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In recent decades, the interest in nanomaterials has grown rapidly for their applications
in many research fields, including drug delivery and cancer therapy. Polymer, metal,
silica, carbon, and hybrid nanoparticles are different kinds of nanomaterials, which are
currently available and utilized in a large number of applications for the treatment of
disease. Nanoparticles can often be endowed with suitable functionalities to provide
nanoformulations with improved performance, including superior pharmacokinetic profile
and treatment efficiency, in tailored applications.

This Special Issue of Nanomaterials, entitled “Nanomaterials for Drug Delivery and
Cancer Therapy”, covers the recent advances in the use of nanoparticle systems, with an
emphasis on preparation and characterization methods, functionalization chemistry, and
their associated applications in drug delivery and cancer therapy. Moreover, some recent
advances are presented here, with the aim to provide new ideas and to ignite a discussion
among researchers working in this multidisciplinary field.

This Special Issue collects seven recent research articles and four review papers, with
the latter being presented at the beginning of the book issue, since they can provide an
extensive overview of the topics presented herein, with a discussion of future perspectives.

The first review article, by Jie Tang et al., provides an overview of the recent de-
velopments in nucleic acid delivery systems that target airway mucosa for vaccination
purposes [1]. The article outlines the appeal of a respiratory mucosal vaccination, but
at the same time stresses the challenges of several physical and biological barriers at the
airway mucosal site, such as a variety of protective enzymes and mucociliary clearance. The
authors discuss in detail the nanotechnologies enabling novel nucleic acid formulations for
the efficient delivery of both mRNA transcribed in vitro and nucleic-acid-based vaccines.

In the second review article, Rabia Arshad et al. highlight the latest advances in
cancer diagnosis and treatment by RNA nanotechnology, in particular by using multi-
functionalized nanoparticles and nanobiosensors with specified ligands able to target
the tissues of interest [2]. RNA-conjugated nanomaterials have demonstrated improved
sensitivity and selectivity, higher therapeutic efficacy, more accurate diagnosis, lower
toxicity, and more site-specific delivery than conventional techniques, resulting in better
cytotoxicity management and cost-effectiveness. However, the main drawback of such
technology is related to the low number of RNA-based nanoparticles that have progressed
to clinical trials.

In the third review article, Shei Li Chung et al. describe the recent advancements in
nanotechnology to develop novel co-delivery systems, which involve short-interfering
RNA (siRNA) and small-molecule drugs for synergistic cancer therapy [3]. They discuss
the problems related to the co-delivery of two distinct anti-tumor agents with different
properties, showing some key examples.

The fourth review paper, by Manuela Curcio and colleagues, reports the possibilities
offered by self-assembling nanoparticles based on hyaluronic acid in cancer therapy [4].
Such systems conjugate the targeting activity of hyaluronic acid towards cancer cells with
the chemical versatility, ease of preparation and scalability of self-assembling nanoparticles.
The authors elucidate the different hyaluronic acid derivatization strategies and preparation
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methods used for the fabrication of different delivery devices. After showing the biological
results in in vivo and in vitro models, the pros and cons of each nanosystem are reported,
opening a discussion on which approach could represent the most promising strategy for
further investigation and the development of effective therapeutic protocols.

This Special Issue also includes seven research articles.

The first paper, by Nicole FE. Bonan et al., presents a novel formulation of Prussian
Blue nanoparticles (PBNPs) conjugated with an antibody targeting Fn14, the fibroblast
growth factor-inducible 14, which is expressed in glioblastoma cell lines [5]. After having
characterized the properties of the conjugate anti-Fn14-PBNPs, the authors report its ability
to act as a targeted photothermal therapy agent against glioblastoma.

The second paper, by Andrew Dunphy et al., provides evidence of the interplay
between macrophages and carbon nanodots, which represent a well-known target in
therapeutic treatments and an important nanomaterial for biomedical applications, respec-
tively [6]. After having found that CNDs were non-toxic in a variety of doses and that the
expression of CD 206 and CD 68 could be altered by opportune treatments, they examined
the potential entrance routes of CNDs into macrophages.

The third paper, by Guan Zhen He and Wen Jen Lin, is focused on the synthesis of a
PLGA-PEG-maleimide copolymer, which was used for the encapsulation of Seliciclib [7].
The obtained nanoparticles were decorated with T7 peptide, which is a targeting ligand for
the transferrin receptors, generally being overexpressed in cancer cells. The results show
that the cellular uptake was, as expected, dependent on the overexpression of transferrin
receptors, and that IC50 values were lowered for encapsulated Seliciclib.

The fourth paper, by Brero’s group, aimed to evaluate a novel therapeutic protocol
for the in vitro treatment of pancreatic cancer BxPC3 cells [8]. They combined hadron
therapy by carbon ions with magnetic fluid hyperthermia and found that the new protocol
diminished the clonogenic survival to an extent that depended on the radiation type (using
photons as the control), and the decrease was amplified both by the hyperthermia protocol
and the cellular uptake of magnetic nanoparticles.

The fifth paper, by Dina Farrakhova and co-workers, presents experimental evi-
dence of a new spectroscopic approach to determine the state of a brain tumor and
its microenvironment via changes in the fluorescence lifetime of Indocyanine Green
(IG) [9]. In particular, IG accumulated in the tumor site with a maximum accumulation at
24 h after systemic administration and led to different values of fluorescence lifetimes for
ICG and ICG aggregates, indicating promising suitability for the fluorescent diagnosis of
brain tumors.

In the sixth paper, Mei-Hsiu Chen et al. synthesized a complex, Au-OMYV, with
gold nanoparticles (AuNPs) and outer-membrane vesicles (OMVs) [10]. Au-OMYV, when
combined with radiotherapy, produced radiosensitizing and immunomodulatory effects
that successfully suppressed tumor growth in both subcutaneous G261 tumor-bearing and
in situ (brain) tumor-bearing C57BL/6 mice. Longer survival was also noted for in situ
tumor-bearing mice treated with Au-OMYV and radiotherapy. The mechanisms behind the
successful treatment were evaluated.

Finally, the seventh paper, by Manuela Curcio’s group, investigated new dual
pH/redox-responsive nanoparticles with an affinity for folate receptors, prepared by the
combination of two amphiphilic dextran (DEX) derivatives [11]. The first derivative was
obtained from a covalent coupling of the polysaccharide with folic acid (FA), whereas the
second was derived from the reductive amination step of DEX, followed by condensation
with polyethylene glycol 600. After self-assembling, nanoparticles could be destabilized in
acidic pH and reducing media, and after doxorubicin loading, the proposed system was
able to modulate the drug release in response to different pH and redox conditions. Then,
viability and uptake experiments on healthy (MCF-10A) and metastatic cancer (MDA-MB-
231) cells proved the potential applicability of the proposed system as a new drug vector in
cancer therapy.

We hope that readers enjoy these selected contributions.
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Abstract: Recent advancements in the field of in vitro transcribed mRNA (IVT-mRNA) vaccination
have attracted considerable attention to such vaccination as a cutting-edge technique against infec-
tious diseases including COVID-19 caused by SARS-CoV-2. While numerous pathogens infect the
host through the respiratory mucosa, conventional parenterally administered vaccines are unable to
induce protective immunity at mucosal surfaces. Mucosal immunization enables the induction of both
mucosal and systemic immunity, efficiently removing pathogens from the mucosa before an infection
occurs. Although respiratory mucosal vaccination is highly appealing, successful nasal or pulmonary
delivery of nucleic acid-based vaccines is challenging because of several physical and biological
barriers at the airway mucosal site, such as a variety of protective enzymes and mucociliary clearance,
which remove exogenously inhaled substances. Hence, advanced nanotechnologies enabling delivery
of DNA and IVT-mRNA to the nasal and pulmonary mucosa are urgently needed. Ideal nanocarriers
for nucleic acid vaccines should be able to efficiently load and protect genetic payloads, overcome
physical and biological barriers at the airway mucosal site, facilitate transfection in targeted epithelial
or antigen-presenting cells, and incorporate adjuvants. In this review, we discuss recent developments

in nucleic acid delivery systems that target airway mucosa for vaccination purposes.

Keywords: DNA vaccine; mRNA vaccine; mucosal immune response; intranasal delivery; pulmonary
delivery; nanoparticles

1. Introduction

In recent decades, nanotechnologies for the production of high-quality nucleic acids
and efficient in vivo delivery systems have revolutionized the field of vaccine develop-
ment [1-4]. Lauded as “third-generation vaccines”, DNA and in vitro transcribed messen-
ger RNA (IVT-mRNA) harbor huge potential to offer pioneering solutions for clinically
unmet needs [5,6]. Instead of using inactivated or live, attenuated viruses synthesized
through time-consuming and demanding production procedures, vaccine developers now
adopt simpler, rationally designed DNA constructs or IVT-mRNA to instruct cells of the
recipient to express antigenic proteins that imitate parts of the target bacteria or viruses
in order to generate antigen-specific humoral and cellular immunity to eliminate the real
pathogens containing said antigen when they invade the host. Since host cells are respon-
sible for antigen production, correct folding of the protein and natural glycosylation are
guaranteed [7]. However, successful transfer of these antigen-encoding genetic materials
to the target site (i.e., the nucleus for DNA transcription or ribosomes in the cytoplasm
for mRNA translation) within host cells is a prerequisite to achieve this goal. Apart from
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several exceptional cases [8-10], delivery vehicles or devices are imperative because of
limited cellular uptake and the instability of naked DNA and IVT-mRNA [2,11-13]. Nu-
cleic acid-based vaccines (NA-vaccines) utilize affordable and well-established standard
manufacturing processes that can scale up rapidly in response to outbreaks of infectious
diseases, avoiding the complex procedures of repeated culture and inactivation of infectious
pathogens or purification of recombinant antigens [5,14]. Furthermore, these genetic vac-
cines offer several distinct advantages over conventional vaccines (Table 1). NA-vaccines
are highly flexible, capable of encoding virtually any type of protein. The successful imple-
mentation of these vaccines would prevent or treat, at least theoretically, any disease with
effective and well-characterized antigen targets. Indeed, several NA-vaccines encoding
viral antigens have been tested in clinical trials to investigate their protective potency and
immunogenicity [15-20]. The range of diseases that could be addressed by NA-vaccines
even extends to cancer [21-23]. The emergence of severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) has turned the field’s spotlight towards the prevention of
coronavirus disease 2019 (COVID-19). Since then, research institutions and companies
have raced to develop COVID-19 vaccines [24]. IVT-mRNA vaccines turned out to be
the “biggest winner” of this vaccine competition, as they not only enabled an unimagin-
able speed of vaccine development but displayed extremely high protection rates against
COVID-19. After the viral genome sequence was publicly released, it took just sixty-six
days for Moderna’s 1273-mRNA vaccine candidate to enter phase I clinical trial [25]. Both
Moderna’s 1273-mRNA vaccine and BioNTech’s 162b2-mRNA vaccine finished phase III
clinical trials with 94-95% effectiveness in protection against COVID-19 and obtained
emergency use authorization within one year from the outbreak of the virus [26,27].

Table 1. Advantages of NA-vaccines compared with conventional vaccines.

Category DNA Vaccines RNA Vaccines
Rapid design with the coding ~ Rapid design with the coding
Desien sequence of antigens sequence of antigens
& A single formulation with A single formulation with
multiple antigens is possible multiple antigens is possible
Rapid and reproducible Rapid and reproducible
production based on in vitro production based on
bacterial culture in vitro transcription
Large-scale manufacture .
. . o Large-scale manufacture with
. without inactivation of “cell free”
Production infectious pathogens or cell free” process
urification of Antigens with proper folding
I;ecombinant antivens are produced in vivo, with the
. ith & foldi cytosol as its target, only
Antigens with proper folding transiently expressed
are produced in vivo
Depends on the formulation Depends on the formulation
Stability Ease of storage and Cold chain transportation is

transportation in most cases

generally required

Immune responses

Both cellular and humoral
immune responses

Both cellular and humoral
immune responses without
risk of genome integration

One key obstacle on the path of developing advanced vaccines relates to the vacci-
nation route and mucosal immunity. Many pathogens, including SARS-CoV-2, infect the
host through the respiratory mucosa, so the interaction between the virus and the immune
system first occurs in the mucosa of the respiratory tract. The mucosal immune system
plays a key role in the host’s resistance to pathogen invasion [28,29]. However, most clinical
available vaccines employ invasive parenteral routes when inoculated, such as intramuscu-
lar, subcutaneous, and intradermal injections [30]. The modality of vaccine administration
could have an enormous impact on the efficacy of a vaccine, as it affects the accessibility
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of immune cells for priming and the extent of consequential effects (systemic and local
immune responses) after the vaccination. In addition to a few reports using retinoic acid as
an adjuvant to induce immunoglobulin A (IgA) secretion at mucosal cites [31,32], vaccines
inoculated via the conventional intramuscular route exclusively induce a systemic immune
response characterized mainly by serum immunoglobulin G (IgG) antibodies but barely
induce a mucosal immune response. The ability of serum IgG to eliminate virions at the
mucosal site might be very limited [33]. Mucosal routes of administration (specifically,
nasal or pulmonary delivery) are still considered by the research community to be the
ideal and most straightforward approach to inducing potent immune responses against
respiratory infections. This is particularly important for prophylactic vaccines to prevent
respiratory diseases, such as SARS-CoV-2, RSV, and influenza [34-36]. NA-vaccines admin-
istered to the mucosal layers, such as the nasal and pulmonary mucosa, could travel to
the draining mucosal lymph nodes (LNs) via lymphatic systems under the airway epithe-
lium [37-39]. Importantly, the activated mucosal immune system causes the production
of pathogen-specific secretory immunoglobulin A (sIgA), which efficiently blocks and
neutralizes invading pathogens in mucus at an early stage of infection and acts in the
front line of defense against infection [40,41]. Immune cells stimulated by antigens in the
respiratory mucosa are also able to produce corresponding specific immune responses to
protect against infectious diseases in other mucosal parts of the body (e.g., the gastroin-
testinal and reproductive tract), which are facilitated by the common mucosal immune
system [42]. Moreover, delivery of vaccines to mucosal surfaces can induce systemic immu-
nity with levels similar to those induced by counterparts administered via the conventional
parenteral route [43,44]. In addition to expanding immune protection to mucosal sites,
mucosal vaccination also brings other advantages. Being an inherently needle-free delivery
approach, mucosal vaccine delivery addresses various problems associated with needle
injection, such as the risk of needle reuse, which may lead to cross-infections; low patient
compliance due to the pain caused by injection; and the necessity of medical staff for the
vaccine injection [45].

Although mucosal vaccination is highly appealing, successful delivery of nucleic acids
within the airway is extremely challenging because of the complex structures and the
harsh microenvironment of the respiratory tract which has evolved to proficiently remove
foreign particles (Figure 1B). Compared with that of parenterally administered vaccines,
the number of successful mucosal vaccines is very limited. Currently, there is only one
nasally-administered vaccine (i.e., Flumist®) that has obtained market approval [46], and it
is based on live attenuated viruses for the reason that, currently, only virus-based delivery
systems (such as attenuated viruses or adenoviruses) have been able to achieve strong
respiratory mucosal immune responses [36,47,48]. However, such virus-based vaccines
still have many drawbacks, such as safety issues (virulence restoration) and preexisting
immunity [46]. Biomaterials-based nonviral delivery systems (Figure 1A), on the other
hand, have the advantages of excellent biocompatibility, ease of production, and high
flexibility in structure modification and can hence be tailor made for the mucosal delivery
of DNA- and IVT-mRNA-based therapeutics [49]. Another advantage of the nonviral
delivery platform is its ability to enhance vaccine efficacy by acting as an adjuvant itself or
codelivering adjuvants. However, the in vivo delivery efficiency of nonviral materials is
usually inferior to that of viruses, impeding the induction of sufficient mucosal immune
responses. Successful nasal or pulmonary delivery of NA-vaccines is challenging because
of physical and biological barriers at the airway mucosal site. Nevertheless, the field
is still developing and evolving, with numerous efforts dedicated to the exploration of
various materials for successfully mediating mucosal immunity. Based on our research
interest in the airway delivery of genetic payloads, this review highlights recent advances
in NA-vaccines inoculated via the nasal or pulmonary routes. We discuss the role of their
delivery platforms and summarize crucial factors for the development of successful DNA-
or IVT-mRNA-based vaccines that work efficiently in the respiratory mucosa (Figure 1).
A successful pDNA or IVI-mRNA delivery system should not only confer protective
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capacity and efficient mucosal delivery function by overcoming the barriers but improve
the translation of antigens from their payload pDNA/mRNA in specific antigen-presenting
cells (APCs) or epithelial cells (Figure 1C). This review also covers several relevant topics
including the structure of the airway and other barriers to mucosal vaccine delivery and
the associated immune system that processes vaccine antigens upon respiratory delivery.
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Figure 1. Overview of nucleic acid-based (NA-) vaccines administrated via the respiratory tract using
nanotechnologies. (A) Schematic view of different nanoparticles used for intranasal and pulmonary
vaccinations. (B) Physical and biological barriers at the airway mucosal site and mechanism of
immune responses in the respiratory tract mediated by mucosal-associated lymphoid tissues (MALTS).
NA-vaccines transcytose from the mucus layer into the epithelial tissues by microfold cells (M cells) or
passively diffuse through epithelial cell junctions. Other NA-vaccines are captured and internalized
by APCs, such as DCs, from their extension through epithelial junctions. APCs that have been
transfected with genetic antigens migrate to the nearest lymph node to activate T cells and B cells.
Activated B cells proliferate in the lymph node and enter the systemic circulation to the mucosal
effector sites. B cells locally differentiate into antibody-secreting plasma cells to produce IgA dimers.
IgA dimers are secreted via pIgR at the mucosal surface. Antigen-specific systemic IgG is also
produced. (C) NA-vaccines are taken up by epithelial cells (a), and pathogen-derived antigens are
then transcribed and translated from plasmid DNA or IVT mRNA and secreted into the extracellular
space, where they can be taken up by professional APCs such as DCs. (b). APCs then present antigens
to naive T cells for activation and differentiation, promoting humoral and cell-mediated immune
responses against the encoded antigen.
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2. Barriers of Vaccines Inoculated via Respiratory Route

The respiratory system is critical for mammalian to maintain their life. It carries out the
physiological function of exchanging gases between the organism and the environment. Un-
avoidably, it is subject to the presence of unwelcome foreign substances, such as pollutants
and pathogens [50]. One important defense system is the mechanical-physical barrier, con-
stituted by a layer of epithelial cells adhered on the luminal surface of the respiratory tract
with tight junctions, preventing the trespassing of inhaled particles [51,52]. Among these
epithelial cells, goblet cells secrete a dense, protective mucus that traps foreign particles
and pathogens while also disrupting bacterial aggregation (Figure 1). The mucus, carrying
trapped foreign substances, is continuously expelled via coordinated movement by the
mucociliary “escalator” [53,54]. This mucociliary clearance removes large foreign materials
(>5 um) from the upper respiratory tract (URT). However, pathogens often escape this
mechanical-physical barrier, reaching the pulmonary alveoli within the lower respiratory
tract (LRT), which may lead to pulmonary inflammation [55]. To prevent such infections,
another important line of defense is available. The airway and alveolar fluids contain a
variety of soluble substances such as antimicrobial proteins (e.g., lysozymes, lactoferrins,
and defensins), microbial opsonins (e.g., complement proteins and surfactant-associated
proteins), and enzymes (e.g., proteases and nucleases), building up a robust antiinfection
environment within the luminal surface along the entire airway [56].

Because of its important roles in protecting the host from inhaled pathogens, the
mechanical-physical barrier poses huge obstacles to vaccines inoculated via the respira-
tory tract. Since vaccines are also perceived to be exogenous pathogens, intranasally or
intratracheally administered vaccines are prone to being expelled via “mucosal clearance”.
This, combined with nonspecific binding with positively-charged proteins and enzymatic
degradation within the mucus, makes it difficult for NA-vaccines to reach the airway ep-
ithelium to activate the mucosal immune system, resulting in limited immune response. To
overcome these barriers, a safe and efficient delivery system is imperative for NA-vaccines
to be administered via the respiratory tract.

3. Mucosal Immune Systems of Respiratory Tract against Infection
3.1. The Upper Respiratory Tract

The highly vascularized URT is the primary route of ingress of inhaled pathogens. A
dense network of mucosal-associated lymphoid tissues (MALTs) is in the mucosal tissues
to help induce pathogen-specific immune responses, reducing occurrences of infections.
Peyer’s patches in the small intestine, bronchus-associated lymphoid tissues (BALTs),
larynx-associated lymphatic tissues (LALTs), and nasopharynx-associated lymphoid tissues
(NALTSs) in the rodent nasal cavity are all subsets of MALTs [57,58]. The NALT, commonly
regarded to be equivalent to the Waldeyer’s ring in humans [59], also plays a potentially
unique role in the initiation of mucosal immune responses based on well-organized local
lymphoid structures [60]. Through antigens presented by dendritic cells (DCs) from the
parenchyma of nonlymphoid organs and distal sites, the NALT has an important role in
generating T helper 1 and T helper 2 cells as well as IgA-secreting B cells in lymph nodes
(LNs) [61].

While mucosal DCs capture antigens directly from the luminal side of the airway tract
by extending DC dendrites through the tight junctions between the epithelial cells [62], M
cells, a group of specialized cells located in the epithelium-overlying follicles of the MALT,
are responsible for efficiently transporting antigens from the lumen to the underlying mu-
cosal lymphoid tissues in a process termed “transcytosis” [63]. On their basolateral surface,
the membranes of M cells are deeply invaginated, forming pocket structures holding DCs
and/or lymphocytes. M cells are perfect antigen-transporting devices, and their reduced
lysosome function enables antigen particulates entered from the airway lumen to be ef-
fectively delivered to DCs for further processing with minimal modification [63]. Apart
from antigen transport, M-cells also aid immune response induction to the transported
antigen by releasing a costimulatory signal for T- and B-cell proliferation [64]. Thus, M-cell
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targeting strategies in the development of mucosal vaccines have grown in popularity as
means of improving efficacy in priming mucosal and systemic immune responses.

When captured antigens are transported to draining lymphoid nodes, they are pro-
cessed into peptides following DC maturation for presentation to antigen-specific CD8* or
CD4* cells in the form of major histocompatibility complex (MHC) class I or class II, respec-
tively. Facilitated by costimulatory molecules and cytokines, the priming of CD8* or CD4*
cells initiates programmed cell proliferation and differentiation within draining lymph
nodes, accelerating the formation of corresponding antigen-specific effector T cells [65,66].
With the help of cytokines such as IFN-y, IL-2, and IL-10 secreted by CD4* T helper cells,
CD8" effector cells migrate from lymphoid tissues to the site of infection, inducing lysis
in infected cells via Fas—FasL interactions or exocytosis of granule-associated proteases
containing perforin and granzymes [67,68]. Moreover, a potent and long-term antibody
response is built with help from T follicular helper (Try) cells, which provide relevant
cytokines and costimulatory molecules for the affinity maturation of B cells, despite the
presence of a T cell-independent mechanism for antibody production [69-71]. Following
isotype switching and the selection of B cells in the germinal center, antigen-specific dimeric
immunoglobulin A (dIgA) is generated [72]. Subsequently, transcytosis of dIgA is mediated
by polymeric immunoglobulin receptors (pIgRs) expressed on the basolateral surface of
the epithelium [73]. Endoproteolytic cleavage of pIgR on the luminal side results in the
release of secretory IgA (sIgA) into the lumen [74]. Unlike serum IgA, sIgA is resistant
against proteases, thereby being able to protect mucosal surfaces against pathogens despite
the protease-rich environment on the nasal mucosa surface [74]. After complete clearance
of infectious pathogens, the majority of effector T and B cells undergo apoptosis, leaving
behind a small population of memory cells [75,76].

A study on severe acute respiratory syndrome coronavirus (SARS-CoV) showed that
memory T cells remain for a long time in patients who have recovered from SARS-CoV
infection, conferring a long-term immune protection effect [77]. Memory T cells can be
roughly divided into two classes. After clearance of infected pathogens, central memory T
cells (Tcn) typically remain in circulation within lymphoid organs, while effector memory
T cells (Tgy) generally circulate through the red pulp of the spleen and nonlymphoid
tissues [78,79]. Both Tcy and Tgy possess strong capabilities to proliferate and differentiate
into effector T cells after encountering a reinfection. Tgy in the airway can rapidly remove
and act on respiratory pathogens at the early stage of the reinfection [80,81]. However,
Tcwm has to undergo multiple steps, such as activation and differentiation, to initiate sig-
nificantly delayed effector responses upon encountering pathogens compared to those of
Tem [82]. Another population of activated memory T cells does not return to circulation
and is therefore known as resident memory T cells (Trym). Compared with Tgyg, Trm pro-
vides a first line of defense in nonlymphoid tissues against infectious pathogens and limits
further spread of infection in the host [83]. Lung Try seems more effective in promot-
ing a long-term mucosal immune response against airway-transmitted pathogens [84,85].
Respiratory route inoculation has also been suggested to be necessary for generating of
Trum cells in the lung [86]. As shown in a previous study, Sendai virus-specific CD4" Try
persists in lung tissues and the airway for several months after infection in C57BL/6 mice,
mediating a substantial degree of protection against secondary virus infection [87]. Thus,
Trum levels constitute another important indicator of mucosal vaccine efficacy. Given that
the mucosal surface is the primary route of ingress of most pathogens, mucosal vaccines
providing longer immunity against inhaled pathogens via eliciting robust effector memory
populations in mucosal tissues is of great promise.

3.2. The Lower Respiratory Tract

Most pathogens that are smaller than 1 um tend to be able to bypass the mucosal
layer on the URT luminal surface, reaching the terminal regions (bronchioles and alveoli)
of the LRT. In the lung, the dominant cell population, alveolar macrophages (AMs), ac-
counts for approximately 95% of airspace leukocytes, engulfing most of the antigens [56,88].
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Macrophages play an important role in the first line of defense, while CD11c*F4/80~ DCs
seem to be the major APC population in the lung responsible for presenting antigens to pul-
monary T cells after infection in mice [89], demonstrating that DCs play an important role
in adaptive immune response and in determining the magnitude of pulmonary vaccines’
immune responses.

In alveoli, the recruitment and differentiation of CD11b* DCs can be facilitated by pro-
ducing type I immune mediators in alveolar epithelial cells (AECs) and immune cells [90].
Pulmonary surfactant (PS)-biomimetic liposomes encapsulating 2’,3'-cyclic guanosine
monophosphate-adenosine monophosphate (cGAMP) enter AMs by means of lung specific
surfactant protein-A- and -D-mediated endocytosis, after which cGAMP is released into
the cytosol and fluxes from AMs into AECs by way of gap junctions [90]. cGAMP, an
agonist of the stimulator of interferon genes (STING), stimulates the production of type
Iinterferons in both AECs and AMs, which in turn promotes rapid DC recruitment and
differentiation. Through this mechanism, influenza-specific humoral and CD8* T cell
immune responses were vigorously augmented in mice after intranasal immunization with
PS-cGAMP-adjuvanted HIN1 vaccines [91]. Taken together, these findings suggest that the
respiratory delivery of cGAMP as adjuvant might be an alternative strategy for developing
pulmonary vaccines.

The antigen-presenting ability of different types of DCs in the respiratory system is
also suggested to be different. Although there are relatively larger populations of DCs
located in the lung parenchyma and alveolar spaces of the LRT, airway mucosal myeloid
DCs are more endocytic and efficient than their aforementioned counterparts for presenting
peptide antigens to naive CD4" T cells [92]. Similarly to NALTs, well-developed bronchus-
associated lymphoid tissues (BALTs) have been found at branching sites of the bronchial
tree in rabbit and feline lungs, while this type of lymphoid structure in human and mice is
called inducible bronchus-associated lymphoid tissue (iBALT). The iBALT is induced only
by inflammatory stimulation or infection and represents an inducible secondary lymphoid
tissue for respiratory immune responses [93]. However, the biological outcomes of the
immune response mediated by the iBALT could be beneficial or harmful. In some cases, the
persistent exposure of antigens to iBALT during allergic reactions, chronic inflammation,
or autoimmune disease may lead to exacerbation of inflammation [94]. Although the local
immune mechanism of iBALT is poorly understood, the design of pulmonary vaccines
aiming to trigger the formation of iBALT with subsequent protective immunity should
be considered. For instance, pulmonary administration of a protein cage nanoparticle
promoted the development of iBALT in the lung, resulting in enhanced viral clearance,
accelerated induction of viral-specific antibody production, and significantly decreased
morbidity and lung damage [95].

In conclusion, nasal and pulmonary administration are the most effective ways to elicit
a substantial local immune response in addition to a systemic immune response. Mucosal
immunisation stands out for its rapid and comprehensive activation of various immune
subsystems in addition to its relatively fewer side effects.

4. DNA Vaccines

The first proof of concept for in vivo protein expression with nucleic acids was re-
ported in 1990 by injecting DNA or RNA molecules into mouse skeletal muscle for the
expression of chloramphenicol acetyltransferase, luciferase, and galactosidase [96]. It was
thereafter demonstrated that the production of cytotoxic T lymphocytes for influenza
could be induced by injecting plasmid DNA (pDNA) encoding influenza A nucleopro-
teins into the quadriceps of BALB/c mice [97]. These pioneer studies confirmed sufficient
immunogenicity of DNA vaccines in animal models, providing evidence of this immu-
nization platform’s promising ramifications. DNA vaccines are generally constructed by
inserting gene fragments encoding immunogenic antigens into a bacterial plasmid vector,
forming pDNA. After pDNA is delivered into the host cell nucleus, antigenic proteins
are subsequently expressed. Generally, APCs are the primary targets to be transfected
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with the genetic material. Following effective presentation in APCs, foreign antigenic
proteins initiate specific immune responses [98]. DNA vaccines offer several advantages
over conventional vaccines (e.g., live-attenuated, inactivated, or subunit vaccines), as sum-
marized in Table 1. Also, DNA vaccines are generally stable at room temperature (though
this may vary between formulations), avoiding the need for an uninterrupted cold chain
during storage and transport [99]. Large-scale manufacturing of DNA vaccines primarily
involves synthesis of relevant nucleic acids followed by standard cloning into plasmid
vectors, avoiding the time- and labor-intensive culturing procedures required by traditional
subunit and virus-based vaccines [100]. In contrast to subunit vaccines, DNA vaccines have
been demonstrated to induce more potent cytotoxic T cell responses without severe side
effects [101]. Although the potential possibility of genome integration remains the primary
theoretical safety concern with DNA vaccines, this scenario has not been realized across
large numbers of studies and reports [101]. Numerous clinical investigations have also
demonstrated DNA vaccines to be largely safe in humans [3,16,102]. All these advantages
make DNA vaccines an ideal candidate for rapid responses in the event of epidemic and
pandemic outbreaks. Indeed, the first DNA vaccine to be approved for human use was a
COVID-19 DNA vaccine (ZyCoV-D) developed in India. It was found to be 67% protective
in clinical trials [103], providing evidence that DNA vaccines can be effective in controlling
the pandemic [104].

