopsies
and a serum CEA decrease of 37%. Those patients were refractory to conventional therapy
and showed more abundant levels of CAR-T cells in liver metastases than in normal liver.
However, another study of CAR-T cells (HITM-SIT) showed the safety and activity of
CAR-T infused by hepatic artery cells followed by selective radiotherapy (SIRT). In Table 4
are included some new strategies used for immunotherapy in liver and lung metastasis.
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Table 4. Strategies of immunotherapy liver and lung metastasis cancer.

Strategy Drug Advances Clinical Trials Reference

Anti-PD-L1

Nivolumab Pembrolizumab
-Nivolumab has an objective response rate of 31% in metastatic CRC.

-Pembrolizumab has a response rate of 40%.

NCT03307603

[118,134]

NCT03832621
NCT04030260
NCT04575922
NCT02834052
NCT03265080

Atezolizumab Durvalumab
Avelumab

-Suppress metastatic colonization on CRC cells.
-Reduction of CEA levels.

NCT03721653

[118,134,
135]

NCT03256344
NCT03555149
NCT03193190
NCT03435107
NCT02734160
NCT03563144

GM-CSF Vaccine GVAX
-Enhance T cell proliferation and secretion of IFN γ and IL-2.

-Overall survival of 2.3 and 4.3 months.
-Less toxic effects.

NCT01417000
[118,126]NCT00727441

NCT02004262

Anti-B7H3
Monoclonal antibody (3E8) and bevacizumab

MGC018
DS-7300a

-Reduce CSC number.
-Inhibits tumor growth and angiogenesis.

-Depletion of cancer-associated fibroblasts.

NCT03729596
[120,136]NCT04145622

Dendritic Cells (DC)
Vaccines

DC loaded with lysates of CSC
Peptides: CD90, CD54, CD44, EpCAM, Panc-1, ALDH, mRNA

-Induction of MHC expression, cytokine production (IFN γ), lymphocyte
infiltration, proliferation T, and B lymphocytes.

NCT02615574

[128,130,
137]

NCT02503150
NCT00176761
NCT00558051
NCT00868114
NCT01410968

Mesothelin Vaccine Live-attenuated Listeria monocytogenes vaccine -Activates mesothelin T cells in PC.
NCT03122106

[129]NCT03956056

DC Expressing CSC
Transcription Factors NANOG, OKT4a, SOX2, c-MYC, KLF4 -Cellular immunological memory. NCT00103142 [138]

Natural Killer Cells Recognition of receptors in CSC: NKp30, NKp44 -Targeting of CSC. NCT03008499 [131]

CAR-T Cells
Chimeric antigen receptors for specific proteins

Anti-mesothelin
Anti-CEA

-Increase in cell death.
-Serum CEA decrease.

NCT01897415
[129]NCT01583686

NCT02416466

5.7. miRNA and siRNA

Therapies based on oligonucleotides are directed at target tumor suppressor genes and
oncogenes in cancer cells to improve apoptosis and reduce cancer cell invasion. Oligonucleotide-
based therapies include mRNA, siRNA, miRNA, and non-coding RNA [139]. KITENIN (KAI1
C-terminal interacting tetraspanin) is a member of the tetraspanin protein family that interacts
with the C-terminal cytoplasmatic domain of KAI1. In CRC, KITENIN increases migration
and invasiveness by recruiting Dishevelled (Dvl) and protein kinase Cδ (PKCδ); in contrast, its
knockdown inhibits tumor metastasis by distorting actin arrangement and decreasing AP-1 tar-
get genes, such as MMP-1, MMP-3, and CD44. Intravenous administration of KITENIN shRNA
reduces tumor growth and liver metastasis development in murine models of CRC [140]. An
enhancer of zest homolog 2 (EZH2), a member of the Polycomb group (PcG) protein family,
contributes to CRC acting as an oncogene. The sub-expression of EZH2 impairs the ability
of CRC cancer cells to invade other sites and improves its apoptosis [141]. EZH2 is a target
of miR-506. However, its expression is downregulated in CRC tissues. Overexpression of
this miRNA significantly inhibits cell proliferation and metastasis of CRC by modulating the
Wnt/β-catenin signaling pathway [142]. miR-155 is overexpressed in several cancers such as
CRC; its overexpression is associated with poor prognosis and improves cell migration. HuR
(ELAVL1) is a nuclear RNA binding protein (RBP) that has been associated with an increase of
cell division by improving stabilization of COX-2, cyclin A, MMP-9, EGFR, and c-fos. HuR
also promotes pro-inflammatory and angiogenic factors, such as TNF-α and VEGF, and is
related to the migration process of cancer cells. Targeting miR-155-5p reduced HuR expression
and migration of CRC cells by a union to 3-UTR in HuR mRNA [130]. miR-3653 expression
is downregulated in CRC cells and tissues, which in turn improves metastasis. However,
its overexpression is associated with less CRC cell migration and invasion, showing tumor
suppression activity by inhibiting epithelial–mesenchymal transition. This is mediated by its
binding to Zeb2 3’UTR [142]. A clinical trial (NCT03480152) used mRNA vaccination with
epitopes from immunogenic neoantigens, predicted neoantigens, and mutations in tumor
suppressor or driver genes for CRC liver metastasis [130]. For now, miRNAs can be used as a
tool for diagnosis, prognosis, and as a therapeutic target as is mentioned in Table 5. Treatment
can inhibit CSC functions and enhance sensitivity to conventional treatments and these results
significantly improve the course of the disease. However, there is a coincidence in some cases
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microRNAs activate signaling pathways changes during cancer stages and when only one
target of treatment is used it cannot considerably affect progression by inducing a resistance
mechanism. For now, they turn out to be ideal candidates since they are specific to a cell type
representing an ideal treatment for future research in the field.

Table 5. Novel miRNAs from CSC as target therapy.

miRNA Disease Characteristics

miR-93 Pancreatic adenocarcinoma
and lung metastases

Regulates microtubule dynamics by controlling
YES1, CRMP2, and MAPRE1 expression. [39,71]

miR-146a Pancreatic adenocarcinoma
and lung metastases Diminishes in metastasis. [72,73]

miR-200 family members:
miR-194, miR-200b, miR-200c,

and miR-429
Pancreatic adenocarcinoma EMT facilitating invasion, targeting PTEN,

EP300, and TGF-b/SMAD pathways. [72–74]

miR-141 and miR-429 Pancreatic adenocarcinoma Inhibit tumor development. [75–78]

miR-10b Pancreatic adenocarcinoma Increases invasiveness in metastasis by the effect
of EGF and TGF-β signaling. [82–84]

5.8. Gene Therapy

Gene therapy implies the administration of a gene sequence to counteract a defect in
target cells or eliminate a phenotype. Polo-like kinase 1 (PLK1) is a protein overexpressed
in multiple human tumors as CRC. In general, PLKs have functions in mitosis ensuring
the fidelity of checkpoint controls [130,143]. However, PLK1 es a biomarker of prognosis
in CRC and is considered an oncogene of cell cycle progression. Thus, a siRNA has
been developed against PLK1 encapsulated in lipid nanoparticles (TKM-080301), which
has been used in a clinical trial for CRC liver metastases [143]. The administration of
certain gene sequences for targeting liver metastases has been improved in recent decades.
Rexin-G is a dominant-negative form of cyclin G1 released by non-replicable retroviral
vector injection into the hepatic artery. Clinical trials are employing this strategy in CRC
liver metastases and gemcitabine-refractory pancreatic cancer [143]. Rexin-G displays
a cryptic collagen-binding motif on its gp70 surface membrane for targeting abnormal
signature (SIG) proteins in the TME and encodes a dominant-negative mutant construct
(dnG1) of human cyclin G1 (CCNG1), which in turn enters proliferating cancer cells and
fibroblasts, and blocks the cell division cycle generating apoptosis [144]. Other viral gene
therapies for metastatic pancreatic cancers are oncolytic adenovirus expressing IL-12 in
combination with chemotherapy, vaccines of virus expressing CEA, mucin-1, and a triad of
costimulatory molecules (TRICOM) (PANVAC-VF). This strategy is combined with GM-
CSF at the vaccination site [144]. Recent studies have evaluated the use of CRISPR/Cas9 to
replace native TCR which increases antigen sensitivity and specificity. Also, it can be used
to knock out HLA from allogeneic cells to reduce the cost, time, and resources required to
generate CAR T cells for every patient. Although it is still under investigation, the CART-
cell strategy for solid tumors, probably in the next years, will be a great option to destroy
solid tumors and prevent metastasis progression. Gene therapy in clinical practice is a
viable alternative for monogenic diseases and cancer when standard treatments do not have
good results. The design of new experimental vectors, increased efficiency, specificity of
delivery systems, and a better understanding of the induction of the inflammatory response
may balance improved safety expanding techniques in clinical applications. However,
the knowledge and experience gained from a careful evaluation of the toxicity of these
technologies also allow significant advances in the application of these methods. Therefore,
gene therapy, like any new technology, needs more enlightening preclinical studies. In the
future, there is a promise to apply these techniques in combination with other strategies
and a greater percentage of clinical trials to evaluate its therapeutic potential.
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5.9. Nanomedicine

Nanomedicine presents several advantages over chemotherapy such as enhanced
permeability and retention in tumors, easy surface modification for tumor targeting by
conjugating molecules, controlled drug release, the facility of structural and morphological
modification, and the integration of various drugs [145]. Nanoparticles have diameters of
10 to 1000 nm. These systems have specific properties that modify the fate of the nanopar-
ticle and loaded drug. Its application in cancer therapy has been widely explored and
optimized for delivery systems for cytotoxic molecules. Nanoparticles can be developed
from multiple elements, such as lipids, polymers, and carbon. Frugs can be loaded by
different principles such as physical entrapment, covalent linking, and surface adhesion,
which is selected according to drug properties as an active conformation. Attaching tar-
geting moieties includes antibodies, nucleic acids, peptides, recombinant proteins, and
aptamers [146]. However, the main interest in nanomedicine is that nanoparticles can
be capable of eliminating cancer cells while avoiding toxicity in normal tissues [145].
Nanoparticles of chitosan-tripolyphosphate (CS-TPP) charged with IL12 have been de-
veloped for liver metastasis. This technology was able to release IL-12 in a sustained
and acid-responsive way, with low toxicity compared to intravenous free administration,
and improve recruitment and tumor infiltration of NK cells. This reduces the number
and volume of CRC liver metastasis foci with a lower drug concentration than free IL-12
(0.1 µg/mg) [145]. NK012 polymeric micelle of SN38 (PEG-PGA) is a nanoparticle used in
the treatment of cell lung cancer and metastatic CRC that is in a phase II trial [146]. Folic
acid has tumor tissue specificity and is non-immunogenic. Linked in nanoparticles, folic
acid has a high binding affinity to receptors expressed on tumor cells. There have been de-
veloping systems of RNA nanoparticles to carry therapeutic modules and folic acid ligands
for specific CRC cell targeting. RNA packaging of bacteriophage phi29 DNA is used [147].
Melittin peptide presents immunomodulatory effects. In one study, nanoparticles were
conjugated with α-melittin modulate liver stellate cells to become APCs, affecting cytotoxi-
city and generating a pro-inflammatory microenvironment to eliminate tumoral cells by
infiltration of T and NK cells. Moreover, intravenous administration of α-melittin nanopar-
ticles blocks metastasis formation and prolongs survival in liver metastases models [148].
There is a commercial compound based on nanoparticles, Onivyde, which is liposomal
irinotecan (PEGylated) for metastatic pancreatic cancer. This drug was approved by the
FDA in 2015, and allows prolonged circulation of irinotecan with reduced toxicity [146].
Nanoparticles are a very effective drug, protein, or nucleic acid delivery system. They
present the advantages of high drug concentrations and specific targeting of cancer cells.
However, their use against CSC is still complicated since, although an expected cytotoxic
effect has been demonstrated in vitro in an in vivo model, accessibility in the tumor and the
microenvironment play a role in the effectiveness of this therapeutic strategy. Furthermore,
the current markers are not specific, and their expression level can change depending on the
microenvironment. The current aim in this field is to develop multifunctional nanoparticles
that can load multiple drugs simultaneously and that do not present long-term toxicity. To
achieve this, a greater understanding of CSC and the metastatic niche is required in order
to use this information to provide more efficient therapeutic strategies.

6. Conclusions

Cancer is typically detected late, at a time when the disease is in advanced clinical
stages and many times, although detected in early stages, the disease can develop metas-
tases. So far, there has been a greater understanding of the growth factors, cytokines,
changes in the microenvironment, cells, microRNAs, and signaling pathways that orches-
trate the premetastatic niche. However, much remains to be understood about the key
regulatory mechanisms for the establishment of the metastatic niche and which of these
can be used as biomarkers or therapeutic targets. Some markers and signaling pathways
that coincide in lung and liver metastasis can be used to direct treatment or biomarkers
used for diagnosis. Moreover, the results were very different even using a similar treatment
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approach. CSCs have taken a central role since they are characterized as the main cells
responsible for metastasis and resistance to conventional treatments. A great effort has
been made in recent years with various approaches to improve the diagnosis and treatment
of cancer patients. One of the areas that continue to be one of the main approaches is
immunotherapy, where to date, there is more and more clinical trials evaluating thera-
peutic targets using properties of CSC. In this work, we highlight the main findings and
strategies used to treat patients with the most frequent metastases, which are liver and
lung. In addition, we show that several groups seek to adopt strategies such as gene
therapy, nanoparticles with peptides, or microRNA against CSC markers as targets with
promising results. However, in this sense, it is still necessary to have specific markers and
greater knowledge of mechanisms that allow CSCs to change expression depending on
the microenvironment and therefore it is proposed that the disease, for now, is attacked by
different targets to prevent resistance mechanisms from developing in the short term. The
long-term effect of these strategies is still unknown, and therefore, we continue to evaluate
the scope of these strategies in in vitro and in vivo models. Another important problem
is that few biomarkers allow evaluating the response to treatment. Survival may change
in some patients since the patient is sometimes expected to improve with the therapeutic
strategies used but patients do not have the economic resources to carry out treatment
completely as expected. On the other hand, it is necessary to better define the character-
ization of patients who are candidates for treatment, since in some patients, the clinical
significance is not so relevant, and if they present significant side effects, they represent a
high cost for families. Hopefully, the combination of some of the therapies and different
biomarkers, genetics, and metabolites can contribute in the future to offer an effective and
accessible treatment to change the course of metastatic disease and at the same time be
specific for every patient’s needs.
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Abstract: Purpose: To investigate the anti-cancer effects of tetraarsenic hexoxide (TAO, As4O6)
in cervical cancer cell lines and in a series of patient-derived xenograft (PDX) mouse models.
Methods: Human cervical cancer cell lines, including HeLa, SiHa and CaSki, and human
umbilical vein endothelial cells (HUVECs), were used to evaluate the anti-cancer activity of TAO.
Cellular proliferation, apoptosis, and enzyme-linked immunosorbent assay (ELISA) for matrix
metallopeptidase 2 (MMP-2) and 9 (MMP-9) were assessed. The tumor weights of the PDXs that
were given TAO were measured. The PDXs included primary squamous cell carcinoma, primary
adenocarcinoma, recurrent squamous cell carcinoma, and recurrent adenocarcinoma. Results: TAO
significantly decreased cellular proliferation and increased apoptosis in cervical cancer cell lines and
HUVEC. The functional studies on the cytotoxicity of TAO revealed that it inhibited the activation of
Akt and vascular endothelial growth factor receptor 2 (VEGFR2). It also decreased the concentrations
of MMP-2 in both cervical cancer cell lines and HUVECs. Active caspase-3 and p62 were both
increased by the treatment of TAO, indicating increased rates of apoptosis and decreased rates of
autophagy, respectively. In vivo studies with PDXs revealed that TAO significantly decreased tumor
weight for both primary squamous cell carcinoma and adenocarcinoma of the cervix. However,
this anti-cancer effect was not seen in PDXs with recurrent cancers. Nevertheless, the combination
of TAO with cisplatin significantly decreased tumor weight in PDX models for both primary and
recurrent cancers. Conclusions: TAO exerted inhibitory effects on angiogenesis, cellular migration,
and autophagy, and it showed stimulatory effects on apoptosis. Overall, it demonstrated anti-cancer
effects in animal models for human cervical cancer.

Keywords: cervical cancer; tetraarsenic hexoxide; patient-derived xenograft; autophagy; cisplatin
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1. Introduction

Cervical cancer is one of the most common cancers among women worldwide, with almost half
a million new cases occurring in each year. In 2015, 526,000 women were diagnosed with cervical
cancer and the estimated number of deaths caused by the disease was 239,000 [1]. Cervical cancer
patients are prone to developing pelvic recurrence or distant metastasis. A 10–20% recurrence rate has
been reported following primary surgery or radiotherapy in women with stage IB–IIA cervical cancer
with no evidence of lymph node involvement, while up to 70% of patients with nodal metastases
were reported to relapse [2,3]. Because of the unfavorable prognosis of the disease and its high
recurrence rate, cervical cancer continues to be a major public health problem, despite widespread
screening methods [4]. Various treatment modalities including chemotherapy and radiotherapy have
been developed, but none have demonstrated promising results thus far. In order to develop a new
approach to improve the prognosis of cervical cancer, researchers have started to investigate various
non-chemotherapeutic agents, such as arsenic trioxide (As2O3) and tetraarsenic hexoxide (As4O6, TAO).

Arsenic is a naturally occurring substance that has been used as a medicinal agent for more than
2400 years to treat a variety of medical conditions ranging from infectious disease to cancer [5]. It is
stable in dry air, but the surface oxidizes slowly in moist air to give a bronze tarnish and, finally, a black
covering to the element. When heated in the air, it ignites to form arsenic trioxide and tetraarsenic
hexoxide. In traditional Chinese medicine, arsenic trioxide is recorded in the Compendium of Materia
Medica as having therapeutic benefits. Because of the toxic side effects and the introduction of modern
radiotherapy and chemotherapy, Western medicine has abandoned the use of arsenic as a treatment
for cancer. However, its therapeutic effect on leukemia has initiated a re-awakening of interest
in arsenic compounds. Studies have demonstrated that TAO induces apoptosis in hematopoietic
and non-hematopoietic tumor cells, eventually gaining approval from the U.S. Food and Drug
Administration (FDA) to treat acute promyelocytic leukemia (APL) [6]. The molecular formula of
the drug substance in the solid state is As2O3 (molecular weight of 197.84 g mol−1). Because arsenic
trioxide is poorly soluble in pure water, inactive ingredients, such as sodium hydroxide, are added to
increase its solubility. Under normal conditions (room temperature and atmospheric pressure), solid
arsenic trioxide is present in the form of As4O6 (dimeric As2O3) and only dissociates into monomeric
As2O3 above 800 ◦C. Upon dissolution of arsenic trioxide in aqueous media, both As2O3 and As4O6

are converted into the same arsenic species. It is hypothesized that its anti-cancer effects are mediated
by the induction of cellular differentiation, tumor cell apoptosis, degradation of specific transcripts,
inhibition of tumor cell growth, modulation of redox balance, and abrogation of vascular networks that
cause blood flow to shut down, subsequently causing cell necrosis [7–10]. In an effort to add further
evidence to the body of literature suggesting the anti-cancer effects of TAO, the present study was
designed to demonstrate the effectiveness of TAO in a series of patient-derived xenografts (PDXs) for
cervical cancer, including primary and recurrent patients.

2. Materials and Methods

2.1. Cell Lines and Tetraarsenic Hexoxide

Three different cervical cancer cell lines, SiHa (Homo sapiens uterine cervix, squamous cell
carcinoma: HTB-35), HeLa (Homo sapiens uterine cervix, adenocarcinoma: CCL-2), CaSki (Homo sapiens
uterine cervix, derived from metastatic site of small intestine, epidermoid carcinoma: CRL-1550),
and human umbilical vein endothelial cells (HUVECs, CRL-1730) were obtained (American Type
Culture Collection, Manassas, VA, USA). Cells were maintained in Dulbecco’s modified eagle medium
(DMEM), minimal essential medium (MEM), and Roswell Park Memorial Institute (RPMI) medium
containing 10% fetal bovine serum (FBS) with 100 units/mL penicillin and 100 µg/mL streptomycin
(Invitrogen, Carlsbad, CA, USA) for HeLa, SiHa, and CaSki, respectively. They were grown at 37 ◦C
in a 5% CO2 incubator. HUVECs were grown in an endothelial cell growth medium 2 (EGM-2)
bullet kit (Lonza, Basel, Switzerland). TAO was obtained from CHEMAS (Seoul, South Korea). A 1%
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concentration of TAO solution in distilled water was made by heating for 4 h at 90–100 ◦C and was
then filtered through a 0.2 µm filter.

2.2. MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) Assay

For assaying cell viability, cells were plated with 3000–4000 cells/well onto a 96-well
plate in triplicate and then treated with the indicated amount of TAO for 72 h at 37 ◦C in
a 5% CO2 incubator. After the drug treatment, cells were incubated with 5 mg/mL MTT
(3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, M2128, Sigma-Aldrich, St. Louis,
MO, USA) solution in 1X phosphate-buffered saline (PBS) for 4 h in a 37 ◦C incubator. The MTT crystal
was dissolved in dimethyl sulfoxide (DMSO, D1370, Duchefa Biochemie, Haarlem, The Netherlands),
and cell viability was measured at 540 nm by spectrometry.

2.3. Western Blot Analysis

Cells were plated with 200,000 cells/well on a 6-well plate. The cells were treated with TAO at
concentrations indicated in the text for 48 h. Cellular protein was lysed by incubating for 20 min on
ice in radioimmunoprecipitation assay (RIPA) buffer containing 1X protease inhibitor mix (P-8340,
Sigma-Aldrich, St. Louis, MO, USA) and 1 mmol/L of phenylmethylsulfonyl fluoride (PMSF, P-7626,
Sigma-Aldrich, St. Louis, MO, USA). Protein concentrations were determined using the Bio-Rad
protein assay (Bio-Rad Laboratories, Hercules, CA, USA), and proteins were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), then were electrotransferred to a
polyvinylidene difluoride (PVDF) membrane. After blocking membranes with 5% non-fat dry milk in
PBS, membranes were incubated with primary antibodies overnight at 4 ◦C. After several washes, blots
were incubated with secondary antibodies (GeneTex, Irvine, CA, USA) for 1 h. After an additional wash,
light development was initiated by adding enhanced chemiluminescence (ECL) reagents (Amersham
PLC, Buckinghamshire, United Kingdom). Primary antibodies for studying phosphorylated Akt
(Ser473, #9271), Akt (#9272), and VEGFR2 (#2479) were obtained from Cell Signal Technology (Danvers,
MA, USA), and β-actin (sc-47778) was obtained from Santa Cruz Biotechnology (Dallas, TX, USA).
Phosphorylated-vascular endothelial growth factor receptor 2 (VEGFR2, ab5473) and p62 (ab56416)
were obtained from Abcam (Cambridge, UK), and anti-LC3 antibody (NB100-2220) was purchased
from Novus Biologicals (Centennial, CO, USA).