In past decades, DNA vaccines have been studied for the prevention and treatment
of a variety of diseases, such as infectious diseases, cancer, autoimmune diseases, and
allergies. However, the immunogenicity of DNA vaccines in humans is not as sufficient
as that in mouse studies to elicit significant clinical benefits [3]. The poor transport of
pDNA into the nucleus of host cells results in low antigen synthesis, limiting the protective
immunological responses in the recipient. Several approaches have been explored in recent
years to address this issue, including the optimization of codon sequences/transcriptional
elements, the incorporation of adjuvants, and enhancing delivery technologies. In this
section, we discuss several well-studied delivery vehicles used for DNA vaccines that are
administered via nasal or pulmonary routes (Table 2).

4.1. Delivery of DNA Vaccines via Respiratory Routes

Intranasal and pulmonary administration of DNA vaccines have attracted widespread
attention recently because of various enticing properties. Early reports on inhaled DNA
vaccines combined plasmids encoding ovalbumin, hepatitis B surface antigen, and HLA-
A*0201-restricted T cell epitopes of Mycobacterium tuberculosis (M. tuberculosis), which re-
sulted in enhanced immunity as indicated by antibodies and cytokine production [105,106].
These pioneering investigations suggested that mucosal immune responses can be more
effectively elicited when DNA vaccines are delivered directly to mucosal sites. However,
there are still many obstacles that need to be overcome to more effectively utilize mucosal
DNA vaccines. Vaccines must penetrate the mucus layer, translocate into target cells, and
avoid extracellular and intracellular degradation in order to be effective (Figure 1). For
example, delivery via the nasal cavity exposes DNA vaccines to being trapped by the nasal
mucus, resulting in enzymatic breakdown. The viscosity and pore size of the mucus layer
markedly affect the effective diffusivity of particles on the airway surfaces. Mucociliary
clearance from cilia cells also significantly determines the fate of entrapped DNA vaccines.
It continuously pushes mucus outwards, expelling mucus from the nasal channel and
limiting residence time at the mucosal surface. The dilution effect in bulk mucosal fluids
can also impede successful deposition onto the epithelium.

As a result, a safe and effective DNA delivery mechanism must be designed to over-
come these obstacles. A suitable delivery system should target mucosal APCs for antigens
processing, resulting in selective B and T cell activation. The ultimate goals of DNA
delivery systems are to promote uptake of DNA into target tissues and cells, protect
DNA from enzymatic breakdown, extend residence time at the target site, boost antigen
expression, and optimize immune response, all without sacrificing safety. Section 4.2 dis-
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cusses in detail several DNA vaccine delivery technologies that have been evaluated for
respiratory administration.

4.2. Delivery Systems for DNA Vaccines via Respiratory Routes

The most prevalent technologies in the delivery of DNA constructs, such as electro-
poration, particle bombardment, and jet injectors, have exhibited improved transfection
efficiency and huge potential in clinical trials when compared to traditional intramuscular
injection of naked pDNA [107,108]. However, these attractive methods are inapplicable for
the respiratory route, necessitating the use of a potent delivery strategy to overcome the
barriers in the respiratory system. Advancements in nanotechnologies and material science
have proven to be beneficial in the effective delivery of pPDNA by the synthesis of DNA
nanoparticles with diverse structures. Nanoparticles can better pass cell membranes via
endocytosis while preventing premature degradation of pDNA and subsequently promote
intracellular trafficking into the nucleus following endosomal escape, increasing immuno-
genicity in animal models and humans. Most importantly, sustained and controlled release
of pDNA from nanocarriers at the delivery site recruits APCs, resulting in an improved
antigen-specific immune response. The immunogenicity of DNA by vaccines can be further
enhanced employing additional adjuvants. Currently, cationic lipids and polymers are two
of the most employed nanomaterials for DNA vaccines.

4.2.1. Liposomes and Niosomes

Liposomes and some other vesicular systems are widely used as delivery systems for
DNA vaccines. Liposomes generally consist of aqueous cores surrounded by phospholipid
bilayers. For antigen delivery, two approved liposomal vaccine formulations used to be
available: Inflexal® V (influenza vaccine) and Epaxal® (hepatitis A vaccine). Both of these
formulations use virosome-based technology in which viral proteins are bonded to the
surface of a liposome carrier similarly to how viral particles are bound [109]. The goal is to
imitate a safe viral-like particle capable of eliciting significant protective immune responses.
Although both examples have been discontinued, comparable technology could be used
to increase the immunogenicity of DNA vaccines. To achieve this, pPDNA could be either
electrostatically complexed on the surface of cationic liposomes or encapsulated in the
aqueous core by a dehydration-rehydration procedure. In general, cationic liposomes have
shown higher in vitro transfection efficiency, while nonionic or anionic counterparts have
shown enhanced antibody responses in animal models [110,111]. Surface modifications
with antigenic components or targeting ligands further enhance immune responses of
liposome-based vaccines [111]. It has been shown that liposomes coated with glycol
chitosan are mucus adhesive and immune system stimulating [112]. Surface-modified
cationic liposomes such as phosphatidylcholine (PC), dioleoyl phosphatidylethanolamine
(DOPE), and cholesterol (Chol) elicited stronger humoral, mucosal, and cell-mediated
immune responses post intranasal administration in mice against hepatitis than uncoated
counterparts [111]. Liposomes containing noncoding pDNA have also been shown to
exhibit adjuvant-like behavior, inducing elevated antibody levels and T cell immunity in
mice and nonhuman primates [113].

Liposomes have been used as DNA vaccine carriers for intranasal delivery in sev-
eral investigations to induce efficient immune responses against respiratory pathogens.
To induce immune protection against M. tuberculosis, D’Souza et al. adopted pDNA en-
coding antigen 85A formulated with a (+/—)-N-(3-aminopropyl)-N,N-dimethyl-2,3-bis
(dodecyloxy)-1-propanaminium bromide (GAP-DLRIE):DOPE liposome [114]. After in-
tranasal immunization in mice, a positive splenic Thl-type cytokine response was induced
in GAP-DLRIE:DOPE formulations, but this response was still weaker than that obtained
from intramuscular administration with the same dosage. However, the combination of
intranasal and intramuscular injections elicited even stronger Th1 type immune responses
in the lungs [114]. Another study, performed by Rosada et al., described how a single
intranasal immunization with liposome-based formulations of pDNA encoding HSP65
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against M. tuberculosis led to a remarkable reduction in the amount of bacilli in lungs
of mice [115]. The authors employed egg phosphatidylcholine (EPC), DOPE, and 1,2-
dioleoyl-3-trimethylammonium-propane (DOTAP) to formulate the delivery system. This
formulation also increased the production of IFN-y and lung parenchyma protection to
a level similar to that in mice vaccinated intramuscularly four times the dosage of naked
pPDNA encoding HSP65 [115]. In addition, intranasal immunization with liposome-based
DNA vaccine provided complete protection against influenza after a viral challenge as-
say [116]. Mice immunized intranasally with liposome-encapsulated pDNA encoding
hemagglutinin (HA) protein, but not naked plasmid, were found to produce strong serum
IgA /IgG responses and increased IgA titers in bronchoalveolar lavage fluid (BALF) [117].
T cell-proliferative responses were also successfully induced in both intranasal and in-
tramuscular administration [117]. These studies demonstrated the ability of liposomes
in the delivery of DNA vaccines inoculated via the intranasal route to confer significant
immune protection against respiratory infections in animal models. However, widespread
adoption of liposome-based vaccines remains stunted by their relatively lower physical
and chemical stability in aqueous dispersions during long-term storage [118]. Accordingly,
numerous methods to improve the stability of liposome formulations during storage have
been investigated, including freeze-drying, spray-drying, supercritical fluid technology,
and lyophilization [119-121].

Niosomes, which are nonionic surfactant-based vesicles, have been developed as
alternative delivery systems to liposomes because of their advantages such as cost-effective
manufacturing, large-scale producibility, and stability [122,123]. Because of their structural
similarities to liposomes, niosomes were also applied as vehicles for pDNA, small inter-
ference RNAs (siRNAs), and aptamers in target cells [124]. Cationic niosomes, containing
cationic lipids, made an effective vector for pPDNA delivery and achieved ~95% transfection
efficiency in vitro [125]. Later, the same research team reported successful transfection
of human tyrosinase gene (pMEL34) and the stability of developed cationic niosomes
in transdermal delivery [126]. Perrie et al. reported that niosomes carried with H3N2
influenza virus resulted in enhanced immune response after subcutaneous administra-
tion in mice [127]. Mannolysated niosomes encapsulated with pDNA encoding HBsAg
were reported to provoke protective immunity against hepatitis B as both a DNA vaccine
carrier and adjuvant for oral immunization [128]. However, there have been no reports
utilizing niosomes as a mucosal delivery platform in the respiratory tract as far as we
know. Their efficacy for the intranasal and pulmonary delivery of DNA vaccine needs
further investigation.

4.2.2. Polymers

One of the most appealing characteristics of polymer-based DNA delivery technolo-
gies is their flexibility in structure design and modification. Electrostatic interactions allow
cationic polymers to form complexes (polyplexes) with DNA vaccines. Polymer synthesis
is also relatively inexpensive and simple to scale up. To maximize cellular uptake and
transfection effectiveness, the size and surface characteristics of polymeric particles can
be adjusted by employing different polymers and methods of preparation [129,130]. It has
been found that alveolar macrophages are particularly effective in absorbing particles with
diameters ranging from 300 to 600 nm, so the particle size should be less than 3 pm (prefer-
ably under 500 nm) for DC-targeted absorption in the respiratory tract [131]. Aside from
particle size, particle charge also influences cellular absorption in APCs in the respiratory
tract. Where both DCs and macrophages are substantially present, preferential uptake of
DNA vaccines into DCs is desirable. DCs can produce large quantities of peptide-MHC II
complexes, which are then presented on the cellular surface to initiate T cell activation and
differentiation [132]. It has been found that macrophages have higher phagocytic activity
than DCs, but also that absorption in DCs can be increased by imparting positive charge to
the particle [133]. Polymeric particles can also be modified with functional groups or lig-
ands to improve the cellular uptake of DCs. DCs can preferentially uptake ligand-modified
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nanoparticles via receptor-mediated endocytosis using C-type lectin receptors or mannose
receptors [134].

Polyethylenimine

Polyethylenimine (PEI) is one of the most well-studied polymers with high transfection
efficiency and has been extensively applied for mediating in vitro and in vivo transfection
of DNA molecules [135]. Compared to lipid-based formulations, DNA complexed with
PEI has shown improved stability and higher levels of pulmonary transfection, even after
nebulization [136,137]. For intranasal immunization, PEI/pDNA complexes encoding
SARS-CoV spike proteins induced higher antigen-specific Th2 dominant IgG and IgA
antibodies in BALF than naked plasmid counterparts [138]. Cellular immune responses
were also detected in a PEI/pDNA treated group, with increased B cells and higher numbers
of IFN-y-, TNF-a-, and IL-2-producing T cells in the lungs [138]. A H5NI1 intranasal
vaccine with DNA encoding HA formulated with PEI induced potent mucosal and systemic
immune responses and elicited both full protection against the parental strain and partial
cross-protection against a distinct highly pathogenic strain [139]. Pulmonary immunization
of DNA vaccines formulated with PEI also induced robust systemic and CD8" T-cell
responses in the gut and vaginal mucosa [140]. Furthermore, mice inoculated via the
intratracheal (i.t.) route elicited higher levels of interleukin-2 than those inoculated by
intramuscular immunization in lung-associated antigen-specific CD4* T cells [140]. These
robust T cell responses, which were induced by i.t. but not intramuscular administration,
protected mice from a lethal recombinant vaccinia virus challenge [140]. A similar study also
reported that robust pulmonary CD8" T cell populations effectively mediated protective
immunity against influenza respiratory challenges after pulmonary immunization with
PEI/pDNA [141].

Although PEI appears to be a promising delivery vector for airway inoculated DNA
vaccines, one remaining major limitation is its toxicity due to its highly positively-charged
and nondegradable nature. Immunization with PEI vaccine was found to provoke the
activation of genes with apoptosis, stress responses, and oncogenesis [142]. As a result,
biodegradable PEI derivatives with low-toxic profiles have been developed for DNA deliv-
ery. A less toxic form of PEI called deacylated PEI (dPEI) with potent transfection efficiency
was applied in delivering pDNA encoding HA [143]. Essentially, dPEI is a completely
hydrolyzed linear PEI with 11% more free protonatable nitrogen atoms than conventional
PEI Following intranasal administration, dPEI-complexed pDNA vaccine formulations
were capable of generating strong systemic and mucosal humoral responses, activating
cellular responses, and mediating a higher degree of protection in a challenge study against
influenza [143]. Other strategies using covalent modification or electrostatic neutralization
of PEI's cationic group to reduce zeta potential have also been investigated. Poly-lactic-
co-glycolic acid (PLGA), a synthetic biodegradable copolymer, has been approved by the
Food and Drug Administration (FDA) for human use in delivering therapeutic agents such
as proteins and nucleic acids [144]. The negative charge and hydrophobic nature of PLGA
could be used to neutralize the positive charge of PEI for safe nucleic acid delivery. Bivas-
Benita et al. developed PLGA nanoparticles bearing PEI on their surfaces. Internalization
of the DNA-loaded PLGA-PEI nanoparticles was also studied in the human airway submu-
cosal epithelial cell line, Calu-3 [145]. The results suggested that DNA could be detected in
the endolysosomal compartment after 6 h incubation with Calu-3 cells and that and the
optimal cell viability was achieved when the weight ratio of PEI to DNA was between
1:1 and 0.5:1 [145]. A similar study reported the formulation of PLGA-PEI microparticles,
in which 10% PEI (w/w) efficiently adsorbed DNA and protected DNA from enzymatic
degradation [146]. Intramuscular immunization of mice with such PLGA-PEI formula-
tions loaded with pDNA encoding immunodominant antigens of Listeria monocytogenes
demonstrated that the formulation had an adjuvant effect [146]. These studies indicated
that PEI has a favorable profile to be a nonviral gene carrier for DNA vaccines delivered
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through the respiratory tract, but also that further optimization is still necessary to realize
their full potential.

Chitosan

Chitosan is a biodegradable and biocompatible polysaccharide derived from chitin
and has been frequently employed as a DNA delivery vector because of its biodegradability
and biocompatibility [147]. Furthermore, chitosan and its derivatives possess substan-
tial mucoadhesive properties, making them ideal for intranasal administration [148,149].
Chitosan has also been reported to be immune stimulating by enhancing macrophage
accumulation and activation, increasing cytokines’ resilience against infections, and pro-
moting cytotoxic T cell response [150,151]. To assess its potential in mediating mucosal
immunization, chitosan was used to complex with pDNAs encoding nine different antigens
(NS1,NS2, M, SH, E M2, N, G, and P) from respiratory syncytial virus (RSV) [151]. A single
intranasal administration of chitosan-pDNA resulted in a significant reduction of viral
titers and viral antigen load in the lungs after an acute RSV infection [151]. In addition,
significantly elevated levels of serum RSV-specific IgG antibodies, nasal IgA antibodies,
cytotoxic T lymphocytes, and IFN-y production in the lung and splenocytes were detected
in comparison with controls [151]. However, when pDNA encoding the M2 proteins of RSV
antigens was formulated with chitosan, virus-specific CTL responses in BALB/c mice were
induced only at a level that was comparable to those induced via intradermal immuniza-
tion [152]. Nonetheless, aerosolized pDNA—chitosan nanoparticles induced higher levels of
IFN-y through pulmonary administration than counterparts immunized by intratracheal
and intramuscular administration [106].

In order to achieve targeted delivery of antigen to DCs, biotinylated chitosan nanopar-
ticles loaded with pDNA encoding the nucleocapsid (N) protein of SARS-CoV were de-
veloped by Raghuwanshi et al. [153]. Chitosan was modified with bifunctional fusion
protein (bfFp) consisting of truncated core-streptavidin fused with anti-DEC-205 single
chain antibody (scFv) [153]. The core-streptavid in the arm of bfFp bonded with biotiny-
lated nanoparticles, while anti-DEC-205 scFv imparted targeting specificity to the DCs’
DEC-205 receptors. Intranasal administration of such targeted formulations led to the
detection of an enhanced number of N protein-specific systemic IgG and nasal IgA an-
tibodies [153]. In another study, mannosylated chitosan (MCS) formulated with DNA
vaccine encoding a multi-T-epitope was employed to facilitate airway delivery and antigen
targeting to the APCs in the alveoli [154]. Following intranasal immunization, HSP65-
specific sIgA in the BALF was significantly elevated. A modest antigen-specific Th1 (IFN-y,
TNF-«, and IL-2) response and a potent polyfunctional CD4* T response were induced
for enhancing mucosal immune protection against M. tuberculosis in the spleen and lung,
respectively [154].

Thiolated chitosan derivatives have been found to improve the transfection efficiency
of chitosan for intranasal delivery. In a study performed by Bernkop-Schniirch et al.,
thiol-bearing moieties were introduced on the polymeric backbone of chitosan in order to
prepare thiolated chitosan that could interact with mucus glycoproteins via the formation
of disulfide bonds [155]. The results indicated that thiolated chitosan improved mucosa
adhesiveness to the mucus layer 6- to 100-fold compared to the unmodified counterpart,
resulting in enhanced mucus permeation. Simultaneously, increased penetration at the
mucosal surface was also observed in chitosan-coated PLGA nanoparticles encapsulating
macromolecules [156,157]. Based on this fact, an emulsion-diffusion-evaporation technique
was employed to prepare cationic nanospheres composed of biodegradable and biocompat-
ible copolyester PLGA, with a PVA—chitosan blend stabilizing the PLGA nanospheres [158].
Despite the charge on the nanospheres being sufficient to bind the negatively charged DNA,
the immunity of DNA vaccines complexed by this formulation remains to be illuminated.
In one study, chitosan-coated PLGA was employed to deliver pDNA encoding foot-and-
mouth disease (FMDV) capsid protein and bovine IL-6 to protect mice against FMDV
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infections [159]. This chitosan/PLGA /pDNA vaccine formulation provided enhanced
protective immunity against FMDV post-intranasal immunization [159].

In a recent publication, chitosan was adopted to coat star-shaped gold-nanoparticles
to yield a gold-nanostar chitosan (AuNS—chitosan) nanoformulation for intranasal delivery
of a DNA vector expressing S protein of SARS-CoV-2 [160]. Six-time repeated dosing of
AuNS—chitosan DNA vaccine induced high levels of S protein-specific IgG, IgM, and IgA
antibodies in serum up to 8 weeks in both BALB/c and C57BL/6 mice as assessed using
an ELISA assay [160]. IgG and IgA sustained their levels until week 8, then rose back to a
high level with a single 7th dose in week 14. The serum neutralization ICs( (serum dilution
factor) for infectivity inhibition concentrations were determined to be 1:83.8, 1:47.5, and
1:150 (collected in week 18 of the study) for pseudoviruses engineered with S proteins from
SARS-CoV-2-Wuhan, SARS-CoV-2-beta mutant, and SARS-CoV-2-D614G mutant variants,
respectively [160]. With the help of immunophenotyping and histological analyses, the
authors further revealed chronological events involved in the recognition of S antigen by
resident DCs and alveolar macrophages in the lungs of DNA vaccine transfected mice [160].
These APCs further primed the draining lymph nodes and spleen for peak antigen-specific
cellular and humoral immune responses. Although this proof-of-concept study suggested
the capabilities of the AuNS—chitosan DNA vaccine to elicit potent mucosal immune
responses, further development with a reduced dosing regimen and more key evidence
(e.g., slgA levels in BALF samples, details in the subsets of effector T cells and memory T
cells, the protection efficiency of SARS-CoV-2 challenge studies, etc.) will be required to
validate its potential for clinical translation.

Table 2. Summary of DNA vaccines inoculated via respiratory tract.

Disease Nanoparticle Coding Antigens Ex;;:;lil;i?tal Administration Immune Response ! Ref.
Hepatitis PC/DOPE/Chol S protein mice in. HIR(+)/MIR(+++)/CIR(+) 111
Tuberculosis GAP-DLRIE:DOPE 85A mice in. Th1 CIR(+) 114
Tuberculosis EPC/DOPE/DOTAP HSP65 mice in. Th1 CIR(++++) 115
Tuberculosis MCS HSP65 mice in. MIR(+++)/CIR(++) 154
Tuberculosis Chitosan Multiantigens HLA-A2 it CIR(++) 106
Influenza DODAC/DOPE/PEG HA mice in. HIR(++)/MIR(+) [116,117]
Influenza PEI HA mice in. HIR(+++)/MIR(++) 139
Influenza dPEI HA mice in. HIR(++++) /MIR(++++) /CIR(+) 143
SARS-CoV PEI S protein mice in. HIR(+++)/MIR(+++) /CIR(++) 138
SARS-CoV Chitosan N mice in. HIR(++++) /MIR(++++) 153
HIV PEI HXBc2 gp120 mice it CIR(++) [140,141]
RSV Chitosan Multiantigens mice in. HIR(++++) /MIR(++++) /CIR(+) 151
RSV Chitosan M2 mice in. CIR(+ 152
COVID-19 Chitosan—gold S-protein Mice in. MIR(N.A.)/HIR(++)/CIR(+) 160

! Responses are geometric means of postvaccination increases in specific antibodies versus control in vaccine
recipients: ++++, >10-fold; +++, 5- to 10-fold; ++, 2.5- to 5-fold; +, 1.5- to 2.5-fold. RSV: respiratory syncytial
virus; HA: hemagglutinin protein; HIV: human immunodeficiency virus; HIR: humoral immune responses; MIR:
mucosal immune responses; CIR: cellular immune responses; SARS-CoV: the severe acute respiratory syndrome
coronavirus; i.n.: intranasal administration; i.t.: intrathecal administration; N.A.: not available.

5. IVI-mRNA Vaccines

In 2019, the outbreak of COVID-19 caused by SARS-CoV-2 spread throughout the
world, developing into a global pandemic. Application of safe and effective vaccines is
expected to be the most efficient medical approach in controlling and stopping the pandemic
of COVID-19. BNT162b2 (BioNTech/Pfizer, Mainz, Germany/New York, NY, USA) and
mRNA-1273 (Moderna, Cambridge, MA, USA) are both lipid nanoparticle-formulated,
nucleoside-modified IVT-mRNA vaccines that received approval for emergency use by
the FDA with extremely high protection rates against COVID-19 [25-27,161]. The area
of IVT-mRNA vaccines is rapidly evolving; a considerable amount of clinical evidence
has been gathered over the last several years, widely establishing IVT-mRNA vaccines as
a highly promising medical strategy [162]. The design and synthesis of IVT-mRNA and
associated delivery technologies are key to the success of IVT-mRNA vaccines (Figure 2).
IVT-mRNA encoding specific proteins of interest (POI) is transcribed in vitro according to a
linearized DNA template. Once delivered into host cells, IVT-mRNA utilizes the translation
machinery of the host to produce corresponding POI in cytoplasm without the need to
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enter the nucleus to be functional [5]. If the POl is an appropriate antigen, the resulting
POI induces antigen-specific immune responses following effective antigen presentation
by APCs. Currently, two major classes of IVT-mRNA have been investigated broadly as
vaccines: conventional nonreplicating mRNA and self-amplifying mRNA (saRNA). Both
share elements of a eukaryotic mRNA that are essential for translation and stability: i.e., a
cap structure (m7Gp3N), 5'- and 3'- untranslated regions (UTRs), an open reading frame
(ORF), and a poly(A) tail. Compared with conventional nonreplicating mRNA, saRNA
has the potential to produce more antigen protein with the viral replication machinery.
The design and development of saRNA vaccines with validated immunogenicity and
efficacy has been recently reviewed elsewhere [163]. For IVT-mRNA-based therapeutics,
robust delivery systems are generally necessary for the successful transport and uptake
of IVT-mRNA into target organs. The instability, innate immunogenicity, and inefficient
in vivo delivery to organs beyond the liver and spleen are major problems that need to be
solved in the future applications of IVT-mRNA. As a result, a wide range of in vitro and
in vivo delivery systems have been designed. Some vaccine formulations contain adjuvants
proven to potentiate subunit vaccines [164-166], while others generate strong responses
despite the absence of known adjuvants. Furthermore, highly effective RNA carriers with
low toxicity have been produced, allowing for sustained antigen expression in vivo in
some instances [11,12,167]. Apart from that, rational design of RNA sequences has also
greatly improved the potential of IVT-mRNA. In this section, we briefly summarize the
recent advances in conventional IVT-mRNA vaccines regarding their structure optimization
and specifically focus on the delivery system of IVT-mRNA vaccines inoculated via the
respiratory tract route (Table 3).

Structure optimization of IVT-mRNA Nanoparticle-delviery systerm
e
5 a1 ‘-_‘
{i- @R M s
LNP Polymer Hybrid NP
Barriers in the airway Aerosol performance Formulation

Cascade imapctor Nebulizer  Inhaler

Figure 2. Schematic illustration of key factors associated with the technology development of IVT-
mRNA vaccines via the respiratory route. IVT-mRNA structural elements, including elongation
of the poly(A) tail, the 5’ cap, the structure of UTRs, and the ORF with optional incorporation of
modified nucleotides, are optimized to enhance the stability and reduce the innate immunogenicity.
Nanoparticle-based carriers are designed to facilitate the delivery of IVT-mRNA across the barriers in
the airway. Liquid aerosol or dry powderformulations are then developed with the identification
of a suitable inhalation device (nebulizer or powder inhaler) for clinical applications. The aerosol
performance, IVT-mRNA stability after aerosolization, immunogenicity, and vaccine efficacy of the
inhaled formulation should be thoroughly characterized and evaluated.

18



Nanomaterials 2022, 12, 226

5.1. Structural Optimization of IVT-mRNA

Because of mRNA’s susceptibility to nuclease degradation and its high innate immuno-
genicity, optimization of IVT-mRNA structural elements is crucial to enhance the expression
of POL Over the past decades, a great deal of effort has been given to modifying the struc-
tural elements of IVT-mRNA in order to improve its stability and translation efficiency.
As extensively discussed in previous reviews [1,5], a functional 5'-cap structure required
for the initiation of translation can be added in vitro via either post- or cotranscriptional
processes. Vaccinia virus capping enzyme (VCE) is the most widely used commercially
available reagent for posttranscriptional addition. First, IVT-mRNA can be modified with
a Cap 0 (m7GpppN) structure using VCE. Then, using 2’ O-methyltransferase, Cap 0
can be switched to Cap 1 (m7GpppmN), which enhances the translation efficiency of
IVT-mRNA [161,162]. However, large-scale manufacturing of IVT-mRNA may consume
a huge amount of enzymes using this approach, which would increase the production
costs and limit the approach’s widespread application [5]. Alternatively, the 5'-cap can
be added simultaneously during the in vitro transcription process of IVT-mRNA with
cap analogs (e.g., m7GpppG). However, this method can lead to inefficient capping and
reversed cap orientation (i.e., Gpppm?7G) [163,168]. To overcome this problem, anti-reverse
cap analogues (ARCAs; m27,3'-OGpppG) can be introduced into the in vitro transcription
and enhance IVT-mRNA translation efficacy [169,170]. For cotranscriptional mRNA cap-
ping, an ARCAs to GTP ratio of 4:1 in a single reaction is optimal for maximizing both
RNA yield and the proportion of capped transcripts with commercial transcription kits,
yielding up to 100% capping efficiency [171]. Recently, CleanCap®, a method developed
by TriLink Biotechnology, was reported to generate IVI-mRNA with high translational
efficiency, simplifying the production of 5'-capped IVT-mRNA. Based on these advantages,
the approach of CleanCap® has been used for 5 capping of BNT162b2 and mRNA-1273
vaccines [161,172].

In synergy with a 5'-cap, the poly(A) tail regulates translation efficiency and stability of
IVT-mRNA. Incorporation of poly(A) can be introduced by recombinant polymerase or by
direct transcription from a DNA template with a defined length of poly(T) nucleotides [173].
Although the incorporation of modified nucleotides into the poly(A) tail can be introduced
with recombinant poly(A) polymerase to inhibit deadenylation mediated by poly(A)-
specific nucleases, a mixture of mRNAs with inconsistent lengths of RNA poly(A) tail is
the limitation for this approach, especially for clinical applications [174]. Therefore, the
optimal length of the poly(A) tail, around 100-150 nucleotides, is preferably added from
the encoding DNA template [175]. However, poly(T) nucleotides in the plasmid template
are often lost during the passaging of E. coli. Thus, adding a precise length of poly(A) to
IVT-mRNA is still a challenge for IVT-mRNA production.

Optimization of the 5'- and 3’- UTRs is also important to enhance the expression and
stability of IVT-mRNA [176]. UTRs contain regulatory sequence elements usually harbored
by viral or eukaryotic genes, which can be designed via de novo methods or deep-learning
methods [5,177]. Previous studies have shown that optimization on AU-rich elements and
G—C ratios increase the stability of IVT-mRNA and duration of protein expression [178,179].
Furthermore, Steve Pascolo et al. added an elF4G-recruiting aptamer sequence to the 5’
UTR of IVT-mRNA in order to increase the expression of IVT-mRNA [180]. Recently, a
sequence of IVT-mRNAs was systematically engineered through deep-learning methods,
significantly enhancing the expression of SARS-CoV-2 antigens [177]. However, codon
optimization replacing rare codons with frequently used synonymous codons may not
be necessary. This approach will affect the generation of potent cryptic T cell epitopes for
some IVI-mRNA encoded vaccines [181,182], thus affecting the proper folding of some
proteins that need a slow translation process because of rare codons [183].

IVT-mRNA is inherently immunogenic, it activates pattern recognition receptors
(PRRs) such as Toll-like receptors (TLR-3, TLR-7, and TLR-8) in the endosomal compart-
ments of host cells [184,185]. In some cases, activation of innate immunity by IVT-mRNA is
potentially advantageous for vaccines, as it promotes recruitment of DCs to the administra-
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tion site and subsequent maturation of DCs to elicit potent adaptive immunity. However,
this feature of IVI-mRNA may also lead to improper or excessive activation, resulting
in the inhibition of antigen expression and negative immune responses [186]. Currently,
modified nucleotides (e.g., pseudouridine and 5-methylcytidine) can be incorporated into
IVT-mRNA during transcription, and chromatographic purification methods have been
used to remove contaminating double-stranded RNA after transcription [187-189]. This ap-
proach has been shown to effectively avoid undesired immune stimulation, subsequently
increasing production of POI [190]. This nucleotide modification technology has been
successfully employed in the production of the BNT162b2 (BioNTech and Pfizer) and
mRNA-1273 (Moderna) COVID-19 mRNA vaccines.

5.2. Delivery Systems for IVT-mRNA Vaccine Inoculated via the Respiratory Route

In addition to structural optimization and high-quality manufacturing of IVT-mRNA,
another major technical barrier in the clinical translation process of IVT-mRNA therapeutics
is the development of safe and efficient delivery systems. Whether a potent protective
immunity can be established by an IVT-mRNA vaccine is largely attributed to the choice of
a safe and efficient delivery system. Basically, a safe IVT-mRNA delivery system should at
least condense IVT-mRNA, so that the fragile molecule can be protected from degradation
in extracellular space, and facilitate endosomal escape following cellular uptake in cytosol.
The successful delivery of IVT-mRNA to the lungs at low dosages would reveal a meaning-
ful region for therapeutics or vaccines designed for pulmonary application. This endeavor,
however, remains difficult, because nanocarriers that carry IVT-mRNA to the lungs be-
have differently than counterparts using the parenteral route. For example, the potency
of IVT-mRNA may be significantly compromised by the nebulization process. Despite
the fact that modern nebulizers are designed to gently aerosolize medicine, nanoparticles
are nevertheless subjected to shear force that could compromise the structures of vehicle—
mRNA complexes. Biological aspects of the airway pose other barriers against nebulized
IVT-mRNA administration. The cells, proteins, biomolecules, and physical barriers with
which nanoparticles interact when delivered via nebulization differ from those with which
they interact in bloodstream [191-193]. Airway cells are also highly heterogeneous, which
may further influence delivery properties [194]. Nevertheless, there have already been
several reports on the successful delivery of IVT-mRNA to the airways.

5.2.1. Lipids

Currently, the most successful and frequently used delivery vehicle for the in vivo
application of IVT-mRNA is lipid nanoparticles (LNPs) which consist of distinct compo-
nents with variable proportions [195]. For most LNPs, the ionizable lipid is a key element
responsible for packaging the negatively charged IVT-mRNA and enabling the endosomal
escape of IVT-mRNA molecules into the cytoplasm. A recent publication from Norbert
Pardi et al. suggested that LNP formulations have favorable immunostimulatory pro-
files that promote the induction of strong responses from Ty cells, germinal center B
cells, long-lived plasma cells, and memory B cells that are associated with durable and
protective antibodies in mice. The authors further revealed that the adjuvant activity of
the LNP relied on the ionizable lipid component and IL-6 cytokine induction [196]. The
resulting magnitude and duration of IVT-mRNA expression were favorable for inducing
potent immune responses, as evidenced by a study performed by Tam et al. The authors
found that exponentially increasing dosing profiles led to prolonged antigen retention
in lymph nodes and increased numbers of Ty cells and germinal center B-cells, as well
as eliciting >10-fold increases in antibody production relative to single bolus vaccination
postprime [197]. Apart from ionizable lipids, phospholipids play a structural role in the
formation and disruption of the lipid bilayer. Neutral lipids, such as cholesterol, are usu-
ally used as a stabilizing element for increasing transfection efficiency. Lipid-anchored
polyethylene glycol (PEG) is a biocompatible and inert polymer, sterically stabilizing the
LNPs and reducing nonspecific binding to proteins for increased circulation time in vivo.
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LNPs were originally developed as highly efficient carriers of short-interfering RNAs
(siRNA) to hepatocytes via intravenous administration [198]. Intramuscular, intradermal,
and intratracheal administration of LNP-encapsulated mRNA have been found to produce
higher and more prolonged protein levels at the site of inoculation than those produced
by systemic delivery [195]. However, LNP needs to be specifically designed and opti-
mized for the efficient pulmonary delivery of IVT-mRNA [199]. In one study, cationic
LNPs and mannose-conjugated LNP (Man-LNP) were separately applied to encapsulate
IVT-mRNA encoding the HA gene of the HIN1 influenza A virus. Following intranasal
administration, both formulations induced HA-specific responses with high levels of IgG2a
subtype and enhanced the production of both Thl-associated IFN-y and Th2-associated
IL-4 [34]. However, Man-LNP induced significantly higher hemagglutinin inhibition titers
than cationic LNP-based counterparts did after boosting immunization [34]. Furthermore,
LNP represents a powerful technology for the respiratory delivery of therapeutic genes.
LNP-carrying chemically modified IVT-mRNA encoding cystic fibrosis transmembrane
conductance regulator (CFTR) was successfully applied for the treatment of cystic fibrosis
following nasal administration in CFTR knockout mice. The chloride response in two
consecutive doses of CFTR-mRNA /LNP-treated mice recovered up to 55% of the levels
observed in wild-type mice and lasted up to 2 weeks posttransfection [200]. Motivated
by the huge unmet needs for lung IVT-mRNA delivery vehicles, as well as by the lack
of established LNP design principles, Lokugamage et al. recently reported an in vivo
cluster-based iterative screening approach to identify LNP chemical traits that promote
IVI-mRNA lung delivery [199]. They discovered that a low PEG molar ratio increased the
performance of LNPs with neutral helper lipids, whereas a high PEG molar ratio improved
the performance of cationic helper lipids, uncovering and optimizing LNPs for low-dose
IVT-mRNA delivery.

The optimized LNP nebulized delivery of an IVI-mRNA generating a broadly neutral-
izing antibody against hemagglutinin protected mice against a fatal challenge of the HIN1
subtype of the influenza A virus and delivered IVT-mRNA more effectively than LNPs
previously tuned for systemic delivery. Several limitations of this study should be kept
in mind: (1) the findings focused on LNPs containing 7C1, but more research is needed
to quantify the link between LNP composition and nebulized delivery; (2) more studies
are needed to quantify the link between payload and delivery efficiency, as the protein
expression kinetics observed may vary depending on the IVT-mRNA payload; (3) these
findings, from mice models, may or may not translate predictably to larger animals, such as
nonhuman primates; (4) LNP size and zeta potential, as well as other altered physiologies
associated with diseased pulmonary tissues, may impede pulmonary LNP delivery.

5.2.2. PEI

PEI has also been proven to be functional as a potent mucosal adjuvant for intranasal
administration [201]. However, how to maximize its adjuvant effect and how to minimize
its toxicity remain open challenges. Optimizing the chemical structure of PEI seems to
be a practical solution to this problem. Cationic cyclodextrin—PEI conjugate was devel-
oped by Li et al. and complexed with anionic IVT-mRNA encoding ovalbumin (OVA)
through electrostatic interactions [39]. This formulation showed the ability to stimulate
DC maturation and migration after intranasal inoculation in mice, further enhancing both
humoral and cellular immune responses [39]. In addition, a cyclodextrin-PEI-based for-
mulation was further evaluated for its ability to penetrate the airway epithelial barrier
and its paracellular delivery efficiency using IVT-mRNA encoding HIV gp120 [202]. With
prolonged residence in the nasal cavity and excellent intracellular delivery, potent systemic
and mucosal anti-HIV immune responses were induced after intranasal dosing [202].

5.2.3. Other Nonviral Vectors

Chitosan was reported to condense saRNA encoding hemagglutinin and nucleopro-
tein of influenza virus, and it expressed antigen in DCs after SC injection [203]. Recently,
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intranasal delivery of chitosan nanoparticles encapsulating mRNA encoding influenza HA2
and M2e antigens was reported to elicit efficient protective immune responses against avian
influenza in chickens [167]. The aforementioned AulNS—chitosan nanoformulation also
showed robust delivery of IVT-mRNA encoding firefly luciferase (fLuc-mRNA) in the lungs
of mice upon intranasal delivery as measured by bioluminescence imaging [160]. Using a
similar fLuc system, Yingshan Qiu et al. reported that PEG,KL4 (a monodisperse linear
PEG of 12-mers attached to synthetic cationic KL4 peptide) formed nanosized complexes
with fLuc-mRNA and that the intratracheal administration of PEG,KL4/fLuc-mRNA com-
plexes resulted in luciferase expression in the deep lung region of mice 24 h posttransfection
that was superior to expression induced by naked IVT-mRNA and Lipofectamine 2000
based lipoplexes [204]. However, both of these studies using luciferase reporter systems
did not evaluate the antigen-specific immune responses induced by the IVT-mRNA formu-
lations [160,204], making it difficult to affirm whether these delivery systems are suitable
for the application of IVT-mRNA vaccines.

Meanwhile, lipid / polymer hybrid complexes have also been employed for efficient
pulmonary delivery of IVT-mRNA. Compared with single lipid or polymer delivery sys-
tems, a stable IVT-mRNA vaccine particle could be formulated using positively charged
protamine to concentrate IVT-mRNA followed by encapsulation with DOTAP/Chol/DSPE-
PEG [205]. Such liposome/protamine hybrid complexes exhibit stronger capacities to
stimulate DCs” maturation, which further induces potent antitumor cellular immune re-
sponses after intranasal administration with IVT-mRNA encoding cytokeratin [205].

Some commercial transfection reagents have also been employed for IVT-mRNA
vaccine delivery via the respiratory tract. Intranasal administration of mRNA encoding
HSP65 protein dissolved in Ringer’s lactate solution prompted the specific production of
IL-10 and TNF-« in the spleens of mice, and protected the mice from subsequent challenge
with M. tuberculosis [206]. In both prophylactic and therapeutic immunization models,
IVT-mRNA delivered in nanoparticles prepared with Stemfect™ induced tumor immunity
correlated with splenic antigen-specific CD8" T cells, while naked counterparts failed to
elicit antigen-specific immune responses [207].

Table 3. Summary of RNA vaccines inoculated via the respiratory tract.

Disease Nanoparticle Coding Antigens Model Tested Administration Immune Response ! Ref.
Influenza LNP HA mice in. HIR(+)/CIR(++) [34]
Influenza Chitosan HA and M2 chicken in. HIR(++)/MIR(++)/CIR(+) [167]

HIV Cyclodextrin-PEI conjugate gp120 mice in. HIR(+)/CIR(+) [202]

Model antigen Cyclodextrin-PEI conjugate VA mice in. HIR(+)/MIR(+)CIR(+) [39]

lAggresswe Lewis Cationic liposome/protamine cytokeratin 19 mice in. CIR(+) [205]
ung cancer model

Tuberculosis Ringer’s lactate solution HSP65 mice in. CIR(++) [206]

E.G7-OVA tumor Stemfect ”;Efgﬁrf{amfec“o“ ovA mice in. CIR(++++) 1207]

! Responses are geometric means of postvaccination increase in specific antibodies versus control in vaccine
recipients: ++++, >10-fold; +++, 5- to 10-fold; ++, 2.5- to 5-fold; +, 1.5- to 2.5-fold. HA: hemagglutinin protein;
M2: matrix protein 2; OVA: ovalbumin; HIV: human immunodeficiency virus; HIR: humoral immune responses;
MIR: mucosal immune response; CIR: cellular immune responses; SARS-CoV: severe acute respiratory syndrome
coronavirus; i.n.: intranasal administration.

6. Conclusions and Perspective

The mucosal immune system provides a first line of defense in the host’s resistance to
pathogen invasion and controls further infections at peripheral tissues. For the delivery
of NA-vaccines, mucosal routes could be as good as or even better than parenteral coun-
terparts. However, the complexity of the pulmonary environment poses huge obstacles
for vaccines in inducing mucosal immunity compared with the parenteral route. This is
especially difficult for NA-vaccines when considering their distinct characteristics, such as
their high susceptibility to degradation by nuclease, negative charge, and high molecular
weight. To overcome the mechanical-physical barriers of the respiratory tract, developing
safe and efficient delivery systems is crucial for the successful clinical translation of NA-
vaccines, as proven by the LNP delivery system in COVID-19 mRNA vaccines. Because of
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their similarity to microorganisms in both size and structure, nanodelivery vehicles play
multifunctional roles in NA-vaccines by acting as a cargo carriers and potentially also as
adjuvants [196]. Such nanosized systems can augment mucosal immune responses via
simulating the natural infection process. For DNA vaccines, efficient delivery systems can
improve immune responses by enhancing pDNA delivery into the nuclei of the host cells,
which increases the expression of antigens. For mRNA vaccines, efficient carriers protect
mRNA from premature degradation while optimizing in vivo expression of antigens, in-
ducing a potent protective immunity. Although evidence has shown that NA-vaccines
inoculated via the respiratory tract could elicit strong and long-term mucosal, humoral, and
cell-mediated immune responses in animal models, there is still no NA-vaccine approved
for mucosal vaccination purposes. As a result, innovative mucosal delivery technologies
that could mediate successful clinical translations are urgently needed. Based on previ-
ous studies and our experiences, an ideal delivery system could provide the NA-vaccine
with further unique features: (1) an electrically neutral structure with a hydrophilic shell,
to bestow an efficient mucus-penetrating ability and to mediate rapid deposition onto
epithelial surfaces; (2) APCs or M-cell targeting, to enhance the uptake of nucleic acids;
(3) structures with protonated ability and/or membrane disruptive properties, which may
facilitate efficient endosomal escape, avoiding enzymatic degradation.

Another interesting but scarcely discussed topic is the determination of the more
advantageous route (between intranasal or intratracheal inoculation) for NA-vaccines. As
shown in Tables 2 and 3, most studies have chosen the nasal route because of its conve-
nient and noninvasive features. Nevertheless, there are still certain concerns regarding
nasal administration. For example, negative perception for nasal vaccines was generated
from reported cases of Bell’s palsy after intranasal dosing of inactivated influenza vac-
cines [208,209]. Thus, neurotoxicity tests are necessary for nasal NA-vaccines in order to
confirm their safety profiles. On the other hand, the intratracheal route also suffers from
limitations. For example, it is not possible to apply intratracheal instillation in humans
because of poor compliance and its invasive characteristics, the latter of which may cause
unnecessary damage to the airway. Alternatively, one of the most appropriate approaches
of delivering NA-vaccines to human airway would be nebulized formulations. Not only
do nebulized formulations tend to be more evenly distributed throughout the respiratory
tract, but the inhalation of aerosolized vaccine is also highly acceptable and tolerable for the
recipient [210]. Unfortunately, nebulization of nucleic acid-based formulations tends to be
inefficient [211]. A previous study found that as little as 10% of the nucleic acid payload in
a nebulization device chamber could be successfully emitted [212]. Advanced nebulization
strategies and optimized formulations have significantly improved the situation; now, even
fragile IVT-mRNA has been successfully utilized in aerosolized formulations for in vitro
and in vivo investigations [213,214]. As a result, nebulized formulations appear to be a
feasible and attractive approach for the pulmonary delivery of NA-vaccines.

In summary, the field of respiratory mucosal vaccine has been bolstered by advances
in novel nucleic acid formulations based on nanotechnologies. Thus, we hope that suc-
cessful clinical nasal or pulmonary administration of NA-vaccines will be on the horizon,
revolutionizing the vaccine development field as IVI-mRNA vaccines did during the
COVID-19 pandemic.
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ministration; fLuc, firefly luciferase; FMDYV, foot-and-mouth disease; GAP-DLRIE, (+/—)-N-(3-
aminopropyl)-N, N-dimethyl-2,3-bis (dodecyloxy)-1-propanaminium bromide; HA, hyaluronic acid;
HA2, influenza virus hemagglutinin 2; HIR, humoral immune response; HIV, human immunode-
ficiency virus; IC50, serum dilution factor; IgA, immunoglobulin A; IgG, immunoglobulin G; IVT,
in vitro transcribed; LALT, larynx-associated lymphatic tissues; LN, lymph nodes; LNP, lipid nanopar-
ticles; LRT, lower respiratory tract; MALT, mucosal-associated lymphoid tissues; MCS, mannosylated
chitosan; MHC, major histocompatibility complex; MIR, mucosal immune response; mRNA, mes-
senger ribonucleic acid; NALT, nasopharynx-associated lymphoid tissues; NA-vaccines, nucleic
acid-based vaccines; ORF, open reading frame; OVA, ovalbumin; PC, phosphatidylcholine; PEG,
polyethylene glycol; PEI, polyethylenimine; PLGA, poly-lactic-co-glycolic acid; POI, protein(s) of
interest; PRR, pattern recognition receptors; PS, pulmonary surfactant; PVA, polyvinyl alcohol; RNA,
ribonucleic acid; RSV, respiratory syncytial virus; SARS-CoV, severe acute respiratory syndrome coro-
navirus; SC, subcutaneous; sIgA, secreted immunoglobulin A; STING, stimulator of interferon genes;
Tcm, central memory T cells; Tgyy, effector memory T cells; Try, follicular helper T cells; TLR, toll-
like receptors; TNEF, tumor necrosis factor; TRM, resident memory T cells; VCE, virus capping enzyme.
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Abstract: In the fight against cancer, early diagnosis is critical for effective treatment. Traditional
cancer diagnostic technologies, on the other hand, have limitations that make early detection difficult.
Therefore, multi-functionalized nanoparticles (NPs) and nano-biosensors have revolutionized the
era of cancer diagnosis and treatment for targeted action via attaching specified and biocompatible
ligands to target the tissues, which are highly over-expressed in certain types of cancers. Advance-
ments in multi-functionalized NPs can be achieved via modifying molecular genetics to develop
personalized and targeted treatments based on RNA interference. Modification in RNA therapies
utilized small RNA subunits in the form of small interfering RNAs (siRNA) for overexpressing the
specific genes of, most commonly, breast, colon, gastric, cervical, and hepatocellular cancer. RNA-
conjugated nanomaterials appear to be the gold standard for preventing various malignant tumors
through focused diagnosis and delivering to a specific tissue, resulting in cancer cells going into
programmed death. The latest advances in RNA nanotechnology applications for cancer diagnosis
and treatment are summarized in this review.

Keywords: RNA nanotechnology; cancer; theranostic; nano-biosensor

1. Introduction

Despite decades of basic and clinical investigation, as well as trials of new therapeu-
tic modalities, cancer remains a substantial cause of mortality worldwide [1]. Various
resistance strategies have led to the near inefficiency of anticancer drugs. As illustrated
in Figure 1, these drugs have been rendered almost ineffective. Recent approaches in
nanomedicine have prompted the development of effective theranostic platforms for a
myriad of biological and biomedical applications [2]. Nanomaterials (i.e., niosomes [3],
polymer-based nanocapsules [4], nanoparticles (NPs) [5-8], metal nanocages [9], nanocom-
posites [10], nanoliposomes [11], and engineered nanohydrogels [12]), with highly con-
trolled geometry and physic-chemical properties, have been introduced as promising tools
for recognizing cancer tissues and also serve as novel drug delivery systems (DDSs) to
achieve active targeting [2,13-21]. It is now believed that nanotechnology can purposefully
improve the clinical outcome of cancer therapies through improving the tolerability of
the efficacy of novel drugs [22] or delivering proteins, DNA, RNA, and various types of
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molecules to cancerous cells [23,24]. Several nanomaterial-based biosensors have also been
developed for the accurate sensing of tumor markers [24,25].

Target modification

Figure 1. Resistance strategies developed by anticancer drugs that limit their therapeutic efficiency.

Similarly, biodegradable and biocompatible natural and engineered biomolecules
(including proteins, peptides, polysaccharides, and nucleic acids) have been broadly ex-
amined to synthesize nanostructures [26,27]. Biomolecule-based building blocks provide
particular features that make it not feasible to be reproduced in these synthetic materials.
However, multifunctional approaches can be developed by exploiting biomolecule-derived
elements concerning cancer targeting and therapy [27].

It is scientifically established that nucleic acids can be manipulated and designed to
create many nanostructures [28]. In the past, researchers have studied the preparation
and characterization of DNA nanoparticles (DNA NPs), utilizing complex processes, such
as coacervation [29,30]. In this respect, charge-neural biodegradable DNA NPs were
synthesized by compacting a small-sized single DNA molecule and loading it on magnetic
NPs [31]. This strategy is now considered a beneficial translatable gene therapy platform
for overcoming challenging biological barriers by enhancing nuclear uptake across tiny
nuclear pores of dividing cells and is being widely investigated to treat various conditions
(i.e., malignancies and respiratory diseases) [31-33].

Due to its increased thermodynamic stability, the RNA structure can be more flexible
while folding into different structures (i.e., rigid structural motifs), and it produces diverse
building blocks for numerous therapeutic applications [34], including the fabrication of
nanosensors and nanodevices [28]. Furthermore, the thermal stability of RNA also allows
it to produce multivalent nanostructures possessing specific stoichiometry [28,35]. In this
view, introducing novel methods for the re-assembling of RNA molecules has recently
spurred interest in investigating the biomedical application of RNA nanostructures.

Nanomedicine has led to the development of a variety of nanoscale therapeutics and
diagnostics to treat a variety of diseases, specifically cancer [6,14,15,17,18,36—46]. This fact
is broadly exploited in the field of DNA nanotechnology [47]. Generally, methodologies
for DNA nanotechnology can be applied to RNA nanotechnology [48]. Despite their
similarities, DNA and RNA nanotechnology differ in a few key aspects. Inter-and intra-
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molecular interactions, as well as stem-loops, are abundant in the RNA molecules. These
allow the formation of complex secondary and tertiary structures (i.e., bulges, stems,
junctions, loops, etc.) and thus can be utilized to create ‘dovetail” joints among the building
blocks [35]. RNA can serve as a potential new therapeutic modality for cancer due to its
lack of accumulation in vital organs [49].

In the past, numerous RNA-NPs have been prepared by an automated self-assembly
process and studied in the context of cancer research [50,51]. A key challenge in pro-
gramming RNA strands to assemble into nanostructures is to create a folding pathway to
avoid kinetic traps [52]. In addition, by introducing chemical modification into nucleotides
without substantial changes in RNA content, RNA-NPs will escape host RNA decay path-
ways. In addition, RNA nanostructures might have immunologic properties, making them
valuable tools for in-vivo applications [49].

The conjugation of polymeric NPs with RNA molecules, such as RNA aptamers,
cause these bio-conjugates to be easily absorbed by specific tumor cells, and therefore, can
be considered as a beneficial strategy towards the controlled release of polymeric drug
delivery vehicles [53]. In the growing field of RNA nanotechnology to fight cancer, RNA
aptamers have attracted great attention as tools for delivering other RNA therapeutics,
such as short interfering RNAs (SiRNAs), to specific organs [54]. Moreover, polyvalent
RNA nanostructures have been effectively fabricated as carriers of siRNA, ribozyme, and
anticancer agents to tumor sites [55].

Using in-vitro and in-vivo experimental models, Yin et al. exploited RNA-based
technology to efficiently deliver anti-microRNA to cancer cells derived from breast tis-
sue [56]. Ghimire and colleagues showed that RNA-NPs could be utilized as rubber for
constraining vessel extravasation to improve the targeting of cancer cells and increase their
renal excretion, thus reducing their toxic effects [57]. Recently, radiolabeled RNA NPs were
developed for specific targeting and efficient tumor accumulation with desirable in-vivo
biodistribution [58]. According to Kim et al., dual-targeting polymeric siRNA NPs were
synthesized by multiple processes, including electrostatic deposition and poly-L-lysine
condensation. Researchers found that these nanostructures are capable of efficiently de-
livering siRNA to tumor cells [59]. Xu et al. successfully delivered delta-5-desaturase via
dihomo-vy-linolenic acid-loaded RNA-NPs for suppressing the growth of cancerous colon
cells via the induction of apoptotic cell death [60]. Haque and colleagues systemically
injected synergistic tetravalent RNA-NPs into the tail-vein of mice. They observed that
these RNA nanostructures preserve their biological function within cancer cells without
entering other tissues or organs [61].

RNA therapies provide new insights for cancer treatment. The escalating growth
of RNA nanotechnology in cancer theranostics demands the preparation of an updated
review. This article comprehensively discusses recent findings and highlights the promising
avenues of RNA nanotechnology implemented to design stable RNA nanostructures for
diagnostic and prognostic purposes. Finally, we will discuss strategies to improve and
overcome many technical obstacles in this field.

2. RNA Nanotechnology for Diagnosis of Cancers

Biosensors are diagnostic systems that convert a natural response into a programmable
signal [62]. The calculable signal can be electrochemical, optical, thermal, or piezoelectric.
Low detection limits, accuracy, and high sensitivity make electrochemical biosensors
the most reliable of all. Electrochemical biosensors have a great prospective in the real-
sample analysis [63]. The combination of nanotechnology with biosensors is a hallmark
for disease assessment and the planning of its cure. Nanoscience is the science of the
molecular and atomic manipulation of materials. It entails creating and managing chemical,
physical, and systems in sizes of 1-200 nm. Nanotechnology has many applications in the
biomedical field, especially in medical imaging for disease diagnosis [64]. The exclusive
physicochemical properties of NPs are used to develop biosensors of point-of-care accuracy,
known as nanosensors. The performance of other electrochemical and enzymatic biosensors
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increases due to their small size as the distance between enzyme and electrode decreases.
Some optical biosensors use noble metal NPs to improve optical properties and increase
localized surface plasmon resonance (SPR); e.g., inter-particle plasmon coupling changes
the color of NPs, which is used for improving the properties of biosensors grounded
on the aggregation of NPs [65]. DNA oligonucleotides were the first nucleic acid-based
NPs that served as the foundation of DNA origami technology, but nowadays, RNA
oligonucleotide nanotechnology is an important alternative to DNA technology [49]. DNA
and RNA have operational differences because of their different structural properties. RNA
nanotechnology uses single-stranded oligonucleotides for designing diverse and functional
RNA nanostructures. The specific structure and organization of functional groups in
NPs make them an excellent tool for diagnosing and treating different diseases [66]. The
main edge of RNA NPs includes therapeutic elements, regulatory moieties, and targeting
ligands. The field of RNA nanotechnology is different from traditional RNA research,
which targets 2D /3D structure-function relationships and intra-RNA connections, as it
emphasizes mainly quaternary exchanges and inter-RNA interactions [51].

2.1. Benefits of RNA Nanotechnology in Targeting Cancer Treatment

RNA NPs are discrete entities, quite different from classical therapeutic RNA, includ-
ing siRNA, anti-miRNA, miRNA, mRNA, ribosomal-RNA, and viral immune-stimulatory
RNA. These traditional RNAs have a broad fundamental history of research in the RNA
field. These small RNAs are caught by cells, and they stimulate RNA-sensing pattern
recognition receptors (PRRs). Some of these are reported to be immunogenic.

There are a lot of benefits of RNA NPs as compared to traditional RNA, for example: (a)
enhanced permeability and retention (EPR) effect, (b) the small size offers to promise phar-
macokinetic and pharmacodynamic properties, (c) decreased liver accumulation, (d) Small
non-coding RNAs or microRNAs serve as scaffolding and active elements in the bottom-up
self-assembly of more complex nanomaterials, and (d) untraceable toxicity in-vivo [67].
Multinational characteristics of RNA nanostructures, such as targeting ligands and multi-
drug loading, are useful for combination therapy [68]. RNA NPs show chemical, metabolic,
and thermal stability in biological systems. The standardized volume of distribution Vy,
i.e., 1.2 L/kg of pRNA NPs, indicates the presence of a valuable amount in peripheral
tissues, especially in a tumor. The comparatively small amount of clearance (Cl) value
indicates the insufficient filtration of the NPs from the kidneys. A specific targeted delivery
can be achieved by incorporating traditional RNA into NPs by taking advantage of these
properties. These NPs show specific targeted delivery, higher therapeutic efficacy, and an
increased in-vivo half-life [69].

Cancer nanotechnology faces a serious challenge of non-specific accumulation of
delivered NPs in healthy organs, such as lungs, liver, spleen, and kidneys [70]. The non-
specific accumulation leads to poor transport of NPs to the tumor site, unwanted side
effects, and toxicity. The Guo laboratory combined targeting ligands and a sequence of
pPRNA-3W]J-based NPs for advanced targeted delivery. After systemic delivery in tumor-
bearing mice, these RNA NPs are precisely transported to tumors within almost 4 h.
These NPs remain at the tumor site for more than 24 h. After more than a few hours
of injection, no or minimal organ accumulation was detected. Several common cancer
models were used to get consistent results, such as breast, colorectal, prostate, glioblastoma,
gastric, and head and neck cancers. The targeting ligands were altered based on the
overexpression of specific targets in tumor tissues [71]. RNA with negative charge limits
non-specific interactions with negatively charged cell membranes, which is important
for high selectivity. The ratchet-like shape and strong elasticity of pPRNA-3WJ-based NPs
show improved EPR effects and higher tumor penetration. Overall, these findings showed
that pRNA-3W]J-based NPs could be synthesized simply, with high selectivity and low
side effects for healthy tissues. This promising bio-distribution is a significant signal of
pharmacological profiles of RNA NPs [51].
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2.2. Nano-Biosensors as Developing Trend in Cancer Diagnostics

The nano-biosensor is an innovative unit that creates nano-conjugated biological
systems, which function as signaling mediators to detect the specific contents of medical,
biochemical, or physical agents. The related data is transferred in the form of signals
using thermometric, piezoelectric, optical, magnetic, electrochemical, and micromechanical
methods. The signals produced by these methods depend on the bio-recognition of a cancer
cells-related surface or intracellular biomarkers through bio-ligands or antibodies. In a new
era of research, nano-biosensors will increasingly be classified based on bio-recognition
and signal transduction elements. RNA-based nano-biosensors are displayed in Figure 2.

In the basic structure of a sensor, there are two main components: (i) the target analyte
that can be a nucleic acid, antibody, drug, protein, or cell-surface molecule; and (ii) the trans-
ducer used for altering a signal into a form of energy. It can be detected electrochemically
by detecting the energy it produces (voltage and current), (absorption and luminescence),
and mechanically (resonance). The exclusive and tunable physicochemical properties of
nanostructures, such as enhanced electric conductivity, greater area to volume ratio, high
reactivity, unique magnetic properties, and powerful scattering and absorption, make them
a fascinating tool for bio-sensing. The nanomaterials’ ability to interact effectively with
biologically important analytes and convert those interactions into considerably enhanced
signals has enabled a new class of early diagnostic procedures. Gold NPs (AuNPs) and
QDs are excellent signal transducers because the existence of a specific analyte regulates
the signal generated by the material’s optical properties. Nano and microsensors reduce
the size of the receptor to improve their responsiveness. Increased signal-to-noise (S/N)
ratio is responsible for this enhanced sensitivity. However, a running device’s success
depends on its ability to detect a tremendously low concentration in a reasonable amount
of time.

The overall sensitivities of a sensor are often affected by mass transport limitations,
such as when the substance is transported to the receptor by diffusion mechanism. The
limiting factor in saturating the receptor for a specific geometry of the sensor is the time
required by the analytes to reach the sensor area. As the receptor area becomes smaller,
the time grows higher. The decreased number of analytes obstructs the detection of
extremely dilute solutions. Many practical solutions have been tested to concentrate the
dilute solution straight onto the sensor surface. For example, Melli et al. formulated a
unique solution with a series of micropillars with superhydrophobic surfaces to simplify
the management of samples with a low concentration of analytes. A diluted solution
can be placed on these micropillars, the target molecule will become concentrated by the
evaporation of liquid, and the detection time is significantly decreased [72].