2.4. ELISA (Enzyme-Linked Immunosorbent Assay) for MMP-2 (Matrix Metallopeptidase 2) and 9

For the enzyme-linked immunosorbent assay (ELISA), media was collected from the cells in
culture and transferred to a 96-well plate for matrix metallopeptidase 2 (MMP-2, MMP200) or MMP-9
(DMP900) specific ELISAs using a Quantikine ELISA Kit (R&D Systems, Minneapolis, MN, USA)
according to the manufacturer’s instructions. A standard curve using each recombinant protein
provided in the kit was run with each assay, and the concentration of each protein was determined by
the standard curve.

2.5. Caspase-3 Assay

Cell death was assessed using an active caspase-3 assay kit (KHO1091, Invitrogen, Carlsbad,
CA, USA). Cells (2 × 105/well) were plated in a 6-well plate and treated with TAO as indicated for
48 h. After TAO treatment, cells were lysed in RIPA buffer, and 50 ug of total protein was used for the
caspase-3 assay according to the manufacturer’s instructions.

2.6. Treatment of VEGF to Cervical Cancer Cell Lines and HUVEC

Cells (2 × 105/well) were plated in a 6-well plate and treated with TAO in the growth media
as indicated for 48 h. Human vascular endothelial growth factor (VEGF165, H9166) was purchased
from Peprotech (Rocky Hill, NJ, USA) and was dissolved in 1X PBS containing 0.1% bovine serum
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albumin (BSA, A-3294, Sigma-Aldrich, St. Louis, MO, USA) to make a 100 µg/mL solution. VEGF was
introduced into the growth media containing TAO overnight before lysis of the cells.

2.7. Animal Study Using Cell Lines and PDX (Patient-Derived Xenograft) Models for Cervical Cancer

To establish the SiHa cell line xenograft tumor, female BALB/c nude mice were purchased from
Orient Bio (Seongnam, South Korea). Autoclaved water and food were available to the mice ad libitum.
The same SiHa cell line that was used for in vitro experiments was employed. It was cultured in
MEM containing 10% FBS. A total of 2 × 106 cells were inoculated subcutaneously in 200 µL of Hanks’
Balanced Salt Solution (HBSS, Biocompare, San Francisco, CA, USA) into the flank of the animals
bilaterally. Tumor growth was measured twice a week. The volume of tumors was calculated using a
standard formula (length ×width2 × 0.52), and growth curves were drawn.

To establish PDX models of cervical cancer, surgically removed patient tumor specimens were
reduced to small pieces (less than 2–3 mm), implanted into the subrenal capsules of the left kidneys of
BALB/c nude mice, and propagated by serial transplantation [11,12]. The clinical information of the
patients is provided in Supplementary Table S1 and Supplementary Figures S1–S5. The mice used in
these experiments were 6 to 8-weeks old. TAO (8 mg/kg) or PBS was intraperitoneally injected into
the model mice once a week for the subsequent 3–4 weeks. For combination therapy with cisplatin,
the model mice were either given intraperitoneal cisplatin (4 mg/kg) once a week alone or cisplatin
(same dosage) in addition to TAO injections. The mice were then sacrificed and tumors were imaged
and weighed. The mice (n = 10 per group) were monitored daily for tumor development and sacrificed
when any appeared moribund. We recorded the body weight, tumor weight, and number of tumor
nodules. Tumors were fixed in formalin and embedded in paraffin or snap-frozen in optimal cutting
temperature (OCT) compound (Sakura Finetek Japan, Tokyo, Japan) in liquid nitrogen. This study
was reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) of the
Samsung Biomedical Research Institute (protocol number H-A9-003). The IACUC is accredited by the
Association for the Assessment and Accreditation of Laboratory Animal Care International (AAALAC
International) and abides by the guidelines of the Institute of Laboratory Animal Resources (ILAR).
Study of the PDX model for cervical cancers was approved by the Samsung Medical Center Institutional
Review Board (IRB file number 2010-04-004) and experiments were performed in accordance with the
approved guidelines and regulations.

2.8. Statistical Analysis

The Mann–Whitney U test was used to compare differences between the groups in both in vitro
and in vivo assays. All statistical tests were two-sided, and P values less than 0.05 were considered
to be statistically significant. SPSS software (Version 17.0; SPSS, Chicago, IL, USA) was used for all
statistical analyses.

3. Results

3.1. Effects of TAO on Cell Viability, Apoptosis, and Cell Line Xenograft

In order to see the effects of TAO on cell viability, an MTT assay was performed in cervical
cancer cell lines, including SiHa, HeLa, CaSki, and HUVECs. In all three cervical cancer cell lines and
HUVECs, cell viability decreased as the concentration of TAO increased (Figure 1A). The IC50 of TAO
on SiHa, CaSki, and HUVEC at 72 h was 3 µM, and the IC50 of HeLa was 0.6 µM (Table 1). The levels of
active caspase-3 were also measured with Western blot. It was shown that active caspase-3 increased
as the concentration of TAO increased, suggesting an increase of cellular apoptosis in all three cancer
cell lines and HUVECs (Figure 1B). Mice bearing SiHa cell tumors were treated with TAO, which was
injected intraperitoneally at 8 mg/kg body weight per injection, once a week. Calculated tumor volume
was significantly smaller in animal models that were injected with TAO in comparison to those injected
0.9% sodium chloride control solution (Figure 1C).
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Figure 1. (A) Cellular metabolic activities in cervical cancer cell lines and human umbilical vein 
endothelial cells (HUVECs) measured by MTT assay. Decreasing cell viability with increasing 
concentration of tetraarsenic hexoxide (TAO) is shown; (B) Increasing levels of active caspase-3 are 
shown in cervical cancer cell lines and HUVECs as the concentration of TAO increases; (C) Significant 
difference is observed in tumor volumes between the mice bearing SiHa cells treated with TAO vs. 
0.9% sodium chloride solution. The days represent post-implantation of tumor cells. TAO or 0.9% 
sodium chloride solution was injected once the tumor grew to a certain volume, which was about 85.5 
mm3 in the present experiments. The mean weight of the treatment group vs. control group shows a 
statistically significant difference. * p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001. 

3.2. Effects of TAO on MMP-2 and MMP-9 

MMP-2 and MMP-9 were measured by ELISA to examine the inhibitory effects of TAO on 
extracellular matrix degradation and presumably cancer metastasis (Figure 2). The reduction of 
MMP-2 was observed by the treatment of TAO in SiHa cell lines. Compared to the expression levels 
of MMP-2 in SiHa cells that were neither treated by TAO nor VEGF, TAO reduced MMP-2 by about 
80%. When SiHa cell lines were treated by both TAO and VEGF, the levels of MMP-2 also decreased 

Figure 1. (A) Cellular metabolic activities in cervical cancer cell lines and human umbilical vein
endothelial cells (HUVECs) measured by MTT assay. Decreasing cell viability with increasing
concentration of tetraarsenic hexoxide (TAO) is shown; (B) Increasing levels of active caspase-3 are
shown in cervical cancer cell lines and HUVECs as the concentration of TAO increases; (C) Significant
difference is observed in tumor volumes between the mice bearing SiHa cells treated with TAO vs.
0.9% sodium chloride solution. The days represent post-implantation of tumor cells. TAO or 0.9%
sodium chloride solution was injected once the tumor grew to a certain volume, which was about
85.5 mm3 in the present experiments. The mean weight of the treatment group vs. control group shows
a statistically significant difference. * p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001.

Table 1. IC50 values of TAO on HeLa, CaSki, SiHa cell lines and HUVEC measured by MTT
(3-(4,5-dimethyl-thiazol-2-yl)-2,5-Diphenyl-tetrazolium bromide) assay at 72 h after the treatment.

Types of Cell Lines IC50 (µM)

HeLa 0.6
CaSki 3.0
SiHa 3.0

HUVEC 3.0

3.2. Effects of TAO on MMP-2 and MMP-9

MMP-2 and MMP-9 were measured by ELISA to examine the inhibitory effects of TAO on
extracellular matrix degradation and presumably cancer metastasis (Figure 2). The reduction of
MMP-2 was observed by the treatment of TAO in SiHa cell lines. Compared to the expression levels
of MMP-2 in SiHa cells that were neither treated by TAO nor VEGF, TAO reduced MMP-2 by about
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80%. When SiHa cell lines were treated by both TAO and VEGF, the levels of MMP-2 also decreased
significantly. Similar patterns were observed in HeLa and CaSki cell lines. The reduction of MMP-2
was observed by the treatment of TAO. Compared to the expression levels of MMP-2 in each cancer
cell line that was not treated by either TAO or VEGF, TAO reduced MMP-2 by about 40% in HeLa and
60% in CaSki cell lines. When CaSki cell lines were treated with VEGF alone, MMP-2 was also reduced,
but the reduction was not statistically significant. However, when they were treated with VEGF and
TAO together, they showed approximately 25% additional reduction of MMP-2. When HeLa cell lines
were treated with VEGF alone, MMP-2 increased by about 5%. However, when they were treated with
VEGF and TAO together, they showed 50% reduction in MMP-2. When HUVECs were treated with
VEGF, MMP-2 increased by more than 50%. However, the levels of MMP-2 significantly decreased
when it was treated with TAO and VEGF together. When HUVECs were treated with TAO without
VEGF, MMP-2 was also reduced by about 60%. The extent of reactivity to VEGF seemed to differ
among cancer cell lines. However, it was evident that TAO reduced the expression levels of MMP-2,
regardless of the seemingly different reactivity of cell lines to VEGF. We could not measure MMP-9 in
cancer cell lines as it seemed that MMP-9 was too low to be detected in these cell lines.
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Figure 2. The concentrations of MMP-2 by enzyme-linked immunosorbent assay (ELISA). The treatment
of TAO significantly decreased the concentrations of MMP-2 in all cervical cancer cell lines and HUVECs.
The co-administration of vascular endothelial growth factor (VEGF) and TAO did not change the
inhibitory effects of TAO on MMP-2, whereas the treatment of VEGF only mildly increased the
concentrations of MMP-2 in SiHa and HeLa cell lines and HUVECs. * p-value < 0.05, *** p-value < 0.001.

3.3. Effects of TAO on the Activation of Akt

Akt (also known as protein kinase B (PKB)) is a serine/threonine protein kinase. Akt plays an
important role in intracellular signaling pathways that are involved in glucose metabolism, apoptosis,
cell proliferation, DNA transcription, and cell migration. It promotes cancer cell invasion by increasing
motility and metalloproteinase production [13]. Western blot analysis of Akt and phosphorylated-Akt
(p-Akt) were performed after the treatment of cervical cancer cell lines with TAO for 48 h. The results
demonstrated that the levels of p-Akt decreased dose-dependently with the treatment of TAO in all
HeLa, SiHa, and CaSki cell lines and HUVECs, suggesting the inhibitory effects of TAO (Figure 3A).
The levels of total Akt, however, were not affected by the treatment of TAO and remained constant in
all cancer cell lines and HUVECs as the concentration of TAO treatment increased.
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Figure 3. (A) Western blot analysis of Akt and phosphorylated-Akt (p-Akt) in the cell lines 48 h after the
treatment of TAO with varying concentrations. The treatment of TAO decreases the phosphorylation of
Akt. (B) Western blot analysis of vascular endothelial growth factor receptor 2 (VEGFR2), demonstrating
that the treatment of TAO in HUVECs results in decreased concentration of VEGFR2. The same pattern
of observation is seen in HUVEC, both with and without the treatment by vascular endothelial growth
factor (VEGF).

3.4. Effects of TAO on VEGF-Related Signaling Pathway

HUVECs are known to be sensitive to vascular endothelial growth factor (VEGF). There are three
receptor types of the VEGF signaling pathway, and VEGF receptor 2 (VEGFR2) is the major one among
them. When the signal is initiated by VEGF, VEGFR2 is auto-phosphorylated, and the corresponding
pathway is activated. To investigate the inhibiting effects of TAO on angiogenesis, we studied the
response of VEGFR2 in HUVEC to TAO.

HUVECs were treated with TAO for 24 h, followed by Western blot analysis. As the concentration
of TAO increased, the expression levels of VEGFR2 decreased. The same results were seen when the
concurrent treatment of VEGF was performed (Figure 3B). These findings suggest that TAO suppresses
the expression of VEGFR2, thereby exerting its inhibitory effects on the signaling pathway that is
related to angiogenesis, regardless of the presence of signaling molecules.

3.5. Effects of TAO on Autophagy

To determine if TAO was involved in the autophagy pathway, p62, an intermediate of autophagy,
and LC3, an autophagy marker protein, were analyzed by Western blot (Figure 4). It was shown
that p62 increased with the treatment of TAO in all three cervical cancer cell lines. This implies that
autophagy was reduced in the cell lines by TAO. The treatment of TAO also increased the concentrations
of p62 in HUVECs. Conversion of LC3-I to LC3-II, a phosphatidylethanolamine-conjugated form
of LC3-I, is a marker for autophagy activation. When autophagy is inhibited, LC3-II cannot be
degraded by autolysosome and thereby accumulates in the cytoplasm. In cervical cancer cell lines and
HUVECs, the accumulation of LC3-II was observed as the concentration of TAO increased, suggesting
its inhibitory effects on autophagy.
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Figure 4. Western blot analysis of autophagy-related proteins in cervical cancer cell lines and HUVECs.
The conversion of LC3-II increases as the concentration of TAO increases. Increasing concentrations of
p62 are seen as concentrations of TAO increase, suggesting the inhibitory effects of TAO on autophagy.

3.6. Effects of TAO in Patient-Derived Xenograft (PDX) Mouse Models

Patient-derived xenograft (PDX) mouse models of invasive squamous cell carcinoma,
adenocarcinoma, recurrent squamous cell carcinoma, and recurrent adenocarcinoma of the uterine
cervical cancer were examined. Ten mice were treated with TAO (experimental group), while another
10 mice did not receive the treatment (control group). The mean tumor weight of the control group
was measured. In the analysis of primary invasive squamous cell carcinoma PDX, the mean tumor
weight of the control group was 2.31 g, while the mean tumor weight of the experimental group was
1.03 g (2.31 ± 1.52 vs. 1.03 ± 0.59, p = 0.0232), showing a statistically significant difference between the
two groups (Figure 5). The same results were obtained in the PDX mouse models of adenocarcinoma.
The mean tumor weight of the control group was 0.44 g, while the mean tumor weight of the treatment
group was 0.30 g, with a statistical difference between the two groups (0.44 ± 0.18 vs. 0.30 ± 0.11,
p = 0.036). The mean tumor weight of the control group in the analysis of recurrent squamous cell
carcinoma was 4.43 g, and the mean tumor weight of the experimental group was 3.89 g (4.43 ±
2.17 vs. 3.89 ± 1.33, p > 0.05). No statistical difference was observed between the two groups in the
recurrent squamous cell carcinoma models. The same experiments were also performed for recurrent
adenocarcinoma. The mean tumor weight of the control group was 1.45 g, and the mean tumor
weight of the experimental group was 1.41 g (1.45 ± 0.77 vs. 1.41 ± 0.68, p > 0.05). Recurrent tumors
seemed to have gained resistance to cytotoxic agents and did not respond to the treatment of TAO.
The terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay was performed to
measure DNA fragmentation generated during apoptosis, as described previously [14]. While TUNEL
positive cells increased significantly in the tumors of mouse models treated with TAO in primary
squamous cell carcinoma and adenocarcinoma, this observation was not seen in the mouse models of
recurrent diseases. The Ki-67 protein, a cellular marker for proliferation, was measured in the tumors
of the mouse models as well [15]. As seen in Figure 5, the amount of Ki-67 positive cells significantly
decreased after the treatment of TAO in primary cancer models, while it did not change in recurrent
cancer models.
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3.7. Effects of Combination of TAO with Cisplatin in PDX Mouse Models 

In order to investigate the potential synergistic effects of TAO in addition to conventional 
cytotoxic agent cisplatin, mouse models were assigned to one of the four groups: control, cisplatin 
alone, TAO alone, or cisplatin plus TAO. When mouse models with primary invasive squamous cell 
carcinoma were evaluated, the mean tumor weight of the mouse models that were given cisplatin 

Figure 5. Gross appearance of xenograft from mouse models with primary invasive squamous cell
carcinoma, adenocarcinoma, recurrent invasive squamous cell carcinoma, and recurrent adenocarcinoma
of the cervix. The tumors of the control group (left) vs. the TAO-treated (8 mg/kg) experimental group
(right) are shown, demonstrating statistically significant differences of tumor weight between the two
groups in the primary cancer models. However, this difference is not seen in recurrent cancer models.
The TUNEL assay and Ki-67 assay also show the anti-cancer effects of TAO in primary cancer models,
while these effects are not seen in recurrent cancer models. * p-value < 0.05, *** p-value < 0.001.

3.7. Effects of Combination of TAO with Cisplatin in PDX Mouse Models

In order to investigate the potential synergistic effects of TAO in addition to conventional
cytotoxic agent cisplatin, mouse models were assigned to one of the four groups: control, cisplatin
alone, TAO alone, or cisplatin plus TAO. When mouse models with primary invasive squamous cell
carcinoma were evaluated, the mean tumor weight of the mouse models that were given cisplatin
plus TAO was significantly less than the other three groups (0.94 ± 0.56 vs. 1.84 ± 0.95 vs. 1.30 ± 0.38
vs. 1.61 ± 0.60 g in cisplatin plus TAO, control, cisplatin alone, and TAO alone groups, respectively,
p = 0.0315). The same patterns of the synergistic anti-cancer effects of TAO with cisplatin were observed
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in the mouse models generated from recurrent squamous cell carcinoma and recurrent adenocarcinoma
(Figure 6). The TUNEL assay and Ki-67 assay were also performed. The synergistic effects of TAO
with cisplatin were observed not only in primary cancer models but also in recurrent cancer models.
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Figure 6. Gross appearance of xenograft from mouse models receiving PBS, TAO (8 mg/kg), cisplatin
(4 mg/kg), and TAO plus cisplatin (8 mg/kg of TAO and 4 mg/kg of cisplatin) in order from left to right.
Significant reductions of tumor weight in mouse models given TAO plus cisplatin are observed in
primary invasive squamous cell carcinoma as well as in recurrent invasive squamous cell carcinoma
and adenocarcinoma. The TUNEL assay and Ki-67 assay results also support the synergistic effects of
TAO with cisplatin, both in primary and recurrent cancer models. * p-value < 0.05, ** p-value < 0.01,
*** p-value < 0.001.

4. Discussion

The present study demonstrated that TAO has anti-cancer effects in patient-derived xenograft
mouse models of cervical cancer in vivo, and these results were supported by the experiments with
cervical cancer cell lines in vitro. Although the exact mechanisms by which TAO exerts its inhibitory
effects on cancer cells is yet to be fully defined, we herein established evidence that it is involved in
the regulation of autophagy and angiogenesis of cancer cells to a certain extent. To our knowledge,
no previous studies have shown such effects of TAO.

Cervical cancer carries a significant burden on patients, the medical field, and society. Despite
widespread screening programs and available vaccinations, it remains one of the most difficult types of
cancer to conquer, especially in developing countries. Cervical cancer carries a poor prognosis, and the
current standard treatment modalities, especially for advanced stages, do not yield promising clinical
results. Although bevacizumab has demonstrated improved survival rates and overall response rates
in recurrent cervical cancer in a clinical trial, which has consequently permitted its use as the current
standard treatment regimen, further studies to develop efficient and innovative treatment approaches
are urgently needed [16].
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Preclinical studies have provided some potential therapeutic benefits of TAO on cervical cancer.
Studies have shown that it induces cell cycle arrest in the G1 or G2/M phase and suppresses the secretion
of MMP-2, which is consistent with the results of the present study. TAO has also been shown to
inhibit the phosphorylation of Akt, an upstream signaling protein in MMP-2 and 9 expressions in both
cervical cancer cell lines and HUVECs [17]. TAO may also inhibit angiogenesis via downregulation of
VEGFR2 expression. In the present study, TAO was shown to inhibit VEGF-induced MMP-2 expression
in HUVEC. Because tumor cell metastasis is a complex cascade of events involving multiple steps such
as proliferation, adhesion, and migration of cells, an attempt to understand the exact alterations caused
by TAO in these intricate relations of different mechanisms is demanding, and there are also other
possible mechanisms facilitated within the intricate network of regulatory effects.

Hypoxia and lack of nutrition are a hallmark of cancer tissue, and cancer cells often activate
autophagy to evade such conditions. Therefore, autophagy has been considered as one of the survival
pathways that growing cancer cells adopt, and its inhibition has been studied for treatment modalities
of cancer. The present study demonstrates that the treatment of TAO increases the expression of p62,
which normally decreases as the rate of autophagy increases. Although further investigations are
warranted to delineate the exact mechanisms of how TAO inhibits autophagy, the evidence shown
in the present study provides support for the potential efficacy of TAO as a cancer treatment agent
by inducing autophagy. The effects of TAO on the cellular process of autophagy in normal tissue
should also be studied because non-specific and global inhibition of autophagy may lead to unwanted
clinical consequences.

The interaction of TAO with conventional chemotherapeutic agents and its additive or subtractive
effects should also be evaluated. It has been illustrated that arsenic trioxide has a synergistic effect in
combination with cisplatin in ovarian cancer cells [18]. Another research group reported the potential
synergistic effects of TAO with cisplatin in cervical cancer cells [19,20]. They also reported that the
combination of cisplatin with TAO was more effective than the combination of cisplatin with paclitaxel
in cervical cancer [20]. The present study suggested the inhibitory effects of TAO on angiogenesis
as a possible explanation for the observed results. We also found that the combination of TAO with
cisplatin was more effective than cisplatin alone in the PDX mouse model. This effect was seen even in
the mouse models with recurrent tumors. Taken together, these results offer further support for the
use of TAO in cancer treatment, possibly as a combined regimen with chemotherapeutic agents with
previously revealed clinical efficacy.