Halo et al. used the same theory to detect colorectal cells by mRNA quantification.
They developed a NanoFlare platform comprising a single layer of single-stranded DNA
(ssDNA) coated on spherical AuNP. A fluorescent reporter was added to a short DNA
counterpart that was hybridized to the ssDNA recognition sequence. The reporter fluo-
rophore was slaked while it was close to the AuNPs, but it broadened when the target
mRNA displaced the DNA, allowing the fluorescence reading. The detection limit of the
nanosensor was about 100 cancer cells/mL blood [72].

A particular type of RNA aptamer that causes small-molecule fluorophores to emit
fluorescence is called a light-up aptamer. Several new light-up aptamers have been de-
veloped that can bind to different biocompatible fluorogenic ligands and make their way
to the design of modern RNA-based molecular strategies for sensing applications. The
Systemic Evolution of Ligands by EXponential enrichment (SELEX) is a combinatorial
procedure for identifying such aptamers. RNA aptamer libraries were exposed to recurrent
cycles of collection and amplification in this procedure, resulting in RNA aptamers having
the strongest selectivity for the target ligand. Various RNA NPs can be coupled with
light-up aptamers having programmable sensing capabilities to create dynamic reporting
entities [73].
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2.3. RNA Nano-Biosensors

RNA /DNA nano-biosensors can measure the responses produced by aptamer hy-
bridization or nucleic acid conversion processes as promising diagnostic tools [74]. As
aptamers, RNA or DNA are single-stranded nucleic acid oligomers whose structure is
extremely organized and complex, forming a strong connection with the target molecules
(Figure 1) [75]. The RNA with a functional group usually reacts with molecular labels with
an orthogonal reactive group in a suitable reaction environment. Fluorescent compounds
activated by NHS are attached directly to an NH; group of the RNA fragment, and simi-
larly, thiol to maleimide and alkyne to azide, etc. RNA was directly manufactured, and
classical pairing reactive groups, e.g., amino -NH;,-COOH, azide, maleimide, alkyne, and
thiol, were incorporated by similar methods for the production of polyvalent RNA NPs [76].
Single-stranded RNA NPs that are used for many purposes, such as biodistribution and
diagnostic studies, are the subsequent derivatives of fluorescent dyes (FITC, Cy5, Cy3, and
AF-647) attached to RNA [77].

RNA polymer is conjugated with NPs (such as iron oxide NPs, quantum dots, and gold
NPs), and a sequence of research studies used siRNA, pRNA, and phi29 for this purpose.
The siRNA was coupled with many nano-based imaging agents to form multifunctional
NPs exhibiting diagnostic and therapeutic moieties.

Bhatia et al. established tumor-highlighted peptides (F3) and siRNA coupled to the
PEGylated QDs core as a framework. The F3 peptide was conjugated to amine group-
modified QD via sulfo-LC-SPDP (sulfosuccinimidyl 6-(3'-(2-pyridyldithio)-propionamido)
hexanoate as a heterofunctional cross-linker, and thiol modified siRNA used sulfo-SMCC
(sulfosuccinimidyl 4-(N-maleimidomethyl) cyclohexane-1-carboxylate) for conjugation.
The QD-siRNA /F3 conjugate NPs were proficiently transported to HeLa cells and uncon-
fined from their endosomal setup, which provided the demolished EGFP signal. These
siRNA-NPs conjugates exhibited both imaging and therapeutic properties. Furthermore,
the siRNA was coupled to iron oxide NPs, which showed magnetic characteristics for
biomedical applications. The linkage of siRNA to iron NPs exhibited a double response,
such as the in-vivo delivery of siRNA and gathering of siRNA in the tumor by MRI and
the near-infrared fluorescent (NIRF) in-vivo optical imaging. The amine groups of iron
oxide NPs were treated with m-maleimidobenzoyl N-hydroxysuccinimde ester (MBS)
for linkage between siRNA and magnetic NPs. After that, the reduced thiol group of
RNA was treated, and magnetic NPs were coupled with and near-infrared Cy5.5 dye
and membrane translocation peptides. The MRI and NIRF were used simultaneously
to see the siRNA-magnetic NP uptake. The coupling of AuNPs with RNA is studied to
enhance the accessibility of tethered RNA splicing enhancers. Guo et al., in 2007, produced
a pRNA of the phi29 and DNA-packaging motor linkage to AuNPs to study the phage
assembly. In this case, the SH-labeled DNA oligonucleotide was merged with 3’ terminal
of pRNA to incorporate the thiol (-SH) group into pRNA. Then, the thiol-treated pRNA
was conjugated to gold NPs. The pRNA /AuNPs conjugate was attached to procapsid by
an in-vitro phage assembly. Guo’s group proved that the RNA polymer was coupled with
the AulNPs effortlessly, and this procedure can be used for imaging purposes. Currently,
PRNA-3W] was coupled straight to the quantum dot for resistive biomemory applications.
They introduced a sephadex G-100 resin-recognizing RNA aptamer in the biotin-labeled
PRNA/3WJ (SEP,pt/3W]/Bio) theme for the conjugation of pRNA-3W] to the quantum dot
(QD). Firstly, the SEPapt/3W]/Bio was attached to G-100 resin, and then the streptavidine-
labeled quantum dot was linked to SEP,pt/3W]/Bio by streptavidine-biotin coupling on
Sephadex G-100 and STV/QD-SEP,,t/3W]/Bio conjugates were subjected to dissociation
in the elution buffer. Later, the STV/QD-Bio/3W]J,, 3W],, and SEPqpt/3W]. were split by
elution buffer. After that, the STV/QD-Bio/3W]J;, fragment was filtered and reconvened
with pRNA 3W]J, and thiol-labeled pPRNA 3W],. for resistive biomemory application. Hence,
the RNA polymer can be easily incorporated with other NPs and used for various diagnos-
tic, therapeutic, and bio-electronic fields [77]. Table 1 summarizes the role of RNA-based
nanostructures in diagnosing cancers.
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Table 1. Summary of RNA-based nanostructures in diagnosis of cancers.

RNA-Based Nanoparticles Key Feature

Immune-Magnetic Exosome RNA (iMER) Exosomal analysis of glioblastoma multiforme

(GBM).
Anti-RNA aptamer Initial detection and analysis of residual GBM.
RNA tetrahedrons Target triple-negative breast cancer cells.

Analyzing circulating tumor cells (CTCs) of the

Oligonucleotide-treated Au-NPs
prostate.

Theranostic agent against hepatocellular

miR-122 mimicked using cationic lipid NPs .
carcinoma.

Superparamagnetic iron oxide NPs

(PEG-g-PEL-SPION) Initial detection and analysis of gastric cancer.
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Figure 2. RNA-based nano-biosensor. Reprinted with permission from [75]. Copyright 2021 Elsevier.

Graphene consists of a single-atom dense two-dimensional honeycomb framework
made of sp?-bonded carbon atoms. Many graphite structures, such as nanotubes, graphite,
and fullerenes are produced using graphene. British scientists Andre Geim and Konstantin
Novoselov were awarded Nobel Prize in Physics in 2010 at the University of Manchester
for their revolutionary research on graphene.

Presently, novel functional materials can be manufactured, and siRNA can be delivered
to cancer cells by immobilizing RNA on graphenes. Hu et al. produced polydisperse and
stable RNA-graphene oxide nanosheets by covalently immobilizing an RNA aptamer on
grapheme oxide. Sharifi’s group exfoliated graphene flakes from nano-crystalline graphite
to yield conducting and transparent RNA-graphene-labeled thin films by using RNA as a
surfactant. These thin films are used in a lot of electronic applications [77]. Proteins and
peptides are used to form nucleic acid carriers because the nucleotides are shortened by
electrostatic linkages with positively charged amino acids of proteins, which are used to
transport nucleic acids and small non-coding RNA molecules. On the other hand, the
amino acids impart bioreversible polyplex stabilization of the system, endosomal escape,
and targeted delivery [78].

2.4. RNA Nanotechnology in Diagnosis of Different Cancers
2.4.1. GBM

Shao et al. developed a microfluidic platform entitled immune-Magnetic Exosome
RNA (iMER) for the exosomal analysis of GBM. Three functional sections were combined
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by iMER, i.e., real-time RNA analysis, targeted up-gradation of extracellular vesicles, and
on-chip RNA isolation. The up-gradation or enrichment process detached the cancer
exosomes immunomagnetically from host-derived exosomes, and the later analysis was
executed on enriched populations. Later, a glass-bead filter was used to pass the lysate
collected after the lysation of exosomes. RNA was immobilized onto glass beads by
forming electrostatic bonds during this method and then extracted and quantified by qPCR.
Magnetic microbeads with anti-epidermal growth factor receptor (EGFR) antibodies were
used to identify and enrich GBM-derived exosomes. These GBM-derived exosomes were
incubated with beads, and the whole surface seemed thickly covered. A large quantity of
mRNA was found in these vesicles, having mRNA of nuclear proteins as well [72].

Spherical nucleic acids SNA are a type of NPs that are made up of a NP core
treated with oligonucleotide structures and comprised of RNA interference RNAi reporter
molecules and therapeutics. The exclusive 3D SNA structures are resilient to nuclease
degradation and co-opt into the cells despite the lack of transfection agents. SNAs act as
diagnostic agents and have the potential to detect two unique mRNA sites at a time inside
of a cell [77]. These SNAs can effectively cross blood-brain and blood-tumor barriers and
are broadly experimented against the most violent and widespread type of malignant brain
cancer, i.e., GBM models [79]. Currently, much attention has been given to EGFRVIII, which
is an EGFR receptor variant and is associated with GBM progression. DNA and RNA
aptamers have been fabricated and used for GBM detection by the involvement of EGFR.

Igbal et al. sequestered an anti-RNA aptamer from purified human protein by creative
selection. The authors confirmed the ‘aptamer’s ability to detect and seize murine and
human GBM cells after its immobilization on a glass substrate. Aptamer binds with wild-
type and mutant EGFR with excellent specificity and affinity (Kd = 2.4 nM). This technique
is used for the initial detection and analysis of residual disease. Similarly, Igbal’s group
fabricated a flow-through lab-on-chip tool that used surface-attached aptamer’s affinity for
GBM'’s overexpressed biomarker, i.e., EGFR, to prove that a microfluidic-based technique
can be used to detect and capture GBM cells. Later, the same group took radical steps in
diagnostics related to anti-EGFR aptamers and came up with two succeeding articles on
tracing the differential dynamics of GBM cell structure on substrates grafted with aptamers.
They analyzed the dynamic morphology of GBM in computational single-cell metrics to
identify and capture tumor cells [80,81].

Choulier et al. linked cell-SELEX and protein to separate RNA aptamers. These
aptamers have the potential to bind specifically to integrin «531, which is an «f3 het-
erodimeric receptor related to cancer angiogenesis and GBM ferociousness. The authors
used in histo-fluorescence analysis on patient-based xenografts and a fluorescence-related
analysis on cell lines to verify the diagnostic capability of tagged aptamers [82]. Recently,
some specific aptamers were considered as markers for metastasis and recurrence of GBM
stem cells (GSCs) and brain tumor-initiating cells (TICs).

Rich et al. designed a pool of DNA aptamers distinguishing TICs with an extremely
low dissociation constant (Kd between 0.12 and 3.75), and an aptamer-Cy3-related fluores-
cence proved the binding. In 2019, Affinito et al. used an RNA library on basic human GSCs
to design a 20-F-RNA aptamer A40s, which was explicitly related to the GBM cells. The
authors established the detection of A40s-based analysis in GBM cells and GSCSs of human
tissue sections [83]. Here, the aptamer showed a great affinity (Kd = 41.92 nM) for target
cells in a less nanomolar range. As stem cells play an important role in chemo-resistance
and metastasis, these aptamers can be used in the clinical field to detect violent areas and
analyze GBM treatments [81].

2.4.2. Breast Cancer

Currently, three-dimensional RNA NPs with tetrahedral structures have been de-
signed. RNA tetrahedrons are used in various applications in nanomedicine and nanoma-
terials because of their structural permanence and mechanical rigidity. The EGFR aptamer
was bonded with the RNA tetrahedron structure to target triple-negative breast cancer cells.
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After IV administration, the drug-loaded NPs face a sequence of biological blockades. NPs
face quick opsonization and succeeding sequestration by local macrophages under physio-
logical conditions. As a result, healthy organs, such as the spleen and liver, accumulate very
high levels of NPs [84]. To address these issues, RNA NPs were used to specifically target
tumor cells and avoid renal clearance and organ accumulation. For example, Prna-3W]
NPs were fixed with an RNA aptamer specific for EGFR. These NPs specifically targeted
triple-negative breast cancer (TNBC). Fluorescence confocal microscopy was used for the
histological analysis of tumors to detect the precise directing and retention of RNA NPs
in a cancer-frozen cross-section. Both treated and control groups were compared, and it
became evident that pPRNA-3WJ-EGFR showed extraordinary accumulation at tumor cells
without disturbing the healthy organs [69].

In another study, QD-mi RNA let-7a-gold NPs (QD-RNA-Au NP) were conjugated
with Chitosan-based nano-formulation, including negatively charged poly (g-glutamic
acid) (PGA) for transfer to breast cancer cells. In the cells, the QDs were separated by
dicer-mediated release and showed fluorescence for theranostic applications [85].

Mediley et al. described the use of an AuNP aggregation-related colorimetric sensor
for straight cancer cell detection. However, the signal produced by aptamers after binding
with cancerous cells was too low to detect CCRF-CM cells due to their weak binding affinity.
To solve this problem, Lu et al. used S6 RNA aptamer-linked multifunctional oval-shaped
AuNPs and the monoclonal anti-HER2/c-erb-2 antibody for multivalent attachment of
AuNPs with target cells for extremely sensitive analysis of SK-BR-3 breast cancer cells.
AuNP-linked colorimetric techniques are used for initial and sensitive in-vitro recognition
of cancerous cells [86].

2.4.3. Prostate Cancer

Sioss et al. fabricated a nanowire-resonator array sensor for signal detection using
oligonucleotide-treated AuNPs to analyze RNA in circulating tumor cells (CTCs). In
this method, RNAs were attached to AuNPs previously immobilized on the sensor by
hybridization. The resonance frequency of the sensor was changed by AuNPs after adding
mass to it. The authors calculated this change in resonance frequency and detected PCA3
RNA, a nucleic acid prostate cancer marker. After measurement of RNA and volume
used, they calculated that the level of development was 1 CTC/10 mL blood. The sensors
used were extremely sensitive and specific, showing a single-nucleotide inconsistency
calculation. AuNPs have a large surface area, and they are used as a support to increase
signal formation by enhancing molecular binding events [87].

The prostate-specific antigen (PSA) was spotted in prostate cancer cells and the neo-
vasculature of many types of malicious neoplasms, such as breast cancer [88], lung [89],
and some other tumor cells [90]. One study reported ligand-receptor relation of RNA
NPs with PSA aptamers. The 3W]J-RNA NPs were attached to PSA aptamer (PSA-RNA),
indicating extraordinary tumor accumulation in the bio-distribution analysis [77].

Mohamadi et al. fabricated a microelectrode biosensor based on the PSA mRNA
and magnetic NPs-based circulating tumor cells. Another study demonstrated aptamer-
based in-vivo targeting by pRNA-3W] NPs containing the anti-prostate-specific membrane
antigen (PSA) RNA aptamer. On the other hand, folate can be coupled with pRNA-3W]
NPs as an innovative strategy for improving nanocarrier distribution.

The pRNA-3W]-folate conjugates have been used in many cancer cells in which FR is
overexpressed, such as colorectal, gastric, head and neck cancers, and glioblastoma. The
in-vivo distribution of RNA NPs was studied using pRNA-X NPs containing fluorophore
or folate. These NPs were injected into athymic mice with KB cells xenografts. Whole-body
images were taken at different time intervals and indicated the high accumulation of RNA
NPs in cancer cells within 4 h. Specific localization of pPRNA-X NPs in the tumor was
calculated at the 8th hour of organ imaging, without accumulating in healthy organs [69].
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2.4.4. Liver Cancer

Cationic lipids (CLs) are used for liposome-oriented DNA /miRNA transport. These
lipids are made up of a linker to which a hydrophobic part is linked to a cationic head
part. The positively charged head group is attached to the negatively charged phosphate
group of nucleic acids [91]. Liposomes have advantages of less risk of immunological
reaction, less toxicity, and are easy to handle, making them a useful tool for non-viral drug
delivery and diagnostics. Lipid NPs containing lactosylated gramicidin were exploited to
transfer anti-mir-155 to hepatocellular carcinoma. Hsu et al. transferred miR-122 mimic
using cationic lipid NPs to suppress miR-122 in hepatocellular carcinoma [92].

2.4.5. Gastric Cancer

Chen et al. developed an MRI-visible system based on superparamagnetic iron oxide
NPs (PEG-g-PEI-SPION) and polyethylenimine conjugated to polyethylene glycol (PEG)
for the delivery of siRNA to gastric cancer. Despite its use in cancer gene down-regulation,
this PEG-g-PEI-SPION has verified itself as an extremely effective contrast agent for in-vivo
MRI scanning as well. In the same way, Sun et al. designed Micro-RNA-16-loaded magnetic
NPs to solve drug resistance challenges in the mouse gastric cancer model. Polyethylene
glycol (PEG)-coated iron oxide (Fe304) NPs were used in this study. These magnetic NPs
showed highly efficient in-vivo imaging along with increased (human gastric cancer cell
line 7901) SGC7901 sensitivity to the drug Adriamycin [93].

Rychahou et al. developed the precise delivery of folate-linked pRNA NPs into
colorectal cancer. After IV injection, the RNA NPs showed accumulation in metastatic cells
of colorectal cancer, lung, liver, and lymph node cancer, but no accumulation was found
inside healthy organs [69].

3. RNA-Nanomaterials for Targeted Therapy of Different Cancers

Extracellular matrix (ECM) is composed of glycoproteins, elastin, collagen, and
hyaluronic for providing solid structural support for cellular processes, i.e., prolifera-
tion, cell migration, and growth [94]. Moreover, ECM also systematizes the intracellular
communication of cytokines and growth factors and acts as a source of physical barrier
against the tumor microenvironment [95]. However, in solid metastatic tumors, the ECM
equilibrium in maintaining homeostasis gets affected, leading to disorganization of the
physicochemical and biochemical features, as shown in Figure 3.
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Figure 3. Tumor microenvironment prevalence in the extracellular matrix.
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Conventional cancer treatment has failed to mitigate the impact of malignancies [96].
Therefore, multi-functionalized NPs were preferred to be synthesized for targeted action
via attachment of specified ligands to target the tissues that are highly over-expressed in
certain diseases. The development of targeted and personalized therapeutics based on RNA
interference has also been made possible due to advances in molecular genetics [97]. The
modification in RNA therapies utilized small RNA subunits in the form of small interfering
RNAs (siRNA) for overexpressing the specific genes of the related cancers [98]. The RNAi
technology can be exploited to change the oncogenic characteristics of breast cancer cells,
making them highly conducive to apoptosis cell death. Combination therapies are useful
approaches to generating apoptotic effects mediated via carcinogenic pathways and help
to overcome drug resistance [99].

RNA-based drugs are often entrapped or attached to the surface of different nanove-
hicles to deliver the cargo to the cells. These nanovehicles can be modified with various
moieties, including polyethylene glycol (PEG) and cholesterol, which enhance them by
the membrane of target cells, where the nanovehicle can enter the target cells via endocy-
tosis (Figure 4A). Meanwhile, some RNA-based therapeutics are conjugated to moieties
directly, which facilitates their transmembrane transport (Figure 4B). In another therapeutic
approach, the synthesized RNA-therapeutics are chemically modified to enhance their
binding affinity, stability, and biocompatibility (Figure 4C).

Figure 4. Schematic representation of common delivery methods for RNA-based therapies. LNA: locked nucleic acid
(2'4'-methylene; 2’OMe: 2/-O-methyl; 2'MOE: 2’-O-methoxyethyl. Nanocarriers can enter the target cells via endocytosis
(A), direct conjugation to moieties (B), and chemical modification (C). Reprinted from [100].
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The miRNA or siRNA possesses the capability to bind with the enzyme-containing
molecule RNA-induced silencing complex (RISC), resulting in the enzymatic cleavage of the
target mRNA [101]. Targeted mRNA has the capability of silencing over-expressed genes
as well as inducing programmed death-ligand 1 (PD-L1) efficacy towards programmed
apoptosis against the deadliest cancer cells, as shown in Figure 5. The targeted role of
mRNA as a ligand in various cancers is shown in Table 2.
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Figure 5. Small interfering RNAs (siRNA) mechanism of action for overexpressing the specific genes
of the related cancers.

Table 2. Summary of RNA-based nanostructures in treatment of cancers.

Nanostructure

Key Feature Ref

Ultra-thermostable RNA NPs

RNA ligand proved to dramatically inhibit the growth of breast cancer

; . . o 102
with non-detectable toxicity and immune responses in mice. [102]

Small interfering RNA (siRNA) showed great potential in advanced

Selenium-siRNA NPs therapeutics because of its highly sequential ability for silencing HeLa [103]

genes for cervical cancer

miR-155 was highly over-expressed in colorectal tissues and cell lines

MSN-anti-miR-155 NPs as compared to the control groups and showed enhanced [104]

therapeutic efficacy.

The novel nanocarrier system was able to initiate a specified and safe

Survivin-siRNA NPs cellular uptake with increased transfection efficacy, promoting the [105]

downregulation of HCC cells.

Enveloped siRNA NPs

siRNA multi-functionalized nano-enveloped carriers can strongly
silence target genes expressions as well as strongly pre-dominant genes,
such as prohibitin 1 (PHB1), resulting in significantly culminating
prostate tumor growth

[106]

FA-PEI-Fe30,-siRNA NPs

Effective targeted PD-L1-knockdown therapy as well as a diagnosis in

gastric cancers, thus favoring towards the best theranostic approach [107]

PLL-siRNA-MSN NPs

MSNPs-PLL proved to be an accomplished candidate for non-invasive

transdermal drug delivery in alleviating skin cancer cells division [108]

Moreover, all the RNA-based nanoparticles tend to adopt various advanced strategies
to provide the targeted and efficacious treatment against various metastatic cancer, as
shown in Figure 6.
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RNA based nanoparticles adopting strategies to treat different cancers
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Figure 6. RNA-based nanoparticles various advanced strategies for providing the targeted and efficacious treatment against

various metastatic cancers.

3.1. RNA NPs

Cancer of the breast is the deadliest disease in the world [109]. Breast cancer ther-
apy includes radiation therapy, chemotherapy, adjunct therapy (radiation therapy and
chemotherapy), endocrine, and ligand-mediated therapy [110]. Guo et al. (2020) [102]
conjugated PTX with RNA via the synthesizing prodrug for PTX as PTX-N3. PTX-N3
prodrug was synthesized by admixing the PTX, and other substituents in a 20 mL DCM
solvent. The reaction mixture was then stirred at room temperature for 36 h following
filtration and rotary evaporation to attain the yield’s crude product. The crude product
was then purified by silica gel chromatography using n-Hexane: ethyl acetate as an eluent.
RNA-6 alkynes oligomers were synthesized via a stranded solid-phase RNA synthesis and
purified through desalting. RNA sequences of nine types were isolated and conjugated to
PTX using copper (I)-catalyzed alkyne-azide cycloaddition by click addition. The reaction
mixture was then diluted with ethanol followed by overnight incubation for RNA precipita-
tion in DEPC-H,O. The precipitated were re-dissolved and purified by the ion-pair reverse
phase HPLC in a PTX-labeled RNA for assembling NPs. Finally, an RNA four-way junction
NP (4W]-X nanostructure) with ultra-thermodynamic stability to solubilize and load PTX
for targeted cancer therapy was developed by a 3D computational model generated using
Swiss PDB Viewer and PyMOL Molecular Graphics System. Assembly of NPs was con-
firmed using a specified buffer solution. EGFR NPs were also conjugated with one of the
aptameric RNA oligomers and 4WJ-X-24 PTXs. It was observed that each RNA NPs was
found to be successfully attached via covalent interaction to twenty-four molecules of PTX
as a prodrug. The developed RNA-PTX complex was found to be structurally stable and
rigid. It was concluded that RNA NPs proved to help increase the water solubility of the
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BCS class II drug PTX by 32,000-fold, which possesses the issue of low water solubility. This
treatment strategy of RNA functionalization in the form of intravenous injections resulted
in the specified cancer targeting. RNA ligand proved to dramatically inhibit the growth of
breast cancer with non-detectable toxicity and immune responses in mice. Moreover, no
mortalities were observed at the LDsy dose of PTX [102].

3.2. Nanotechnology for Transfer of Therapeutic RNAs

By using nanotechnology for RNA, we are able to overcome many shortcomings of
naked RNA molecules, such as poor chemical stability, easy degradation by nucleases,
and extremely short half-lives for in-vivo applications. NPs act as a multipurpose and
targeted system for the safe transfer of naked RNA molecules. The NP-based protect RNA
from enzymatic cleavage and immune system threats. Because of their EPR properties,
these nanostructures facilitate excellent RNA accumulation at the tumor site. Nowadays,
the nanocarriers used for RNA delivery are lipid-based nanosystems [111], polymeric
nanomaterials, bio-inspired nanovesicles, and inorganic NPs [112].

RNA NPs can easily include targeting ligands, counting RNA aptamers, and chemical
ligands to impart specific targeting against proteins, fluorescent chemicals, and cell surface
receptors. Chemical ligands, e.g., folate, are attached to the end of the RNA strand while
the RNA is synthesized by modified RNA phosphoamidites. These ligands can also be
attached to the RNA strand after RNA synthesis by the chemical conjugation method. The
RNA aptamer strand, such as EGFR aptamer, can be manufactured by elongation of the
scaffold strand.

The binding efficiency in-vitro and in-vivo of RNA NPs with ligands is tested by
labeling them with radioisotopes and fluorescent dyes [113]. The labeled RNA NPs are
incubated with cells for in-vitro binding and internalization studies. After incubation,
these NPs are quantified by flow cytometry or fluorescence confocal microscopy [77].
Folic acid, FA, has attracted much attention for targeted siRNA delivery due to its small
size, outstanding in-vivo stability, low immunogenicity, high binding affinity for folate
receptors FRs, and great specificity to cancer cells. Folate receptors play an important
role in diagnosing and therapeutics of inflammatory diseases and carcinoma. Folate
receptors are overexpressed in cancer cells, and folic acid-decorated siRNA transporters
bind precisely to FRs. The site-specific distribution of FAsiRNA conjugates and enhances
siRNA concentration at the target site [112,114].

Folate receptors are overexpressed in epithelial cancer cells surfaces, permitting the
folic acid conjugated NPs to target these cancer cells at a frequency higher than the nor-
mal cells.

RNA NPs can efficiently target cancer metastasis that is difficult to target because
of the spread of cancerous cells to far-off cells and lymph nodes. Folic acid was used as
a targeting agent by RNA NDPs to simultaneously target colon cancer cells in the chief
sites of metastasis, such as lungs, liver, and lymph nodes [49]. The 3W]-based design
procedure was used to form highly branched RNA dendrimers. RNA dendrimers used
PRNA nanosquare as a symmetrical core for their formation. The formation of higher-
ordered structures may face steric hindrance that is reduced by the square shape. Targeted
delivery of NPs highly lessens the off-target toxicity and accumulation of NPs in healthy
organs. RNA aptamers are an emergent field of therapeutics in which single-stranded RNA
sequences form 3D structures by folding up and binding to extracellular domains of cell
surface receptors with high selectivity and affinity. Nowadays, cell surface receptors are
targeted by tens of RNA aptamers, such as prostate cancer (e.g., PSA), colon cancer (e.g.,
EpCAM), ovarian cancer (e.g., E-selection), glioblastoma (e.g., EGFRVIII), lymphoma (e.g.,
CD19) and breast cancer (e.g., EGFR, HER2, HER3) [49].

3.3. Small Interfering RNA-Selenium NPs

Small interfering RNA (siRNA) showed great potential in advanced therapeutics
because of its highly sequential ability for silencing genes [115]. One of the most common
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causes of death in women is cervical cancer [116]. As a result, the right medication is
necessary to minimize the severity of this cancer. For this purpose, Yu Xia synthesized
biocompatible selenium NPs (SeNPs) and loaded them with the arginyl glycyl aspartic
acid (RGD) Fc peptide for the sake of active targeting [103]. The RGDfC peptide bore a rich
cationic charge and functionalized SeNPs for enhanced gene delivery. RGDfC-SeNPs have
the capability of binding with HeLa cervical cancer lines.

Furthermore, Derlin 1-siRNA can be adjunct to the formulated conjugate of RGDfC-
SeNPs via electrostatic interaction. The RGDfC-Se@siRNA successful conjugation and
synthesis was confirmed via size determination by a zeta sizer, transmission electron
microscopy (TEM), and Fourier transform infrared spectroscopy (FTIR). Elemental compo-
sitions of RGDfC-SeNPs were studied by energy dispersive spectroscopy (EDS). RGDfC-
Se@siRNA characterization results proved that it followed Clathrin-mediated endocytosis
for specifically reaching HeLa cancer cell lines and exhibited triggered siRNA release in
a tumor microenvironment as compared to the biological microenvironment. However,
in qPCR and Western blotting assays, both techniques showed eminent chances of gene
silencing in HeLa cells. RGDfC-Se@siRNA was found to suppress the tumor invasion and
division in HeLa cells via triggering the apoptosis pathway. Moreover, another crucial
mechanistic approach of mitochondrial membrane disruption and reactive oxygen species
generation (ROS) in HeLa cells was quite convincing in understanding that mitochondrial
dysfunction mediated by ROS might play a significant role in RGD{C-Se@siRNA-induced
apoptosis. Interestingly, advanced nanotherapeutics also presented substantial antitumor
activity in a HeLa tumor-bearing mouse model [103].