The lack of significant reduction of cancer tissue in the PDX models of recurrent cervical cancer
compared to the substantial decrease in naïve cancer tissue from the TAO treatment is noteworthy.
It is thought that the mechanisms by which cells gain resistance to conventional chemotherapeutic
agents contribute to the lack of inhibitory effects of TAO seen in recurrent cancer models, and further
investigations are necessary.

The strengths of the present study include the utilization of different histology of cervical cancer,
such as squamous cell carcinoma, adenocarcinoma, and recurrent cervical cancer. It also employs
experiments with cell lines to understand the changes in multiple signaling pathways caused by TAO,
as well as xenograft mouse models to validate the eventual consequences of it. One of the limitations
of the present study is that it did not evaluate the effects of human papillomavirus (HPV) infection
status of tumor cells. Cervical cancer is unique in that most malignant cells are caused by HPV
infection. Although TAO has been shown to induce apoptosis of various cancer cell lines, including
both HPV-infected and non-infected cells, the mechanisms by which it induces apoptosis may be
different [21].

In conclusion, the present study shows that TAO has anti-tumor effects in various types of
treatment-naïve cervical cancer cell lines, including squamous cell carcinoma and adenocarcinoma,
and these effects are presumably due to its inhibitory effects on autophagy, angiogenesis, and the
induction of apoptosis. The potential usefulness of TAO for cervical cancer treatment is thus suggested.
Clinical trials of TAO are also suggested to further explore the potential use of TAO in cancer treatment.
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Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4923/12/10/987/s1,
Figure S1: T2 sagittal magnetic resonance imaging (MRI) of the cancer lesion that was used to generate the
patient-derived xenograft (PDX) I. Figure S2: T2 sagittal MRI of the cancer lesion that was used to generate the
PDX II. Figure S3: T2 sagittal MRI of the cancer lesion that was used to generate the PDX III. Figure S4: T2
transverse MRI of the cancer lesion that was used to generate the PDX IV (top). Figure S5: T2 transverse MRI of
the cancer lesion that was used to generate the PDX V (top). Table S1: Clinical information of the patients for
patient-derived xenograft (PDX).

Author Contributions: Conceptualization, J.-W.L.; methodology, J.R.H. and B.-G.K.; investigation, Y.-J.C., S.-Y.J.,
Y.-Y.L., J.-Y.R., J.-J.C., and Z.W.; writing, J.J.N. and M.-S.K.; funding acquisition, I.B. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by the National Research Foundation of Korea (NRF) grant funded by the
Korean government (Ministry of Education, Science and Technology, MEST) (2016R1A2B3006644), the National
Research Foundation of Korea (NRF) grant funded by the Korean government (Ministry of Science and Information
Technology, MSIT) (2020R1C1C1007482), and a grant from CHEMAS Co., Ltd.’s development project for research
(Korea).

Conflicts of Interest: The authors declare no conflict of interest. Wu Zhaoyan is a full-time employee of Chemas
company. He is a full-tile researcher and has contributed to the experiment. The funders had no role in the design
of the study, in the collection, analyses, or interpretation of data or any other process of the publication.

References

1. Altobelli, E.; Rapacchietta, L.; Profeta, V.F.; Fagnano, R. HPV-vaccination and cancer cervical screening in 53
WHO European Countries: An update on prevention programs according to income level. Cancer Med. 2019,
8, 2524–2534. [CrossRef] [PubMed]

2. Stehman, F.B.; Bundy, B.N.; DiSaia, P.J.; Keys, H.M.; Larson, J.E.; Fowler, W.C. Carcinoma of the cervix treated
with radiation therapy. I. A multi-variate analysis of prognostic variables in the Gynecologic Oncology
Group. Cancer 1991, 67, 2776–2785. [CrossRef]

3. Delgado, G.; Bundy, B.; Zaino, R.; Sevin, B.U.; Creasman, W.T.; Major, F. Prospective surgical-pathological
study of disease-free interval in patients with stage IB squamous cell carcinoma of the cervix: A Gynecologic
Oncology Group study. Gynecol. Oncol. 1990, 38, 352–357. [CrossRef]

4. Chan, C.K.; Aimagambetova, G.; Ukybassova, T.; Kongrtay, K.; Azizan, A. Human Papillomavirus Infection
and Cervical Cancer: Epidemiology, Screening, and Vaccination-Review of Current Perspectives. J. Oncol.
2019, 2019, 3257939. [CrossRef] [PubMed]

5. Vernhet, L.; Allain, N.; Le Vee, M.; Morel, F.; Guillouzo, A.; Fardel, O. Blockage of multidrug
resistance-associated proteins potentiates the inhibitory effects of arsenic trioxide on CYP1A1 induction by
polycyclic aromatic hydrocarbons. J. Pharmacol. Exp. Ther. 2003, 304, 145–155. [CrossRef]

6. Zhang, X.W.; Yan, X.J.; Zhou, Z.R.; Yang, F.F.; Wu, Z.Y.; Sun, H.B.; Liang, W.X.; Song, A.X.;
Lallemand-Breitenbach, V.; Jeanne, M.; et al. Arsenic trioxide controls the fate of the PML-RARalpha
oncoprotein by directly binding PML. Science 2010, 328, 240–243. [CrossRef]

7. Dai, J.; Weinberg, R.S.; Waxman, S.; Jing, Y. Malignant cells can be sensitized to undergo growth inhibition
and apoptosis by arsenic trioxide through modulation of the glutathione redox system. Blood 1999, 93,
268–277. [CrossRef]

8. Zhu, X.H.; Shen, Y.L.; Jing, Y.K.; Cai, X.; Jia, P.M.; Huang, Y.; Tang, W.; Shi, G.Y.; Sun, Y.P.; Dai, J.; et al.
Apoptosis and growth inhibition in malignant lymphocytes after treatment with arsenic trioxide at clinically
achievable concentrations. J. Natl. Cancer Inst. 1999, 91, 772–778. [CrossRef]

9. Kim, J.H.; Lew, Y.S.; Kolozsvary, A.; Ryu, S.; Brown, S.L. Arsenic trioxide enhances radiation response of 9 L
glioma in the rat brain. Radiat. Res. 2003, 160, 662–666. [CrossRef] [PubMed]

10. Lew, Y.S.; Brown, S.L.; Griffin, R.J.; Song, C.W.; Kim, J.H. Arsenic trioxide causes selective necrosis in solid
murine tumors by vascular shutdown. Cancer Res. 1999, 59, 6033–6037. [PubMed]

11. Heo, E.J.; Cho, Y.J.; Cho, W.C.; Hong, J.E.; Jeon, H.K.; Oh, D.Y.; Choi, Y.L.; Song, S.Y.; Choi, J.J.; Bae, D.S.; et al.
Patient-Derived Xenograft Models of Epithelial Ovarian Cancer for Preclinical Studies. Cancer Res. Treat.
2017, 49, 915–926. [CrossRef] [PubMed]

12. Oh, D.Y.; Kim, S.; Choi, Y.L.; Cho, Y.J.; Oh, E.; Choi, J.J.; Jung, K.; Song, J.Y.; Ahn, S.E.; Kim, B.G.; et al. HER2
as a novel therapeutic target for cervical cancer. Oncotarget 2015, 6, 36219–36230. [CrossRef]

334



Pharmaceutics 2020, 12, 987

13. Kim, D.; Kim, S.; Koh, H.; Yoon, S.O.; Chung, A.S.; Cho, K.S.; Chung, J. Akt/PKB promotes cancer cell
invasion via increased motility and metalloproteinase production. FASEB J. 2001, 15, 1953–1962. [CrossRef]
[PubMed]

14. Kyrylkova, K.; Kyryachenko, S.; Leid, M.; Kioussi, C. Detection of apoptosis by TUNEL assay. Methods Mol.
Biol. 2012, 887, 41–47. [CrossRef] [PubMed]

15. Bullwinkel, J.; Baron-Luhr, B.; Ludemann, A.; Wohlenberg, C.; Gerdes, J.; Scholzen, T. Ki-67 protein is
associated with ribosomal RNA transcription in quiescent and proliferating cells. J. Cell. Physiol. 2006, 206,
624–635. [CrossRef] [PubMed]

16. Tewari, K.S.; Sill, M.W.; Long, H.J., 3rd; Penson, R.T.; Huang, H.; Ramondetta, L.M.; Landrum, L.M.;
Oaknin, A.; Reid, T.J.; Leitao, M.M.; et al. Improved survival with bevacizumab in advanced cervical cancer.
N. Engl. J. Med. 2014, 370, 734–743. [CrossRef] [PubMed]

17. Woo, S.H.; Park, M.J.; An, S.; Lee, H.C.; Jin, H.O.; Lee, S.J.; Gwak, H.S.; Park, I.C.; Hong, S.I.; Rhee, C.H.
Diarsenic and tetraarsenic oxide inhibit cell cycle progression and bFGF- and VEGF-induced proliferation of
human endothelial cells. J. Cell. Biochem. 2005, 95, 120–130. [CrossRef]

18. Zhang, N.; Wu, Z.M.; McGowan, E.; Shi, J.; Hong, Z.B.; Ding, C.W.; Xia, P.; Di, W. Arsenic trioxide and
cisplatin synergism increase cytotoxicity in human ovarian cancer cells: Therapeutic potential for ovarian
cancer. Cancer Sci. 2009, 100, 2459–2464. [CrossRef]

19. Mi Byun, J.; Hoon Jeong, D.; Sim Lee, D.; Ran Kim, J.; Nam Kim, Y.; Jeong Jeong, E.; Sung, M.; Bok
Lee, K.; Tae Kim, K. Inhibition of Cell Growth and Apoptosis in CaSki, Cervical Cancer Cell Line by Arsenic
Compounds. Obstet. Gynecol. Sci. 2010, 53, 616–625.

20. Byun, J.M.; Jeong, D.H.; Lee, D.S.; Kim, J.R.; Park, S.G.; Kang, M.S.; Kim, Y.N.; Lee, K.B.; Sung, M.S.;
Kim, K.T. Tetraarsenic oxide and cisplatin induce apoptotic synergism in cervical cancer. Oncol. Rep. 2013,
29, 1540–1546. [CrossRef]

21. Wang, H.; Gao, P.; Zheng, J. Arsenic trioxide inhibits cell proliferation and human papillomavirus oncogene
expression in cervical cancer cells. Biochem. Biophys. Res. Commun. 2014, 451, 556–561. [CrossRef] [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

335





pharmaceutics

Article

Enhanced Antisense Oligonucleotide Delivery
Using Cationic Liposomes Grafted with Trastuzumab:
A Proof-of-Concept Study in Prostate Cancer

Guillaume Sicard 1, Clément Paris 2, Sarah Giacometti 1, Anne Rodallec 1, Joseph Ciccolini 1 ,
Palma Rocchi 2,* and Raphaëlle Fanciullino 1

1 SMARTc Unit, CRCM Inserm U1068, Aix Marseille University, 13007 Marseille, France;
guillaume.sicard@univ-amu.fr (G.S.); sarah.giacometti@univ-amu.fr (S.G.);
anne.rodallec@univ-amu.fr (A.R.); joseph.ciccolini@univ-amu.fr (J.C.);
raphaelle.fanciullino@univ-amu.fr (R.F.)

2 CNRS, INSERM, Institut Paoli-Calmettes, CRCM, Aix Marseille University, 13007 Marseille, France;
clement.paris@inserm.fr

* Correspondence: palma.rocchi@inserm.fr

Received: 13 November 2020; Accepted: 27 November 2020; Published: 29 November 2020

Abstract: Prostate cancer (PCa) is the second most common cancer in men worldwide and the fifth
leading cause of death by cancer. The overexpression of TCTP protein plays an important role in
castration resistance. Over the last decade, antisense technology has emerged as a rising strategy in
oncology. Using antisense oligonucleotide (ASO) to silence TCTP protein is a promising therapeutic
option—however, the pharmacokinetics of ASO does not always meet the requirements of proper
delivery to the tumor site. In this context, developing drug delivery systems is an attractive strategy
for improving the efficacy of ASO directed against TCTP. The liposome should protect and deliver
ASO at the intracellular level in order to be effective. In addition, because prostate cancer cells express
Her2, using an anti-Her2 targeting antibody will increase the affinity of the liposome for the cell and
optimize the intratumoral penetration of the ASO, thus improving efficacy. Here, we have designed
and developed pegylated liposomes and Her2-targeting immunoliposomes. Mean diameter was
below 200 nm, thus ensuring proper enhanced permeation and retention (EPR) effect. Encapsulation
rate for ASO was about 40%. Using human PC-3 prostate cancer cells as a canonical model, free ASO
and ASO encapsulated into either liposomes or anti-Her2 immunoliposomes were tested for efficacy
in vitro using 2D and 3D spheroid models. While the encapsulated forms of ASO were always more
effective than free ASO, we observed differences in efficacy of encapsulated ASO. For short exposure
times (i.e., 4 h) ASO liposomes (ASO-Li) were more effective than ASO-immunoliposomes (ASO-iLi).
Conversely, for longer exposure times, ASO-iLi performed better than ASO-Li. This pilot study
demonstrates that it is possible to encapsulate ASO into liposomes and to yield antiproliferative
efficacy against PCa. Importantly, despite mild Her2 expression in this PC-3 model, using a surface
mAb as targeting agent provides further efficacy, especially when exposure is longer. Overall,
the development of third-generation ASO-iLi should help to take advantage of the expression of
Her2 by prostate cancer cells in order to allow greater specificity of action in vivo and thus a gain
in efficacy.

Keywords: liposomes; immunoliposomes; antisense oligonucleotides; prostate cancer

1. Introduction

Prostate cancer (PCa) is the second most common cancer in men worldwide with 1.3 million
new cases in 2018. PCa is the fifth leading cause of death by cancer with more than 360,000 deaths in
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2018, despite a decrease in its incidence by 6% over 2005–2009 [1,2]. At initial diagnosis, treatment
depends on the stage based on Gleason score, the patient’s characteristics and the PSA level [3,4].
Surgical treatment, i.e., prostatectomy, is the standard of care, but patients with advanced disease
(i.e., stages III or IV, high Gleason score) are precluded. The first-line therapy for advanced PCa is
castration therapy which consists in androgen deprivation since it is a hormone-sensitive cancer [5].
After a period of therapeutic response, usually 1–3 years, patients will ultimately become resistant to
the therapy and develop metastases. A new approach is therefore needed for these castration-resistant
PCa (CRPCa) patients.

The overexpression of the TCTP protein plays an important role in PCa and most particularly
in CRPCa [6]. Indeed, this protein is involved in progression of the disease and therapeutic failure.
The interactions between TCTP and p53 and their negative feedback regulation loop are responsible
for progression and invasion of PCa [7,8]. Recently, antisense technology has emerged as a promising
strategy in cancer [9]. The principle of this approach is the sequence-specific binding of an antisense
oligonucleotide (ASO) to target mRNA, thus preventing gene translation [10]. The development of an
ASO directed against TCTP seems therefore to be an interesting strategy [11]. The shutting down of
TCTP by ASO is expected to restore apoptosis and sensitivity to hormone-therapy and chemotherapy
of cancer cells. ASOs are only active after cell uptake, and therefore, a carrier is necessary to help them
pass the membranes. In this context, developing carriers to transport ASO is an attractive strategy,
especially since nanoparticles are increasingly considered to stretch the efficacy/toxicity balance of a
variety of anticancer agents or payloads [12–14]. Various other technological approaches such as the
direct pegylation of compounds [15] or using Nab conjugates [16] or antibody–drug conjugates [17,18]
illustrate this major trend to develop drug carriers in oncology today. One of the critical points when
developing nanoparticles is based on their size being <200 nm. Nanoparticles leave the vascular
compartment and accumulate in the interstitial space next to the tumor. This phenomenon is called
passive targeting or the enhanced permeability and retention (EPR) effect [19].

Our study is based upon this double trend of encapsulation and use of therapeutic monoclonal
antibodies to improve the specificity of nanoparticles against tumors. The conjunction of these two
concepts results in a new nanoparticle, the antibody nanoconjugate (ANC), more commonly called
the immunoliposome [20,21]. In this study, we present the early development steps of an innovative
stealth liposomal ASO nanoparticle targeting prostate cancer through anti-Her2 functionalization [22]
(Figure 1).
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2. Materials and Methods

2.1. Cell Lines

Experiments were carried on canonical human prostate cancer cell line PC-3 (American Type
Culture Collection, Rockville, MD, USA) Cells were cultured in RPMI supplemented with 10% FBS,
1% penicillin and 0.16% kanamycin and grown in a humidified 5% CO2 incubator at 37 ◦C. Cells
were regularly authenticated in terms of cell viability, morphology and doubling time. For Her2
characterization, breast cancer cell lines, i.e., MDA231, MDA 453 and SKBR3, were used (American
Type Culture Collection, Manassas, VA, USA).

2.2. Drugs and Chemicals

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-(aleimide(polyethyleneglycol)-2000) (Mal-
PEG) and 1,2-dioleoyl-3-trimethylammoniumpropane (DOTAP) were purchased from COGER (Paris,
France). Egg yolk phosphatidylcholine (PC) and cholesterol (Chol) were purchased from Sigma
(St-Quentin-Fallavier, France). ASO was purchased from Eurofins (Les Ullis, France). 2-iminothiolane
(Traut’s reagent) and Draq5 were purchased from Fisher Scientific (Illkirch-Graffenstaden, France).
QuantiBRITE phycoerythrin (PE) and PE Mouse Anti-Human Her-2/neu were purchased from BD
Biosciences (San Jose, CA, USA). Trastuzumab (Herceptin) was kindly given by Genentech (South San
Francisco, CA, USA). All other reagents were of analytical grade.

2.3. ASO Stability in Solvents

ASO stability in three solvents, i.e., NaCl 0.9%, water and methanol, was tested over one month.
HPLC detection was performed on an HPLC (Agilent 1260, Agilent, Les Ulis, France). The HPLC

column Xbrige OST C18 2.5 µm 4.6 × 50 mm (Waters, Guyancourt, France) was equilibrated at a
flow rate of 0.8 mL/min. Eluant A contained 0.1 M TEAA (Triethylammonium acetate) in 5% ACN
(acetonitrile) in water and eluant B contained ACN. The elution gradient was 0 to 45% in 10 min.
ASO was detected at the wavelength of 260 nm. Ninety microliters of ASO in NaCl 0.9% and ASO
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in water were directly injected. For ASO in MeOH, 100 µL of sample was evaporated to dryness;
the sample was resuspended in water, and then 90 µL was injected.

2.4. Pegylated Liposome Preparation

Two different compositions of liposomes were studied: formulation 1, using DOTAP, Mal-PEG
and Chol, and formulation 2, using DOTAP, PC, Mal-PEG and Chol.

Both compositions were prepared using the classic thin-film method [23]. Briefly, lipids were
dissolved in methanol as organic solvent. Methanol was then removed by rotary evaporation
(Laborota 4003, Heidolph Instruments, Schwabach, Germany) at 38 ◦C under vacuum to avoid further
toxicity. After 30 min, a thin lipid film was obtained. To remove the residual solvent, lipid film
was dried under a stream of nitrogen for 2 h at room temperature. The film was then hydrated
with a 5% v/v dextrose solution in water for formulation 1 or a 0.9% v/v sodium chloride solution in
water for formulation 2, and then multilamellar vesicle (MLV) liposomes were obtained. Extrusion
step was performed to reduce and homogenize liposomes in size through two 0.1 µm and two
0.08 µm polycarbonate pore membranes (Nucleopore, Whatman, Maidstone, UK) using LipoFast LF-50,
and then small unilamellar vesicle (SUV) liposomes were obtained [24].

For each formulation, liposomes (i.e., ASO-Li-1 for formulation 1 and ASO-Li-1 for formulation 2)
and immunoliposomes (i.e., ASO-iLi-1 and ASO-iLi-2) were generated.

2.5. Pegylated Immunoliposome Preparation: Encapsulation Strategies

Different encapsulation strategies were tested with both formulations.
With formulation 1, ASO was introducing in methanol with lipids during the thin lipid film

formation. Extraction from liposome was performed by 100 µL methanol for 100 µL liposome.
With formulation 2, three different strategies were tested. First, ASO was included in aqueous

solvent, i.e., sodium chloride 0.9%, during the hydration step of the lipidic film. ASO was also included
in preformed liposomes by contact using other strategies, namely soft agitation by rotation at 38 ◦C or
fast agitation using bar magnet at 38 ◦C.

Besides, a new extraction technique was used with a chloroform–methanol solution (1:2 ratio) [25].
For each 100 µL of liposome solution, we added 375 µL of chloroform–methanol solution. Then, 125 µL
of chloroform was added to the sample and vortexed. Afterward, 125 µL of MilliQ water was added to
the sample and vortexed again. Finally, the sample was centrifugated at 1500× g for 90 s. The topper
phase contained the ASO freed from the lipids. The entire aqueous phase was recuperated, evaporated
and reconstituted with 100 µL of MilliQ water.

2.6. Pegylated Immunoliposome Preparation: Antibody Engraftment

Trastuzumab engraftment was performed from previously obtained liposome, generating
immunoliposome.

The engraftment was carried out by maleimide–thiol conjugation after having previously
derivatized the trastuzumab with thiol function. To this end, trastuzumab was first dissolved
in a 0.1 M sodium phosphate-buffered saline (PBS), pH 8.0, containing 5 mM ethylene diamine
tetra-acetic acid, and mixed under constant shaking for 2 h at room temperature with a Traut’s reagent
solution at 1:10 molar ratio (Traut’s/trastuzumab). Thiolated trastuzumab was then directly mixed
with the pegylated liposomes at 1:127 molar ratio (trastuzumab/MAL-PEG).

The mixture was kept under constant shaking at 4 ◦C overnight. Unbound trastuzumab and free
ASO were removed from the liposomal solution using 6000× g centrifugation on MWCO 300 KDa
Vivaspin (VWR, Fontenay-sous-Bois, France) [26].

2.7. Size and Polydispersity Study

Size and polydispersity index (PDI) of liposomes and immunoliposomes were measured by
dynamic light scattering (DLS). Analysis parameters were as follows: medium: PBS solution, viscosity of
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water: 0.8937, temperature: 25 ◦C, dielectric constant: negative but not used in these measurements,
nanoparticles: liposomes, refractive index of water: 1.333 cP, detection angle: 173◦, wavelength:
632.8 nm, software for analysis of data: Zetasizer Nano software v3.30.

Liposomes and immunoliposomes were diluted in a PBS solution and then analyzed by a Zetasizer
Nano S (Malvern Instruments, Malvern, UK). Liposomal preparations were considered unimodal
for a PDI < 0.2. The measures were performed extemporaneously after liposome formation for both
formulations in triplicate.

Stability study was performed at 7, 14 and 28 days after liposome formation.

2.8. ASO Encapsulation Rate

ASO encapsulation rate was only determined for formulation 2 by fluorescence (495/520 nm).
After grafting ASO with FITC in 3′ (Eurofins, Les Ullis, France), ASO–FITC encapsulation rate was
determined by measuring the FITC fluorescence at 520 nm (PHERAstar FSX, BMG Labtech, Ortenberg,
Germany) [27]. All the measures were performed in triplicate.

2.9. Quantification of HER2 on Cells

Flow cytometry analysis allowed measuring the expression of Her2 on the surface of PC-3 cells [28].
As previously described [29], QuantiBRITE PE (BD Biosciences, San Jose, USA) was used to

estimate the absolute number of Her2 receptors on cell membranes. About 100,000 cells of PC-3 were
incubated under saturated conditions with PE Mouse Anti-Human HER-2/neu (BD Biosciences, San Jose,
USA) for 30 min at 4 ◦C before being rinsed with PBS. IgG2a-PE anti-mouse antibodies (Fisher Scientific,
Illkirch, France) were used for isotopic control. Analysis was then immediately performed on Gallios
Beckman Coulter. Assuming our anti-HER-2 PE antibody has a 1:1 fluorochrome/antibody ratio,
PE median fluorescence intensity (MFI) was measured for all cell lines and reported on a log–log graph
with MFI vs. PE molecules, after subtracting isotopic control MFI. All the measures were performed
in triplicate.

2.10. In Vitro Assays

Spheroids were obtained with PC-3 cells seeded with 20% methylcellulose solution on a 96-well
U-bottom plate for at least 24 h before the experiment began. Different drug concentrations and
scheduling conditions were tested on 5000-cell spheroids. Viability was assessed by bioluminescence
assay. The cell viability in bioluminescence was determined on PC-3 cells using luminescent cell
viability assay (CellTiter-Glo, Promega, Madison, WI, USA) and bioluminescence reading (PHERAstar
FSX; BMG Labtech, Ortenberg, Germany). Cellular uptake was observed using confocal microscopy
(TCS SP2 Leica) coupled to a digital camera.

Using 5000-cell spheroids, we determined nontoxic concentrations of lipid treated on day 1 and
day 8 with viability determined in bioluminescence at day 15.

Subsequently, in a first protocol, we tested one nontoxic concentration of lipid (i.e., 8 nM) following
day 3 and day 10 (after spheroid formation) treatment schedule with viability assay on day 15 or
only at day 3 with viability assay at day 15. Encapsulated ASO concentration (i.e., after lipidic film
formation) at 150 nM was tested. Cells were exposed to treatment for four hours on Day 3 and/or day
10. After four hours of exposure, treatment was removed and replaced by supplemented RPMI.

In a second protocol, using 5000-cell spheroids, we tested two nontoxic concentrations of lipid
(i.e., 2 and 8 nM) following day 3 and day 10 treatment schedule with viability assay on day 15.
Encapsulated ASO concentration (i.e., after lipidic film formation) at 150 nM was tested. Empty
liposomes and immunoliposomes, for each nontoxic lipid concentration, were used as control.
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2.11. Statistical Analysis

Formulation experiments were performed at least in triplicate and data were represented as
mean ± SD or ±standard error of the mean. Statistical analyses were performed on MedCalc 17.2.1.
Software (MedCalc, Acacialaan, Belgium).

In vitro experiment was performed at least in triplicate and data were represented as mean ± SD or
±standard error of the mean. All statistical analyses were performed with car [30] and multcomp [31]
packages of the software R [32].

3. Results

3.1. ASO Stability in Solvents

ASO stability has been studied in three different solvents. Sodium chloride 0.9% solution was
tested because it was used during the hydration step of the lipidic film during liposome formation,
water was used because lyophilized ASO was reconstituted with it and methanol was the organic
solvent used for lipid dissolution before lipid film formation and for liposome extraction.

Results show that ASO is stable in the three solvents over 32 days. Thus, formulation tests can be
carried out by including ASO in the organic phase (methanol) or in the hydration solvent (NaCl 0.9%)
without fear of deterioration of the ASO (Figure 2).
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3.2. Size and Polydispersity

We have developed two lipidic compositions: DOTAP/Mal-PEG/Chol (29:2:69) and
DOTAP/Mal-PEG/PC/Chol (20:20:58:2) respectively for ASO-Li-1/ASO-iLi-1 and ASO-Li-2/ASO-iLi-2.

Size and PDI are summarized in Table 1.
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Table 1. Size and polydispersity index (PDI) comparison for both formulations of liposomes
and immunoliposomes.

Formulation Size (nm) ± SD PDI ± SD

ASO-Li-1 127.7 ± 4.8 0.161 ± 0.03

ASO-iLi-1 139.6 ± 1.8 0.183 ± 0.06

ASO-Li-2 145.6 ± 4.1 0.080 ± 0.01

ASO-iLi-2 154.1 ± 9.4 0.090 ± 0.03

We observed a statistically significant difference in size between ASO-Li-1 and ASO-iLi-1 (p = 0.016)
and ASO-Li-2 and ASO-iLi-2 (p = 0.032, Student’s t-test).

Stability study was performed on days 7, 14 and 28 after liposome formation. For formulation
1, size showed an increase both for ASO-Li-1 (p = 0.007, Student’s t-test) and ASO-iLi-1 (p = 0.002,
Student’s t-test). Given these results, stability study was not performed on days 14 and 28.

For formulation 2, size showed no difference from first measures (p = 0.838 for ASO-Li-2 and
p = 0.838 for ASO-iLi-2, one-way ANOVA testing). Results for size and PDI monitoring over time are
summarized in Table 2.

Table 2. Size and PDI comparison over time for formulation 2.

Formulation
Day 7 Day 14 Day 28

Size (nm) ± SD PDI ± SD Size (nm) ± SD PDI ± SD Size (nm) ± SD PDI ± SD

ASO-Li-1 150.7 ± 6.1 0.16 ± 0.03 not performed
ASO-iLi-1 166.9± 6.4 0.18 ± 0.07 not performed
ASO-Li-2 148.3 ± 8.4 0.07 ± 0.01 148.2 ± 5.3 0.08 ± 0.03 150.4 ± 4.7 0.11 ± 0.05
ASO-iLi-2 151.6 ± 1.0 0.06 ± 0.01 154.4 ± 3.4 0.08 ± 0.03 162.3 ± 1.0 0.10 ± 0.03

3.3. Pegylated Immunoliposome Preparation: Encapsulation Strategies

ASO–FITC was encapsulated into liposomes composed of DOTAP/Mal-PEG/PC/Chol in the
molar ratio 20:20:58:2. Mean encapsulation rates of ASO–FITC were 21.14 ± 7.65% for fast agitation,
42.88 ± 3.80% for soft agitation and 39.00 ± 2.16% combined hydration solvent and soft agitation
(Figure 3). No significant difference appears between the two formulations using soft agitation
p = 0.484). Whether ASO was introduced in organic or in hydrophilic phase had no influence on
ASO encapsulation.
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3.4. Quantification of Her2 on Cells

PC-3 cells were found to express 12 × 103 ± 0.5 × 103 Her2 receptors per cell. This was next
compared to the expression of Her2 receptor on breast cancer cells MDA-MB-231, MDA-MB-453 and
SKBR3 (reference cells for Her2 expression), as shown in Figure 4.Pharmaceutics 2020, 12, x FOR PEER REVIEW 8 of 16 
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Figure 4. Comparison of Her2 receptors on cell surface for MDA-MB-231, PC-3, MDA-MB-453
and SKBR3.

3.5. 3D In Vitro

3.5.1. Lipidic Antiproliferative Activity

For both liposomes and immunoliposomes and for both formulations, the nontoxic concentration
in empty liposomes was observed for lipid concentrations <10 nM for PC-3 cells treated at days 1 and
8 with viability determined in bioluminescence at day 15 (Figure 5). These results agree with those
obtained in 2D (data not shown).
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Figure 5. Cell viability (%) of PC-3 when exposed to Empty-Li-2.

Following these results, we decided to work with formulation 2 at two nontoxic lipid concentrations
(2 and 8 nM) and an encapsulated ASO at 150 nM. Encapsulation rate for each batch was 41 ± 6%.

3.5.2. Liposomal Antiproliferative Activity

All the measures were performed in triplicate; these protocols (protocols 1 and 2) are summarized
in Figures 6 and 7.
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Figure 7. Protocol 2: liposomal antiproliferative activity with long exposition time. 3D in vitro
assessment with spheroid treatment protocol 2. All the measures were performed in triplicate.

Empty liposomes and immunoliposomes showed no in vitro cytotoxicity (data not shown).
Results of cytotoxic studies with protocol 1 are summarized in Figure 8. Greater cytotoxicity was
observed in PCa exposed to liposomes with both treatment schemes. No effect was detected with
ASO-iLi-2 at 8 nM with both schedules.
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Figure 8. Cell viability (%) of 5000 PC-3 cell spheroids when exposed to ASO-Li-2 at 8 nM and ASO-iLi-2
at 8 nM for 4h at day 3 and days 3–10 (***, 0; **, 0.001; * 0.01).

Results of cytotoxic studies with protocol 2 at low lipid concentration are summarized in Figure 9.
Greater cytotoxicity was observed in PCa exposed to immunoliposomes encapsulated with 150 nM of
ASO and to lipid concentration of 2 nM (p = 0.039). No cytotoxic effect on PCa cells was detected after
ASO-Li-2 treatment at low lipid concentration.
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Results of cytotoxic studies with protocol 2 at high lipid concentration are summarized in Figure 10.
A greater cytotoxicity was observed in PCa exposed to immunoliposomes encapsulated 150 nM of
ASO (p = 0.0041 vs. Empty-iL-2 and p = 0.0039 vs. ASO-Li-2).
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Figure 10. Cell viability (%) of 5000 PC-3 cell spheroids when exposed to Empty-iLi-2 at 8 nM, ASO-Li-2
at 8 nM and ASO-iLi-2 at 8 nM (***, 0; **, 0.001; * 0.01).

Cell viability results obtained were confirmed by microscopic observation (Figure 11). Observations
were made on days 1 (24 h after cell seeding), 8 and 15.
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Figure 11. Spheroid (5000 cells) microscopy observations.

Microscopy observations were consistent with bioluminescence ones. On day 15, spheroids
treated with ASO-iLi-2 at 8 nM seemed to present more cellular death than control and other
treatment conditions.

4. Discussion

ASOs are a promising approach in oncology, and more particularly in CRPCa with the development
of ASO targeting TCTP.

While ASO has shown its efficacy in vitro, cellular uptake has proven to be much more challenging.
In this respect, we have here studied a new encapsulated formulation of ASO, designed to penetrate in
cells. In this work, we have developed innovative second- and third-generation liposomal formulations
encapsulating ASO, so as to enhance cellular penetration and effectiveness in PCa cells [33–36].

Pegylated immunoliposomes, thanks to their stealthiness and size compatible with the EPR
effect, provide a unique opportunity for both passive and active targeting of tumors. To this end,
liposomal formulations must take into account two important parameters: the nature of the ASO
(i.e., its hydrophilic nature and its anionic character) and the necessity of a diameter below 200 nm
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for EPR effect. Here, anti-Her2 trastuzumab was used as a targeting agent because Her2 is frequently
expressed in several cancers such as breast cancer or gastric/gastroesophageal cancers [37].

We found that the level of Her2 expression in PC-3 was relatively low, so previous work on
MDA-MB231 cells with even a lower level of target expression than PC-3 showed promising results in
our laboratory. Still, the rationale for targeting Her2 on PC-3 cells could be questioned here. Because
the PC-3 cells are the cells mostly used as an experimental model for CRPa [38,39], they were considered
as a fully suitable model for evaluating the usefulness of transporting ASOs with immunoliposomes
in prostate cancer, especially because we have demonstrated previously that higher efficacy with
trastuzumab-grafted liposomes was not necessarily correlated to a high level of Her2 expression.

The innovative nature of this approach consisted in the combination of the advantages of a small
diameter (i.e., <150 nm) of lipid–nucleic acid nanoparticles, improving ASO drug delivery through
passive targeting, with the advantages of active targeting (i.e., anti-Her2) [40–42]. Prostate tumors are
highly vascularized tumors, thus making this tumor eligible for EPR effects [43,44].

Previous studies have highlighted the complexity of defining optimal formulations yielding
acceptable encapsulation rates with other hydrophilic active agents such as siRNA [45]. In our study,
the difficulty was to combine acceptable encapsulation rates with small-sized nanoparticles while
allowing trastuzumab engraftment.

In the present study, we showed that is it possible to design ASO liposomes and immunoliposomes.
We have developed two different liposomal formulations showing good performances in terms of size,
encapsulation rate and stability. DOTAP is a cationic lipid used to optimize liposome stability and
increase anionic oligonucleotide ASO encapsulation rate. Chol and PC are neutral lipids frequently
used for liposome formulation. The two tested formulations differ by PC presence in order to increase
liposome stability. Finally, Mal-PEG is a common stealth agent used for all kinds of nanoparticles [46,47].

We worked with two nontoxic lipid concentrations (2 nM and 8 nM) and an encapsulated ASO
at 150 nM. Indeed, lipid concentration plays a major role in liposome stability and leakage from
the membrane. Low cholesterol concentration decreases stability and increases drug release [48].
Testing two lipid concentration levels allowed differences in cytotoxic effect to be highlighted.

Moreover, cholesterol affects the plasticity of the liposomal membrane; i.e., increasing cholesterol
decreases the plasticity and increases the rigidity of the membranes [49]. Cholesterol was therefore a
critical component because, for hydrophilic components such as ASO, membrane rigidity determines
the release rate of the content [50].

A significant difference was found between formulations using fast agitation and the two other
formulations (p < 0.001). This difference can be explained by destabilization and weakening of
liposomes during fast agitation.

Following these results, we decided to work with formulation 2 composed of DOTAP/Mal-
PEG/PC/Chol in the molar ratio 20:20:58:2. The encapsulation rate for each batch was 41 ± 6%.

Liposomes and immunoliposomes were compared in terms of physical characteristics, size suitable
for EPR effect and encapsulation rates. The extraction of the ASO was optimized using a
chloroform–methanol mixture. Finally, soft agitation with thin-film method was selected as the
best encapsulation method, yielding encapsulation rates of about 50%, i.e., twice as much as the other
methods we tested.

However, for the present proof-of-concept study, aiming at demonstrating that encapsulating
ASOs in lipidic carriers helps to increase their efficacy, we decided to work on freshly prepared batches,
rather than trying to improve shelf-stability.

Antiproliferative assays were performed on PCa-3 cells using both 2D and 3D models. Spheroids
(i.e., 3D) are considered as a better model for evaluating the efficacy of nanoparticles [51]; however,
2D models were useful for determining IC50s of free ASO and free trastuzumab, as well as for
determining the nontoxic concentrations of blank liposomes. These preliminary results on 2D models
helped us to determine the concentrations (i.e., 2 and 8 nM) to be used for the 3D testing without
confounding factors such as the direct toxic effect of overly concentrated lipids.
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When using 3D models, the antiproliferative activity of free ASO was low and fully in line with that
already described in the literature, thus confirming the need to provide ASO with a carrier to further
increase its efficacy. Empty liposomes and blank immunoliposomes did not show antiproliferative
activity. In 3D culture, the nontoxic concentration in lipids was confirmed to be 10 nM.

For free drugs (i.e., free ASO and free trastuzumab), no efficacy was observed in 3D models (data not
shown). These data confirmed that ASO needs to be encapsulated to be efficient. We subsequently
developed two processing protocols taking into account the preliminary data available [22].

Regardless of the short exposition time (4 h) and delayed exposure (i.e., day 3 and days 3
and 10), we observed a significant superiority in the efficacy of the liposomes as compared to the
immunoliposomes. On the other hand, in these conditions of brief exposure, the treatment of PCa cells
by immunoliposomes did not show any efficacy.

This scheduling was previously used in 2D models with PC-3 and already showed an effect in
downregulation of TCTP expression and cell viability when using lipid-conjugated ASO carrier [12].
However, with our liposomes and immunoliposomes, these results were not confirmed. This loss of
efficacy for immunoliposomes encapsulating ASO could come from this incubation time being too
short to allow proper interaction between trastuzumab and Her2 receptors on PC-3 cells, preventing
the efficient intracellular release of ASO. Indeed, the presence of the grafted antibody in the bilayer
of the nanoparticle causes steric hindrance and is probably accompanied by a longer cellular uptake,
resulting in a delayed release of ASO at the cellular level and limiting its efficacy.

In protocol 2 with extended exposure time, no significant differences were found between
liposome-encapsulated ASO and empty liposome at all lipid concentrations. We have demonstrated
significantly superior efficacy of ASO-iLi-2 at any lipid concentration for long exposure times when
compared to liposome treatment.

In addition, for long exposure times, we have demonstrated significantly superior efficacy of
ASO-iLi-2 at 8 nM lipid concentration when compared to ASO-Li-2 treatment.

Trastuzumab, therefore, seems to play a critical role in the active targeting of PC-3 cells, despite their
low expression level of Her2. Indeed, free trastuzumab showed no efficacy in 3D models. Thus,
the greater antiproliferative efficacy achieved with immunoliposomes as compared with liposomes
encapsulating ASO cannot be directly related to some kind of direct trastuzumab cytotoxicity. Instead,
better targeting of cancer cells by passive and active targeting due to a better distribution of the
immunoliposomes in the core of the spheroid could explain this increase in efficacy.

Moreover, the differences in efficacy observed between immunoliposomes used at 2 and 8 nM can
be explained by differences in the membrane plasticity of the carriers. Indeed 2 nM immunoliposomes
contain less cholesterol than 8 nM immunoliposomes, and consequently, the membrane is less rigid,
resulting in a possible leaking process due to poor stability. Conversely, the lipid concentration of 8 nM
immunoliposomes allows better protection and subsequently also better intracellular penetration of
ASO into cancer cells.

The challenge of this work was to highlight the possibility of encapsulating the ASO into lipidic
nanoparticles so as to increase its efficacy. For both the developed liposomes and immunoliposomes,
we have demonstrated that lipidic nanoparticles are suitable for encapsulating ASOs in terms of size,
short-term stability and encapsulation rates. Results showed that both liposomes and immunoliposomes
performed better than free ASO, thus suggesting that encapsulating ASO could help to increase its
cytotoxicity. Because nanoparticles do not aim at changing the pharmacology of a drug, but rather aim
at affecting the delivery and pharmacokinetics, we hypothesize here that lipids containing ASO could
help carry the payload inside tumors.

5. Conclusions

In this proof-of-concept study, we have demonstrated that it is possible to increase the efficacy
of ASO in the canonical PC-3 model for prostate cancer by using lipid carriers. Interestingly,
immunoliposomes targeting Her2 have presented the most promising efficacy on 3D spheroids,
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provided that incubation time was long enough, despite a low expression of Her2 in PC-3
cells. Conversely, short exposure times led to higher efficacy of liposomes as compared with
immunoliposomes. This difference could come from the steric hindrance of the immunoliposomes
requiring a delay in the release of ASO, thus making it a more suitable candidate for long-exposure
schedules. Overall, this work suggests that shifting from standard intratumoral administration of
oligonucleotides to systemic administration is feasible, provided that a suitable vehicle is developed.

Poor stability of encapsulated ASO obliged us to use extemporaneously prepared batches;
however, this weakness could be fixed in the future, i.e., by lyophilization of the nanoparticles so as to
enhance shelf-stability.

Author Contributions: Conceptualization, G.S. and R.F.; resources, C.P. and A.R.; supervision, P.R.; visualization,
J.C.; funding acquisition, S.G. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

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

References

1. Litwin, M.S.; Tan, H.-J. The Diagnosis and Treatment of Prostate Cancer: A Review. JAMA 2017, 317,
2532–2542. [CrossRef] [PubMed]

2. Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global cancer statistics 2018:
GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer
J. Clin. 2018, 68, 394–424. [CrossRef] [PubMed]

3. Epstein, J.I.; Zelefsky, M.J.; Sjoberg, D.D.; Nelson, J.B.; Egevad, L.; Magi-Galluzzi, C.; Andrew, J.; Parwani, A.V.;
Reuter, V.E.; Fine, S.W.; et al. A Contemporary Prostate Cancer Grading System: A Validated Alternative to
the Gleason Score. Eur. Urol. 2016, 69, 428–435. [CrossRef] [PubMed]

4. Jayaram, A.; Attard, G. Diagnostic Gleason score and castration-resistant prostate cancer. Ann. Oncol. 2016,
27, 962–964. [CrossRef]

5. Katsogiannou, M.; Ziouziou, H.; Karaki, S.; Andrieu, C.; Henry de Villeneuve, M.; Rocchi, P. The hallmarks
of castration-resistant prostate cancers. Cancer Treat. Rev. 2015, 41, 588–597. [CrossRef]

6. Baylot, V.; Karaki, S.; Rocchi, P. TCTP Has a Crucial Role in the Different Stages of Prostate Cancer Malignant
Progression. Results Probl. Cell Differ. 2017, 64, 255–261.