3.4. siRNA-Polymeric NPs

Prostate cancer malignancy is one of the significant reasons for mortality worldwide.
Prostate cancer is a non-skin malignancy causing the second biggest number of deaths in
men when differentiated with different tumors. Conventional therapies are expected to
cause erectile dysfunction, libido, obesity, and bone mass loss. Nanotechnology has mod-
ernized the field of medication to sidestep conventional therapies against metastatic cancers
and different intracellular infections [117]. Xiao ding Xu et al. (2017) [106] synthesized
siRNA multi-functionalized enveloped NPs for prostate cancer advanced therapy. SIRNA
was self-assembled in the NPs via utilizing the library of oligo arginine and sharp pH-
responsive polymers. Moreover, siRNA-functionalized and self-assembled NPs resulted in
prolonged blood circulation, and the pH triggered a drug release through the activation
of the endosomal membrane penetration. Furthermore, modification of the synthesized
nanocarrier was done via attaching a specified molecular ligand that can recognize the
PSA receptor. Synthesized nano-enveloped particles were characterized for size and zeta
potential via DLS. The morphology of NPs was determined by TEM, fluorescence intensity,
encapsulation efficiency, in-vitro siRNA release, luciferase silencing, endosomal escape,
flow cytometry, in-vitro PHB1 silencing, digestion assay, Western blot, immunofluorescence
staining, in-vitro inhibition of cell proliferation, a xenograft tumor model, and pharmacoki-
netic studies. siRNA multi-functionalized nano-enveloped carriers have the capability to
strongly silence target genes expressions as well as strongly pre-dominant genes, such as
prohibitin 1 (PHB1), resulting in significantly culminating tumor growth. Moreover, these
advanced NPs also possess great potential for a robust siRNA delivery vehicle for prostate
cancer-targeted therapy [106].

3.5. siRNA-Superparamagnetic Iron Oxide NPs

Globally, death from gastric cancer accounts for the majority of deaths. Conventional
treatments have not been able to alleviate the consequences of this deadly disease. The
development of targeted therapies for gastric cancer requires new technologies [118]. The
most novel approach being considered is finding the primary targets, such as immune
checkpoints such as PD-L1, in gastric cancer [119]. PD-L1 presents an over-expression on
the activated T cells, resulting in the endosomal escape by cancer cells. The mechanism
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of inhibiting cancer cell regulation via PD-L1 cells lies in promoting and maintaining the
T-cell responses in a controlled manner [120]. Xin Luo promoted siRNA delivery system
for knocking down PD-L1 by developing folic acid (FA) and disulfide (SS)-polyethylene
glycol (PEG)-conjugated polyethylenimine (PEI), complexed with superparamagnetic iron
oxide Fe3O4 NPs (SPIONSs) [107]. SPIONs were encapsulated with FA-PEG-SS-PEI via a
ligand-exchange method, and then this conjugate was combined with synthesized siRNA-
complexed cationic micelles. Furthermore, synthesized NPs were characterized based
on binding capability, cytotoxicity, cellular internalization, and transfection efficacy. Cell
viability assays demonstrated negligible toxicity and maximum cellular uptake as well.
Cellular magnetic resonance imaging (MRI) presented that the NPs depicted maximum
contrast for the T2 weight for cancer MRI. Furthermore, PD-L1 siRNAs displayed nom-
inal knockdown of PD-L1 in the PD-L1-overexpressing gene. However, the co-culture
model of activated T cells and the over-expressed gene cells represented an increased
level of secreted cytokines. Therefore, these findings highlight the potential of this class of
multi-functionalized polyplexed NPs for effective targeted PD-L1-knockdown therapy and
diagnosis in gastric cancers, thus favoring the best theranostic approach [107].
Hepatocellular carcinoma (HCC) is the most common malignancy of the liver and
the most common cause of morbidity and mortality [121,122]. A few molecular targeting
drugs, such as sorafenib (SO), have been approved for advanced HCC, which also show
a peripheral survival chance compared to conventional therapeutics. Unfortunately, its
efficacy for HCC patients stayed substandard. Thus, the development of new methods
for diagnosing and managing HCC is of the utmost importance. Gene delivery is the
most preferred therapy involving RNA interference for the purpose of post-transcriptional
gene silencing. Zhuo Wu et al. (2017) [105] developed a new class of amylose NPs, where
the cationic amylose was used as the backbone functionalized with folate for targeting.
Furthermore, SPIONs were utilized for the purpose of imaging and diagnosis for delivering
specified surviving siRNA to hepatocellular carcinoma cells. The synthesized siRNA and
multi-functionalized NPs were characterized based on zeta sizing, NMR, FTIR, cytotoxicity
studies, cellular uptake, gene silencing, apoptosis signaling, and magnetic resonance
imaging (MRI), and the results of these characterization techniques assured the successful
conjugation of a new class of amylose NPs for the targeted delivery to HCC cells. Moreover,
the novel nanocarrier system was able to initiate a specified and safe cellular uptake
with increased transfection efficacy, promoting the downregulation of HCC cells. The
resulting conjugate biocompatible complex based on cationic amylose could be used as a
well-organized, prompt, and innocuous gene delivery vector. Furthermore, upon SPION
addition, it holds great potential as a theranostic carrier for the gene therapy of HCC [105].

3.6. RNA-Mesoporous Silica NPs

Timely diagnosis and therapy are the prime responsibility of the healthcare sys-
tem [123]. Several advancements in molecular genetics have allowed pathogenic mutations
in diagnosing and classifying unique skin infections, such as psoriasis, atopic dermatitis,
and skin cancer [124]. Advancements in molecular genetics also allowed the development
of targeted and personalized therapeutics based on RNA interference [97]. Modification in
RNA therapies utilized small RNA subunits in the form of small interfering RNAs (siRNA)
for overexpressing the specific genes of the related disorders [98]. Therefore, Daniel Chin
Shiuan Lio et al. developed mesoporous silica NPs nucleotide complexes of 200 nm with
a pore size of 4 nm and mixed it with oligonucleotides of RNA, followed by overnight
stirring. After stirring, the mesoporous silica NPs-oligonucleotide conjugate were coated
with poly-L-lysine (PLL) in 1:1 for 10 min [108]. The excessive amount of PLL was removed
via centrifugation at the speed of 10,000 rpm for 15 min. Excessive PLL-removed NPs
were again re-suspended in the phosphate-buffered saline (PBS). Characterization of the
PLL-coated nanocarriers was done via size analysis, labeling cells with MSNPs for the time-
course study, and post-treatment in-vivo studies with a xenograft tumor model, primer
sequence, real-time-polymerase chain reaction (RT-PCR), histological sectioning, Western
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blot, and flow cytometry. Results concluded that the loading of NPs-based oligonucleotides
by poly-L-lysine resulted in improved transdermal drug delivery, increased zeta potential,
and enhanced stability [125]. The MSNPs-PLL evaluation on skin squamous cell carcinoma
(SCCQ) cells in-vitro showed a safety profile and increased penetration. Therefore, we are
bound to believe that MSNPs-PLL proved to be accomplished candidates for non-invasive
transdermal drug delivery in alleviating the skin cancer cells division [108].

Mesoporous silica NPs (MSNs) have been considered the most promising nanocarriers
for attached targeted moieties owing to unique features of tunable pore structure, greater
surface area, and pore volume [126-128]. These flexible features of the MSN’s are account-
able for successful conjugation, thermal stability, and biocompatibility. Colorectal cancer
is a heterogeneous and lethal disease, proceeding towards the development of malignant
tumors in the inner walls of the colon and rectum in the form of polyps. MicroRNA-155
(miR-155) is an oncogenic microRNA, and is over-expressed in many cancers, including
colorectal cancer (CRC). Therefore, targeting the approach in treating cancers by using
miR-155 is a nominal strategy for treating cancer. Therefore, Yang Li (2018) [104] developed
anti-miR-155-loaded MSN’s functionalized with polymeric dopamine (PDA) and AS1411
aptameric (MSNs-anti-miR-155@PDA-Apt) for the targeted therapy of CRC. The prepared
NPs were characterized based on size, cell uptake studies, in-vitro cytotoxicity, xenograft
tumor model, in-vivo imaging and biodistribution, in-vivo antitumor efficacy, and sys-
temic toxicity. The results showed that miR-155 was highly over-expressed in CRC tissues,
resulting in a significantly high targeted therapy and enhanced therapeutic efficacy [104].

4. Advantages and Limitations of RNA-Based Nano-Theranostic Systems

Thanks to their selectivity and enhanced sensitivity, RNA-based theragnostic ap-
proaches have tremendously improved current methods for diagnosis and provided versa-
tile delivery systems for the treatment of a variety of cancers. This is important because
in-vivo applications of the naked RNA molecule face many challenges that need to be
tackled. For instance, the naked RNA molecules have poor chemical solubility, extremely
short half-lives, and are easily degraded by nucleases [129-131]. Interestingly, developed
nanovehicles protect the RNA molecule from immune system threats and degradation
by nuclease enzymes and enhance the EPR effect, thus enabling the accumulation of the
RNA molecule in the cancerous sites [130,132]. In terms of cancer therapy, however, there
are benefits and drawbacks to applying such innovative modalities. RN A-nanovehicles
functionalized with different moieties have enhanced cargo delivery without adverse
side effects, and thus, can be considered efficient and targeted strategies for delivering
chemotherapeutic agents to malignant cells.

A number of nanovehicles have been studied for their ability to deliver RNA molecules
to target locations. For instance, it has been documented that lipid-based nanostructures
(i.e., liposomes, solid lipid NPs, and lipid emulsions), polymer-based nanomaterials, inor-
ganic NPs, and bio-inspired nanovehicles can be used for the targeted delivery of nucleic
acids, such as RNA. The majority of these nanocarriers have the advantages of easy prepa-
ration, good biocompatibility and bioavailability, low cost of production, controlled release,
easy modification, and easy uptake. However, they have shown poor solubility, rapid
clearance, easy leakage of cargo, dose-dependent toxicity, and stability concerns [112].

The application of RNA technology has a major advantage of exploiting cellular
machinery that permits the targeting of complementary transcripts, resulting in a dra-
matic decrease in the expression of a target gene. The main limitations of this approach
are ineffective in-vivo delivery, off-target effects, and the induction of type I interferon
responses. [129].

The RNA molecule itself is unable to cross cell membranes. In addition, prompt
degradation of the therapeutic agent in the endocytic pathway, called the endosomal
escape, could be a great challenge in ligand-mediated endocytosis for the specific delivery
of siRNA [133]. A crucial limitation for in-vivo delivery of siRNAs is the size of the
synthesized RNA NPs. Basically, the average size of an RNA nanostructure is about
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20 to 40 nm, which enhances its biodistribution in the blood circulation system, while
the average size of a normal single siRNA molecule is less than 10 nm. Moreover, non-
formulated siRNAs can be easily excreted through the urinary system [133-135]. Chemical
and thermodynamic instability, short in-vivo half-life, undesirable in-vivo toxicity of RNA
NPs along with targeting problems, high production costs, and a low yield are the primary
drawbacks of the application of RNA nanostructures for theranostic purposes [133]. Using
targeting moieties, such as aptamers or receptor-targeting ligands (i.e., folate), can improve
RNA delivery. Still, endosomal escape might be a fundamental limitation that needs
to be overcome shortly. Designing novel targeting RNA NPs with the ability to escape
endosomes will lead the way toward more promising RNA therapeutics. mRNA-based
vaccines impart immunoglobulins and immune responses, leading towards phagocytosis,
as shown in Figure 7. Moreover, a list and links to information about clinical trials regarding
RNA-based nanomaterials against cancer is now given in Table 3.

Complement activation

Receptors

Nanoparticles o
° o Q — Immune Response Activation
mRNA

Figure 7. mRNA-based vaccines impart immunoglobulins and immune responses, leading towards phagocytosis.

Table 3. List and links to information about clinical trials regarding RNA-based nanomaterials against cancer.

RNA Based Nanomaterials Clinical Trials Ref.

The self-delivering RNA Combination of immunotherapy ar}c{ cherr}otherapy for [136]
(sd RNA) cancer treatment in pre-clinical trials.

Single mRNA-4157vaccine Preclinical phase 2 against melanoma. [137]

Adjuvant claudin mRNA cells Pre-clinical stages against metastatic breast cancer. [138]

MRNA 5671 based NPs Pre-clinical stages against colorectal cancer, lungs cancer, [139]

and pancreatic cancer.

mRNA 2416 based NPs Pre-clinical stages against solid tumors in ovarian cancer. [140]

5. Conclusions and Future Prospective

In this review, we highlighted advancements in the use of RNA nanotechnology in
cancer diagnosis and treatment. The development of novel RNA nanotechnology-based
tools for cancer diagnosis and treatment has been studied extensively in recent years.
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Compared to presently available cancer diagnosis and treatment in clinics, a number of
RNA-based NPs demonstrated improved sensitivity and selectivity or provided whole
new capabilities that could not be attained with conventional techniques. Compared
with conventional diagnosis and therapies, an RNA functionalized nanocarrier-mediated
anticancer drug delivery leads to high therapeutic efficacy, targeted binding with the ligand,
more accurate diagnosis, lower toxicity, and site-specific delivery, resulting in cytotoxicity
management and cost-effectiveness. The barriers to the diagnosis and treatment of cancers
and the killing of healthy cells have been minimized using biocompatible polymers ligands.
Promising advances in cancer treatment and detection, such as RNA-functionalization
and biocompatible ligands, are rapidly paved the way in addressing the disadvantages
of existing approaches by effectively enhancing the treatment and diagnosis of metastatic
tumors. Recently, significant advances have been made in the area of RNA nanotechnology
for cancer diagnosis and treatment, and our knowledge of this topic has significantly
expanded. However, just a few RNA-based NPs have progressed to clinical trials, and RNA
nanotechnology is expected to enter the clinic in the coming years with collaborative efforts
among scientists, technologists, and therapists. RNA nanotechnology, with its excellent
specificity, accuracy, and multiplexed measuring capabilities, has significant potential for
improving cancer diagnosis and treatment, finally leading to a higher cancer patients’
chance of survival.
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Abbreviations

NPs Nanoparticles

siRNAs  Short interfering RNAs

PTX Paclitaxel

SPR Surface plasmon resonance

PRRs Pattern recognition receptors

EPR Enhanced permeability and retention
AuNPs  Gold nanoparticles

QDs Quantum dots

ssDNA  Single-stranded DNA

SELEX  Systemic Evolution of Ligands by EXponential enrichment
NIRF Near-infrared fluorescent

MBS m-maleimidobenzoyl N-hydroxysuccinimde ester

GBM Glioblastoma multiforme

iMER Immune-Magnetic Exosome RNA

EGFR Epidermal growth factor receptor

GSCs GBM stem cells

TICc Tumor-initiating cells

TNBC Triple-negative breast cancer
CTCs Circulating tumor cells

PSA Prostate-specific antigen
CLs Cationic lipids

PEG Polyethylene glycol

ECM Extracellular matrix
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PD-L1 Programmed death-ligand 1

TEM Transmission electron microscopy
FTIR Fourier transform infrared spectroscopy
EDS Energy dispersive spectroscopy
ROS Reactive oxygen species

PHB1 Prohibitin 1

FA Folic acid

MRI Magnetic resonance imaging

HCC Hepatocellular carcinoma

CRC Colorectal cancer

PLL Poly-L-lysine

PBS Phosphate-buffered saline

RT-PCR  Real-time-polymerase chain reaction
MSNs Mesoporous silica nanoparticles

PDA Polymeric dopamine
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Abstract: Recent advancements in nanotechnology have improved our understanding of cancer
treatment and allowed the opportunity to develop novel delivery systems for cancer therapy. The
biological complexities of cancer and tumour micro-environments have been shown to be highly
challenging when treated with a single therapeutic approach. Current co-delivery systems which
involve delivering small molecule drugs and short-interfering RNA (siRNA) have demonstrated the
potential of effective suppression of tumour growth. It is worth noting that a considerable number
of studies have demonstrated the synergistic effect of co-delivery systems combining siRNA and
small molecule drugs, with promising results when compared to single-drug approaches. This
review focuses on the recent advances in co-delivery of siRNA and small molecule drugs. The co-
delivery systems are categorized based on the material classes of drug carriers. We discuss the critical
properties of materials that enable co-delivery of two distinct anti-tumour agents with different
properties. Key examples of co-delivery of drug/siRNA from the recent literature are highlighted
and discussed. We summarize the current and emerging issues in this rapidly changing field of
research in biomaterials for cancer treatments.

Keywords: cancer treatment; drug-siRNA co-delivery systems; multifunctional nanocarrier; siRNA
delivery

1. Introduction

Cancer is a large group of dreaded diseases in which abnormal cells proliferate at an
uncontrolled rate. Metastasis is the invasion of malignant tumour cells to adjacent parts or
other organs [1]. Globally, cancer is the major leading cause of premature deaths. In 2020
alone, 19.3 million new cancer cases were reported worldwide, with over 10 million deaths.
A significant rise in cancer incidence of 47% is expected in 2040 [2]. Critically, provision
of cancer care is one-half of a two-pronged global effort to reduce the overall burden of
cancer [1,2].

Current cancer therapies include radiation, surgery, chemotherapy, targeted therapy
or personalized medicine, as well as immunotherapy. Cancer is caused by mutations of
genes that lead to activation of proto-oncogenes or inactivation of tumour suppressor
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genes [3]. Biomarker testing is a profiling of the tumour genetics, which enables treatments
which target tumours with genetic changes in particular genes [4].

Chemotherapy drugs are commonly delivered directly through the oral, intravenous,
or topical routes as well as through direct injections to the cancer site [4]. However, current
chemotherapy targets only a limited subset of tumour-related molecules and pathways such
as kinases, and DNA damage. Targeted therapy involves deploying small molecule drugs
and monoclonal antibodies which targets the molecules which regulate tumour growth.

Recent advances in drug delivery systems have improved the efficacy of existing
chemotherapy drugs by increasing their bioavailability to tumour sites. However, the fact
remains that these drugs only target a few tumour-related factors but exclude tumour
transcription factors. The majority of the signalling molecules in cancer is regulated by
transcription factors (e.g., kRAS, p53, cJUN). Although drug molecules are unable to target
these transcription factors, small- or short-interfering ribonucleic acid (siRNA) is able to
interfere with their function.

siRNA has proven to be a useful tool to inhibit specific targets within tumour cells [5-8].
However, there are two significant issues with the use of siRNA alone for cancer treatment.
Firstly, due to the specificity of siRNA, there is a high chance of tumour cells developing
acquired resistance through further mutation. Secondly, as tumours are heterogenous
in nature, even with the successful delivery of siRNA to a tumour, this alone does not
guarantee the reduction of the tumour [8-10].

A viable solution for cancer treatment, therefore, consists of a combination of chemother-
apy drugs and siRNA. A chemotherapy drug targets the bulk of a tumour (based on
tumour-related phenotypes such as cell proliferation, DNA repair, etc.), whereas siRNA
targets a specific mutation in a tumour. This justifies further development into co-delivery
systems integrating small molecule chemotherapy drugs (molecular weight < 500 according
to the National Cancer Institute) and siRNA.

Currently, various co-delivery systems are in various developmental stages. They
consist of various classes of materials, including liposomes, dendrimers, as well as nanopar-
ticles of polymeric, inorganic and metallic origins [11,12]. This review paper will summa-
rize the desirable properties of these co-delivery systems, followed by a detailed report of
different classes of co-delivery systems which host a combination of small molecule drugs
and siRNA. A discussion of the advantages and disadvantages of each class of co-delivery
system is presented as well. We also discuss current challenges faced in the systemic
co-delivery of small molecule drugs-siRNA, and the strategies employed to overcome
them. Finally, concluding remarks are provided to comment on the state of the art in this
highly evolving and multidisciplinary field.

2. Desirable Properties of Co-Delivery Systems

A co-delivery system is a system which allows the concurrent delivery of more
than one therapeutic substance. The therapeutic substances include chemotherapy drugs,
deoxyribonucleic acids (DNAs), ribonucleic acids (RNAs), antibodies, etc.

Drug delivery systems enable the manipulation of drug properties, for instance,
pharmaco-kinetics, pharmaco-dynamics, therapeutic index, biodistribution and cellular
uptake of therapeutic agents. Various chemotherapeutics with poor water solubility,
including Paclitaxel, require suitable delivery vehicles with high loading efficiency in order
to successfully reach tumour cells [13].

In order to construct an effective and successful drug delivery system, several funda-
mental prerequisites are required: (i) the vehicles should be biocompatible, biodegradable,
non-immunogenic, (ii) high loading capacity of and preservation of guest molecules,
(iii) zero premature release before reaching and optimal uptake at the target site, (iv) effec-
tive endosomal escape, (v) controllable release rate, and (vi) active targeting of cells and
tissues [5,14].
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However, the requirements of a co-delivery system extend beyond the criteria listed
above, as two agents with different physicochemical properties are incorporated in one
drug carrier.

The vehicle for gene-delivery systems has additional criteria: (i) it must be capable of
evading reticuloendothelial uptake [6,8], (ii) it must not engage in interaction with vascular
endothelial cells and blood components, i.e., possess good stability or persistence in
blood [5,6], and (iii) the system must be compact and stable enough to penetrate through the
cell membrane and not degrade before reaching the nucleus [6,8,15]. The release mechanism
from the vehicle is contingent on the types of oligonucleotides being transported. For
instance, antisense oligodeoxyribonucleotides (ODNs) and siRNA should be targeted to be
released in the cytosol to inhibit mRNA expression, while delivery of plasmid DNA should
reach the nucleus as ectopic DNA [16]. In this review, the focus will be on the co-delivery
of small molecule drugs and siRNA.

As cancer belongs to the category of genetic diseases, siRNA-employed cancer treat-
ment was reported to have significant results; however, the inherent characteristics of
siRNA have elevated the difficulty of this type of therapy. Nucleic acid has an anionic
hydrophilic structure with ~38 to 50 phosphate groups, which renders them impermeable
through biological membranes [5,6,8]. Systemic delivered, unmodified naked siRNA is
vulnerable to degradation through enzymatic digestion [17]. Besides that, siRNA has a
molecular weight of ~13 kDa which is small enough for it to be easily removed through
the kidney. However, its molecular weight is comparatively larger than small molecule
drugs; this difference eventually affects the co-delivery system in terms of biodistribution
and pharmacokinetics [7,8].

3. Classes of Co-Delivery Systems

Various combinations of small molecule drug-siRNA pairs have been reported in the
literature to combat the highly heterogeneous and extremely complicated microtumour
environment. There are strategies to formulate small molecule drug-siRNA combinations
to improve the therapeutic efficacy of anticancer drugs: (i) to synergize the efficacy of
anticancer drugs through synthetic lethality, (ii) to overcome multidrug resistance (MDR)
silencing drug efflux pump-related gene, (iii) to enhance efficiency of cancer treatment by
promoting apoptosis in cancer cells, and (iv) to promote anti-tumour therapy by targeting
metastasis and angiogenesis [7].

The emerging technology in nanomaterials development has introduced various
options of drug carriers to be employed in co-delivery systems. Each class of materials
has their own unique properties, conferring advantages as well as disadvantages for
co-delivery. Figure 1 shows the structure and size range of various classes of materials
commonly used in co-delivery applications. Each vehicle possesses distinctive structural
features and morphology, which promote various advantages for co-delivery applications.
Hollow or porous structures have better capability to encapsulate drugs, while surface
modification of structures enables the surface attachment of drugs or siRNA. However, a
common characteristic of all these structures is high surface-area-to-volume ratio.

The diversity and heterogeneity of cancer cells has made a tailored combination of
chemotherapy drug-siRNA a highly promising treatment option. However, an appropri-
ate vehicle is vital to a successful co-delivery system. Recent material choices for small
molecule drug-siRNA co-delivery are reviewed in the following sections. A summary of
the advantages and disadvantages of each co-delivery system is presented in Table 1.
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Figure 1. The structures and size range of vehicles used to co-deliver drug molecules and siRNA (not

drawn to scale).

Table 1. Summary of advantages and disadvantages of various systems used for co-delivery of small molecule drugs

and siRNA.

Delivery System

Advantages

Disadvantages

Extra modifications or coatings on

° Natu.rglly abundan.t surface for specific functions (targeted
° Modifiable, nano-sized mesoporous structure . .
e Laree pore volume delivery, co-delivery of drugs and
Hi gh pore fi P siRNA, sustained release of drug, etc.)
Mesoporous Silica 161 Spectic surtace ared Unsuitable for encapsulating drug
icl e  Dual-functional exterior and interior surfaces .
Nanoparticles . I : s molecules larger than the size of
° Good biocompatibility and biodegradability its pores
° Can be incorporated in magnetic applications Extli“) 2 coating needed to enhance
e  Protects guest molecules before reaching target site . g nee .
stability of drug in the carrier
° Cationic polymer encourages attachment of siRNA Toxicity dependent on the chemical
poly g y dep
e  Hydrophobic core eases encapsulation structure of polymers
ydrop p poly
e  Can be modified to have controlled release behaviours Appropriate design of polymer drug
) e  Can be designed to be sensitive to pH, temperature, carrier is vital
Polymerlc chemical substances and enzymes Modifications are needed for better
Materials e  Preferential accumulation in tumour tissues performance
e  Various co-polymer combinations can be done to Structure modification is required in
poly q
explore various potentials certain conditions to reduce the
° Protects guest molecules before reaching target site cytotoxicity
Enables encapsulation of active agents
Shielding effect reduces toxicity of
chemotherapy drugs
*  Improves cellular uptake . . Restricted by rapid clearance from the
e  Protects guest molecules before reaching target site . . .
- bloodstream in the reticuloendothelial
° Confers good drug stability system (RES)
* Good contro.ll.ed 1je1ease Profﬂe. . Modifications are needed to prolong
° Can be modified into cationic liposome for siRNA circulation time in blood
Liposomes ; i
P lc\zgﬁilgzingle size Ligand attachment is needed for
PH - site-specific delivery
Smart liposomes (sensitive to pH, temperature, Appropriate selection is needed
enzymes and magnetic field) depending on the application
e Imaging agents can be attached
e  Good biocompatibility and biodegradability
° Low immunogenicity
e  Able to penetrate the stratum corneum
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Table 1. Cont.

Delivery System Advantages Disadvantages
Unique and precise molecular structure
Conjugation of drugs through various types
of bonding e  Properties are highly dependent on
e  Uniform globular structure and molecular weight functional group of outer shell
) e  Wide range of generation number can be chosen for e Performance of carrier is dependent on
Dendrimers specific applications the appropriate functional group chosen
e  Manipulatable size and lipophilicity e  Appropriate selection and method of
e  Can be engineered with ligands encapsulation is crucial
e  Low systemic toxicity
e  Protects guest molecules before reaching target site
e  Various morphologies available for different
applications
e  Variable optical properties
e  Suitable for bioimaging applications e  High cost
e  Passive and preferential accumulation at tumour site e  Rare
Gold nanoparticles o High specific surface area e  Ligand attachment is needed for
e  Antimicrobial properties site-specific delivery
e  Good biocompatibility and biodegradability
e  Least reactive element
e  Ligands can be conjugated for various applications

3.1. Mesoporous Silica Nanoparticles
3.1.1. General Properties

Mesoporous silica nanoparticles (MSNPs) are solid materials, in which hundreds of
empty nanoscale channels are arranged in a two-dimensional network where the meso-
porous structure is described as honeycomb-like [18,19]. By definition, the pores of meso-
porous materials have a narrow pore size distribution ranging between 2-50 nm [20]. For
instance, the MCM-41 mesoporous silica has a diameter of approximately 20 nm [21].
MSNPs have a manipulatable mesoporous structure, large pore volume, high specific
surface area, and dual-functionality on the exterior and interior surfaces [19,22-26]. Their
mesoporous inner structure provides for high drug loading capacity and enable control
over drug release behaviour [19,25-27]. The unique properties of MSNPs enable the encap-
sulation of a wide range of therapeutic agents for targeted delivery, while preventing their
premature release and degradation.

Silica is an abundant natural mineral having good biological compatibility. It is de-
clared as “Generally Recognized As Safe” (GRAS) by the United States Food and Drug
Authority (FDA). Silica materials are conventionally employed in industries such as cos-
metics and food additives owing to their good biocompatibility [28]. Surface modification
of the silica structure assists bioavailability and cellular uptake of the platform, avoids
unwanted biological interactions, and bypasses monitoring by the immune system [22,27].
The theory of immune surveillance describes a patrol system to recognize and destroy
invading pathogens as well as potential cancerous host cells [22,29,30].

Generally, the high surface-area-to-volume ratio and well-ordered mesoporous struc-
ture of MSNPs has been shown to facilitate improved drug loading capacity, biocom-
patibility and biodegradability [31-33]. The easily-functionalized surface properties of
MSNPs allow their surfaces to be functionalized with siRNA to impart excellent colloidal
stability [31,32]. These properties make MSNPs a promising vehicle for small molecule
drug and siRNA co-delivery.

3.1.2. Applications in Cancer Treatment

MSNPs offer the possibility of carrying drugs to the target site without degradation.
However, it has been found that the drug released from the mesopores of unmodified
MSNPs are often distributed off-target, an undesirable outcome for targeted drug delivery
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systems. Hence, the potential of MSNPs as co-delivery platforms have been expanded by
the introduction of various surface modifications. The functionality of MSNPS has been
enhanced from static drug vehicles into multifunctional delivery systems [18,19,25,26]. The
ease of functionalizing the surfaces of MSNPs has resulted in MSNP-based systems which
demonstrate properties such as sensitivity to pH, heat and enzymes, capability to undergo
redox reactions, and responsiveness to magnetic fields. For instance, Yu et al. reported
integrating superparamagnetic iron oxide nanocrystals in the core of MSNPs for magnetic
hyperthermia cancer therapy applications [34].

Song et al. [31] developed an MSNP vehicle loaded with myricetin (Myr) and MRP1-
siRNA (Figure 2). The MSNP which was conjugated with folic acid (FA) showed in-
creased specificity of Myr towards non-small cell lung cancer (NSCLC) compared with
a non-targeted siRNA control. Sustained release of therapeutics was observed in the FA-
conjugated vehicle compared with free Myr and the non-FA conjugated co-delivery system.
Furthermore, the FA-conjugated co-delivery system caused increased apoptosis of lung
cancer cells.

Myricetin

Mesoporous silica particle Myricetin-loaded Myricetin/MRP-1 siRNA-loaded

mesoporous silica nanoparticle mesoporous silica nanoparticle

Myricetin/MRP-1 siRNA-loaded
porous silica particle

Folic acid-conjugated mesoporous silica
nanoparticles loaded with myricetin/MRP-1 siRNA

Figure 2. The preparation of folic acid-conjugated mesoporous silica nanoparticles loaded with
myricetin and MRP-1 siRNA Note: MRP1 is equivalent to ATP binding cassette subfamily C member
1 (ABCC1). The MRP subfamily of genes is involved in multi-drug resistance. Reprinted from [31].

Wang and co-workers [10] prepared an MSNP co-delivery platform with doxorubicin
and MDR1-siRNA and conducted in vivo studies on the impacts of the polyethylenimine
(PEI)-coated MSNPs on oral cancer cells. They observed decreases in tumour size by
58.67 £ 2.37% when treated with the PEI-coated MSNPs loaded with doxorubicin alone
and greater tumour reduction of 81.64 & 3.17% when treated with the co-delivery system
of drug and siRNA when compared to the control specimen. Their result suggested the
effective inhibition of tumour growth in vivo when a co-delivery approach was applied.