7. Rho, S.B.; Lee, J.H.; Park, M.S.; Byun, H.-J.; Kang, S.; Seo, S.-S.; Kim, J.-Y.; Park, S.-Y. Anti-apoptotic protein
TCTP controls the stability of the tumor suppressor p53. FEBS Lett. 2011, 585, 29–35. [CrossRef]

8. Amson, R.; Pece, S.; Lespagnol, A.; Vyas, R.; Mazzarol, G.; Tosoni, D.; Colaluca, I.; Viale, G.;
Rodrigues-Ferreira, S.; Wynendaele, J.; et al. Reciprocal repression between P53 and TCTP. Nat. Med.
2011, 18, 91–99. [CrossRef]

9. Stahel, R.A.; Zangemeister-Wittke, U. Antisense oligonucleotides for cancer therapy—An overview.
Lung Cancer 2003, 41, 81–88. [CrossRef]

10. Geary, R.S.; Norris, D.; Yu, R.; Bennett, C.F. Pharmacokinetics, biodistribution and cell uptake of antisense
oligonucleotides. Adv. Drug Deliv. Rev. 2015, 87, 46–51. [CrossRef]

11. Baylot, V.; Katsogiannou, M.; Andrieu, C.; Taieb, D.; Acunzo, J.; Giusiano, S.; Fazli, L.; Gleave, M.; Garrido, C.;
Rocchi, P. Targeting TCTP as a New Therapeutic Strategy in Castration-resistant Prostate Cancer. Mol. Ther.
2012, 20, 2244–2256. [CrossRef] [PubMed]

12. Karaki, S.; Benizri, S.; Mejías, R.; Baylot, V.; Branger, N.; Nguyen, T.; Vialet, B.; Oumzil, K.; Barthélémy, P.;
Rocchi, P. Lipid-oligonucleotide conjugates improve cellular uptake and efficiency of TCTP-antisense in
castration-resistant prostate cancer. J. Control. Release 2017, 258, 1–9. [CrossRef] [PubMed]

13. Fanciullino, R.; Ciccolini, J. Liposome-encapsulated anticancer drugs: Still waiting for the magic bullet?
Curr. Med. Chem. 2009, 16, 4361–4371. [CrossRef] [PubMed]

14. Bitounis, D.; Pourchez, J.; Forest, V.; Boudard, D.; Cottier, M.; Klein, J.-P. Detection and analysis of
nanoparticles in patients: A critical review of the status quo of clinical nanotoxicology. Biomaterials 2016, 76,
302–312. [CrossRef]

15. Pasut, G.; Veronese, F.M. State of the art in PEGylation: The great versatility achieved after forty years of
research. J. Control. Release 2012, 161, 461–472. [CrossRef]

350



Pharmaceutics 2020, 12, 1166

16. Montero, A.J.; Adams, B.; Diaz-Montero, C.M.; Glück, S. Nab-paclitaxel in the treatment of metastatic breast
cancer: A comprehensive review. Expert Rev. Clin Pharmacol. 2011, 4, 329–334. [CrossRef]

17. Prabhu, S.; Boswell, C.A.; Leipold, D.D.; A Khawli, L.; Li, D.; Lu, D.; Theil, F.-P.; Joshi, A.; Lum, B.L. Antibody
delivery of drugs and radionuclides: Factors influencing clinical pharmacology. Ther. Deliv. 2011, 2, 769–791.
[CrossRef]

18. Adair, J.R.; Howard, P.W.; Hartley, J.A.; Williams, D.G.; Chester, K.A. Antibody-drug conjugates—A perfect
synergy. Expert Opin. Biol. Ther. 2012, 12, 1191–1206. [CrossRef]

19. Greish, K. Enhanced permeability and retention (EPR) effect for anticancer nanomedicine drug targeting.
Methods Mol. Biol. 2010, 624, 25–37.

20. Mamot, C.; Ritschard, R.; Wicki, A.; Stehle, G.; Dieterle, T.; Bubendorf, L.; Hilker, C.; Deuster, S.;
Herrmann, R.; Rochlitz, C. Tolerability, safety, pharmacokinetics, and efficacy of doxorubicin-loaded
anti-EGFR immunoliposomes in advanced solid tumours: A phase 1 dose-escalation study. Lancet Oncol.
2012, 13, 1234–1241. [CrossRef]

21. Lehtinen, J.; Raki, M.; Bergström, K.A.; Uutela, P.; Lehtinen, K.; Hiltunen, A.; Pikkarainen, J.; Liang, H.;
Pitkänen, S.; Määttä, A.; et al. Pre-Targeting and Direct Immunotargeting of Liposomal Drug Carriers to
Ovarian Carcinoma. PLoS ONE 2012, 7, e41410. [CrossRef] [PubMed]

22. Rodallec, A.; Brunel, J.-M.; Giacometti, S.; Maccario, H.; Correard, F.; Mas, E.; Ornetto, C.; Savina, A.;
Bouquet, F.; Lacarelle, B.; et al. Docetaxel-trastuzumab stealth immunoliposome: Development and in vitro
proof of concept studies in breast cancer. Int. J. Nanomed. 2018, 13, 3451–3465. [CrossRef] [PubMed]

23. Bangham, A.D.; Standish, M.M.; Watkins, J.C. Diffusion of univalent ions across the lamellae of swollen
phospholipids. J. Mol. Biol. 1965, 13, 238–252. [CrossRef]

24. Fanciullino, R.; Mollard, S.; Correard, F.; Giacometti, S.; Serdjebi, C.; Iliadis, A.; Ciccolini, J. Biodistribution,
tumor uptake and efficacy of 5-FU-loaded liposomes: Why size matters. Pharm. Res. 2014, 31, 2677–2684.
[CrossRef]

25. Eg, B.; Wj, D. A rapid method of total lipid extraction and purification. Can. J. Biochem. Physiol. 1959, 37,
911–917.

26. Soema, P.C.; Willems, G.-J.; Jiskoot, W.; Amorij, J.-P.; Kersten, G.F. Predicting the influence of liposomal lipid
composition on liposome size, zeta potential and liposome-induced dendritic cell maturation using a design
of experiments approach. Eur. J. Pharm. Biopharm. 2015, 94, 427–435. [CrossRef] [PubMed]

27. Oude Blenke, E.; Evers, M.J.W.; Baumann, V.; Winkler, J.; Storm, G.; Mastrobattista, E. Critical evaluation
of quantification methods for oligonucleotides formulated in lipid nanoparticles. Int. J. Pharm. 2018, 548,
793–802. [CrossRef]

28. Rodallec, A.; Franco, C.; Robert, S.; Sicard, G.; Giacometti, S.; Lacarelle, B.; Bouquet, F.; Savina, A.; Lacroix, R.;
Dignat-George, F.; et al. Prototyping Trastuzumab Docetaxel Immunoliposomes with a New FCM-Based
Method to Quantify Optimal Antibody Density on Nanoparticles. Sci. Rep. 2020, 10, 4147. [CrossRef]

29. Panke, C.; Weininger, D.; Haas, A.; Schelter, F.; Schlothauer, T.; Bader, S.; Sircar, R.; Josel, H.P.; Baer, U.;
Burtscher, H.; et al. Quantification of cell surface proteins with bispecific antibodies. Protein Eng. Des. Sel.
2013, 26, 645–654. [CrossRef]

30. Fox, J.; Weisberg, S. An R Companion to Applied Regression, 3rd ed.; Sage Publications: Thousand Oaks, CA,
USA, 2019.

31. Hothorn, T.; Bretz, F.; Westfall, P. Simultaneous inference in general parametric models. Biom. J. 2008, 50,
346–363. [CrossRef]

32. R: The R Project for Statistical Computing. Available online: https://www.r-project.org/ (accessed on 13
June 2020).

33. Gray, G.D.; Basu, S.; Wickstrom, E. Transformed and immortalized cellular uptake of oligodeoxynucleoside
phosphorothioates, 3′-Alkylamino oligodeoxynucleotides, 2′-o-methyl oligoribonucleotides,
oligodeoxynucleoside methylphosphonates, and peptide nucleic acids. Biochem. Pharmacol. 1997,
53, 1465–1476. [CrossRef]

34. Moreno, P.M.D.; Pêgo, A.P. Therapeutic antisense oligonucleotides against cancer: Hurdling to the clinic.
Front. Chem. 2014, 2, 87. [CrossRef] [PubMed]

35. Winkler, J. Oligonucleotide conjugates for therapeutic applications. Ther. Deliv. 2013, 4, 791–809. [CrossRef]
[PubMed]

351



Pharmaceutics 2020, 12, 1166

36. Godeau, G.; Arnion, H.; Brun, C.; Staedel, C.; Barthélémy, P. Fluorocarbon oligonucleotide conjugates for
nucleic acids delivery. MedChemComm 2010, 1, 76–78. [CrossRef]

37. Iqbal, N.; Iqbal, N. Human Epidermal Growth Factor Receptor 2 (HER2) in Cancers: Overexpression and
Therapeutic Implications. Mol. Biol. Int. 2014, 2014, 1–9. [CrossRef] [PubMed]

38. Tai, S.; Sun, Y.; Squires, J.M.; Zhang, H.; Oh, W.K.; Liang, C.-Z.; Huang, J. PC3 is a cell line characteristic of
prostatic small cell carcinoma. Prostate 2011, 71, 1668–1679. [CrossRef] [PubMed]

39. Bladou, F.; E Gleave, M.; Penault-Llorca, F.; Serment, G.; Lange, P.H.; Vessella, R.L. In vitro and in vivo
models developed from human prostatic cancer. Prog. Urol. 1997, 7, 384–396. [PubMed]

40. Maeda, H. Polymer therapeutics and the EPR effect. J. Drug Target. 2017, 25, 781–785. [CrossRef]
41. Sharifi, N.; Salmaninejad, A.; Ferdosi, S.; Bajestani, A.N.; Khaleghiyan, M.; Estiar, M.A.; Jamali, M.;

Nowroozi, M.R.; Shakoori, A. HER2 gene amplification in patients with prostate cancer: Evaluating a
CISH-based method. Oncol. Lett. 2016, 12, 4651–4658. [CrossRef]

42. Andersson, J.; Rosestedt, M.; Asplund, V.; Yavari, N.; Orlova, A. In vitro modeling of HER2-targeting therapy
in disseminated prostate cancer. Int. J. Oncol. 2014, 45, 2153–2158. [CrossRef]

43. Uehara, H. Angiogenesis of prostate cancer and antiangiogenic therapy. J. Med. Investig. 2003, 50, 146–153.
44. Kluetz, P.G.; Figg, W.D.; Dahut, W.L. Angiogenesis Inhibitors in the treatment of Prostate Cancer. Expert Opin.

Pharmacother. 2010, 11, 233–247. [CrossRef] [PubMed]
45. Li, Y.; Cheng, Q.; Jiang, Q.; Huang, Y.; Liu, H.; Zhao, Y.; Cao, W.; Ma, G.; Dai, F.; Liang, X.-J.; et al. Enhanced

endosomal/lysosomal escape by distearoyl phosphoethanolamine-polycarboxybetaine lipid for systemic
delivery of siRNA. J. Control. Release 2014, 176, 104–114. [CrossRef] [PubMed]

46. Zahednezhad, F.; Saadat, M.; Valizadeh, H.; Zakeri-Milani, P.; Baradaran, B. Liposome and immune system
interplay: Challenges and potentials. J. Control. Release 2019, 305, 194–209. [CrossRef] [PubMed]

47. Bennett, C.F.; Chiang, M.Y.; Chan, H.; Shoemaker, J.E.; Mirabelli, C.K. Cationic lipids enhance cellular uptake
and activity of phosphorothioate antisense oligonucleotides. Mol. Pharmacol. 1992, 41, 1023–1033. [PubMed]

48. Anderson, M.; Omri, A. The Effect of Different Lipid Components on the In Vitro Stability and Release
Kinetics of Liposome Formulations. Drug Deliv. 2004, 11, 33–39. [CrossRef]

49. Coderch, L.; Fonollosa, J.; De Pera, M.; Estelrich, J.; De La Maza, A.; Parra, J.L. Influence of cholesterol on
liposome fluidity by EPR: Relationship with percutaneous absorption. J. Control. Release 2000, 68, 85–95.
[CrossRef]

50. Mourtas, S.; Fotopoulou, S.; Duraj, S.; Sfika, V.; Tsakiroglou, C.; Antimisiaris, S.G. Liposomal drugs dispersed
in hydrogels: Effect of liposome, drug and gel properties on drug release kinetics. Colloids Surf. B Biointerfaces
2007, 55, 212–221. [CrossRef]

51. Rodallec, A.; Sicard, G.; Giacometti, S.; Carré, M.; Pourroy, B.; Bouquet, F.; Savina, A.; Lacarelle, B.;
Ciccolini, J.; Fanciullino, R. From 3D spheroids to tumor bearing mice: Efficacy and distribution studies of
trastuzumab-docetaxel immunoliposome in breast cancer. Int. J. Nanomed. 2018, 13, 6677–6688. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

352



pharmaceutics

Review

Like a Rolling Stone: Sting-Cgas Pathway and
Cell-Free DNA as Biomarkers for
Combinatorial Immunotherapy

Guillaume Sicard 1, Frédéric Fina 2, Raphaelle Fanciullino 1, Fabrice Barlesi 3,4 and
Joseph Ciccolini 1,*

1 SMARTc Unit, CRCM Inserm U1068, Aix Marseille University, 13007 Marseille, France;
guillaume.sicard@ap-hm.fr (G.S.); raphaelle.fanciullino@univ-amu.fr (R.F.)

2 Anatomo-pathology Unit, La Timone University Hospital of Marseille, 13005 Marseille, France;
frederic.fina@ap-hm.fr

3 School of Medicine, Aix Marseille University, 13007 Marseille, France; Fabrice.BARLESI@gustaveroussy.fr
4 Gustave Roussy Institute, 94800 Villejuif, France
* Correspondence: joseph.ciccolini@univ-amu.fr; Tel.: +33-(0)4-9183-5509

Received: 4 July 2020; Accepted: 10 August 2020; Published: 11 August 2020

Abstract: Combining immune checkpoint inhibitors with other treatments likely to harness tumor
immunity is a rising strategy in oncology. The exact modalities of such a combinatorial regimen
are yet to be defined, and most attempts have relied so far on concomitant dosing, rather than
sequential or phased administration. Because immunomodulating features are likely to be time-,
dose-, and-schedule dependent, the need for biomarkers providing real-time information is critical to
better define the optimal time-window to combine immune checkpoint inhibitors with other drugs.
In this review, we present the various putative markers that have been investigated as predictive tools
with immune checkpoint inhibitors and could be used to help further combining treatments. Whereas
none of the current biomarkers, such as the PDL1 expression of a tumor mutational burden, is suitable
to identify the best way to combine treatments, monitoring circulating tumor DNA is a promising
strategy, in particular to check whether the STING-cGAS pathway has been activated by cytotoxics.
As such, circulating tumor DNA could help defining the best time-window to administrate immune
checkpoint inhibitors after that cytotoxics have been given.

Keywords: combinatorial immunotherapy; cytotoxics; biomarkers; precision medicine

1. Introduction: Doom and Gloom

Precision medicine is a broad generic term, generally used to describe all of the resources used to
decipher the molecular and genomic profiles of tumors, primarily for selecting the drugs which are the
most likely to be clinically effective in cancer patients.

For decades, improving either response rates or survival in cancer patients has been achieved in a
stepwise manner. Despite the recent and growing use of bio-guided medicine in oncology, the use of
targeted therapies or anti-angiogenic therapy has been considered as an incremental innovation, with a
significant but moderate impact on survival eventually. Indeed, apart from rare counter-examples
such as imatinib in CML or trastuzumab in HER2-positive breast cancer, it has taken decades to reach
meaningful prolonged survival, beyond a rapid and spectacular increase in response rates [1].

More recently, immunotherapy has been considered as a ground-breaking innovation in oncology.
Although the role of tumor immunity has been known for decades [2], the introduction of immune
checkpoint inhibitors (e.g., anti-CTLA4, or PD1/PDL1 axis antagonists) as new anticancer agents
quickly led to spectacular improvements in clinical outcomes, including 5 year-survival rates above
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30%. Unfortunately, successful immunotherapy is restricted to a too limited, but relevant, number of
cancers with once dismal prognosis, such as metastatic melanoma and advanced non-small cell lung
cancer (NSCLC).

Consequently, after first years of use as single-agents, all the newly developed immune checkpoint
inhibitors are to be combined with other therapeutic strategies such as chemotherapy, targeted therapy,
anti-angiogenics, or radiation therapy. Importantly, most combinational trials have been designed thus
far on an empirical basis, i.e., by adding novel immune checkpoint inhibitors to already existing and
sometimes decade-old regimens. Still, today a rising amount of evidence suggests that to achieve a
maximum efficacy while controlling toxicities, there is probably an optimal way immune checkpoint
inhibitors should be combined with other anticancer drugs or with radiation therapy [3]. Of note,
this kind of optimal design cannot be identified anymore with standard trial-and-error approaches,
owing to the ever growing complexity and the countless possibilities of different combinations to
be tested [4].

Academic clinical studies have already shown, with other anticancer agents such as anti-
angiogenics and cytotoxics, that optimizing administration scheduling can help improving clinical
outcomes. This, calls for new methods to administrate drugs and determine the right dosing, scheduling,
and sequencing when setting up a combinatorial regimen [5].

It should be noted that clinical evidence establishing pharmacokinetic/pharmacodynamic (PK/PD)
relationships (e.g., drug exposure levels predict survival and are associated with treatment-related
toxicities) with anti-CTLA4 Ipilumumab have been published, as well as high inter-patient variability
in pharmacokinetic profiles [6]. With other immune checkpoint inhibitors targeting the PD1/PDL1 axis,
exposure–effects relationships are not fully elucidated yet since conflictual results have been published
so far, such as with anti-PD1 nivolumab [7,8].

As their name suggests, immune checkpoint inhibitors inhibit the key checkpoints of immune
response [9]. Tumor cells have the ability to escape from host immunity [10] and the role of immune
checkpoint inhibitors is to target transmembrane proteins such as the CTLA4, PD1, and PD-L1
ligand. Currently, the 7 immune checkpoint inhibitors which have been FDA-approved are [11]
anti-CTLA4 (Ipilimumab), Anti-PD1 (Nivolumab, Pembrolizumab, Cemiplimab), and Anti-PD-L1
(Avelumab, Atezolizumab, Durvalumab). Many others immune checkpoint inhibitors are currently
being developed and are already in clinical testing phases [12]. Mechanisms of action of immune
checkpoint inhibitors are briefly summarized in Figure 1.

Immune checkpoint inhibitors are used in current practice in oncology as single agent, and more
and more frequently now in combination with chemotherapy, radiation therapy, or in association
with another immune checkpoint inhibitor such as the anti-CTLA4 + anti-PD1 combo in metastatic
melanoma [13].

The first FDA-approved immune checkpoint inhibitor was Ipilimumab in the early 2010’s [14]
in advanced melanoma. Ipilimumab is a fully human monoclonal antibody that targets and binds
to cytotoxic T-lymphocyte-associated antigen 4 (CTLA4) and blocks its interaction with its ligands,
i.e., CD80 and CD86. Consequently, Ipilimumab potentiates the antitumor T-cell response, resulting in
unrestrained T-cell proliferation, plus it provides co-stimulatory signals (CD80/CD86) through CD28
on T lymphocytes. CTLA4 is constitutively expressed on the lymphocytes T regulatory (best known
as T Regs) surface. The role of CTLA4 is an inhibitory function, which impedes acquisition of T cell
effector function, thus preventing immunity from going out of control.

Anti-PD1 monoclonal antibodies Nivolumab and Pembrolizumab have been approved in 2014,
and Cemiplimab in 2018. Anti-PD-L1 monoclonal antibody Atezolizumab was approved in 2016 and
Avelumab and Durvalumab in 2017. Programmed cell death protein 1 (PD1) is a transmembrane
protein expressed by multiple immune cells, whereas its ligand, PD-L1 is expressed by non-blood
cells and overexpressed by tumor cells [15]. The PD1/PD-L1 axis is major immunosuppressive pathway,
that normally helps to control immune reactions. This axis leads to the reduced proliferation of T
Lymphocytes, anergy and exhaustion, apoptosis of activated T lymphocytes, diminution of T lymphocytes’
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TCR-mediated activation and proliferation, plus a decrease in several cytokines such as interferon-γ
(IFN-γ) and interleukin-2, as well as increase in T Regs further inhibiting immune response [16].
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Regarding side-effects, immune checkpoint inhibitors are generally well tolerated drugs but
can trigger severe toxicities rarely seen in oncology thus far, best known as immune-related adverse
events (IRAE). The most recurrent toxicities are immune events indeed, such as skin and digestive
toxicities and metabolic disorders [17]. Cardiac toxicity has been also reported with immune checkpoint
inhibitors, including cases of lethal myocarditis [18]. Because some of these toxicities can thus be
life-threatening, optimizing the efficacy/toxicity balance is of major interest with immunotherapy.

The use of immune checkpoint inhibitors in association with conventional chemotherapies or
oral targeted therapies is a promising strategy because there are no overlapping toxicities with
immunotherapy, whereas a synergistic effect is expected at the tumor level. These combinations are
based upon the hypothesis that sensitivity to immune checkpoint inhibitors will be increased by
immunomodulating properties of the associated drugs. For instance, Cisplatin increases activated
T lymphocytes as well as their intratumoral infiltration, thus acting synergistically with immune
checkpoint inhibitors [19]. However, determining the optimal modalities of administration of cisplatin
so that its modulating features are maximal, is yet to be determined.

2. Looking for the Ideal Biomarker in Immunotherapy: Welcome to the Jungle!

Importantly, the search for a robust, validated, and fully predictive biomarker with immunotherapy
is still an ongoing story [20]. Ideally, such a biomarker could, beyond predicting clinical outcomes,
help defining the best time-window for further combining treatments. This should accelerate the
identification of optimal combinatorial strategies with immune checkpoint inhibitors, so as to expedite
transfer to bedside practice and reduce attrition rates during clinical trials.

The ideal biomarker should be specific to tumor cells, sensitive enough to separate cancer patients
from healthy individuals, translatable (i.e., not specific of one type of cancer or patient) and easy and
quick to quantify in a patient-friendly way (e.g., measured in peripheral blood, and not from tumor
biopsies), in addition to being robust and reproducible.
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The search for predictive biomarkers with immunotherapy is challenging, as fully understanding
the underlying pharmacology of these drugs is tricky. Roughly, two categories of biomarkers can be
distinguished: the ones linked to the tumor or the ones linked to the host. The principal biomarker
linked to the host is the gut microbiome, plus neutrophil-to-lymphocyte ratios (NLR). Regarding a
tumor biomarker, molecular target expression (e.g., PD-L1), inflammation state (e.g., Myeloid-Derived
Suppressive Cells, tertiary lymphoid structures, tumor-infiltrating lymphocytes), and tumor antigen
expression (e.g., tumor mutational burden, microsatellite instability) are the most frequently tested
markers. However, all these markers are still characterized by inconsistencies in predictive cut-off

values depending on the studies, thus lowering their implementation in routine oncology as robust
decision-making tools.

3. Microbiome and Immunotherapy: Everything Counts

Interest on the role gut microbiota could play in the response to immune checkpoint inhibitors is
increasingly growing. Microbiota seem to play a major role on T Regs expression and in the activation
of T Lymphocytes indeed [21]. One of the mechanisms of action explaining the role of microbiota
is stimulating the response of T lymphocytes against microbial antigens. This response may be
tumor specific or may be the source of cross-reactions against tumor specific antigens. In addition,
T lymphocytes with bacterial epitopes were found in the tumor microenvironment as well [22].
In parallel, some studies demonstrated the negative impact of antibiotic treatment before starting
immune checkpoint inhibitor treatment [23]. Controlling antibiotic therapy is easily feasible, even if
they cannot always be easily ruled out in oncology in patients with sepsis. However, checking that the
patient’s microbiota is optimal for an optimal immunotherapy response remains highly challenging.
Microbiota transplants are already a strategy in the treatment of Clostridium difficile infections, but to
what extent it could be transposed to cancer patients is still currently under clinical investigation.

4. PD1 and PD-L1: Wish you Were Here

The expression of PD1 by immune cells and PD-L1 by tumor cells has been the first biomarker
proposed in modern immunotherapy. The overexpression of PD-L1 confers a poorer prognosis across
multiple tumor types, making therapeutic intervention on this immunomodulatory axis enticing.
The quantification of PD-L1 appeared intuitively as an interesting biomarker of tumor sensitivity
to immunotherapy, but the relevance of expression of PD-L1 alone remains debated today [24].
Furthermore, the cut-off for positivity of PD-L1 expression is yet be fully determined [25]. In addition,
a meta-analysis in solid tumors demonstrated that immune checkpoint inhibitors decreased the risk
of death by 34% to 100% in patients with positive PD-L1 and by 0% to up to 20% in PD-L1 negative
patients [26], highlighting the complexity of using PD-L1 expression as a biomarker. About 10 PD-L1
immunohistochemical diagnostic assays are currently on the market or in development [27]. A study,
comparing four different assays in lung cancer (i.e., two from Dako and two from Ventana medical
system) highlighted differences in mean tumor cell and immune cell staining between the assays.
Consequently, methods for measuring PDL1 cannot be used interchangeably in clinical practice,
thus raising questions on possible technical biases and use for decision-making [28].

This discrepancy is found as well regarding the FDA approval of immune checkpoint inhibitors,
because of the great heterogeneity in terms of cut-off [26]. For Nivolumab, during clinical trials different
thresholds of PD-L1 expression were tested and ranged from 1% to 10% (i.e., Checkmate studies 017,
025, 057, 066, 067, and 141). All PD-L1 quantifications were performed on tumor cells, and the final
choice for a positive cut-off seems to be highly tumor-type dependent.

For Pembrolizumab, during clinical trials different positivity thresholds for PD-L1 expression
were tested too, ranging from >1% (Keynote 66) to >50% (Keynote 010 and 024).

All PD-L1 protein expression quantification was performed on tumor cells except for Keynote 006
where PD-L1 was quantified on both tumor cells and in tumor microenvironments. The threshold
selection seems to be tumor-type dependent, i.e., high (>50%) for non-small-cell lung cancer (NSCL) and
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low (>1%) for the other types. For Atezolizumab, during clinical trials different positivity thresholds
of PD-L1 expression were tested too, ranging from >1% to >50% [29]. For Durvalumab, a clinical trial
NCT01693562 in NSCLC suggests that patient who had detectable levels of PD-L1 expression over 25%
on tumor cells may have longer survival [30].

These different clinical trials highlight once again the great heterogeneity observed in terms of
detectable levels of PD-L1 protein expression and tested material.

Given the lack of uniformity and positive results in patients defined as negative, the use of levels
of PD-L1 protein expression seems difficult in routine practice. Moreover, PD-L1 expression is dynamic
and modulated by radiation therapy or chemotherapy [31]. This PD-L1 expression modulation
described with radiation therapy and alkylating agents such as platinum-based drugs, is a hope for
non-responders patients to immunotherapy as monotherapy [32].

Actually, several drugs can modulate the transcriptional and post-transcriptional regulation of
PD-L1. For instance, Lenalidomide, currently used in multiple myeloma patients, down-regulates PD-L1
expression [33]. An in vitro study testing six different drugs (topoisomerase-2 inhibitor, microtubulin
inhibitor, CDK (cyclin dependent kinase) 4/6 inhibitor, topoisomerase-1 inhibitor, PI3K-mTOR dual
inhibitor, and SRC-3 inhibitor 6) in breast cancer cells demonstrated a PD-L1 mRNA induction in an
overwhelming majority of cases [34]. The use of drugs to either up- or down-regulate the expression
of PD-L1 is an interesting research path, but this makes interpreting PD-L1 expression in pretreated
patients (e.g., with the microtubulin inhibitor or lenalidomide) complicated because it may not reflect
the basal expression level.

Technically speaking, tumor quantification of PD-L1 expression requires invasive biopsy
procedures in patients. Alternatively, serum soluble PD-L1 quantification is currently being developed.
However, no significant association was found between serum or plasma PD-L1 levels and tumoral
PD-L1 expression [35]. Importantly, soluble PD-L1 is also present in healthy patients and increases
with age [36]. Still, concentrations in soluble PD-L1 are higher in cancer patients, but without a clearly
defined positive threshold, soluble PD-L1 will be difficult to interpret, as for PD-L1 expression in
tumor cells.

5. Riders on the Storm: Tertiary Lymphoid Structures, Tumor-Infiltrating Lymphocyte and Tumor
Microenvironment

Tertiary lymphoid structures are developed at an inflammation site, e.g., around a tumor, and from
an organization angle they look like lymph nodes. Their role is essential in the adaptive tumor
immune response. This inflammatory state at the peripheral of the tumor facilitates the trafficking
of lymphocytes, as well as their infiltration, and can also support effective antigen presentation
and lymphocyte activation [37]. The presence of tertiary lymphoid structures is associated with a
favorable clinical outcome for cancer patients, regardless of the stage of the disease. More particularly,
the presence of CD8+ activated T lymphocytes is correlated with a favorable prognosis. Indeed, even if
their natural cytotoxic activity is not considered sufficient to be curative [38], lack of lymphocytes
is associated with poor response to immunotherapy. The key issue for these lymphocytes is their
intratumoral penetration, so their localization has to be close to the tumor and the normalized
vasculature [39]. The tumor microenvironment is an interface that promotes tumor growth, which is
usually very immunosuppressed. It is characterized by acidic extracellular pH, hypoxia, high interstitial
fluid pressure, aerobic glycolysis (a.k.a. the Warburg effect), glutamine addiction, and altered
choline-phospholipid metabolism [40]. The neovasculature plays an essential role in the tumorigenic
and immunosuppressive capacities of the microenvironment. In fact, tumor vascular stromal cells
and endothelial cells decrease the recruitment, adhesion, and activity of T lymphocytes [41]. Beyond
carcinogenesis, the anarchic tumor vasculature, as well as the overexpression of pro-angiogenic factors,
has been recently implicated in mechanisms of resistance, including those limiting the efficacy of
clinically-approved immune checkpoint inhibitors [42]. Tumor vascular normalization seems to be
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essential in tumor microenvironment regarding T lymphocyte recruitment and activity, decreased
inflammatory reaction, and proper drug delivery [43].

Characterization and identification of the tumor microenvironment is essentially performed by
immunohistochemical or immunofluorescence detection on biopsy samples and by flow cytometry
analysis [44]. It is a pivotal field of research, but the characterization of tumor microenvironments and
tertiary lymphoid structures remains complex, especially because their structures are also found in
many inflammatory and/or autoimmune diseases.

6. Tumor Mutational Burden and Microsatellite Instability: Born to be Wild

The two most sensitive cancer types to immunotherapy are melanoma and NSCLC, which are both
characterized by a high mutational tumor burden [45]. Tumor mutational burden and microsatellite
instability reflect tumor genomic instability. Production of neo-antigens is the consequence of these
mutations. The immune response to these neo-antigens, mediated by CD8+ and CD4+ T lymphocytes,
is the basis of immunotherapy. Immune checkpoint inhibitors are highly effective in tumors presenting
microsatellite-high instability (MSIH) and DNA mismatch repair-deficient tumors [46]. Consequently
in 2018, the FDA approved Pembrolizumab in any advanced solid tumors with those characteristics [47].

This agnostic decision goes in the direction of an individualized precision medicine based
on the specificities of the tumor for each patient, and does not, anymore, depend on the tumor
localization. In the Checkmate 227 study, the first line treatment by two immune checkpoint inhibitors
(Nivolumab plus Ipilimumab) showed a significantly longer progression free survival on the tumor
mutational burden positive patient (≥10 mutations/Mb) independent of PD-L1 expression in advanced
non-small-cell lung cancer [48]. Nevertheless, once again, as with PD-L1 expression the question
of defining the right positive threshold is critical with the tumor mutational burden. Some studies
have defined a positivity threshold for ≥20 mutations/Mb, i.e., twice as much than the Checkmate
227 study [45].

7. Breakout: Cell-free DNA and STING-cGAS Pathway

Cell-free DNA (cfDNA) is an interesting biomarker already used in acute cardiovascular
pathologies and as a mortality predictor in myocardial infarction [49] and in inflammatory and
autoimmune disease such as severe systemic lupus erythematosus [50]. The role of cfDNA seems to be
associated to the STING-cGAS pathway [51]. Discovered in 2009, the STING-cGAS pathway was first
described during infection as an effector of type-I interferon (IFN) production [52]. In infectiology,
pathogen DNA is first recognized by cytoplasmic cyclic GMP-AMP synthase (cGAS), then the complex
binds to stimulator of interferon genes (STING), thus inducing type-I interferon (IFN) and other
cytokines’ production [53]. This pathway plays a major role in innate immune response against DNA
pathogens. Recently, STING-cGAS role in oncology has been described with immune checkpoint
inhibitors [54,55]. In cancer cells, the STING-cGAS pathway is activated by cfDNA produced by two
mechanisms. First, the dysregulation of DNA replication in cancer cells by endonucleases leading
to cytosolic accumulation in cancer cells. Second, during mitosis damaged DNA produces cytosolic
micronuclei which trigger cGAS during their rupture [56]. Accumulation of DNA in cytoplasm is
considered as a danger for living cells, thus triggering the innate immune response via the activation
of STING-cGAS, regardless of the DNA origin (i.e., exogenous or endogenous), since the production
of type-I IFN is a universal response [57]. Type-I IFN plays, indeed, a major role in immune cells’
regulation, especially in Natural Killer (NK) cell proliferation, activation, and antitumor activity.
In addition, it enhances the capacity of dentritic cells to cross-present the antigen to the activated CD8+

T lymphocytes [58]. Thus, type-I IFN strengthens innate immunity in patients and, therefore, is likely
to increase the efficacy of immune checkpoint inhibitors (Figure 2).
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STING-cGAS pathway activation is also found in the senescence phenomenon. In an aging cell,
cytosolic cell-free DNA accumulates and the activated STING-cGAS pathway will increase senescence
and inflammation [59]. Diagnostic use of cell-free DNA seems to be very promising in clinical oncology.
The genome-wide sequencing of cfDNA for non-invasive prenatal diagnostic has been validated in
over 100,000 patients, and is currently used now in a routine clinical setting [60].

Indeed, the use of cfDNA as a prognostic marker and monitoring of residual disease is
increasing [61]. In addition, cell-free DNA could be used as a surrogate marker for STING-cGAS
pathway activation, i.e., to determine immunogenic response to standard therapy such as cytotoxics.

In oncology, different studies showed that cfDNA length in patients are 180 bp, and are thus
qualified as short [62] or between 90–150 bp [63]. A total of 180 bp fragments are characteristic for
apoptotic cell death, i.e., when cellular chromatin is degraded by a caspase-activated DNase, whereas
bigger, 10,000 bp fragments are rather associated with necrotic cell death [64]. The cfDNA from the
tumor cell is always shorter than the cfDNA from the non-tumor cells [65]. The size is, therefore,
cancer-specific and makes possible to discriminate apoptotic and non-necrotic events in cancer cells.
The cfDNA length is, therefore, an important parameter to take into account for STING-cGAS pathway
activation. The minimal length for triggering immune reaction is 20–40 bp, and immune optimal
response is achieved between 45 and 70 bp [66]. Activation of STING-cGAS pathway and type-I
IFN production are, therefore, DNA length-dependent. Otherwise, cfDNA concentration increases
in advanced stages of cancer disease, as demonstrated with locally advanced cervical cancer [67]
and metastatic colorectal cancer [68]. The cfDNA concentration is, therefore, a dynamic biomarker
correlated to disease stage, thus allowing longitudinal monitoring of the tumor and possibly of
treatment efficacy [69]. Indeed, both the size and concentrations of cfDNA are linked to IFN expression.
The larger the size of the cell-free DNA length, the lower the concentration: 1.67 µg/mL for the
DNA fragments of <500 bp, 0.167 µg/mL for the DNA fragments >500 bp and 0.0167 µg/mL for
the DNA fragments >2000 bp [66]. For small length cfDNA fragments, concentration is critical
because too low concentrations reflect primarily cellular senescence. Of note, small DNA fragments
in low concentration do not trigger the STING-cGAS pathway, thus avoiding the auto-inflammation
phenomenon [70]. The release from the nucleus of larger DNA fragments leads to the formation of
micronuclei in cytoplasm, previously described as playing a key role in the activation of STING-cGAS.
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These results suggest that STING-cGAS signaling plays a pivotal role in the intrinsic antitumor
immunity and that this pathway should be activated to harness tumor immunity in patients.

As previously described with PD-L1 protein expression, chemotherapy, targeted therapy,
and radiation therapy can all activate the STING-cGAS pathway [71].

For instance, radiation therapy can increase damaged DNA and cytosolic accumulation via
STING-cGAS activation [72]. This could partly explain the use of radiation therapy for its ability to
enhance responses to immunotherapy, since ionizing radiation-mediated tumor regression depends on
type-I IFN and the adaptive immune response [73].

Regarding cytotoxics, the alkylating agent Cisplatin has been described as a powerful
immunomodulating drug. Cisplatin boosts the immunogenicity of the tumor, i.e., by increasing
the expression of Major Histocompatibility Complex class I (MHC I) at tumor cell surface, thus
facilitating recognition by activated CD8+ T lymphocyte. Cisplatin also upregulates the STING-cGAS
pathway [74]. These immunomodulatory properties could explain the synergistic effects shown
between cisplatin and immune checkpoint inhibitors. Antitumor efficacy with this combination could
be explained by the increased number in tumor-infiltrating CD8+ and CD4+ T lymphocytes [75].
Topoisomerase II inhibitors (e.g., doxorubicin, etoposide and epirubicin) were also described as
modulating the STING-cGAS pathway and cfDNA [76]. In a study of cfDNA kinetics, the peak of
DNA seems to be the highest 24 h after exposure to doxorubicin and epirubicin in breast cancer
models [77]. These dynamics was also observed, in the same study, with 5-Fluorouracil. This time
window could correspond to a maximum STING activation and calls for administrating immune
checkpoint inhibitors 24 h after that of cytotoxics, thus suggesting a possible sequence-effect when
combining drugs with immunotherapy.

Some targeted therapy, such as Poly ADP Ribose Polymerase (PARP) inhibitors seems to modulate
the STING-cGAS pathway as well [78]. PARP is implicated in the DNA repair process, for which
inhibition leads to an accumulation of cytosolic DNA, further activating the STING-cGAS pathway [79].
PARP inhibitors induce STING-dependent antitumor immunity [80]. This induced immunity is
independent of the BRCA status of the patients [81] as demonstrated in gynecological cancers [80].
The role of PARP inhibition in cytosolic DNA accumulation was also described in prostate cancer [82].
Immunomodulating features with PARP inhibitors have been also demonstrated in NSCLC [83].
In vivo, small-cell lung cancer models showed that PARP response to damaged DNA increases PD-L1
protein expression, and increased cytotoxic T-cell infiltration [84]. These two mechanisms helped to
boost antitumor effect of immune checkpoint inhibitors eventually.

Regarding immunotherapy, the STING-cGAS pathway has been identified as essential for the
antitumoral effect of immune checkpoint inhibitors. For instance, STING-deficient mice are refractory
to the antitumor effects of PD-L1 [85]. Conversely, direct administration of the STING or cGAS agonist
shows an antiproliferative effect, and the STING agonist further reverses resistance to anti-PD1 [86].
Elsewhere, cGAS administrated as nanoparticles increases production of type-I IFN, however, with no
impact on tumor growth in the absence of immunotherapy [87]. This last study underlines the major
role of STING-cGAS pathway on type-I IFN production and T lymphocyte activation but also the
essential role of immune checkpoint inhibitors to translate this into therapeutic effect. Link between
STING-cGAS pathway activation and immune checkpoint inhibitor efficacy has been demonstrated in
several studies [88]. In ovarian cancer mouse models, overexpression of STING-cGAS upregulates
PD-L1 protein expression [74]. This pathway appears to be an interesting target for potentiating the
immunotherapy effect. Numerous clinical trials are currently underway studying agonist STING
combining immune checkpoint inhibitors or in monotherapy from pre-clinical to phase 3 study [89].

Finally, as previously mentioned, the STING-cGAS pathway plays a major role in activated T
lymphocytes by increasing the production of several chemokines. Among them, CCL5 and CXCL10
are known as being chemotactic for T lymphocytes, allowing tumoral accumulation and increasing
tertiary lymphoid structures’ formation [90]. STING further activates dendritic cells and initiates the
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priming of T lymphocytes [91]. Study of the STING-cGAS pathway activation by cfDNA is, therefore,
an indirect way of studying the tumoral microenvironment and the tumor-infiltrating lymphocyte [92].

8. cfDNA and STING-cGAS Pathway Activation: Stairway to Heaven or Highway to Hell?

The cfDNA-mediated activation of the STING-cGAS pathway seems, therefore, to be a promising
way to optimize immune checkpoint inhibitor therapy; however, this pathway is a double-edged
sword [93]. Beyond the antitumoral effect of STING-cGAS, it also plays a major role in carcinogenesis,
particularly via inflammation activation, autoimmune response, and direct tissue toxicity [71].
In carcinogenesis, MYD 88 (molecule myeloid differentiation factor 88) signaling seems to play a major
role in cancer development via cytokine, chemokine, and growth factor production. In functional
STING mice exposed to DMBA (a polyaromatic hydrocarbon known as carcinogenic agent), cutaneous
skin tumors with pro-inflammatory cytokine production and phagocytic infiltration were observed [94].
Conversely, deficient STING mice did not develop such skin tumors post DMBA exposure, suggesting
the role STING could play in skin cancer development [95]. Conversely, in some cancer types such as
melanoma or colon cancer, the STING-cGAS pathway can be impaired by loss-of-function mutation or
epigenetic silencing of the STING-cGAS promoter regions [96]. In this case, quantification of cell-free
DNA could not be associated to an upregulation of STING-cGAS. Furthermore, in tongue squamous
cells induced by human papillomavirus models, STING-cGAS activation eases T Regs infiltration and
could, therefore, have a negative impact [97].

The cfDNA, itself, can be a confounding factor. As previously underlined, cfDNA is more important
in cancer patients, and is not always synonymous of inflammatory situations. The cfDNA reflects
genome plasticity, leading to a physiological and autonomous process of cells for its elimination [59].
Half-life of cfDNA should also be considered; it varies between 15 min and few hours [98], thus raising
questions about appropriate sampling time for decision-making.

9. Discussion: Shine a Light

Immunotherapy and more specifically, immune checkpoint inhibitors, have fueled huge hope in
oncology. However, the clinical results in terms of survival have failed to meet the initial expectations
because only a minority of patients show long term survival, in a minority of cancer disease such
as melanoma, NSCLC, head, neck, and kidney cancers. Consequently, combinatorial regimens now
turned to as the rule, and not anymore, the exception with immunotherapy, in an attempt to harness
tumor immunity prior to administrating immune checkpoint inhibitors. This strategy is expected
to transform promising and breakthrough pharmaceutical innovations into meaningful survival in
patients. The main difficulty when using immune checkpoint inhibitors is the complexity of their
mechanisms of action which cannot be reduced to PD-L1, PD1, or CTLA4 inhibition anymore as
once thought, but require as well, an adequate tumor micro-environment enriched with activated
lymphocytes with little T Regs or MDSC activity. In this respect, using canonical cytotoxics is an
appealing strategy to increase immunogenic cell death while down-regulating immunosuppressive
cells [99]. However, achieving such immunomodulating features requires fine tuning since they are
much probably drug- and dose-dependent [100]. For instance, in several non-clinical studies combining
anti-PD1 or anti-PDL1 with anti CDK 4/6 or anti-OX40 drugs, it has been demonstrated that even
slight changes in scheduling are likely to dramatically change the response to the combinations [101].
The same phenomenon has been observed as well when combining immune checkpoint inhibitors
with radiation therapy [102]. All these studies call for a comprehensive understanding of the exact
dynamics of tumor reengineering when drugs are used to harness immunity and expected to yield
synergistic effect with immunotherapy. Indeed, capturing this exact dynamic is a tricky but critical
issue, because it could provide valuable information on the best dosing, timing, and sequencing,
especially when combining cytotoxics with immune checkpoint inhibitors. Unfortunately, as of today
current combinatorial strategies remain empirical and concomitant dosing is frequent. Consequently,
many clinical trials have failed to yield meaningful results in terms of prolonged survival [103]. Notably,
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as previously explained, baseline PDL1 expression levels cannot help determining the optimal modality
of combination between immune checkpoint inhibitors and associated treatments such as chemotherapy.
The same observation can be made with tumor burden, medical records, microbiota features, or any of
the numerous parameters tested so far as putative predictive markers with immunotherapy. This calls
for using more dynamic markers better reflecting real-time changes in the tumor micro-environment
such as immunogenic cell death. Because as seen before, STING-cGAS is a critical signaling pathway
associated with response to immunotherapy and that release of cfDNA, especially the shorter ones,
activates this pathway, blood quantification of cfDNA could be a convenient surrogate to monitor
STING-cGAS activation. This could help predicting the best timing to use immune checkpoint
inhibitors next. As previously stated, cfDNA seems to be the only biomarker whose kinetics would
allow to define this optimal window, especially with a combinatorial regimen. Indeed, peak of cell-free
DNA is dependent upon the tumor itself but also by the concomitant use of other anticancer therapies
such as chemotherapy, radiation therapy, but also oral targeted therapies. By discriminating large
(i.e., >10,000 bp) cfDNA associated with necrosis from the short (i.e., 180 bp) ones associated with
tumor apoptosis with immunogenic response via STING-cGAS, it paves the way for a qualitative and
quantitative monitoring of cancer patients.

In addition, quantification of cfDNA is achieved by liquid biopsy, thus facilitating its
implementation and allowing repeated and longitudinal measures throughout time. As a comparison,
immunomonitoring provides valuable information on activated T lymphocytes or T Regs (i.e., to assess
the impact of chemotherapy on the immune system,) but this can only be done after tumor biopsy,
thus limiting its repeated use in routine patients.