Zhao et al. [32] found that an MSNP co-delivery system was able to improve tumour
targeting efficiency of breast cancers. Their MSNP vehicle was modified with a disulfide
group and loaded with doxorubicin and siRNA targeting BCL2 protein. It was reported that
the doxorubicin content in tumour tissue after the co-delivery treatment was approximately
2.6-times greater than that of the free doxorubicin treatment. This indicated the potential
of co-delivery systems in improving the enhanced permeability and retention (EPR) effect
in breast tumour tissues. EPR describes a preferred accumulation of therapeutic agents in
tumour cells [35,36].
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However, Park et al. [36] stated that the heterogenous nature of tumours remain a
challenge in targeted cancer therapy, even for nanoscale co-delivery platforms. Crucial
factors that can enhance the EPR effect of cancer therapies include the application of
molecular markers and enzymes that are specific to the tumour microenvironment (TME),
as well as physical transformation of the TME.

Zhou et al. [37] reported a greater apoptotic rate (36.88%) when breast cancer cells
were treated with an MSNP co-delivery system of doxorubicin and BCL2 siRNA, when
compared with approximately 14% of apoptotic cells observed for the group treated with
only doxorubicin loaded in the delivery system. The MSNP delivery system was modified
with a copolymer of polyethylenimine-polylysine (PEI-PLL). The disulfide bonds on the
copolymer were conjugated with a folate-linked poly(ethylene glycol) (FA-PEG). The
resulting positively charged vehicle was able to bind with the negatively charged siRNA
while encapsulating doxorubicin within the MSNP mesopores. Their results show that
the co-delivery of doxorubicin and BCL2 siRNA offered synergistic cell apoptotic impacts
on MDA-MB-231cells [37]. Table 2 shows various other examples of using MSNPs for
co-delivery of small molecule drug and siRNA for the treatment of different types of cancer.

Table 2. Summary of co-delivery of small molecule drug and siRNA by mesoporous silica nanoparticles for cancer therapy.

. Small siRNA . Testing
Delivery System Molecule Drug Target Type of Cancer Cell Line Stage Ref.
Mesoporous silica nanoparticles .. ABCB1 (or Oral squamous In vitro
modified with polyethylenimine Doxorubicin MDR1) carcinoma KBV In vivo [10]
Folic acid (FA)-conjugated Myricetin ABCC1 (or Non-small cell A594 In vitro [31]
mesoporous silica nanoparticles y MRP1) lung cancer NCI-H1299 In vivo
Mesoporous silica nanoparticles .. MCE-7 In vitro
(MSNPs) Doxorubicin BCL2 Breast Cancer HEK 293 In vivo [32]
Acid-sensitive calcium ABCBI (or
phosphate/silica dioxide Doxorubicin MDR1) Leukaemia K562/ADR In vitro [33]
(CAP/SiO,) composite
Mesoporous silica nanoparticles
modified with polyethylenimine— .. MDA-MB-231 )
polylysine and folate-linked Doxorubicin BCL2 Breast Cancer RAW 2647 In vitro [37]

poly(ethylene glycol)

Note: ABCB1, ATP binding cassette subfamily B member 1; ABCC1, ATP binding cassette subfamily C member 1; BCL2, BCL2 apoptosis
regulator; MDR1, multidrug resistance protein 1; MRP1, multidrug resistance associated protein 1.

3.2. Polymeric Materials
3.2.1. General Properties

Polymers are a large class of natural as well as synthetic materials, with a wide range
of properties, which are directly related to their molecular weight, molecular structure
and elemental composition. These macromolecules are made up of multiple repeating
sub-units (mers). Polymer-based delivery systems are one of the most well-established
platforms used to deliver therapeutic agents [38]. Their success is due to their versatility
and tuneable characteristics in order to achieve the desired pharmaceutical and biomedical
requirements [39].

Among the natural polymers which have been reported for use in drug delivery
include derivatives of arginine, chitosan, cyclodextrin, polyglycolic acid (PGA), polylactic
acid (PLA), and polysaccharides. These are generally favourable options due to their
nontoxicity, biocompatibility and biodegradability [40,41]. PGA, PLA, polycaprolactone
and polydioxanone are used as polymeric implant materials due to their biodegradable
and bioabsorbable qualities [42].

On the other hand, man-made polymers such as poly(2-hydroxyethyl methacrylate
(PHEMA) hydrogel, poly(n-isoproply acrylamide, polyethyleimine (PEI), and poly(n-(2-
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hydropropyl) methacrylamide) are preferred over the natural polymers as drug delivery
systems due to their immunogenicity [42].

Amphiphilic block copolymers are a versatile class of self-assembling structures which
can be formulated to produce polymeric nanoparticles such as. micelles and polymer-
somes [43]. Nanopolymeric delivery systems in micellar form alleviate the adverse effects
of drugs, in which their hydrophobic core enables effective encapsulation of multiple
anticancer agents including hydrophobic drugs [44,45]. The use of micelles was reported
to lengthen drug retention time in the blood circulation and selectively accumulated in
tumour tissue through the EPR effect [44,46].

Polymers bearing a positive charge or containing cationic functional groups in their
structure are termed polycationic polymers. They have been extensively studied as a form
of injectable, nonviral delivery agent for nucleic acid and drugs [40,47]. They also have
wide application in biomedical areas, for instance as antimicrobial agents due to their
affinity for the negatively-charged membrane of microorganisms, hence causing lysis of
cell walls [48]. The most well-investigated synthetic linear cationic polymers include PEI,
polyvinylpyrrolidone (PVP), and poly-L-lysine (PLL).

As a transfection agent, polycationic polymers are able to compress nucleic acid
to form polyplexes for gene therapy. In general, to encapsulate and deliver a higher
concentration of siRNA, polycations are engineered with greater charge densities, which
are often associated with carrier-induced toxicity [49]. The toxicity of polymeric cation-
mediated gene therapy is strongly linked to their chemical structure [50]. For instance, PEI
with a low molecular weight (11.9 kDa) and a moderately branched structure showed about
100 times higher delivery efficiency, coupled with low toxicity, in comparison to a higher
molecular weight PEI vector [51]. After delivery of the genetic payload, PEI is liberated of
their cargo and has the potential to negatively interact with cellular components. Hence,
an appropriate and suitable design of the polymeric drug carrier is vital. One solution to
address delayed polymer toxicity issues is by incorporating PEG [50].

Copolymers of PLL-PEG are another example of thoughtful polymeric nanocarrier
design. PLL are biodegradable, linear polypeptides in which the repeating unit is the amino
acid lysine. PLL-nucleic acid polyplexes require the addition of chloroquine in order to
improve their gene delivery efficiency. However, this results in increased cytotoxicity. With
the use of higher molecular weight PLL, there is a trade-off between greater transfection
efficiency and the accompanying higher cytotoxicity [52]. It has been shown that grafting
of PEG to PLL can reduce cytotoxicity without reduction of transfection efficiency [53].

3.2.2. Applications in Cancer Treatment

An emerging set of polymer-based drug delivery systems are being designed with
moieties that are sensitive to changes in pH, temperature, the presence of glutathione,
reactive oxygen species, and enzymes [54]. In the absence of disease, the bodily pH
level is homeostatically maintained within a range of 7.35-7.45 [55]. Polymeric delivery
systems can be designed to control the release of their therapeutic cargo by sensing the
slightly acidic-pH levels linked to tumour microenvironments (pH 6.5-6.8) [44,46,56].
This particular property has gained popularity in the design of a controlled and targeted
anticancer therapy system.

For instance, Suo et al. [56] applied a reversible addition-fragmentation chain transfer
(RAFT) polymerization to obtain a triblock copolymer nanocarrier to mediate the delivery
of doxorubicin and Bcl-2 siRNA to target breast cancer cells (MCF-7). Apart from offering
a carrier for the delivery of the hydrophobic drug doxorubicin and siRNA, this synthetic
method imparts excellent control of the nanocarrier physical properties, including unifor-
mity in size, molecular weight, structure and reproducibility. The nanopolymeric carriers
were able to achieve dual-release of its cargo in a reducing and acidic environment [56].
Their results demonstrated that a higher cellular uptake (51.6%) was noted in the cells
treated with folate-modified co-delivery system, compared with the unmodified co-delivery
system with only a 9.2% uptake. It was deduced that the targeted co-delivery promoted

66



Nanomaterials 2021, 11, 2467

cellular uptake while anticancer effects were synergistically achieved by co-delivering two
types of therapeutic agents.

Li et al. [46] also reported a triblock copolymer delivery system in which the micelle
size is controlled by changes in pH values; at acidic levels, the therapeutic agents are
released in the tumour target. A schematic of the process of the self-assembly and ther-
apeutics release of the co-delivery system designed by Li et al. [46] is shown in Figure 3.
The triblock copolymer consisted of a PEG shell, a cationic PLL intermediate layer, and a
pH-sensitive core of poly(aspartyl) (Benzylamine-co-(Diisopropylamino)ethylamine.

Self-assembly

SiRNA
Drug encapsulation

Complexation

Endocytosis

Endosoma
escapel

Endosome

Figure 3. [Illustration of self-assembly at pH 7.4 and intracellular releasing behaviour of
amphiphilic block copolymer of monomethoxylpoly(ethylene glycol), poly(l-lysine), and
poly(aspartyl(Benzylamine-co-(Diisopropylamino)ethylamine))mPEG-PLLys-PLAsp(BzA-co-DIP),
abbreviated as PELABD micelles, for combinatorial delivery of hydrophobic anticancer drugs
(Doxorubicin) and siRNA. Reprinted with permission from [46]. Copyright 2020 Springer Nature.

Additionally, Wu et al. [57] had constructed a type of co-delivering drug carrier with
the use of triblock copolymer nanomicelles. The nanomicelles consisted of polyethylene
glycol (PEG), polycaprolactone (PCL), and polyethylenimine (PEI). These core-shell na-
nomicelles were functionalized with folic acid (FA), then loaded with doxorubicin and
P-glycoprotein (P-gp) siRNA to induce cell apoptosis in breast cancer cells. In vitro stud-
ies were carried out on MCF-7/ADR cell line. The flow cytometry results showed that
the co-delivery system had increased the apoptosis level by 69.6% compared to the cells
treated with free doxorubicin (85.3% vs. 15.7%) while 44% of increment in apoptosis level
when compared to cells treated without the presence of P-gp siRNA (85.3% vs. 41.3%).
These results confirm that this co-delivery system is able to deliver small molecule drug
synchronously with siRNA. Furthermore, the release of siRNA was effective and able to
interfere with the targeted expression [57].

In experiments conducted by Norouzi et al. [58], the best apoptosis induction was
observed in dual functional polymeric micelles containing NF-«B (RELA) siRNA and
gemcitabine (GemC18). Apoptosis was induced in 78% of MCEF-7 cell lines and 95.4% in
AsPC-1 cancer cells, illustrating co-delivery as the optimum delivery system for synergistic
anticancer effects [58]. In another study, Yan et al. [44] developed a pH-responsive, chitosan-
based polymer co-delivery system that delivered doxorubicin and Bcl-2 siRNA to actively
target liver hepatocellular carcinoma cells, HepG2.
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Table 3 shows a summary of the current combination of small molecule drug and
siRNA co-delivery by using polymer-based nanomaterials for different types of cancer
treatment.

Table 3. Summary of co-delivery of small molecule drug and siRNA mediated by polymer-based nanomaterials for

cancer therapy.

Delivery System

Small Molecule
Drug

siRNA
Target

Type of Cancer

Cell Line

Testing
Stage

Ref.

Chitosan based pH-responsive
polymeric prodrug vector
(GA-CS-PEI-HBA-DOX)
where GA-CS-PEI-HBA-DOX is prodrug
chitosan-polyethylenimine-4-hydrazino-
benzoic acid
doxorubicin

Doxorubicin

BCL2

Liver cancer

HUVEC, HepG2

In vitro
In vivo

[44]

Amphiphilic block copolymer of
monomethoxylpoly(ethylene glycol),
poly(l-lysine), and
poly(aspartyl(Benzylamine-co-
(Diisopropylamino)ethylamine))
mPEG-PLLys-PLAsp(BzA-co-DIP),
abbreviated as PELABD micelles

Doxorubicin

siRNA

Ovarian cancer

SKOV3

In vitro

[46]

Triblock copolymer nanocarrier of
PAH-b-PDMAPMA-b-PAH
where PAH-b-PDMAPMA-b-PAH is
poly(acrylhydrazine)-block-poly(3-
dimethylaminopropyl
methacrylamide)-block-poly(acrylhydrazine)
(PAH-b-PDMAPMA-b-PAH)

Doxorubicin

BCL2

Breast cancer

MCE-7

In vitro

[56]

PEG-PCL-PEI triblock copolymer
nanomicelle functionalized with
folic acid

Doxorubicin

(P-gp) siRNA

Breast cancer

MCEF-7/ADR

In vitro

[57]

Poly(e-caprolactone), polyethylenimine
and polyethylene glycol (PCL-PEI-PEG)
copolymers

4-(N)-stearoyl
gemcitabine

RELA

Pancreatic cancer
and breast cancer

AsPC-1, MCF-7

In vitro

[58]

Lipid-polymer hybrid nanoparticles
where cationic e-polylysine co-polymer
nanoparticles (ENPs) are coated with
PEGylated lipid bilayer resulted formation of
LENPs, with reversed surface charge

Gemcitabine

HIF1A

Pancreatic cancer

Panc-1

In vitro
In vivo

[59]

pH/redox dual-sensitive polymeric
materials (cPCPL)
where cPCPL is poly(ethylene
glycol))x-(chitosan-polymine)y-(lipoic acid)z
grafted with cRGDyC-PEG-NHS, cRGDyC
is a kind of peptide, PEG is poly(ethylene
glycol) and NHS is hydroxysuccinimide.

Etoposide

EZH2

Orthotopic
non-small-cell
lung tumour

luc-A549

In vitro
In vivo

[60]

Self-assembled polyjuglanin
nanoparticles (PJAD-PEG)
where PJAD-PEG is poly(juglanin (Jug)
dithiodipropionic acid (DA))-b-poly(ethylene
glycol) (PEG)

Doxorubicin

KRAS

Lung cancer

A549, H69

In vitro
In vivo

[61]

Cationic
polyethylenimine-block-polylactic acid
(PEI-PLA)

Paclitaxel

BIRC5

Lung
Adenocarcinoma

4T1, A549

In vitro
In vivo

[62]

Lactic-co-glycolic acid (PLGA)
nanoparticles

Paclitaxel

SPDYE7P

Cervical cancer

HeLa

In vitro
In vivo

[63]

FeCo-polyethylenimine (FeCo-PEI)
nanoparticles and polylactic
acid-polyethylene glycol (PLA-PEG)

Paclitaxel

FAM group

Breast cancer

MCEF-7, BT-474

In vitro

[64]
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Table 3. Cont.

. Small Molecule siRNA . Testing
Delivery System Drug Target Type of Cancer Cell Line Stage Ref.
Hypoxia-sensitive .
.. Ovarian cancer A2780 ADR, .
PEG—azobenzene—PE.I—DOPE (PAPD) Doxorubicin ABCB1 and breast cancer MCF7 ADR In vitro [65]
nanoparticles
Chondroitin sulfate (CS)-coated
-cyclodextrin polyethylenemine Paclitaxel MCAM Breast Cancer MDQ-(IZ\;I:I_B;HL In vitro [66]
polymer
Targeted multifunctional polymeric
micelle (TMPM)
where TMPM is made up of triblock Paclitaxel VEGF group Breast Cancer HUVECs, MCF-7 In vitro [67]

copolymer poly(e-caprolactone)-
polyethyleneglycol-poly(L-histidine)
(PCL-PEGPHIS)

Note: BCL2, BCL2 apoptosis regulator; HIF1A, hypoxia inducible factor 1 subunit alpha; EZH2, enhancer of zeste 2 polycomb repressive
complex 2 subunit; KRAS, KRAS proto-oncogene, GTPase; BIRCS5, baculoviral IAP repeat containing 5; SPDYE7P, speedy/RINGO cell
cycle regulator family member E7 pseudogene; FAM group, long non-coding family with sequence group; ABCB1, ATP binding cassette
subfamily B member 1; MCAM, melanoma cell adhesion molecule; VEGF group, vascular endothelial growth factor group; RELA, RELA
proto-oncogene, NF-kB subunit.

3.3. Liposomes
3.3.1. General Properties

Liposomes are soft spherical vesicles that are built mainly from phospholipid layers.
They can be formed by one or more phospholipid layers where the layers are also called
lamellae [68-70]. Phospholipids are under the class of lipids and can be found naturally
in egg yolks (cholesterol) [70], vegetable oils, and can also be created synthetically [68].
Variations in phospholipids variations are mostly based on the modifications of head
group or bondings formed; these are generally categorized according to the backbone
groups—glycerol (glycerophospholipids) and sphingosine (sphingomyelins) [68]. These
unique lipids are able to encapsulate a wide range of agents owing to their basic molecular
structure which is composed of a hydrophilic head (polar head) and two hydrophilic tails
(hydrocarbon chains) [68,70,71]. Liposomes are used as carriers for active agents with
differing properties in a wide range of applications, such as cosmetics, pharmaceuticals,
food, and farming. The wide-ranging applications of liposomes are attributed to their
biocompatibility, encapsulation capability and modifiable formulation for the desired
purpose [68-72].

The liposomal delivery system has attracted considerable attention in cancer therapy
due to its unique properties to incorporate dissimilar therapeutic agents [59,73-76]. There
are four main types of liposomes: (i) conventional liposomes, which includes cationic,
anionic, phospholipids (neutral) and cholesterol, (ii) steric-stable liposomes, (iii) ligand
targeting liposomes, and (iv) a combination of the first three types of liposomes [69].
The conventional liposomes are basic shields that are capable of protecting the payload
(chemotherapy drugs), and also act as barriers to reduce the toxicity of the compounds
in vivo [69]. The encapsulation property of liposomes is expected to mitigate the side effects
of chemotherapy drugs. Besides that, its structure which resembles the plasma membrane
of cells, plays a vital role in improving the cellular uptake of the compounds [68,72].
Furthermore, it was reported that with the use of liposome delivery systems, retention
time in circulation is prolonged, alongside higher drug stability. Other benefits include a
better controlled release profile when compared to the effect of using free chemical drugs
alone [59,75,76].

However, the therapeutic efficacy of conventional liposomes is restricted by rapid
clearance from the bloodstream in the reticuloendothelial system (RES), specifically through
the liver and spleen [69]. The formulation can be modified with the use of hydrophilic
polymers, such as polyethylene glycol (PEG), to obtain steric-stable liposomes, which are
able to reduce in vivo opsonization and prolong circulation time in the bloodstream [69].
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These liposomes are also reported to preferentially accumulate in the pathological sites and
tumour regions by the EPR effect [69,74]

Liposomal delivery systems are not limited to drug delivery; they have been adopted
for the incorporation of nucleic acid delivery, as well as in co-delivery of drugs and
siRNA hybrid combinations. In using cationic liposomes (CLs), siRNA is protected from
degradation by nuclease accumulation in the tumour, one of the key concerns in siRNA
delivery. Anionic siRNA can be electrostatically bound to CLs to form a stable complex
and improve the cellular uptake of target cells [69,77].

For advanced applications, site-specific or targeted-delivery can be achieved by at-
tachment of ligands onto liposomes [69,70]. The ligand selections are based on the specific
over-expression of ligands or specifically expressed ligands at the target cells, organs or
tumours. Antibodies, peptides, proteins and carbohydrates are the general types of ligands
that are commonly involved in the formulation of ligand-targeted liposomes [69]. Based on
this fundamental concept, various types of liposomes have been developed. For instance,
imaging agents can be attached onto liposomes to incorporate imaging properties. This
conceptual theory has triggered the development of the “smart liposome”, in which the
structure changes according to in vivo stimuli such as pH, temperature, enzyme, and
magnetic field [77].

In general, all liposomes possess the fundamental properties required of delivery
systems, such as, good biocompatibility, biodegradability, and low immunogenicity [59,76].
Liposome-based delivery systems also exhibit efficient loading of both hydrophobic drugs
and genes, making them a promising candidate for co-delivery systems [76].

Liposomes were also reported as efficient in reducing cardiotoxicity of chemotherapy
drugs such as doxorubicin, which damages heart muscle and function [75]. Besides that,
liposomes are capable of penetrating the stratum corneum (outermost layer of skin) at
different depths, compared to other nanocarriers [73,78]. The upper stratum corneum
layer is the most penetrated layer while dioleoyl-phosphatidylethanolamine (DOPE)-based
liposomes are able to achieve a deeper penetration [78]. Liposomes have been modified
to improve their skin penetration ability for dermal drug delivery [79]. Deep penetration
in the skin membrane is achievable via the use of transferosomes (liposomes with edge
activators) or ethosomes (liposomes comprised of ethanol) [73]. These properties have
made liposomes a great candidate for derma-related cancer treatment.

3.3.2. Applications in Cancer Treatment

Jose et al. used a cationic liposome, 1,2-dioleoyl-3-trimethylammonium propane
(DOTAP), for the co-delivery of curcumin and STAT3 siRNA to treat skin cancer [73].
The results showed the highest cell growth inhibition (76.3 & 4.0%) in mouse melanoma
cells (B16F10) compared to either curcumin-loaded liposomes or free STAT3 siRNA. This
result suggested that this form of co-delivery was effective in curbing melanoma tumour
progression.

Oh et al. studied galactosylated liposomes as a co-delivery vehicle to target hepato-
cellular carcinoma by loading it with doxorubicin and siRNA (Gal-DOX/siRNA-L). The
Gal-DOX/siRNA-L system showed better doxorubicin uptake than free doxorubicin [75].
Besides that, the accumulated Gal-DOX/siRNA-L in tumour tissues was 4.8 times higher
than that of free doxorubicin.

Lin et al. developed a co-delivery system from GE-11 peptide conjugated liposomes
loaded with gemcitabine and siRNA as a formulation to target pancreatic cancer treat-
ment [59]. They found that the co-delivery system displayed a 4-fold reduction in tumour
weight compared to the control. When compared to GE-11 peptide conjugated liposome
loaded with gemcitabine only (GE-GML), the tumour weight reduction was 2-fold.

Collectively, these results demonstrate the effectiveness of liposomal co-delivery
system as an anticancer therapy. Table 4 shows the current combination of small molecule
drug and siRNA co-delivery by using liposome nanomaterials for different types of cancer
treatments.
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Table 4. Summary of co-delivery of small molecule drug and siRNA by liposomes for cancer therapy.

. Small . Types of . Testing
Delivery System Molecule Drug siRNA Target Cancer Cell Line Stage Ref.
GE-11 peptide conjugated liposome Gemcitabine HIF1A Pancreatic Panc-1 In vz.tro [59]
cancer In vivo
1,2-Dioleoyl-3-trimethylammonium In vitro
propane (DOTAP) -based cationic Curcumin STAT3 Skin cancer B16F10 In vivo [73]
liposomes
. In vitro
PEGylated liposomes Docetaxel BCL2 Lung cancer A549, H226 In vivo [74]
Galactosylated Liposomes Doxorubicin VIM Hepat(?cellular Huh?7, A549 In vttro [75]
Carcinoma In vivo
Carbamate-linked cationic lipid Paclitaxel BIRC5 Lung Cancer NCI-H460 Invitro  [76]

(Cationic Liposome)

Note: STAT3, signal transducer and activator of transcription 3; BCL2, BCL2 apoptosis regulator; VIM, vimentin; HIF1A, hypoxia inducible
factor 1 subunit alpha; BIRC5, baculoviral IAP repeat containing 5.

3.4. Dendrimers
3.4.1. General Properties

Dendrimers are a form of symmetrical, hyperbranched, low-molecular-weight poly-
mers on the nanoscale, in which the architecture consists of a core, an inner shell, and an
outer shell [80]. Its properties are dependent on functional groups which act as a capping
agent on the outer shell [81]. The inner shell consists of several layers of repeating units
(known as generations) built by a repetitive series of chemical reactions, while the out-
ermost periphery contains multiple functional groups [82]. Polyamidoamine (PAMAM)
dendrimers are one of the most well-studied dendrimers for delivery applications. Other
types of dendrimers include peptide dendrimers (PPI), poly(l-lysine) dendrimers, and
PAMAM-organosilicon dendrimers (PAMAMOS) [81].

Dendrimers are a versatile option as a vehicle for synergistic drug and gene combi-
nation therapy. Due to their unique and precise molecular structure, dendrimers can be
used to deliver cancer drugs in any of the following ways: (1) cancer drugs can be cova-
lently conjugated to the dendrimer outer shell to construct dendrimer prodrugs through
direct coupling or cleavage linking, (2) encapsulating the drug within the central core to
form a dendrimer-drug complex, and (3) exploiting the electrostatic interactions between
functional groups on the dendrimer capping agent and the drug molecule [80,83].

Electrostatic interactions between the phosphate groups of siRNA and the cationic
species on the dendrimer surface are crucial in the formation of complexes for effective
delivery of gene therapy [84]. In comparison with conventional linear and branched poly-
mers, dendrimers possess the following properties: (i) well-defined uniform spherical
structure and manipulatable size in the nano-range, (ii) availability of numerous gener-
ations for different specific purposes [81,83], (iii) lipophilicity and suitable size enabling
their diffusion through cell membranes [81], (iv) exceptional flexibility, and (v) low sys-
temic toxicity [85,86]. Dendriplexes (dendrimers bound to nucleic acids) have an enhanced
ability to evade endosomal entrapment due to the flexibility of dendrimers [81]. Endoso-
mal escape is the process of siRNA exiting the endosome and entering the cytosol. This
process is augmented by the “proton sponge” effect [81,85,87,88]. According to the “proton
sponge” hypothesis, an influx of protons into the endosome results in increased buildup
of osmotic pressure, causing destabilization of the endosomal membrane, leading to its
rupture [88-90].

3.4.2. Applications in Cancer Treatment

Table 5 shows the current combination of small molecule drug and siRNA co-delivery
by using dendrimer-based nanomaterials for different types of cancer treatment.
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Table 5. Summary of co-delivery of small molecule drug and siRNA by dendrimer-based nanomaterials for cancer therapy.

Delivery System

Small
Molecule Drug

siRNA

Target Type of Cancer

Cell Line

Testing
Stage

ef.

~

Amphiphilic dendrimer engineered
nanocarrier system (ADENS)
modified by tumour
microenvironment-sensitive
polypeptides (TMSP)
(TMSP-ADENS)

Paclitaxel

FAM and VEGF
group

Melanoma,
prostate cancer

A375,
PC-3,
HT-1080

In vitro
In vivo

(13]

PTP (plectin-1 targeted peptide,
NH2-KTLLPTP-COOH), biomarker
for pancreatic cancer, integrated
with the PSPG vector to form
peptide-conjugated PSPG (PSPGP)
where PSPG is branched poly(ethylene
glycol) with G2 dendrimers through

Paclitaxel

Pancreatic

NR4AT1 (or TR3) N

Panc-1

In vitro
In vivo

(83]

disulfide linkages

Hyaluronic acid (HA)
modified MDMs
where MDMs is the

PAMAM-PEG2k-DOPE co-polymer,
together with mPEG2k-DOPE, was
formulated into mixed dendrimer

Ovarian cancer,
colorectal
carcinoma and
breast cancer

A2780 ADR,
HCT 116,
MDA-MB-231

ABCB1 (or

MDR1) [86]

Doxorubicin In vitro

micelles, and PAMAM is the generation

4 polyamidoamine

PAMAM-OH derivative (PAMSPF)

Murine double
minute 2
protein (MDM2)
inhibitor
RG7388

P53-wild type
MCF-7 cells
(MCF-7/WT),
MDA-MB-435

In vitro

TP53 .
In vivo

Breast cancer [87]

Polyamidoamine (PAMAM)

dendrimer

Curcumin BCL2 Cervical cancer HelLa In vitro [91]

Folate-polyethylene glycol

appended dendrimer conjugate

with glucuronylglucosyl-3

In vitro

PLK1 .
In vivo

Doxorubicin Cervical cancer KB [92]

cyclodextrin (Fol-PEG-GUG-f3-CDE)

(generation 3)

Note: BCL2, BCL2 apoptosis regulator; NR4A1, nuclear receptor subfamily 4 group A member 1; TR3, thioredoxin reductase 3; ABCB1,
ATP binding cassette subfamily B member 1; MDR1, multidrug resistance protein 1; FAM, long non-coding family with sequence group;
VEGEF, vascular endothelial growth factor group; TP53, tumour protein p53.

Ghaffari et al. [91] studied the apoptotic effects of curcumin (Cur) and BCL2 siRNA
co-delivered using polyamidoamine (PAMAM) dendrimers on HeLa cells. BCL2 siRNA
was grafted to the amine groups on the surface layer of PAMAM while Cur was enveloped
within the core to form the co-delivery dendriplex. Cells treated with PAMAM-Cur/siRNA
showed an improvement of 58.77% as compared to cells treated with free curcumin alone.
Compared with various formulations, the PAMAM-Cur/siRNA co-delivery system had
the highest percentage of apoptotic cells among all formulations [91].

Lietal. [13] developed a hollow core/shell amphiphilic dendrimer engineered nanocar-
rier system (also known as ADENS) to co-deliver the hydrophobic drug paclitaxel and the
hydrophilic siRNA. siRNA was loaded in the polar hydrophilic cavity while the paclitaxel
was grafted in the polylactic acid (PLA) interlayer. The outer layer was constructed of
polyethylene glycol (PEG) to enhance the in vivo circulation time of the co-delivery system
and to avoid uptake by the reticuloendothelial system. ADENS was further modified with
polypeptides which respond to tumour signals from the surrounding microenvironment.
Results revealed that the system inhibited up to 73% of vascular endothelial growth factor
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(VEGF) at the mRNA level in A375 cell xenograft mice models when compared to controls;
thus, demonstrating the synergistic effects of the co-delivery system.

3.5. Gold Nanoparticles
3.5.1. General Properties

Nanoparticles of noble metal elements such as gold, silver and palladium have
widespread use in biomedical applications [93]. Gold nanoparticles (AuNPs) in particular,
have been extensively studied due to their versatile properties. Gold is one of the least
reactive chemical elements and this has contributed to the properties of biocompatibility
and biodegradability [94-98]. AuNPs possess tuneable optical properties, such as light
scattering, localized surface plasmon resonance (SPR) and photothermal effects, leading
to the incorporation of AuNPs in numerous medical diagnostics including ultrasensitive
bioimaging and photothermal therapy [95]. The antimicrobial properties of AuNPs com-
bined with their non-immunogenic and biocompatible properties have led to potential
applications in cancer diagnosis and therapy as well as treatment for HIV infection [93].
Nanoparticles have at least one dimension measuring <100 nm and are defined by their
high specific surface area. Gold has been synthesized in a variety of morphologies includ-
ing nanorods, nanospheres, nanocages, nanoshells nanostars, nanorattles, nanopopcorns
and nanoaggregates [95,96,99].