To date, current biomarkers such as TMB, MSIH, or PD-L1 expression levels are mostly used
prior to therapy in a binary, Go/No-Go, fashion. Indeed, despite the current vagueness for defining
positivity threshold, PDL1 expression is a green light for using immune checkpoint inhibitors, as MSIH
stats for pembrolizumab (Figure 3). Once treatment has started, monitoring these markers does not
allow tuning, nor dosing, scheduling, or sequencing should combinatorial regimen be administrated,
and evaluation for response is performed several cycles later.
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Conversely, monitoring cfDNA is a dynamic strategy. The cfDNA can also be a Go to start
immunotherapy. In case of absence of a DNA peak, this calls for starting for treatments such as
neo-adjuvant chemotherapy or radiation therapy expected to trigger immunogenic cell death—monitoring
cfDNA could thus help to determine the best time-window to start immunotherapy with respect to
changes in tumor immunity (Figure 4). By doing so, the current concomitance of treatments should
not be longer the rule as immune checkpoint inhibitors administration would be more wisely guided
by a real-time biomarker. With respect to the ever-increasing drug-costs in oncology, developing
novel strategies to optimize treatment efficacy and treatment cost-effectiveness is now critical. Rather
than relying on a basal biomarker, longitudinal monitoring would allow fine tuning of the therapy,
i.e., by stopping a therapy which is doomed to fail, before imaging reveals treatment failure. Unlike
costly pan-genomic analysis of tumors or microbiota, cfDNA could be a cheap, rapid, non-invasive,
and convenient way to check whether immunotherapy is likely to yield clinical benefit or not.
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Abstract: Combination therapy with immune checkpoint blockade and ionizing irradiation therapy
(IR) generates a synergistic effect to inhibit tumor growth better than either therapy does alone.
We modeled the tumor-immune interactions occurring during combined IT and IR based on the
published data from Deng et al. The mathematical model considered programmed cell death
protein 1 and programmed death ligand 1, to quantify data fitting and global sensitivity of critical
parameters. Fitting of data from control, IR and IT samples was conducted to verify the synergistic
effect of a combination therapy consisting of IR and IT. Our approach using the model showed that
an increase in the expression level of PD-1 and PD-L1 was proportional to tumor growth before
therapy, but not after initiating therapy. The high expression level of PD-L1 in T cells may inhibit
IT efficacy. After combination therapy begins, the tumor size was also influenced by the ratio of PD-1
to PD-L1. These results highlight that the ratio of PD-1 to PD-L1 in T cells could be considered in
combination therapy.

Keywords: immunotherapy; anti-PD-L1; ionizing irradiation; pharmacokinetics; tumor-immune
interaction; global sensitivity; immuno-oncology; mathematical modeling

1. Introduction

Immunotherapy using immune checkpoint blockade (IT) is an anti-cancer therapy that recovers
immunity by suppressing various tumor mechanisms that evade the immune response [1–4].
In particular, new ITs primarily aim to inhibit cytotoxic T-lymphocyte-associated protein 4 (CTLA-4),
programmed cell death protein 1 (PD-1), and programmed death ligand 1 (PD-L1) to enable
T lymphocytes to attack cancer cells [5–7]. Despite the impressive potential of these checkpoint
blockade in the treatment of various cancers, this therapy strategy remains challenging because the
response to a certain subgroup of IT is varied among the cancer patients [8,9]. In recent years, several
studies have aimed to achieve synergistic effects through combination therapy to compensate for the
shortcomings of monotherapy [10–13].

There are mathematical models of immune-tumor interactions to demonstrate the data of
Deng et al. [14]. These studies [15,16] revealed the synergistic effect of anti-PD-L1 and IR combination
therapy in mice. Chappell et al. [15] discussed that IT is directly involved in increasing T cell levels and
indirectly stimulates tumor death via T cells. The underlying assumption considered that IR affects the
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death rate of both tumors and T cells. Based on this assumption, they formulated a mathematical model
for the interaction between T cells and tumors. Model simulation was roughly conducted, focusing on
the relationship between six compartments considering inhibition and activation. The main finding
was the modeling and its equilibrium analysis; however, data fitting was not performed accurately.
Additionally, the sensitivity analysis of the main parameters was relatively less investigated. Due to
excessive suppression of IT and the bias of control growth, the synergistic effect of combined IR and IT
was not accurately measured. Nevertheless, this model was able to explain how IT and IR affected
tumors and T cells.

The other model was from Nikolopoulou et al. [16]. They considered PD-1 and PD-L1 expressed
on the surface of tumors and T cells. The model was established through the assumption that tumors
express PD-L1, and T cells express both PD-1 and PD-L1 on their surface. Negative feedback from the
PD-1-PD-L1 complex occurs by the binding of PD-1 and PD-L1, resulting in inhibition of T cell growth.
This model simplifies the binding process of PD-1 and PD-L1 by employing equilibrium assumptions.
Thus, a three-compartment model was used. Anti-PD-L1 was composed of a system that reduced
tumor size by suppressing the growth inhibition of T cells by inhibiting PD-L1. However, this model
was less well verified by experimental data; anti-PD-L1 monotherapy was applied, but was less
effective. Nevertheless, it is valuable to note the effect of immunotherapy on tumors or T cells through
correlation with PD-1 and anti-PD-L1.

In this study, we proposed a mathematical model for tumor-immune interactions using anti-PD-L1
and IR in combination therapy. Here, we refer to anti-PD-L1 exclusively as IT. Deng et al. presented
mice data for change in tumor size during combination therapy with anti-PD-L1 and IR. In the study,
TUBO tumor cells from a spontaneous mammary tumor were injected subcutaneous injection (s.c.)
into the flanks of mice. After allowing to grow for about two weeks, tumors were treated by IR with
single dose and IT with administrated intraperitoneal injection to mice every three days for a total of
three times. The experiment of control (without treatment), IR only, IT only and combination of IR
and IT are conducted. They revealed that combination therapy had a synergistic effect that enhances
host antitumor immunity and increases the efficacy of either treatment alone. Our mathematical
model reproduced Deng et al.’s published data to describe tumor-T cell interaction through IT and IR,
including PD-1 and PD-L1. Thus, this model enabled us to examine suppression of the tumor size by
combination therapy and explore the effects of the ratio of PD-1 to PD-L1. Model simulation verified
the data from combination therapy after estimating parameters using control, IT only, and IR only data.
The synergistic effect was also confirmed through the model. Using global sensitivity, we measured
the influence of essential parameters related to the change in PD-1 and PD-L1. Our approach showed
that PD-1 or PD-L1 expression levels positively determined tumor size before therapy, but the sum
of the expression level of PD-1 and PD-L1 was uncorrelated to tumor size after therapy has begun.
Additionally, the high expression level of PD-L1 in T cells may inhibit IT efficacy. After combination
therapy begins, the efficiency was influenced by the ratio of PD-1 to PD-L1. The model results revealed
that the ratio of PD-1 to PD-L1 in T cells could be considered as one of the factors to determine the
efficacy of combination therapy.

2. Materials and Methods

2.1. Assumptions

We have made the following assumptions. (i) Tumors express PD-L1 on the surface, and an increase
in tumor size leads to an increase in the rate of the concentration of PD-L1. Additionally, an increase in
CD8+ T cell number induces an increase in the rate of the concentration of PD-1 and PD-L1 because
T cells express both PD-1 and PD-L1. (ii) The tumor grows logistically, and the natural death of
the tumor is not considered. Tumor elimination depends on IT indirectly and IR directly. (iii) IT
therapy is modeled using a pharmacokinetic two-compartment model that reflects administration
by intraperitoneal injection (I.P.). The two-compartment model is also considered for IR therapy.
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IR therapy is administered immediately, but tumor suppression by IR is relatively delayed. The extra
compartment reflects the delay in tumor inhibition by the therapy. The concentration in the tissue
compartment is denoted by AT. (iv) Volume, V, in mice is assumed to be 50 µL. (v) The initial density
(109 cells/L) of T cells is 6× 10−4, and the initial concentrations of PD-1 and PD-L1 are assumed to be
1× 10−5. This assumption indicates that the initial density of T cells is small, and their concentrations
begin to increase after the tumor is implanted. A schematic diagram of tumor-immune interactions is
shown in Figure 1.Pharmaceutics 2020, 12, 4 of 17 

 

 
Figure 1. The tumor undergoes logistic growth, and T cells activate the cytokines interleukin 1 (IL1) 
and interleukin 12 (IL12). IL1 and IL12 are activated by stimulation of the tumor. The tumor expresses 
PD-L1 on the cell surface, and T cells express both PD-L1 and PD-1 on their surface. The binding 
process of PD-L1 and PD-1 results in negative feedback in T cells. IT inhibits the growth of both tumor 
and T cells and inhibits PD-L1 by preventing the formation of the PD-L1-PD-1 complex, which 
prevents the inhibition of T cell growth. 

2.3.1. Modeling Therapy with IR (R) and IT (A) 

An exponential decay model was used to model for IR as follows:  𝑑𝑅𝑑𝑡 = −𝑘 𝑅 , 𝑑𝑅𝑑𝑡 = 𝑘 𝑅 − 𝑘 𝑅, 𝑅 (14) = 12  and  𝑅 (𝑡) = 0  if  𝑡 14. (1) 

In the case of IT, a pharmacokinetic model was used with a two-compartment model as follows: 𝑑𝐴𝑑𝑡 = −(𝑘 + 𝑘 ) 𝐴 , 𝑑𝐴𝑑𝑡 = 𝑘 𝐴 − 𝑘 𝐴, 𝐴 (𝑡) = 0,if  𝑡 14,   𝐴 (14) = 200𝑉 . (2) 

Furthermore, 200 μg IT is administered every three days for a total of four doses in a 50 μL 
volume after beginning IT on day 14. 

2.3.2. Compartmental Modeling of the Tumor(C), T Cell(T), PD-L1(PL), PD-1(PD), and Complex(S)  𝑑𝐶𝑑𝑡 = 𝑘 1 − 𝐶𝐶 ⋅ 𝐶 − 𝑑 𝑇𝑇 + 𝑇 + 𝑑 𝑅𝑅 + 𝑅 ⋅ 𝐶.  

The second term of the right-hand side (RHS) indicates tumor elimination by IT and IR therapy.  𝑑𝑇𝑑𝑡 = (𝑘 + 𝑘 𝑇) 𝜅𝑆 + 𝑘 𝑆 − 𝑑 + 𝑑 𝑅𝑅 + 𝑅 𝑇.  

The first term of the RHS indicates that the PD-1-PD-L1 complex suppresses T cell growth. The 
second term of the RHS describes natural cell death and additional elimination by IR.  𝑑𝑃𝐿𝑑𝑡 = ν ∙  (𝜇𝐶 + 𝜂𝑇) − 𝑑 𝐴𝐴 + 𝐴 𝑃𝐿 − 𝑘 𝑃𝐿 ⋅ 𝑃𝐷 + 𝑘 𝑆 − 𝑑 𝑃𝐿.  

The first term of the RHS represents the increase in PD-L1 expression in tumors and T cells. The 
second term indicates inhibition of PD-L1 by IT. The third and fourth terms indicate the binding 
process of PD-1 and PD-L1. We assume that this reaction occurs according to the mass action law, 
indicating a one to one correspondence. 𝑑𝑃𝐷𝑑𝑡 = 𝜈(1 − 𝜂)𝑇 − 𝑘 𝑃𝐿 ⋅ 𝑃 + 𝑘 𝑆 − 𝑑 𝑃𝐷.  

In the first term of the RHS, 𝜂, 0 ≤ 𝜂 ≤ 1 determines the ratio of PD-1 to PD-L1 induced by T 
cells. That is, PD-L1 is more expressed as 𝜂 approaches one.  

Figure 1. The tumor undergoes logistic growth, and T cells activate the cytokines interleukin 1 (IL1)
and interleukin 12 (IL12). IL1 and IL12 are activated by stimulation of the tumor. The tumor expresses
PD-L1 on the cell surface, and T cells express both PD-L1 and PD-1 on their surface. The binding
process of PD-L1 and PD-1 results in negative feedback in T cells. IT inhibits the growth of both tumor
and T cells and inhibits PD-L1 by preventing the formation of the PD-L1-PD-1 complex, which prevents
the inhibition of T cell growth.

2.2. Data Derivation from the Study

Published data was obtained from the experiments of Deng et al. Their study was to verify
the synergistic antitumor effects of IR and IT. A combination of IT and IR significantly enhanced
the inhibition of TUBO growth in their study. The outline of the experiment process was as follows.
BALB/c mice were inoculated by subcutaneous injection with 1 × 106 TUBO cells (the size 5 mm3).
After injected s.c. and waiting for 14 days (growing), tumors were locally treated with single 12 Gy
of IR and 200 µg IT (antibody, clone 10F.9G2) by intraperitoneal injection every three days for a total
of four doses. Tumor size was measured in mice with no therapy, IT only, IR only, and combination
therapy with IT and IR. For reproducing the experimental data, the data values were extracted from
the study. Adobe Illustrator is used to find the coordinates of published data. Data values, shown
in Figure 2 (left top panel), are presented in Table 1. Deng et al.’s study was to verify the synergistic
antitumor effects of IR and IT. A combination of IT and IR significantly enhanced the inhibition of
TUBO growth in their study.

Table 1. Experimental data. Here, the control means without any therapy. IR therapy occurs on day 14
with 12 Gy, and IT therapy begins on day 14 and continues every three days for a total of four doses
with 200 µg. Both indicate a combination therapy of IR and IT and each column represents time and
tumor size, respectively.

Control IR IT (Anti-PD-L1) Both

0 5 0 5 0 5 0 5

13.8587 120.487 14.0761 95.8553 13.9674 135.2759 14.0761 94.2126
18.0435 202.7944 18.0435 133.8006 18.2065 206.0865 18.0977 87.8069
21.0326 289.9808 21.087 158.5662 21.3043 242.3534 21.1413 53.0777
25.0543 472.4868 24.8913 204.7183 24.9457 316.4249 25.1087 40.0989
28.0977 628.6693 28.1522 303.4149 31.1413 591.012 28.2065 27.7271

- - 30.9783 402.0936 - - 31.087 24.56
- - - - - - 34.9457 17.505
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discrepancy in the model. However, the overall data fitting is reliable, and the model captures the 
efficacy of the combination therapy in mice. 

 

Figure 2. Note that αPD-L1 is IT (anti-PD-L1). Deng et al. showed the synergistic effect of combination 
therapy (top left). Simulation results (top right) after data fitting are presented through the 
mathematical model. This model captures the control, IT, and IR well, and this model also fits 
combination therapy. The blue curve indicates data fit using the Equations (1)–(6), and the red circle 
is experimental data. A scatter plot is shown for tumor vs. PD-1+PD-L1 vs. day (bottom). Each figure 
indicates control, IT, IR, and the combination of IR and IT in turn. Data tips are marked on day 10 
(before therapy), 14 (beginning of IR and IT therapy), 20 (during IT therapy), and 35 (final timepoint). 
The sum of PD-1 and PD-L1 does not always positively correlate with tumor size after therapy. The 
coordinates X, Y, and Z, as shown in bottom figure, represent days, PD-1 + PD-L1 concentration and 
tumor size, respectively. **: p < 0.01; ***: p < 0.001. 

In the control case, tumor size, PD-1 and PD-L1 expression were positively exponentially 
proportional. In this case, the regression (function) over time from day 0 to 35  was 𝑓(𝑡) =11.45𝑒 . ⋅  with 𝑅 = 0.9975. Cases were compared before and after therapy. Before therapy, the 

Figure 2. Note that α PD-L1 is IT (anti-PD-L1). Deng et al. showed the synergistic effect of
combination therapy (top left). Simulation results (top right) after data fitting are presented through
the mathematical model. This model captures the control, IT, and IR well, and this model also fits
combination therapy. The blue curve indicates data fit using the Equations (1)–(6), and the red circle is
experimental data. A scatter plot is shown for tumor vs. PD-1+PD-L1 vs. day (bottom). Each figure
indicates control, IT, IR, and the combination of IR and IT in turn. Data tips are marked on day 10 (before
therapy), 14 (beginning of IR and IT therapy), 20 (during IT therapy), and 35 (final timepoint). The sum
of PD-1 and PD-L1 does not always positively correlate with tumor size after therapy. The coordinates
X, Y, and Z, as shown in bottom figure, represent days, PD-1 + PD-L1 concentration and tumor size,
respectively. **: p < 0.01; ***: p < 0.001.

2.3. Mathematical Modeling

Let C, T, PL, PD, S, R, and A denote tumor (volume), the density of CD8+ T cells (T cells), PD-L1,
PD-1, PD-1-PD-L1 complex (µg/µL), IR (Gy), and IT (µg/µL), respectively. The tumor grows logistically,
and T cells are activated by the cytokines interleukin 12 (IL12) and are proliferated by interleukin 2 (IL2).
Both IL12 and IL2 are activated by stimulation of the tumor. Among the several types of immune cells
playing a role against cancer, we have focused only on T cells. IL-12 and IL-2 play a significant role in
the activation and differentiation of the population of T cells [17]. The tumor expresses PD-L1 on the
cell surface, and T cells express both PD-L1 and PD-1 on their surface. The binding process of PD-L1
and PD-1 induces negative feedback in T cells. IT inhibits the growth of both tumor and T cells and
inhibits PD-L1 by preventing the formation of the PD-L1-PD-1 complex, which indirectly prevents the
inhibition of T cell growth.

2.3.1. Modeling Therapy with IR (R) and IT (A)

An exponential decay model was used to model for IR as follows:

dR1

dt
= −k1R1,

dR
dt

= k1R1 − kRR, R1(14) = 12 and R1(t) = 0 if t < 14. (1)

In the case of IT, a pharmacokinetic model was used with a two-compartment model as follows:

dAT
dt = −(kT + kel) AT, dA

dt = kTAT − kAA, AT(t) = 0,
if t < 14, AT(14) = 200

V .
(2)
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Furthermore, 200 µg IT is administered every three days for a total of four doses in a 50 µL volume
after beginning IT on day 14.

2.3.2. Compartmental Modeling of the Tumor(C), T Cell(T), PD-L1(PL), PD-1(PD), and Complex(S)

dC
dt

= kc

(
1− C

Cmax

)
·C−

(
dTCT

TIC + T
+

dRCR
RIC + R

)
·C.

The second term of the right-hand side (RHS) indicates tumor elimination by IT and IR therapy.

dT
dt

= (kI12 + kI2T)
κ

SIC + kDS
−

(
dT +

dRTR
RIC + R

)
T.

The first term of the RHS indicates that the PD-1-PD-L1 complex suppresses T cell growth.
The second term of the RHS describes natural cell death and additional elimination by IR.

dPL
dt

= ν · (µC + ηT) − dAPLA
AIC + A

PL− konPL · PD + ko f f S− dPLPL.

The first term of the RHS represents the increase in PD-L1 expression in tumors and T cells.
The second term indicates inhibition of PD-L1 by IT. The third and fourth terms indicate the binding
process of PD-1 and PD-L1. We assume that this reaction occurs according to the mass action law,
indicating a one to one correspondence.

dPD
dt

= ν(1− η)T − konPL · P + ko f f S− dPDPD.

In the first term of the RHS, η, 0 ≤ η ≤ 1 determines the ratio of PD-1 to PD-L1 induced by T cells.
That is, PD-L1 is more expressed as η approaches one.

dS
dt

= konPL · P− ko f f S.

2.3.3. Model Reduction: Quasi Steady-State Approximation (QSSA)

We assume that PD-1-PD-L1 complex S is quickly saturated. Then equilibrium is reached within
a short period of time, and so we may apply quasi-steady-state assumption (QSSA) and obtain
konPL · P = ko f f S. Assume that kD = kon

ko f f
. Then the system is simplified as follows.

dC
dt

= kc

(
1− C

Cmax

)

︸         ︷︷         ︸
Tumor growth

·C−




dTCT
TIC + T︸   ︷︷   ︸

Inhibition by T cells

+
dRCR

RIC + R︸   ︷︷   ︸
Inhibition by IR




·C, (3)

dT
dt

=




kI12︸︷︷︸
Activation by IL12

+ kI2T︸︷︷︸
Growth by IL2




κ
SIC + kDPL · PD︸               ︷︷               ︸

Inhibition by complex

−




dT︸︷︷︸
Death

+
dRTR

RIC + R︸   ︷︷   ︸
Inhibition by IR




T, (4)

dPL
dt

= ν(µC + ηT)
︸        ︷︷        ︸

Growth by tumor and T cells

− dAPLA
AIC + A︸    ︷︷    ︸

Inhibition by IT

PL− dPL︸︷︷︸
Degradation

PL, (5)
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dPD
dt

= ν · (1− η)
︸     ︷︷     ︸

Growth and the ratio expression level of the T cells

T − dPD︸︷︷︸
Degradation

PD. (6)

Descriptions or units of the estimated parameters and compartments are presented in Table 2.

Table 2. Estimated parameters and initial values used in the model are presented together with their
descriptions and units.