3.5.2. Applications in Cancer Treatment

The surface of AuNPs can be modified with active targeting ligands or moieties
for tumour-specific targeting [95,96,98]. Through this strategy, passive accumulation
and preferential retention of AuNPs at the tumour sites were observed, due to the EPR
effect [94,98]. Recently, the distinctive properties of AuNPs have been explored in drug-
gene co-delivery systems in cancer treatment. Kotcherlakota and co-workers reported when
human ovarian (SK-OV-3) cells were treated with an engineered bi-functional recombinant
fusion protein TRAF(C) (TR) gold nanoparticles (AuNPs), loaded with doxorubicin and
erbB2-siRNA, a 6-fold difference in the tumour volume was observed as compared to
the untreated control [100]. The AulNPs were conjugated with the reactive moiety at
the carboxyl-terminus of the tumour necrosis factor (TNF) receptor associated factors
(TRAF) protein. The authors described the synergistic effects of co-delivered doxorubicin
and siRNA in inhibition of cell proliferation and tumour suppression. Figure 4 shows
the fabrication of their co-delivery system based on AuNPs. Table 6 shows the current
combination of small molecule drug and siRNA co-delivery by using gold nanoparticles
nanomaterials for different types of cancer treatment.

Table 6. Summary of co-delivery of small molecule drug and siRNA by gold nanomaterials for cancer therapy.

Small Molecule Type of Testing

Delivery System Drug siRNA Target Cancer Cell Line Stage Ref.
Polyelectrolyte polymers coated In vitro
gold nanorods Doxorubicin KRAS Pancreatic Cancer Panc-1 . [95]
In vivo
(AuNRs)
Gold nanoparticles (AuNPs) combined SK-OV-3,
with an engineered bi-functional . . MDA-MB-231, In vitro
recombinant fusion protein Doxorubicin ERBB2 Ovarian cancer A549, PANC-1, In vivo (100]
TRAF(C) (TR) B16F10
Layer-by-layer assembled gold Imatinib mesylate STAT3 Melanoma cancer B16F10 In vivo [101]

nanoparticles (LbL-AuNP)

Note: KRAS, KRAS proto-oncogene, GTPase; ERBB2, erb-b2 receptor tyrosine kinase 2; STAT3, signal transducer and activator of

transcription 3.
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Figure 4. Fabrication of the AuNP-based targeted drug delivery system (TDDS) with an engineered
bi-functional recombinant fusion protein TRAF(C) (TR), loaded with doxorubicin and ERBB2-siRNA
(Au-TR-DX-si). It was used for further studies in vitro and in vivo. Reprinted with permission
from [100]. Copyright Royal Society of Chemistry 2012.

4. Conclusions

There is an emerging trend in the use of combination therapy of drug-siRNA for cancer
treatments. These experimental therapies rely increasingly on the use of nanostructured
delivery vehicles to encapsulate and protect the therapeutics until it reaches the target. The
most well-studied nanocarriers are mesoporous silica nanoparticles, dendrimers, polymers,
liposomes and gold nanoparticles.

These structures fulfil the fundamental requirement of co-delivery systems of having
low- or non-toxicity and biocompatibility. More complex challenges include tailoring their
surface properties, designing suitable structures to entrap and protect the payload, pro-
longing their stability in the bloodstream, maximising targeted delivery and understanding
their behaviour in the tumour environment. These are among the critical challenges and
issues which need to be resolved before their successful implementation at the clinical level.

Given the advantage of co-delivering siRNA and drug simultaneously to achieve
multi-target tumour therapy, there is a strong impetus for developing more materials
that could improve the efficacy of these delivery systems. To conclude, the co-delivery of
siRNA and small molecule drugs represent an emerging technology that warrants further
investigation.
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Abstract: Self-assembling nanoparticles (SANPs) based on hyaluronic acid (HA) represent unique
tools in cancer therapy because they combine the HA targeting activity towards cancer cells with
the advantageous features of the self-assembling nanosystems, i.e., chemical versatility and ease of
preparation and scalability. This review describes the key outcomes arising from the combination of
HA and SANPs, focusing on nanomaterials where HA and/or HA-derivatives are inserted within
the self-assembling nanostructure. We elucidate the different HA derivatization strategies proposed
for this scope, as well as the preparation methods used for the fabrication of the delivery device.
After showing the biological results in the employed in vivo and in vitro models, we discussed the
pros and cons of each nanosystem, opening a discussion on which approach represents the most
promising strategy for further investigation and effective therapeutic protocol development.

Keywords: cancer; drug delivery; drug targeting; hyaluronic acid; self-assembling nanoparticles

1. Introduction

Over the last decade, the application of nanotechnology gained enormous interest
as an interdisciplinary approach for cancer theranostics, with the number of researchers
focusing on the development of tumor-targeting nanoparticles growing exponentially [1,2].

The unique properties of the nanoparticle system, including proper size, prolonged
serum half-life, and specific cell targeting, together with the peculiar features of the tumor
site, i.e., leakage of lymphatic drainage, angiogenesis, and increased vascular permeability,
enable enhanced molecule accumulation at the tumor site (Enhanced Permeability and
Retention effect—EPR) [3]. This offers solutions for both early-stage diagnosis and efficient
delivery of therapeutic agents [4], boosting antitumor effects with reduction or reversal of
multidrug resistance [5].

The biological performance of any nanosystem is strictly related to its chemical com-
position and fabrication method, as well as its architecture [6]. The chemical composition
can move from organic to inorganic [7], from polymeric and lipid to hybrid and composite
materials [8]. Whereas the fabrication method and the purification steps in particular can
affect the matrix-associated toxicity, because of contamination with reaction by-products,
residual solvents, and un-reacted species [9]. Finally, considering the architecture, non-
spherical (e.g., tubes, cubes, cones) and spherical nanosystems can be distinguished, with
further classifications possible regarding micellar, vesicular, solid nanoparticle or pristine,
layered, and core-shell structures [10].
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Generally, self-assembly refers to a process in which molecular building blocks (small-
or macromolecules, nanomaterials) spontaneously organize into ordered structures with a
certain geometric arrangement through local non-covalent interactions [11]. Self-assembly
nanotechnologies play a pivotal role in nanomedicine since they are inspired by well-
known biological processes, including the formation of the DNA double-helix and the
arrangement of phospholipids in cell membranes [12]. The easy scalability of self-assembled
nanoparticles (SANPs) preparation methods, which often involve green and inexpensive
steps, fits well with the requirements needed for approval from regulatory agencies (e.g.,
FDA and EMA), thus allowing desirable laboratory-to-clinic-to-industry translations [13].
Moreover, the therapeutic outcomes of SANPs benefit from the ability to encapsulate (or
co-encapsulate) with high-efficiency drugs with different physicochemical properties (e.g.,
hydrophilic, hydrophobic, amphiphilic, and ionic) [14,15], and form the possibility of easy
modification with site-specific functionalities. This includes stimuli-responsive groups and
small or large targeting moieties [16,17], and takes advantage of the peculiar structural
and molecular anomalies at the tumor site (e.g., acidic interstitial pH, altered redox state
due to increased cellular metabolism, enhanced oxygen perfusion) [18,19], as well as
from the presence of overexpressed receptors for molecular components (e.g., growth
factor, interleukins, transferrin) assisting tumor development and metastasis [20]. CD44,
transmembrane glycoproteins involved in adhesion, aggregation, migration, and signal
transduction, are representative biomarkers for cancer early-stage diagnosis and clinical
management [21]. These receptors show a higher affinity for different extracellular elements,
including hyaluronic acid (HA), a negatively charged, non-sulfated glycosaminoglycan
consisting of D-glucuronic acid and N-acetyl-D-glucosamine repeating units bound by
beta-linkages [22]. Thus, the insertion of HA moieties within nanoparticle formulations
is a successful strategy for cancer targeting [23], although the choice of HA molecular
significantly affects the targeting efficiency [24]. HA with different molecular weights,
indeed, possess not only diverse biological functions [25], but also different cell uptake
tendencies [26]. Several studies involving nanoparticle systems of different nature, from
inorganic nanoparticles to liposomes [27], proved that high molecular HA is a more effective
targeting element than low molecular weight HA (e.g., 31 kDa HA was better internalized
by HeLa cells than 6 kDA HA [28]), although this is not a general statement since there
are experimental evidences that in photodynamic therapy (PDT) protocols, 20 kDa HA
exerted better efficacy than 50 kDa or 100 kDa HA [29]. Moreover, by virtue of the presence
of hydroxyl, carboxylic, and N-acetyl groups, allowing easy chemical derivatizations, HA
can be used in either native or modified forms [30].

Within this review, we overview the impact of HA-SANPs in cancer diagnosis and
therapy over the last decade, focusing on the key peculiarities of each formulation. By
discussing the chemical composition, the preparation methods, and the biological per-
formances, we aim to highlight the pros and cons of the different proposed approaches,
offering a multidisciplinary point of discussion for scientists working in cancer-related
research areas. Finally, with a glance to the future in the field, we provide a critical analysis
concerning the flaws to be considered and solved for effective bench-to-clinic translation.

2. Self-Assembling Nanoparticles Containing Hyaluronic Acid

SANPs are obtained through a process involving the spontaneous organization or
aggregation of small molecules, macromolecules, or nanoparticles into stable structures.
The interaction forces consist of hydrophobic interactions, -7 aromatic stacking, electro-
static forces, van der Waals forces, and hydrogen bonding [31]. Commonly, hydrophobic
interactions drive the formation of SANPs (e.g., micelles or vesicles) composed of am-
phiphilic molecules where saturated or unsaturated hydrocarbon chain and polar ionic or
non-ionic moieties are the lipophilic and hydrophilic counterparts, respectively [32]. In de-
tail, micelles are nanosized particles consisting of a hydrophobic inner portion surrounded
by a hydrophilic outer surface [33], while vesicles are hollow structures with an aqueous
core surrounded by one or more bilayered membrane [34]. On the other hand, oppositely
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charged molecules and polymers can self-assembly via electrostatic forces and hydrogen
bonding carrying out to nanoplexes and solid nanoparticles [35,36].

The formation of HA-SANPs results from the formation of either electrostatic forces
due to their anionic nature or hydrophobic interactions when functionalized with lipophilic
moieties. Moreover, supramolecular structures can be obtained when cyclodextrins (CD)
and their inclusion counterparts are involved in the self-assembly process [37]. The choice
of the suitable preparation technique is driven by the physicochemical properties of the
selected HA-based material, as well as by the nature of the interactions between the HA
binding blocks and with the loaded therapeutics [38]. Such techniques mainly involved
the simple dispersion in water media, with sonication or ultra-sonication methods used
as formation co-adjuvants [39], while dialysis processes are used when the HA-derivative
needs to be dispersed in organic solvents [40]. The first methodologies can be used when
hydrophilic therapeutic agents are used, while hydrophobic molecules should be treated
with the second approach [41]. Moreover, typical thin-film hydration or emulsion methods
are employed when HA derivatives are organized in liposomal-like structures able to load
water-soluble and insoluble bioactive molecules [42,43]. Finally, HA or HA derivatives can
be used for the coating (either electrostatic or covalent) of pre-formed SANPs to enhance the
targeting behavior [44], but these materials do not fall within the scope of the present review.
Here the discussion of the HA-SANPs proposed in the literature for cancer treatment is
organized into four main sections, depending on the driving force of the self-assembly
process, with further sectioning in native or modified HA.

3. Application of HA-SANPs in Cancer Therapy

As discussed in the previous section, HA-SANPs can be obtained by both electrostatic
and hydrophobic interaction forces. In the following paragraphs, we will discuss the main
outcome of each approach in cancer theranostics (Figure 1), highlighting the need for HA
derivatization to favor the self-assembly process.
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Figure 1. Applications of HA-SANPs for cancer theranostics: indication of the main mechanisms of
HA-SANPs formation and the most representative derivatization agents.

3.1. HA-SANPs Obtained by Electrostatic Interactions

Table 1 collects the most relevant examples of HA-SANPs by electrostatic interactions.
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The negative charge of HA can be exploited for the formation of nanoparticle structures
with cationic drugs such as cisplatin (CDDP) acting as ionic crosslinker [45], with the
further insertion of therapeutic agents such as Sorafenib (SRF) [46], Gefitinib (GFT) and
Methotrexate (MTX) [47] found to be a valuable strategy for an effective multidrug therapy.

The formation of hydrogen bonds (SRF) or -7t stacking (GFT and MTX) interactions,
indeed, enhances the stability of the nanoformulation, improving the in vitro and in vivo
pharmacological outcomes by virtue of both a pH-controlled release and a selective CD44
targeting and biodistribution. Following a similar approach, micelle nanocarriers were
developed by complexing ferrocene cyclopalladated compound (FCP) with HA in the
presence of 5,10,15,20-Tetrakis(4-aminophenyl)-porphin (Tph) as a photosensitizer [48].
The obtained HA-SANPs were successfully employed in a photodynamic therapy (PDT)
protocol for the treatment of breast cancer models in vivo.

HA-SANPs containing native HA were also proposed for the vectorization of genic
materials with high efficiency. In these formulations, cationic macromolecules such as
Protamine sulfate (PRTS) [49] or Chitosan (CS) [50] were inserted as complexing agents for
a miR-34a mimic to improve the loading efficiency, while the presence of HA guaranteed
the targeting of CD44 positive cells. Moreover, when CS was used, nanogel systems can be
obtained by adding Tripolyphosphate (TPP) in the reaction feed exploiting the well-known
ability of such polyanion to act as a crosslinker upon interaction with the NH; groups on
CS side chains [50]. The resulting nanosystem was found to be suitable for dual therapy
where Doxorubicin (DOX) was used as a conventional cytotoxic agent in combination with
a miR-34a mimic (Figure 2).

.-

o
Blood Vessel

Figure 2. Schematic representation of HA-SANPs obtained from electrostatic interactions between
HA and CS for DOX and miR-34a co-delivery. Reprinted with permission from Ref. [50]. 2014,
Elsevier Ltd.

SANPs can be also obtained by the direct ionic interaction between HA and CS, with
further stabilization of the nanoparticle structure being achieved by oxidation of thiol
groups inserted on HA side chains and the formation of disulfide bridges.

HA/CS complexation was used for the vectorization of Curcumin (CUR) to colon
cancer cells upon inclusion in a cyclodextrin derivative [51], while disulfide stabilization
was proposed by Xia et al. [52] to prepare dual responsive (pH and redox) DOX delivery
systems for the treatment of breast cancer cells. In the latter case, the key advantage
of the proposed nanosystem is that, by selecting a proper HA to CS ratio, negative or
positive surface charges can be obtained in order to optimize the interaction with ionic
drugs. Moreover, targeted chimeric nanocarriers for the co-delivery of DOX and siRNA
were constructed by conjugating two different HA-SANPs through redox-sensitive thiol-
disulfide bonds. HA-SH was combined to N,O-Carboxymethyl chitosan (NOCC) for DOX

83



Nanomaterials 2022, 12, 2851

loading, while the Calcium Phosphate siRNA complex was encapsulated within Dopamine
(DA)-HA-SH based SANPs [53].

HA derivatization with SH groups was also proposed for the formation of an oligopDNA
complex able to self-assemble in a K*-dependent manner in a G-quadruplex causing selec-
tive cancer cell blebbing and death [54].

Metal chelation is another methodology useful for promoting the self-assembly of
HA nanoparticles, with calcium ions being widely explored as pH-responsive crosslinking
agents [55]. On the other hand, Mn?* ions are capable of both stabilizing SANPs by forming
crosslinks and acting as magnetic imaging agents. Moreover, by competitive coordination,
manganese ions are able to decrease the glutathione (GSH) intracellular concentration
with a beneficial effect on PDT protocols. These findings were recorded in a work by Pan
et al., where multifunctional HA-SANPs for combined chemo-photodynamic therapy were
developed taking advantage of the loading of DOX as an antineoplastic agent, and Chlorin
e6 as PDT agent, as well as from the HA derivatization with Histidine (His) residues to
enhance the affinity towards Mn?* ions [56]. Pt ions within CDDP molecules can also act
as metal crosslinkers by ligand exchange between the NH; and the hydrazide groups of
HA-3,3'-dithiobis(propionohydrazide) derivative (HHA) within HHA /BSA nanoparticles.
Moreover, the simultaneous coordination between CDDP and the sulfonic groups of ICG
allowed the formation of SANPs for dual chemo-photothermal therapy [57].

The ionic nature of HA can be responsible for the formation of strong hydrogen
bonding with different species, including water-insoluble compounds of biological interest.
In this regard, HA was proposed as a targeting dispersant agent for the immunostimulatory
monophosphoryl lipid A (MPL) in combination with the extract from the bark of the Quillaja
saponaria Molina tree (QS-21) or Imiquimod (R837). The resulting complexes were found to
enhance both humoral and cellular immunity and thus can be used as a vaccine system
(Ovalbumin—OVA as model antigen) to induce prophylactic anticancer immune response
preventing tumor recurrence and growth in vivo [58].

3.2. HA-SANPs Obtained by Hydrophobic Interactions

The HA functionalization with lipophilic moieties was proved as a valuable strategy
to confer amphiphilic properties allowing the organization of HA-derivative in stable
nanoparticle systems. Different molecular specimens can be used as lipophilic moieties,
which are here classified in three main classes, namely the steroid-, lipid-, and phenyl-
based structures.

3.2.1. Steroid Modified HA in the Formation of HA-SANDPs

HA backbone was hydrophobically modified by conjugation with cholesterol (CHL)
moieties via carbodiimide chemistry to form either nanoparticle structures for drug and
gene delivery or liposomes when inserted in a proper mixture of phospholipids (Table 2).
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Taking into consideration that HA-based nanoparticles cannot directly encapsulate
anionic siRNA molecules due to the net negative charge, Choi et al. proposed the in-
corporation of siRNA /2b protein complexes into HA-CHL nanoparticles. They found
that the nanosystem was able to selectively deliver the 2b protein/siRNA complexes to
melanoma cells with up-regulated CD44 receptors, release the siRNA within the endocytic
compartments due to dissociation of the 2b protein/siRNA at acidic pH, and effectively
suppress the expression of the target gene [59]. HA-CHL nanoparticles were also endowed
with redox responsivity when a GSH-sensitive linker such as Cystamine (cys) was used
to connect HA and CHL molecules. By this strategy, DOX and IR780, as cytotoxic drugs
or photosensitizing agents, respectively, were vectorized to breast cancer cells in both
in vitro and in vivo models. GE11 was used as a targeting peptide to improve the selec-
tivity of the DOX release [60], while cell death occurred by high ROS generation upon
IR780 laser irradiation (PDT step) followed by high increased temperature (photothermal
effect—PTT) [61].

The insertion of HA-CHL conjugate in liposome formulations can be performed by
either post-insertion in pre-formed vesicular formulation or hydration of the thin layer
film with an HA-derivative solution. By the post-insertion method, hydrogenated Lecithin-
based liposomes for DOX and Paclitaxel (PTX) combined therapy were prepared, with
the HA residues on the outer surface able to discriminate between CD44+ (breast cancer)
and CD44— (fibroblast and liver cancer) cells [62]. On the other hand, complex liposomal
structures can be obtained when HA-CHL aqueous solution was employed as a hydrating
agent. The efficiency of such a system was further enhanced by conjugation with the Lys-
Leu-Val-Phe-Phe (KLVFF) peptide, a key sequence involved in the 3-sheet fibril formation
showing antimetastatic activity [63].

Together with CHL, other steroid structures such as testosterone (TST) [64], 5-B3-
Cholanic acid (5-BCA), and Deoxycholic acid (DOCA) have been proposed for the lipidiza-
tion of HA. Cyanine-labeled self-assembled HA-5-BCA nanoparticles (Figure 3), prepared
via different techniques, were effectively targeted in different cancer cells and tissues,
including breast, prostate, and squamous carcinomas [65,66].

Such nanosystems were proposed for the delivery of PTX [67] with the further pos-
sibility to modulate the release by exploiting the hydrolytic activity of Hyaluronidase
(HAase) selectively expressed within the tumor cells [68]. Moreover, the encapsulation of
Perfluoropentane (PFP) within HA-5-3CA SANPs allowed the obtainment of echogenic
materials for the early-stage diagnosis of colon cancer [69].

The effective accumulation of HA-SANPs into the tumor site is a result of a combined
EPR and active targeting. Nevertheless, the high affinity of HA towards the HA receptor
(HARE) expressed by liver sinusoidal endothelial cells can determine high liver uptake,
with a possible reduction of the therapeutic efficiency. The PEGylation of HA-SANPs can
be a valuable approach to specifically address this issue: PEG molecules, indeed, form a
hydrophilic shell on the nanoparticle outer surface, conferring stealth properties towards
the phagocytic cells of the reticuloendothelial system and thus prolonging the blood
circulation time. When applied to self-assembled HA-5-fCA nanoparticles, the selective
biodistribution of nanocarriers [70] allowed the pharmacokinetics profiles of different
chemotherapeutic agents, such as DOX, CPT [71], and Irinotecan [72] to be improved.

The targeting efficiency of HA-SANPs can be enhanced by inserting pH and/or redox
responsive functionalities in the nanoparticle structure. For this purpose, the imidazole
ring of His (pH responsivity) [73] and the disulfide bridges of cys (GSH responsivity) [74]
were conjugated to HA-DOCA derivatives, obtaining PTX vectorization to breast cancer
both in vitro and in vivo.

As a further development of these systems, the HA-DOCA derivative was conjugated
or co-formulated with PEG and Pluronic (PF 127) species, obtaining nanocarriers able
to modulate the release of DOX and PTX in response to the acidic and GSH-rich tumor
environment. In detail, the PEGylation processes allowed the enhancement of the biodistri-
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bution profiles [75], while the presence of PF 127 was used to improve cellular uptake thus
counteracting the insurgence of multidrug resistance processes [76].

(A) 1h 3h, 6h i 12h

HA-NPs

HA-NPs
+free HA

(B)
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1.8x10%} —o— HA-NP-Cy

b

1.5x10%

1.2x10%¢

9.0x10%} /

6.0x10**
0

Fluorescence intensity
(photon counts in tumor per 35mm*<)

HA-NP

2 4 6 8 10 12 14
Time (min)

Figure 3. (A) In vivo fluorescence images of self-assembled HA-5-3CA nanoparticles and (B) their
quantification in tumor-bearing mice with and without pre-injection of free-HA. (C) Magnified images
of tumor and muscle tissues. Adapted with permission from Ref. [66]. 2009, Elsevier Ltd.

3.2.2. Lipid-modified HA in the formation of HA-SANPs

The introduction of lipophilic moieties on the HA backbone can be reached by conju-
gation with lipid chains, belonging to phospholipids, ceramides, fatty acids, amines, and
alcohols (Table 3).
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Phospholipids are highly biocompatible compounds widely employed for the fabrica-
tion of different drug delivery systems, such as micelles, liposomes, solid lipid nanoparti-
cles, micro- and nano-emulsions [95]. They can serve as HA lipidizing agents, allowing
the obtainment of SANPs with different architectures [77] for the vectorization of cytotoxic
drugs and gene to pancreatic [78] and lung [79] carcinomas. In the latter case, the insertion
of the transferrin (Tf) motif within the nanoparticle formulation enhanced the targeting
behavior and the transfection efficiency which was found to be significantly superior to
that of conventional liposomes used as a control.

Ceramides (CE) belong to the sphingolipids group and consist of an acylated long-
chain sphingosine base. Although they have a positive net charge, ceramides are used as
structural components of nanoformulations by virtue of their ability to easily move across
cell membranes [96].

HA-CE conjugates, alone or in combination with phospholipids and pluronics, were
properly used as a component of nanoparticle, liposome, and micelle formulations. Pure
HA-CE nanoparticles were tested as a vehicle for the vectorization of PTX in combination
with Hypocrellin B (HB) as a photosensitizer in synergistic chemo- and photodynamic-
treatment of lung cancer [80]. The choice of cationic or neutral phospholipids allowed the
insertion of HA-CE in liposomal bilayer for the delivery of plasmid DNA [81] or drug to
MDA-MB-231 breast cancer cells, with the possibility to simultaneously load a gadolinium
derivative for Magnetic Resonance Imaging (MRI) [82] (Figure 4).

HACE-decorated nanohybrid liposome
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Figure 4. Self-assembled HA-CE nanoparticles for cancer imaging and DOX delivery. Reprinted with
permission from Ref. [82]. 2013, Elsevier B.V.

When Pluronic 85 was combined with HA-CE, a micellar drug formulation able to
reverse the Docetaxel (DTX) resistance in MCF-7/ADR xenograft mice was obtained [83].

Fatty acid derivatives, including amines and alcohols, represent potentially one of
the most useful types of lipidizing agents for macromolecules of biological interest, with
the amphiphilic behavior being able not only to promote self-assembling processes in
physiological environments but also to module the biological properties of the resulting
conjugate [97]. The HA derivatization with Dodecylamine (DDA) residues was used for
the obtainment of micelle nanocarriers for the delivery of DOX, and the targeting behavior
was further enhanced by inserting pH-responsive His residues [84]. HA-DDA derivative
was also co-formulated with different surfactants to improve the intracellular delivery of
DTX in lung cancer cells [85], while the insertion of HA-hexadecylamine (HA-HDA) into a
liposome architecture was proposed as a strategy to co-encapsulate DTX and Iron Oxide
Magnetic Nanoparticles (IONPs) in a combined chemo- and photothermal therapeutic
nanoplatform [86]. HA-HDA conjugate was also combined with Poly(lactic-co-glycolic acid)
(PLGA) in a O/W emulsion process for the preparation of SANPs for PTT by encapsulation
of a Zn-phthalocyanine (PHC) complex [87]. By conjugation of the hydrophobic unit of
Dioleic acid (DO) to the carboxyl group of HA by carbodiimide chemistry, Xu and co-
workers developed hyalurosomes for the targeted delivery of Indocyanine green (ICG)
into lung tumor cells, where it exerts PTT and PDT functions [88]. Moreover, as discussed
for steroid-modified HA, HA-SANPs based on HA-fatty acid derivatives were endowed
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with redox responsivity by insertion of cys [89] or alkanethiol [90] residues and further
engineered by PEGylation of the outer surface [91].

Finally, an original approach for the lipidization of HA backbone was proposed by the
Chen research group, that synthesized amphiphilic and pH-sensitive HA-acetal-menthone
(MGK) derivatives able to self-assembly in micelle systems for the vectorization of CUR
to squamous carcinoma [92] and mesothelioma [93], with Folic acid (FA) used as dual
targeting element for breast and lung cancer cells [94].

3.2.3. Phenyl Compounds-Modified HA in the Formation of HA-SANPs

Aromatic compounds were also employed as HA lipidizing agents, due to the en-
hanced loading capacity of hydrophobic bioactive agents via 7-7t stacking (Table 4).

Aminopropyl-1-pyrenebutanamide (PBA) was found to enhance the loading and
selective biodistribution of ICG [98] and Orlistat (ORL) [99], an FDA-approved inhibitor of
fatty acid synthase. It was observed an enhanced ORL activity not only in pancreatic cancer
cells, the main target of this lipophilic drug but also in breast cancer cells overexpressing
CD44 receptors, confirming the high internalization efficiency of HA targeted SANPs.

Another approach involved the HA derivatization with 2,3,5-Triiodobenzoic acid
(TIBA), a contrasting agent for X-ray computed tomography [100], allowing the preparation
of HA-SANPs that, upon DOX loading, were successfully applied in the treatment of
squamous cell carcinoma. The same cancer model was employed to test the in vitro
and in vivo efficiency of hybrid nanoparticles consisting of hydrophobic IONPs linked to
HA through Dopamine (DA) spacer [101]. Here, Homocamptothecin (HCPT) acted as a
cytotoxic agent, while the magnetic properties of IONPs were used for both targeting and
imaging applications.

Finally, by virtue of the high efficiency of pH/redox responsive SANPs, cys residues
were used as a spacer between HA and the hydrophobic Tetraphenylethylene (TPE) moi-
eties for the preparation of micelles able to selectively vectorize DOX to cervix and ovary
cancers [102]. Disulfide-containing HA-SANPs were also obtained by oxidizing an HA-
cysteine derivative with 6-Mercaptopurine (MP), with the resulting micelle being destabi-
lized in the tumor micro-environment allowing a selective release of the loaded anticancer
drug [103].

3.3. HA-SANPs Obtained by HA Modification with Polymeric Materials

Polymeric SANPs have been widely demonstrated as safe and powerful anticancer
nanocarriers due to their high chemical versatility and the possibility to easily tailor the
physicochemical properties, the permeability, and thus the kinetics of drug release. HA
was used as a targeting motif of the self-assembling polymeric conjugate of both natural
and synthetic origin (Table 5).
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Cell viability (%)

HA was conjugated to serum albumins because of their intrinsic ability to bind and
transport biomolecules through the blood circulation [134], allowing the preparation SANPs
for PTX, Imidazoacridinones (IA) [104], and DOX [105] vectorization. In the case of DOX
vehicles, a cys linker was also inserted between HA and protein for conferring GSH
responsivity (Figure 5).
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Figure 5. Cell viability of BALB/3T3 (A) and MDA-MB231 cells (B) treated with DOX@HA-SANPs
(drug concentration from 0 to 5 ug/mL) after 24 and 48 h. Within each group, different letters denote
statistical differences for p < 0.05, n = 5. Reprinted from Ref. [105].

HA-polypeptides, including Poly(y-benzyl-L-glutamate) (PBLG), Poly(N-e-
carbobenzyloxy-L-lysine) (PZLL), and Poly(diisopropylaminoethyl) aspartamide (PIPASP)
were used as building blocks of HA-SANPs. PBLG and PZLL allow the self-assembly
by virtue of their highly ordered o-helix secondary structure [106-108], and hydrophobic
behavior [109], respectively, while PDIPASP acts as a pH-responsive moiety [110].

Owing to their high biocompatibility and biodegradability, Poly(lactic acid) (PLA),
Poly(glycolic acid) (PGA), and their copolymers (PLGA) have been extensively investigated
for the preparation of highly engineered nanocarriers [135]. PLA /PLGA moieties were con-
jugated to HA to serve as hydrophobic counterparts needed to form robust self-assembling
nanostructures in aqueous media, and effectively vectorize chemotherapeutics such as
DOX [111,112], DTX [113], and PDT agents [114] to colon, breast, and lung cancers. As
discussed for other typologies of HA-SANPs, also for the HA-PLA/PLGA conjugates the
redox responsive approach was widely explored in order to obtain a targeted release of
the therapeutic agent in the intracellular space of cancer cells. For this context, Wang
et al. developed disulfide-crosslinked HA-SANPs consisting of star PLGA-Lipoic acid
(sSPLGA-LA) conjugate self-assembled in the presence of HA-PLA conjugate. As a post-
formulation crosslinking strategy, LA residues were oxidized by Dithiothreitol (DTT) to
ensure the selective vectorization of DTX to lung cancer both in vitro and in vivo as a
consequence of SANPs destabilization within the tumor environment [115]. Moreover,
HA-PLGA conjugates can be organized in redox-responsive nanoparticle structures by
inserting GSH-responsive linkers between HA and PLGA counterparts [116], with the
possibility to further enhance the site-specificity of the drug release by the insertion of other
targeting elements such as FA [117] and Tf [118].