Initial/Parameters Description and Units Estimated Values

C(0) Tumor initial volume (mm3) 5
T(0) Initial lymphocytic density of CD8+ T cells (109 cells/L) 6 × 10−4 (Assumed)

PL(0) Initial concentration of PD-L1 (µg/µL) 1 × 10−5 (Assumed)
PD(0) Initial concentration of PD-1 (µg/µL) 1 × 10−5 (Assumed)
At(14) Initial concentration of Anti-PD-L1 (µg/µL) in tissue 4
A(0) Concentration of anti-PD-L1 (µg/µL) 0

R1(14) Irradiation (Gy) 12
kc Tumor growth rate (1/mm3/day) 0.29428

Cmax Maximum tumor size (mm3) 3 × 103

dTC Maximum tumor death rate by T cells (1/day) 0.53643
TIC Half maximum density of T cells

(
108 cells/L

)
1 × 103

dRC Maximum tumor death rate by irradiation (1/day) 0.5
RIC Half maximum irradiation (Gy) 8
V Volume in mice (µL) 50

kI12 T cell activation rate by cytokine IL12
(
108 cells/L/day

)
10

kI2 T cell proliferation rate by cytokine IL12 (1/day) 1 × 102

kD Equilibrium constant (1/µg/µL) 1
κ Inhibition constant of PD-L1 and PD-1 (µg/µL) 10

η
Expression level ratio of PD-L1 to PD-1 in T cells

(unitless) 0.5

SIC Half maximum inhibition of PD-L1 and PD-1 (µg/µL) 1 × 103

dT T cell death rate (1/day) 0.1
dRT Maximum T cell death rate by irradiation (1/day) 1

ν
Expression level of PD-L1 on activated T cells

(103 µg/cell/day) 0.1

dPL Degradation rate of PD-L1 (1/day) 1 × 10−2

dPD Degradation rate of PD-1 (1/day) 1 × 10−2

µ
Expression level of PD-L1 by tumor vs. T cells(

cell/µL/mm3
) 0.1

dAPL Maximum PD-L1 inhibition rate by anti-PD-L1 (1/day) 20
AIC Half-maximum inhibition (µg/µL) 1
kT Intercompartment distribution rate (1/day) 1.5 × 10−3

kel Elimination rate of anti-PD-L1 in tissue (1/day) 0.1
kA Elimination rate of anti-PD-L1 (1/day) 0.05
k1 Delay rate with the mean duration 1/k1 (1/day) 0.15
kR Elimination rate of ionizing irradiation (1/day) 0.09

3. Results

3.1. Simulation using the Cancer-Immune Model with IR and IT Therapy

Combination therapy with IT and IR significantly enhanced the inhibition of tumor growth in
mice, as shown in Figure 2 (top left). The mathematical model consisting of (1)–(6) was used to fit
the data, as shown in Figure 2 (top right). Data from the control (no therapy), IT only, and IR only
samples were fitted. From three data fittings, we estimated parameter values, as shown in Table 2.
MATLAB, MathWorks®, was used for model implementation with ODE45, and parameter estimation
was conducted with the nonlinear least square method using MATLAB and Berkeley Madonna.
Using the estimated parameters, the model captured the synergistic effect of the combination therapy
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consisting of IR and IT, as shown in Figure 2 (IR + IT). Additionally, the model failed to capture data
around day 22. This is because repeated combination therapies cause a slightly overstated discrepancy
in the model. However, the overall data fitting is reliable, and the model captures the efficacy of the
combination therapy in mice.

In the control case, tumor size, PD-1 and PD-L1 expression were positively exponentially
proportional. In this case, the regression (function) over time from day 0 to 35 was f (t) = 11.45e0.0052·t
with R2 = 0.9975. Cases were compared before and after therapy. Before therapy, the linear regression
was f (t) = 0.267t + 22.27 with R2 = 0.8019. Linearity was well followed after therapy begins (day 14)
and the regression was f (t) = 2.461t− 859.8 with R2 = 0.8732. In the case of IT, there was a positive
correlation after initiating therapy. The linear regression was f (t) = 1.451t− 315.7 with R2 = 0.9891.
Although the growth rate was suppressed by IT, the relationship between IT and tumor growth still had
a positive correlation. Likewise, in the case of IR, the growth rate was lower, and the linear regression
was f (t) = 1.294t− 343.4 with R2 = 0.6277, which shows positive correlation. However, there was a
negative correlation after beginning combination therapy, in which the tumor size decreases due to the
synergistic effect. The linear regression was f (t) = −0.2029t + 150.7 with R2 = 0.9731.

3.2. The Expression Levels of PD-1 and PD-L1

We utilized the model to explore which parameters cause tumor suppression among PD-1
and PD-L1. That is, we analyzed the changes in tumor size vs. parameters related to the changes in
PD-1 and PD-L1. From (5)–(6), expression levels ν and µ determine the magnitude of the expression
levels of PD-1 and PD-L1 on the surface of tumors and T cells. Given that T cells can express both PD-1
and PD-L1, the ratio η, 0 ≤ η ≤ 1, determines the ratio of the expression levels of PD-1 and PD-L1 in
T cells. That is, if η is increasing, then so is the expression level of PD-L1 in T cells. Analyzing these
parameters enables us to evaluate whether the concentration is more influential in removing the tumor
among the expression levels of PD-1 and PD-L1. Specifically, we investigated how the IT efficacy is
maximized depending on the expression level ratio of PD-1 to PD-L1. For this analysis, we attempted
local changes in parameters, as shown in Figure 3, and two of the three parameters were compared.
When modulating µ and ν (left panel), an increase in u and ν stimulates tumor growth. This is because
an increase in PD-1 and PD-L1 under a fixed η causes T cell suppression, resulting in tumor growth.
When modulating ν and η (middle), tumor growth depends on an increase in ν and decrease in η.
This change indicates that IT could be more efficient when PD-1 is more highly expressed than PD-L1.
When η and µ are varied (right), tumor growth depends on decreasing η and increasing µ. Thus, in the
local sense, the decrease in η and the increase in ν and µ result in tumor growth. This indicates that IT
efficacy is more potent when PD-1 level on T cells is smaller.

In Figure 4, we investigated tumor size vs. the sum of PD-1 and PD-L1 expression. We noticed
that the total expression level of PD-1 and PD-L1 does not positively correlate tumor size when the
tumor is inhibited by combination therapy, unlike IT and IR only. We inferred that this was because
the balance of PD-1 and PD-L1 was broken, leading to a reduced concentration of the complex formed
by PD-1 binding to PD-L1 and ultimately blocking T cell inhibition. However, these local changes in
parameters could have biased influences given that these processes naturally assume that the other
parameters remain constant. In particular, the change in expression levels of PD-1 and PD-L1 are
simultaneously affected by various parameters.
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Figure 3. The 𝑥 and 𝑦 axes represent day and tumor size, respectively. Top panel: 𝜇 and 𝜈 are 
varied from [1 × 10−4, 0.2] and [1 × 10−4, 0.2], respectively. Center panel: 𝜇 and 𝜂 are varied from [1 × 
10−4, 0.2] and [0,1], respectively. Bottom panel: 𝜂  and 𝜇  are varied from [0,1] and [1 × 10−4, 0.2], 
respectively. From these local changes, each parameter positively or negatively influences the change 
in tumor. 

Figure 3. The x and y axes represent day and tumor size, respectively. Top panel: µ and ν are varied
from [1 × 10−4, 0.2] and [1 × 10−4, 0.2], respectively. Center panel: µ and η are varied from [1 × 10−4, 0.2]
and [0, 1], respectively. Bottom panel: η and µ are varied from [0, 1] and [1 × 10−4, 0.2], respectively.
From these local changes, each parameter positively or negatively influences the change in tumor.
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Figure 4. The 𝑥 and 𝑦 axes represent the sum of PD-1 and PD-L1 and tumor size, respectively. The 𝑥 axis is plotted on a logarithmic scale. Each graph indicates the two parameters that are varied. 𝜇, 𝜈, 
and 𝜂  are varied from [1 × 10−4, 0.2], [1 × 10−4, 0.2], and [0, 1], respectively. After beginning 
combination therapy, the sum of PD-1 and PD-L1 is not positively proportional to tumor size. 

Performing a two-parameter comparison could induce prediction bias. Thus, global sensitivity 
analysis is required to analyze how all parameters associated with the changes in PD-1 and PD-L1 
are simultaneously changed. 

From Figures 3 and 4, the model verified that the magnitude of tumor reduction was changed 
according to the change in the parameter, and the change in tumor size due to the change in the sum 
of PD-1 and PD-L1 expression was compared. The model showed that the concentration of the sum 
of PD-1 and PD-L1 was not proportional to tumor size after therapy begins, indicating that if tumor 
size decreases, the correlation between them is deregulated. We believe that the synergistic effect of 
combination therapy accelerated the dysregulation of this correlation. However, further studies on 

Figure 4. The x and y axes represent the sum of PD-1 and PD-L1 and tumor size, respectively. The x
axis is plotted on a logarithmic scale. Each graph indicates the two parameters that are varied. µ, ν, and
η are varied from [1 × 10−4, 0.2], [1 × 10−4, 0.2], and [0, 1], respectively. After beginning combination
therapy, the sum of PD-1 and PD-L1 is not positively proportional to tumor size.

Performing a two-parameter comparison could induce prediction bias. Thus, global sensitivity
analysis is required to analyze how all parameters associated with the changes in PD-1 and PD-L1 are
simultaneously changed.

From Figures 3 and 4, the model verified that the magnitude of tumor reduction was changed
according to the change in the parameter, and the change in tumor size due to the change in the sum
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of PD-1 and PD-L1 expression was compared. The model showed that the concentration of the sum
of PD-1 and PD-L1 was not proportional to tumor size after therapy begins, indicating that if tumor
size decreases, the correlation between them is deregulated. We believe that the synergistic effect of
combination therapy accelerated the dysregulation of this correlation. However, further studies on the
correlation between tumor size and the sum of PD-L1 and PD-1 expression should be conducted with
more data.

The challenge is to determine how uncertainty in the output of a model can be apportioned to
different sources of uncertainty in the model input (factors) [18]. Local methods analyze sensitivity
around some (often optimal) points in the factor space, whereas global methods attempt to analyze
variability across the full factor space. Changing one factor at a time means that whatever effect is
observed on the output is due solely to that factor. Conversely, a non-zero effect implies influence;
i.e., it never detects uninfluential factors as relevant. Local sensitivity has the above disadvantage;
therefore, we performed global sensitivity analysis and analyzed tumor changes under the influence of
other variables. The elimination rate kel is contained to evaluate the influence. Providing kel enables
comparison to the influence of a dummy-parameter not directly related to PD-1 and PD-L1.

3.3. Global Sensitivity Analysis of the Parameter Space: Latin Hypercube Sampling Partial Rank
Correlation Coefficient

We evaluated the influence of the parameters on the tumor size using global sensitivity analysis.
Influences of the parameters were measured at days 10, 14, 20, and 35, using the partial rank correlation
coefficient (PRCC) [18,19] based on Latin hypercube sampling (LHS) [20,21]. LHS is a sampling method
that provides an unbiased estimation of the output of a model while requiring fewer samples to
achieve the same accuracy of simple random sampling. For parameters x j, j = 1, 2, · · · , k and tumor y,
a correlation coefficient (CC) between x j and y is calculated as

rx j y =
Cov

(
x j, y

)

√
Var

(
x j

)
Var(y)

,

where Cov(x, y) is the covariance between x j and y, and var
(
x j

)
is the variance of x j. CC varies between

−1 and 1. Pearson correlation coefficient (PCC) characterizes the linear relationship considering

residuals x j − x̂ j and y − ŷ, where x̂ j = c0 +
k∑

i=1,i, j
cixi and ŷ = b0 +

k∑
i=1,i, j

bixi. PRCC performs PCC,

with x j and y being first-rank transformed parameters and tumor size is determined by LHS, respectively.
PRCC is a robust sensitivity measure for monotonic relationships between input and output.

PRCC performs a partial correlation analysis on rank-transformed data in two steps: (i) input and
output data are first rank-transformed, and then (ii) the linear regression model is applied. LHS
is used for parameter sampling, in which each parameter is assumed to be uniformly distributed.
We explored four parameters related to the changes in PD-1 and PD-L1 stimulated by the tumor and
T cells. Herein, tumor size over the parameters is plotted using LHS, as shown in Figure 5. By varying
the parameters associated with the changes in PD-1 and PD-L1, tumor size increases or decreases.
The number of sampling parameters was 1000, and the ranges of the parameters were as follows:

ν ∼ U
(
1 × 10−5 , 0.2

)
, kel ∼ U

(
1× 10−5, 5

)
, η ∼ U

(
1× 10−8, 1

)
,

µ ∼
(
1× 10−5, 0.2

)
,

(7)

where U is uniform distribution. The resultant PRCCs with p-values are measured in Figures 6–9
using LHS. This was done at the following timepoints: day 10 (before therapy), 14 (beginning of
therapy), 20 (during therapy), and 35 (after therapy). Additionally, PCC was calculated for comparison.
PCC is intuitive because there is no change in parameters and tumor size, but the linear relationship of
PRCC between variations in parameters and tumor size becomes more apparent compared to PCC.
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Figure 5. Tumor growth curve with combination therapy of IR and IT is plotted with the parameter
variations using Latin Hypercube Sampling. One thousand cases with four parameters randomly
extracted from (7) were conducted. By varying these parameters, some tumors are eliminated, some
reach maximal tumor sizes, and the others are in between the two extremes. The amount of combination
therapy and other parameter values were unchanged except for η, ν, µ, and kel.
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Figure 6. PCC and PRCC scatter plots of tumor size versus parameters kel, µ, ν, and η on day 10.
All four parameters are varied simultaneously. The sample size is 1000. The x-axis represents the
parameter values in PCC or the residuals of the linear regression between the rank-transformed values
of the parameters. The y-axis represents the tumor size in PCC or the residuals of the linear regression
between the rank-transformed values of tumor versus the rank-transformed values of the parameters.
The title of each plot represents the PRCC value with the corresponding p-value. The linear relationship
between parameters and tumor variation becomes more apparent with PRCC compared to PCC.
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Figure 7. Dotted points indicate tumor size on day 14. Combination therapy begins on day 14. An 
increase in 𝜈 is proportional to tumor growth with PRCC and p-value. Other parameters are less 
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Figure 8. On day 20 (during IT therapy and after IR therapy), PRCC and p-values of four parameters 
are determined. An increase in 𝜈 is proportional to tumor growth, but other parameters have little 
influence. 

Figure 7. Dotted points indicate tumor size on day 14. Combination therapy begins on day 14.
An increase in ν is proportional to tumor growth with PRCC and p-value. Other parameters are
less influential.
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Figure 8. On day 20 (during IT therapy and after IR therapy), PRCC and p-values of four parameters are
determined. An increase in ν is proportional to tumor growth, but other parameters have little influence.
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Figure 9. In the final phase, the elimination rate of IT, kel, is proportional to tumor growth. ν remains
proportional to tumor growth.

3.4. Analysis of Changes in Parameters

We compare PCC and PRCC with p-values, as shown in Figures 6–9. PCC directly compares
tumor size vs. parameters. While PCC is intuitive, it has a disadvantage in that the relationship
between parameters and tumor size is not clearly identified. Therefore, PRCC is performed to examine
the influence of parameters more clearly by transforming the value. Ultimately, the global sensitivity
analysis investigates the changes in essential outputs caused by simultaneous changes in parameters.
We explored the parameter influence at each critical timepoint. In particular, the change in parameters
can be compared before and after therapy. The influence of kel and ν did not significantly affect both
tumor growth and inhibition at day 10, before therapy. In the case of ν, negative linearity is observed
in PRCC as compared to that in PCC. In the case of η, the linearity is not observed in PCC, but PRCC
captures positive linearity. When combination therapy begins on day 14 (Figure 7), kel, η and µ are not
correlated to the change in tumor size. Tumor size has a positive linear relationship to ν, unlike before
therapy. In Figure 8, which shows day 20 of IT therapy, tumor size and ν have a positive relationship,
which becomes more apparent compared to PCC. After therapy (day 35), ν and kel are positively
correlated with tumor size, as shown in Figure 9. This correlation indicates that the elimination rate of
IT is influential to the change in tumor size when the amount of IT is small. From global sensitivity
analysis, we may conclude that parameter influence over tumor size is different before and after
therapy. These levels accelerated tumor inhibition after therapy began. Particularly, η determining the
ratio of PD-1 to PD-L1 does not follow the linear relationship to tumor size.

Changes in tumor size with respect to ν before and after therapy were investigated. There was
a negative correlation in the absence of therapy (before day 14), as shown in Figures 6–9.
However, a positive correlation was observed after IT, IR, and combination therapy began.
This seemingly contradictory result demonstrated that, prior to initiating therapy, PCC showed
a small change in tumor size (less than 3E-5), so the negative correlation may not have a significant
effect on the change in tumor size. PRCC showed this difference to be more exaggerated, indicating
that it was essential to examine both PCC and PRCC. Changes in ν after 14 days of therapy were
positively correlated with tumor size. This relationship was due to the negative feedback by which the
increase in ν caused by T cells leads to an increase in PD-L1, and a decrease in T cells by increasing
the amount of PD-1 and PD-L1 binding. This mechanism increased tumor size and suggested that
high PD-L1 expression levels in T cells could inhibit the efficiency of IT. Likewise, an increase in
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expression level ν · µ expressed on tumor cells caused an increase in PD-L1 regardless of therapy.
Additionally, an increase in ν · µ resulted in an increase in tumor size for similar reasons.

4. Discussion and Conclusions

Localized IR has been mediated tumor reduction in a T cell-dependent fashion. Therapeutic
blockade of the T cell negative regulator PD-L1 could enhance T cell effector function when
PD-L1 was expressed in tumors, as it happens in the tumor microenvironment after IR [22,23].
PD-L1 expression in the tumor microenvironment provided an opportunity for therapeutic intervention
using immunotherapies such as anti PD-L1, anti PD-1 and CTLA-4 [24,25].

The purpose of this work was to obtain insight into mechanisms of the tumor-immune interactions
while combination therapy of IR and IT was conducted. Notably, we considered PD-1 and PD-L1 in the
model to discuss how these targets change. Mathematical modeling is one of the most important tools
in analyzing the characteristics of the synergistic combinations and providing some useful insights
about the dynamic of the interactions. A mathematical model for the tumor-immune interactions
was developed. QSSA was used to simplify the model. Additionally, two-compartment models for
treatment were considered to reflect the delay of tumor repression. The simulation was implemented
for control, IT only, and IR only data. From the estimated parameters, combination therapy with IR and
IT was fit. Simulations of our model are shown to be in reliable agreement with mouse experiments for
all cases [14].

The model addressed how tumors and T cells were inhibited or stimulated by changes in PD-1
and PD-L1 expression. To this end, we utilized global sensitivity analysis to examine the influence of
four parameters and confirmed the corresponding changes in tumor size. It was possible to employ a
model to investigate how T cells and tumor growth were stimulated by PD-L1 and PD-1. The model
predicted that T cells would have a significant influence on tumor growth and inhibition based on the
ratio of PD-1 to PD-L1 when IT is applied. This result was explored in the global sensitivity analysis
of the parameter changes, rather than with local changes. We compared PCC and PRCC from LHS
among global sensitivities. PCC was intuitive, but the relationship between parameters and tumor size
variation was more apparent when assessed with PRCC than PCC.

Our approach complemented Deng et al.’s experiments that combination therapy of IR and IT was
likely an important part of the complex regulation in the IR tumor microenvironment that suppresses
antitumor immunity. Two models can be contrasted. The model of Nikolopoulou et al. was a system
of three ODEs with 19 parameters. They theoretically investigated the change in tumors against
anti-PD-1. Their major contribution was to predict the general behavior of the tumor-immune response
to therapy. Sensitivity analysis using PRCC via LHS and bifurcation analysis for tumor and T cells
were also conducted. The model of Chappell et al. was a system of 4 ODEs with 16 parameters.
Their study concerned tumor-T cell interactions with combination therapy of IR and IT. Regardless
of the consideration of PD-1 and PD-L1, one of their contributions was reproducing the synergistic
effects of IR and IT. Theoretical analysis such as model equilibria and stability was also conducted.
Our approach reflected those models and additionally focus on the change in the expression levels
of PD-1 and PD-L1. However, the proposed model has some limitations. We assumed that PD-L1
is permanently expressed on tumor cells and the expression increases with a tumor progression.
However, PD-L1 is heterogeneously expressed on cancer cells and can be decreased over a period.
Furthermore, we did not consider other immune checkpoint molecules upregulated on cancer cells
that also have a significant impact on the cancer cell immune escape.

In Figures 6–9, the ratio rate η determined the ratio of PD-1 to PD-L1 in T cells. Before therapy,
η and tumor size were positively correlated. That is, in our model, after cancer cells were implanted and
before therapy, the binding of PD-1 to PD-L1 was small, and as a result, T cell suppression was small
and the increase in tumor size was minimal, as shown in the experimental data (Figure 6). The linearity
was deregulated after beginning combination therapy (Figures 7–9). IT depleted PD-L1 to reduce
the amount of binding to PD-1, thereby reducing T cell suppression and consequently suppressing
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tumors. IR additionally eliminated tumors and reduced the amount of PD-L1. Therefore, tumor size
was determined based on T cell decrease/increase, where a decrease was caused by IR directly or an
increase was caused by inhibiting the binding of PD-1 to PD-L1 indirectly.

Interestingly, as η decreased, the tumor size variation became more severe. The smaller the
differentiation by T cells to PD-L1 was, the smaller the amount of PD-L1 was, and thus tumor growth
was suppressed by IT. Meanwhile, when η was small with sufficient PD-L1, T cells increased the
expression level of PD-1, thereby increasing the concentration of the PD-1-PD-L1 complex. As a result,
the proliferation of the T cells was suppressed, and the tumor size increased. Therefore, two opposite
cases can occur. Combination therapy overcomes the challenge by inhibiting the tumor both directly
and indirectly. Using this model, we examined ways to regulate PD-L1 and PD-1 to improve the
efficacy of combination therapy. After reducing PD-L1 and PD-1 expression by inhibiting tumor and
T cells through IR, further depletion of PD-L1 through IT resulted in a decrease in the amount of
PD-1-PD-L1 complex, thereby preventing the inhibition of T cell growth. This result indicated that
if PD-L1 is lowly expressed in T cells, the efficacy of IT improves. That is, the level of PD-1-PD-L1
complex can be lower by reducing η.

It was noted that when η was small (i.e., when PD-1 was highly expressed in T cells or PD-L1
expression was low in T cells) and PD-L1 expression on the tumor was high, the tumor could be less
inhibited as the PD-1-PD-L1 complex concentration was increased, indicating that T cell growth may
be further suppressed. Additionally, combination therapy should be considered in two cases: when
PD-L1 expression is high and when PD-1 expression is low or high in T cells. The expression level of
PD-L1 was determined based on combination therapy. That is, when the expression level of PD-1 in
T cells is low, successful therapy can be achieved by suppressing PD-L1 alone. Still, in the case of high
expression of PD-L1 in T cells, such a strategy may fail due to excessive T cell reduction, although the
tumor size was also reduced.

We investigated the tumor-immune interaction through a mathematical model. Through combination
therapy, we verified the synergistic effect of combined IR and IT after parameter estimation through
data fitting. Our model analyzed the mechanism of tumor inhibition through the relationship between
PD-1 and PD-L1. We also examined the influence of each parameter through global sensitivity analysis
of crucial parameters associated with the change in PD-1 and PD-L1. However, this analysis assumed
a uniform distribution considering a slight variation in the parameters. Importantly, this assumption
could not suggest a feasible condition for the parameters. In the next study, we will provide the
distribution of the parameter space using Bayesian inference. This study could be valuable in that the
Bayesian inference may be used for consideration of multiple doses and combination therapy remains
challenging in the tumor-immune system.
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