In a more innovative approach, mesenchymal stem cells (MSC)-based “Trojan horse’
micelles were proposed as a more selective nanocarrier to overcome non-specific distribu-
tion often attributed to the wide expression of CD44 within tissues and organs. In detail,
PTX-loaded HA-PLGA SANPs were shielded by endocytosis within MSC micelles for an
effective orthotopic glioma therapy [119].

Poly(e-caprolactone) (PCL) is another key polymer widely used in biomedical fields
for the preparation of delivery vehicles due to its ability to control the drug release kinetics
and not significantly lower the environmental pH upon degradation [136]. SANPs based
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on HA-PCL conjugate were, indeed, successfully used for the vectorization of chemo- [120]
and radio- [121] therapeutics. Moreover, the further insertion of PEG moieties was found
to improve the blood circulation time [122], while the derivatization with 2-(Pyridyldithio)-
ethylamine (PDA) conferred the possibility to perform a post-crosslinking step in the
presence of DTT for enhanced GSH responsivity [123].

The targeting properties of HA were combined to the high biocompatibility and chem-
ical versatility of acrylic-based polymers [137], and the resulting polymer conjugate was
suitable for the preparation of SANPs with a variety of architecture, including micelles and
nanogels. In this regard, redox-responsive micelles for the treatment of squamous [124] and
breast carcinomas [125] were developed by self-assembly and post-disulfide crosslinking
either in the presence or absence of DTT, while microfluidics and catalyst-free photo-click
crosslinking allowed the preparation of nanogels with dual targeting efficiency [126]. Dif-
ferent research groups proposed the synthesis of HA derivatives able to organize in nanogel
structures upon reaching a critical assembling temperature, with SANPs for the vectoriza-
tion of DOX and PTX to breast [127] and ovarian [128] cancers being some key examples of
this approach. Moreover, the insertion of photocleavable coumarin moieties allowed the
possibility to trigger the PTX release in response to the application of a light stimulus [129].

Finally, when poly(ethyleneimines) (PEI) were used as HA derivatizing agents, tar-
geted gene-delivering SANPs were obtained. Ganesh et al. performed a screening of
different NHy-containing HA derivatives to assess the siRNA encapsulation efficiency,
showing the superior performance of HA-PEI, as well as the possibility to combine these
features with redox responsibility and PEG-shielding properties [130]. The same authors
proposed a CDDP and siRNA co-therapy for lung cancer treatment: HA-SANPs obtained
by the co-assembly of HA-ODA and HA-PEG derivatives were used as CDDP vehicles
co-administrated in xenograft mice in combination with siRNA-loaded HA-PEI/HA-PEG
nanosystem [131]. Genetic materials were also loaded in star HA derivatives consisting
of HA-branched PEI [132] and 3-CD branched oligoethylenimine (OEI) [133], allowing
effective transfection to melanoma and breast cancers, respectively.

3.4. HA-SANPs by Supramolecular Assemblies

CDs are water-soluble, nontoxic, and low-cost cyclic oligosaccharides with six to eight
D-glucose units linked by o-1,4-glycosidic bonds, obtained from biodegradation of starch
using Glucanotransferase enzyme. They are widely explored for the delivery of bioactive
agents by virtue of their ability to selectively host inorganic and/or organic molecules in
their hydrophobic cavity. Nevertheless, the use of native or simply-modified CD can be
limited due to unfavorable pharmacokinetic profiles [138]. To overcome this disadvantage,
multiple CD units were combined in the so-called CD-based supramolecular assemblies,
nanoarchitectured materials with several binding sites for substrates mimicking the typical
cooperative “multimode, multipoint” binding effect observed in biological systems, thus
enhancing the loading efficiency and tailoring the release behavior [139].

HA-SANPs involving the formation of supramolecular CD complexes can be obtained
by the derivatization of - and B-CD with either HA or the other components of the
nanosystem. Finally, some examples of dual host—guest interactions are listed (Table 6).
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CUR/Oxaplatin (OXPt) complex was included in HA-BCD with the formation of
supramolecular SANPs for the treatment of pancreatic and lung cancers [140], while ultra-
strong host-guest interaction between Permethyl-3-CD (PMCD) and Porphyrin (Ps) was
used in the preparation of HA-SANPs for the delivery of PTX-Ps to ovarian cancers cells
combining the therapeutic efficiency of PTX and the fluorescence properties of Ps [141].
Moreover, high efficient chemodynamic (CDT) and photodynamic therapy (PDT) pro-
tocols for breast and lung cancers were developed when Fc-Cinnamaldehyde (Fc-CA)
pH-responsive prodrug and Cucurbit[8]uril photosensitizing derivatives were used as the
guest molecule of HA-BCDa and HA-xCD, respectively [142,143]. In a different approach,
Liu and co-workers explored the possibility to use HA-«CD derivative as the hosting
element for a UV-responsive azobenzene-diphenylalanine compound with a positively
charged imidazole group able to coordinate siRNA. UV irradiation triggers the cis-trans
isomerization of the azobenzene double bond resulting in an HA-SANPs disassembly
and siRNA release [144]. Among the different molecules forming strong inclusion com-
plexes with CD, Adamantine (Ad) was widely used as a derivatizing agent of either guest
molecules with improved affinity for HA-CD conjugates, or HA with the aim to confer
targeting activity to CD-based SANPs.

Following the first approach, the coordination of Adamaplatin (Ad-Pt) [145] and Ad-
CPT redox responsive prodrug [146] were explored as therapeutic tools for the treatment of
ovarian cancer and osteosarcoma, respectively, while MRI and near-infrared (NIR) imaging
protocols were developed when the host-guest interaction involved diagnostic molecules
such as Gadolinium and Cyanine dye derivatives [147]. On the other hand, Ad-HA acted as
the guest molecule of CD derivatives for Chlorambucil (CBL) [148] and DOX [149] release,
and further improvements were obtained upon conjugation of CD to CPT [150], or PEI [151]
to enhance the drug and gene targeting efficiency, respectively.

Double host-guest interactions due to the presence of CD on both HA and guest
molecules were involved in the formation of supramolecular SANPs for Ruthenium-based
PDT [152] or for combined chemo-PDT protocol upon derivatization of guesting permethyl-
-CD and hosting HA-BCD with redox responsive CPT and Triphenylphosphine moieties,
respectively [153].

Finally, the specific CHL-binding affinity of Methyl-3CD (MBCD) can be used to
extract CHL from the membrane of cancer cells, thus inducing apoptosis, either by the
direct conjugation to HA [154] or as a hosting molecule for Ad-HA [155,156] (Figure 6).

3.5. HA-Prodrug Nanoassemblies

Although small-molecule cytotoxic drugs remain the mainstream tools for cancer treat-
ment, the narrow therapeutic window and unfavorable pharmacokinetic properties, due to
quick clearance and lack of selectivity, significantly hinder their long-term employment
in clinical practice thus limiting the therapeutic outcomes [157]. Apart from the strategies
involving the encapsulation of bioactive within SANPs extensively discussed in the pre-
vious sections, another approach involves the covalent conjugation of these molecules to
polymeric materials, with the formation of the so-called polymeric prodrugs, specimens
with enhanced water solubility, chemical stability and enhanced permeation within the
tumor environment [158-160].

Moreover, the insertion of proper stimuli-responsive linkages allows the release of the
bioactive element to be finely tuned according to the therapeutic needs [161,162]. Polymer
prodrugs show the double advantage of high drug loading with negligible formulation-
trigged adverse reaction [163], and superior self-assembly ability due to the balancing
between the drug to drug (driving self-assembly) and the drug to water (driving dissolution)
intermolecular forces [164].

The organization in prodrug nano-assembly can be exploited for combination protocols
where a second therapeutic agent is loaded within the nanostructure [165]. The most
relevant examples of HA-prodrug nanoassemblies are collected in Table 7 and discussed
below.
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Figure 6. Effects of adamantane-grafted hyaluronic acid /folate-appended methyl-p-cyclodextrin (Ad-
HA/FA-MBCD) on tumor growth (A,B) and body weight (C) after an intravenous administration to
BALB/c nu/nu mice bearing HCT116 cells. * p < 0.05, compared with control (5% mannitol solution).

*p <0.05, compared with MBCyD. ¥ p < 0.05, compared with FA-MBCyD. Reprinted with permission
from Ref. [156]. 2018, Elsevier B.V.
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PTX and DTX, the two most representative members of taxane drugs used in clinical
practice, were conjugated to HA with the obtainment of prodrug SANPs for the treatment
of liver and breast carcinomas. The conjugation strategies involved the condensation
via either carbodiimide [166] or TBA chemistry [167], as well as click chemistry [168],
while the insertion of tailored spacers between bioactive and HA counterparts confers
responsivity to the acidic and GSH-rich tumor environment. Moreover, the presence of
HA [167] and the insertion of peptide spacers [169], susceptible to the hydrolytic activity of
HAase and proteases overexpressed within the cancer cells, allowed the enhancement of the
targeting efficiency due to enzyme-triggered disassembly. Similarly, DOX was introduced
as a bioactive hydrophobic moiety of HA-SANPs, reaching the selective pH-sensitive
vectorization of the antineoplastic antibiotic [170], while the insertion of disulfide bridges
was used as a dual-stimuli responsive strategy for lung [171], liver [172], and breast [173]
cancers.

MTX is another hydrophobic drug used for conferring amphiphilic behavior to HA
backbones. Upon conjugation to HA, MTX works as both a cytotoxic agent by inhibiting the
Dihydrofolate reductase [174] and targeting moiety because, due to the structural similarity
with FA, acts as a ligand for FA receptors overexpressed in many cancer cell types [175].

In the attempt to deliver the therapeutic doses of redox-responsive HA-3,3'-
dithiodipropionic acid (DTPA)-CPT micelles into tumors, limiting the high liver accu-
mulation [176], Chen et al. proposed the conjugation of HA-DTPA-CPT conjugate to PLA
via acid-labile 2-propionic-3-methylmaleic anhydride (CDM) linkers and the subsequent
incorporation of micelles into electrospun fibers [177]. The results confirmed the antitumor
performance of fiber fragments, as well as the acidic-triggered release of HA-DTPA-CPT
from the fibers and the self-assembly of the prodrug in the tumor tissues.

One of the main drawbacks of conventional chemotherapeutic protocols is the in-
surgence of multidrug resistance (MDR), a complex biological event involving different
pathways, such as increased efflux of drugs, restoration of DNA damages, and development
of antiapoptotic mechanisms [200,201]. Different strategies have been developed to address
this issue [202-204], mainly based on the inhibition of P-glycoprotein (P-gp), membrane
transporters belonging to the ATP binding cassette family, responsible for drug efflux
through an ATP-dependent mechanism [205,206]. Among the different P-gp inhibitors pro-
posed in the literature, D-a-tocopheryl poly(ethylene glycol) succinate (TPGS), coupling the
intrinsic biological function with the self-assembling properties, was found to be an ideal
nanocarrier for MDR reversal [207]. TPGS was successfully combined with different HA
prodrugs, obtaining HA-SANPs with superior anticancer performance. Dasatinib (DAS), a
second-generation tyrosine kinase inhibitor, was conjugated to HA and together with TPGS,
the resulting nanoassemblies were tested as therapeutic agents [178]. Vitamin E succinate
could also be conjugated to HA to create carriers for conventional chemotherapeutics such
as DTX [179]. The authors also added TPGS conjugated to a cell-penetrating peptide to
enhance the internalization efficiency. Moreover, CUR [180] and rosiglitazone (ROZ) [181]
were co-loaded as MDR reversing and adipogenesis agents, respectively. HA- SANPs
were also obtained with HA-VES and proposed as nanocarriers for DOX treatment in
Adriamyecin resistant breast cancer cells [182], as well as for the combined DOX/CUR [183]
or DTX/programmed cell death ligand 1 (PD-L1) antibodies (anti-PD-L1) [184] protocols
exploiting CUR as coadjuvant and the Anti-PD-L1 as an immune checkpoint.

Polyphenols have been explored as anticancer therapeutics acting via multiple mech-
anisms, mainly related to the pro-apoptotic effect and modulation of the cell redox bal-
ance [208-210]. Their application in clinics needs suitable carrier systems to overcome their
poor pharmacokinetics, and it was widely accepted that the conjugation to macromolecu-
lar systems is a valid approach for improving their stability and bioavailability [211,212].
Polyphenols, such as CUR, Quercetin, and Epigallocatechin-3-O-gallate (EGCG), were
used for the synthesis of HA amphiphiles with biological activity. HA-CUR and HA-QC
conjugates were explored as functional nanocarriers for the pH-responsive delivery of
DOX [185] and DTX [186], respectively, while EGCG was used for enhancing the ability of
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HA-SANPs to complex CDDP molecules [187] and cytotoxic proteins such as Granzyme
B (GzmB) [188]. HA-SANPs for the delivery of PTX to multiple solid tumors were ob-
tained by the self-assembly of HA-Glycyrrhetinic acid (GCA), taking advantage of the GCA
anti-inflammatory and immuno-modulating properties, as well as its ability to reverse
MDR [189,190].

Bioactive molecules for PTT and PDT such as IR780 [191] and Diiodostyryl bodipy
(DB) [192], were also conjugated to HA for the fabrication of HA-SANPs suitable for the
treatment of bladder and colon cancers both in vitro and in vivo. A different PDT protocol,
developed by Feng et al., is based on the delivery of Ce6 by a nanoplatform consisting of
BSA, Cyclopamine (CYC), and HA-SeSe-Ce6 amphiphile [193]. The anticancer efficiency
is the result of the synergistic contribution of each component: BA is the base material
for tumor residence, CYC disrupts the extracellular matrix (ECM) barrier thus allowing
HA-SeSe-Ce6 penetration, HA-SeSe-Ceb6 is the PDT agent selectively releasing Ce6 within
the tumor cells in response to the GSH concentrations.

In recent years, Nitric Oxide (NO) donors are emerging as effective anticancer thera-
peutics able to release NO at the tumor site where it causes tumor regression and metastasis
inhibition. Since NO exerts such anticancer activity only at high concentrations, while
acting as a pro-carcinogenic agent at low concentrations, it is of key importance to ensure
high NO levels at the desired place in the body [213]. HA-SANPs able to generate NO
redox reactions catalyzed by intracellular glutathione S-transferase 7 and to encapsulate
DOX in the hydrophobic inner core were developed by derivatizing HA with Diethylamine
NONOate (DEA /NO). The resulting material was found to greatly enhance the DOX anti-
cancer efficiency in the treatment of highly aggressive hepatoma cells [194]. An alternative
anticancer therapy based on the use of Bovine serum amine oxidase (BSAO) as a bioactive
agent was proposed by Montanari et al. [195]. BSAO catalyzes the oxidative deamination
of primary amines, such as spermine and spermidine, carrying out the formation of highly
cytotoxic aldehyde and hydrogen peroxide. Injectable hydrogels were developed by the
self-assembly of HA-CHL-BSAO with the aim to maximize the selectivity of enzymatic
activity to melanoma cells. Further extensions of the HA-prodrug nanoassemblies con-
cern the use of Perylene diimide (PDI) [196] and Oligophenylenevinylene (OPV) [197]
derivatives as diagnostic tools for the early detection of solid tumors.

Finally, HA-OVA conjugates were proposed as targeted delivery systems for pathogen-
derived foreign antigens (OVA), determining a robust CD8+ T cell response upon recogni-
tion of tumor cells presenting non-self foreign antigens by the host immune system [198].
As a further upgrade of this concept, Shin et al. proposed the use of a matrix metallo-
proteinase 9 (MMP9) cleavable linker to attach PEG muoieties to HA-OVA conjugate [199].
Within the tumor site, the hydrolytic activity of MMP9 allowed the removal of the PEG shell,
with the site-specific HA exposure and the subsequent cellular uptake via CD44-mediated
endocytosis. As a result, cancer cells were labeled with antigenic peptides presented by
surface major histocompatibility complex class I molecules thus favoring elimination by
CD8+ cytotoxic T lymphocytes (Figure 7).
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Figure 7. Representation of MMP9 responsive PEGylated HA-OVA targeted cancer immunotherapy.
Reprinted with permission from Ref. [199]. 2017, Elsevier B.V.
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4. Conclusions and Perspectives

The past two decades have seen great efforts from the scientific community in the
development of effective antitumor regimes able to face the highly heterogeneous nature
of cancers at the cellular and sub-cellular levels, expanding the concept of personalized
medicine from the discovery of new biological targets to the optimization of the vectoriza-
tion of therapeutics within the body to reduce unfavorable cross-toxicity to healthy organs
and tissues.

In this paper, we highlighted the role of HA as a targeting element as nanoparticle
systems for the selective delivery of bioactive agents to cancer cells, showing the promising
outcomes of using HA-SANPs. Although some promising results in both in vitro and
in vivo investigations, severe limitations still hinder an effective bench to clinics translation
of the proposed nanocarriers.

Thus, for a more comprehensive analysis of such limitations, and to hypothesize
key solutions to these issues, the literature data discussed in this review and shown in
Tables 1-7 are summarized in the following table (Table 8).

Table 8. Outcomes of HA-SANPs for cancer therapy expressed as (%) of the reviewed studies.

A Other . Cancer Bioactive . . In Vitro/In Vivo
HA-Derivative Components Preparation Type Agent Stimuli Success
Breast (38) **/Cervix (13) ** Drug (67) **
Bioactive (53) ** Water Disp (47) ** Liver (13) **/Bone (6) ** Gene (27) ** H (53) **
HA (11) * Polymer (27) ** Coordination (47) ** Colon (6) **/Lung (6) ** PTT/PDT (20) ** Rp dox (27) ** (100) **/(60) **
Other (7) ** Dialysis (6) ** Lymphatic (6) ** Imaging (7) ** edox (27)
Ovary (6) **/Skin (6) ** Immuno (7) **
HA-LIPOID (30) * Breast (40) **/Colon (13) **
BCA (19) ** L 12) *# 12) ** D 62) **
- Thin Film (40) ** ung (12) **/Squamous (12) rug (62)
o) Dm0 Diyees  Liver(5)*/Pancreas 3% PTI/PDT(12)**  pH (33
ok : : = . - Skin (3) **/Blood (2) ** Imaging (10) ** Redox (19) ** (92) **/(53) **
CHL (11) Bioactive (2) Water Disp (17) Brain (2) **/Cervix (2) ** Gene (7) ** HAase (10) **
% % 1
Dggﬁ%(%% Other (7) Emulsion (14) ** Mesothelioma (2) *
Other (24) ** Ovary (2) **/Prostate (2) **
. Dialysis (37) **
TP A PLCA (30) Emuision (10) % Breast (31) **/Lung (22) * Drug (77) **
PPEP (24)( H) Polymer (10) ** Water Disp (17) ** Liver (11) **/Brain (8) ** Gene (13) ** PH (13) **
. Bioactive (3) ** Coordination (7) ** Colon (8) **/Ovary (6) ** Imaging (7) ** Redox (40) ** 94) **/(50) **
PACRY (20) ®) ging (40)
PCL (13) * Other (3) ** Temperature (10) ** Skin (6) **/Squamous (6) ** PTT/PDT (7) ** Light (3) **
PEI (13) ** Precipitation (13) ** Cervix (2) ** Radio (3) **
Other (6) **
" " H (24) **
. i Lung (30) **/Breast (25) * Drug (47) ** p
Bioactive (47) ** Redox (12) **
HA-CD (12):; CD (41) * Host—Guest (100) ** Colon (15) ""'/Ova?y (10) ** PTT/PDT (2:}19) ** HAase (18) ** (95) **/(20)**
HA-Ad (35) Other (12) % Bone (5) **/Cervix (5) > Gene (6) Enzyme (6) %
Liver (5) **/Pancreas (5) ** Imaging (12) ** Light (6) **
Water Disp (53) ** e o) e QY Drug (79) ™ H (@47) ™
. - Dialysis (23) ** Skin (9) **/Lung (5) ** PTT/EDT 9) ** Rexdox (26) et /(o 0
HA-Prodrug (25) Polymer (21) C%%I:dli:l'altlonéé*):* Bladder (2) **/Kidney (2) ** Immuno (9) ** HAase (15) ** (95) **/(62)
in Film ( 2,‘ Nasopharynge (2) ** Imaging (6) ** Enzyme (3) *
Other (12) pharyng &ng Yy

Ovary (2) **/Pancreas (2) **

* Incidence (%) to total reviewed studies; ** Incidence (%) within each group; 5-BCA: 5-3-Cholanic acid; Ad:
Adamantane; CD: Cyclodextrins; CE: Ceramide; CHL: Cholesterol; DOCA: Deoxycholic acid; FAD: Fatty acid
derivatives; HA: Hyaluronic acid; PRE: Precipitation; PACRY: Acrylic polymers; PCL: Poly(e-caprolactone); PDT:
Photodynamic therapy; PEI: Poly(ethylenimine); PLA: Poly(L-lactic acid); PLGA: Poly(lactic-co-glycolic acid);
PPEP: Polypeptide; PPL: Phospholipids; PTT: Photothermal therapy.

Here, the overviewed research was initially classified into five groups based on the
adopted HA derivatization route, and then the incidence in the use of each HA-derivative
group for a specific cancer type was calculated as a percentage of total studies, considering
that a single paper can cover more than a single cancer cell line and/or in vivo model
at once. Moreover, as an indication of the complexity of the fabrication strategy, both
preparation methods and the presence of a co-reactant within the nanoformulation were
quantified in terms of value (%) within each group. Similarly, the presence (%) of in vitro
or in vivo validation of the proposed HA-SANPs was assessed to show the progress of the
research, while the stimuli responsivity, together with the choice of the loaded therapeutic,
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classified in terms of cytotoxic, MDR reversal, PTT, PDT, and imaging agents, allowed the
potential application of each system to be quantitatively determined.

From the analysis of report data in Table §, it is evident that most of the HA derivatiza-
tion used for the preparation of HA-SANPs involved the coupling with lipidizing (30%)
and polymeric (22%) materials. Lipidized materials, indeed, are able to spontaneously
reorganize in self-assembling structures in water media, thus allowing easy fabrication
methods such as thin-film hydration (40%), dialysis (29%), and simple dispersion in wa-
ter media (17%). On the other hand, polymeric materials offer high chemical versatility
allowing for the insertion of stimuli-responsive functionalities, including redox (40%),
pH (13%), and light (3%), as well as the possibility to reach a direct conjugation with the
bioactive molecule in prodrug systems (25%). Prodrug HA-SANPs were widely explored
as tools for improving the pharmacokinetics profile of conventional cytotoxic drugs (29%)
and, more interestingly, of PDT/PTT and immunostimulatory agents. Finally, the for-
mation of supramolecular assemblies was also reported (12%), particularly for obtaining
HAase-responsive delivery vehicles (18%). Pristine HA (11%) was also useful to prepare
HA-SANPs by virtue of electrostatic interactions with cationic polymers or biologically
active molecules such as drugs and genes.

As far as the investigated tumor types, breast cancers are the most studied in almost
all groups, followed by lung and colon, due to both the overexpression of CD44+ receptors
and the high incidence between populations. Most of the studies are well supported by
investigations in in vivo models, and this can facilitate the translation to the clinics, but
some key issues should be addressed.

At first, it should be considered that not all the HA-SANPs preparation routes match
the requirements of clinical applications. As extensively discussed by Foulkes et al., there
is currently very little regulatory guidance in the area of nanomaterials for biomedical
applications, with the manufacturing process often being hit or miss for nanomaterial
stability [214]. Although the self-assembly process is not the limiting step, since it is mainly
based on the spontaneous insurgence of weak intermolecular forces (e.g., electrostatic
attraction, hydrogen bonding, and hydrophobic modification) reducing the possibility
of any toxic cross-reactivity, the multiple reaction steps often required for the synthesis
of the tailored HA-derivative, cannot be easily scaled at the industrial level, and require
significant modification to fit with the good manufacturing procedures rules [215]. From
a therapeutic point of view, despite the key advantages of high and reproducible drug
loading, site-specific vectorization, and the ability to bypass some MDR pathways (e.g.,
drug efflux transporters), tailoring the physicochemical properties for optimal therapeutic
efficacy is still challenging, especially in the case of prodrug HA-SANPs. The conjugation
of bioactive molecules to the polymeric backbone, indeed, has two opposite effects. The
solubility, circulation through the bloodstream, and permeability are greatly enhanced, but
the chemistry of the conjugation can compromise the particle-target interaction [216].

Moreover, recent trends point toward the fabrication of multifunctional HA-SANPs,
where a dual targeting element and/or a penetration enhancer moiety are anchored. The
different functionalities within multifunctional nanoparticles, indeed, can act synergistically
to achieve maximal anti-tumoral activity [217].

In our opinion, only the synergistic combination of different approaches, including
active targeting and stimuli responsivity, as well as the co-loading of multiple therapeutics
(e.g., conventional cytotoxic drugs and PDT/PTT agents) can lead to some significant
results. HA-SANPs well address these needs, and promising results were also obtained at
the border between chemo- and immune-therapy, which is the new and more promising
approach for cancer eradication. Deep integration between basic and industrial research is
required, together with multidisciplinary synergistic expertise exchange, which can make
the applicability to HA-SANPs not a chimera but an eye-catching future.
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Abstract: Prussian blue nanoparticles (PBNPs) are effective photothermal therapy (PTT) agents:
they absorb near-infrared radiation and reemit it as heat via phonon-phonon relaxations that, in the
presence of tumors, can induce thermal and immunogenic cell death. However, in the context of
central nervous system (CNS) tumors, the off-target effects of PTT have the potential to result in injury
to healthy CNS tissue. Motivated by this need for targeted PTT agents for CNS tumors, we present a
PBNP formulation that targets fibroblast growth factor-inducible 14 (Fn14)-expressing glioblastoma
cell lines. We conjugated an antibody targeting Fn14, a receptor abundantly expressed on many
glioblastomas but near absent on healthy CNS tissue, to PBNPs (aFn14-PBNPs). We measured the
attachment efficiency of aFn14 onto PBNPs, the size and stability of aFn14-PBNPs, and the ability
of aFn14-PBNPs to induce thermal and immunogenic cell death and target and treat glioblastoma
tumor cells in vitro. aFn14 remained stably conjugated to the PBNPs for at least 21 days. Further,
PTT with aFn14-PBNPs induced thermal and immunogenic cell death in glioblastoma tumor cells.
However, in a targeted treatment assay, PTT was only effective in killing glioblastoma tumor cells
when using aFn14-PBNPs, not when using PBNPs alone. Our methodology is novel in its targeting
moiety, tumor application, and combination with PTT. To the best of our knowledge, PBNPs have
not been investigated as a targeted PTT agent in glioblastoma via conjugation to aFn14. Our results
demonstrate a novel and effective method for delivering targeted PTT to aFn14-expressing tumor
cells via aFn14 conjugation to PBNPs.

Keywords: photothermal therapy; prussian blue nanoparticles; aFn14 antibody; glioblastoma; tar-
geted therapy; thermal therapy; immunogenic cell death

1. Introduction

Tumors of the central nervous system (CNS) are the most common tumor diagnosed in
patients under the age of 14 and the 8th most common tumor diagnosed in patients over 40.
CNS tumors account for a disproportionately higher rate of cancer-related mortality in the
United States [1,2]. Glioblastoma (GBM) is histologically defined as a grade IV astrocytoma
exhibiting incredible resistance to conventional treatment methods and an overall poor
prognosis. The current point-of-care for GBM includes surgery, often followed by high-dose
radiation therapy and administration of temozolomide (TMZ), a small molecule DNA-
alkylating agent. GBM has a median survival length of 10-14 months even with the most
aggressive treatment options [3-8]. Therefore, there is an urgent need for novel treatment
options for GBM patients.
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Photothermal therapy (PTT) mediated by light-absorbing and biocompatible nanopar-
ticles that are activated by a laser is a promising treatment strategy for GBM. PTT has been
extensively described by other groups and us as a means to achieve tumor control through
both direct heat-based cytotoxicity, recruitment of the body’s endogenous immune system,
and pro-immunogenic modulation of the tumor microenvironment [9-13]. Further, in the
clinical setting, thermal therapies such as laser interstitial thermal therapy are safe and well
tolerated in patients with non-accessible or recurrent GBM tumors [14]. This precedent
indicates the potential application and enhanced efficacy of nanoparticle-based, targeted
PTT for GBM.

In the context of GBM, several groups have described the use of PTT in vitro and
in vivo [15]. The nanomaterials and nanoparticles investigated in these studies include
metal-based, carbon-based, hybrid, and “other” nanoparticles that do not fit the aforemen-
tioned classifications [16-22]. The nanoparticles were either actively or passively targeted
to GBM tumor cells or tumors to administer PTT. Overall, PTT induced significant cell
death in both in vitro and in vivo models. The efficacy of these studies is summarized in a
review by Bastiancich et. al. [15]. However, when tumor cells are heated using non-targeted
nanoparticle-based PTT agents, the heating can be non-selective, with the potential for
heating non-malignant tissue. To translate PIT to CNS tumors, non-selective heating
should be limited to minimize the risk of off-target toxicities. Thus, a major step towards
unlocking the potential of nanoparticle-based PTT for malignant CNS tumors is to engineer
a robust, stable, and biocompatible tumor-specific nanotherapeutic modality with high
on-target specificity without sacrificing direct tumor cytotoxicity.

To target nanoparticle-based PTT specifically to GBM tumor cells, we target the highly
upregulated and GBM-specific receptor fibroblast growth factor-inducible 14 (Fn14). Fn14
is overexpressed on GBM tumors and is a cognate receptor for the tumor necrosis factor
weak inducer of apoptosis (TWEAK) [23]. GBM is an aggressive tumor, often invading
deep into the normal brain parenchyma, making it difficult for surgical resection and a
major reason for tumor recurrence in treated patients. Fnl4 receptor and its binding ligands
have been shown to be significantly upregulated in poorly prognostic glioma compared to
healthy neuronal or glial tissue and thus it represents a favorable candidate for developing
targeted nanotherapeutics against GBM, mitigating off-target complications [22-27]. Fn14
also serves as a promising target not only for its abundance in GBM, but also its localization.
Fn14 is expressed within both the tumor core and the invasive outer rim region of GBM,
making it a potent target to treat all regions of this highly invasive tumor. [24,25] Further-
more, Fn14-TWEAK engagement leads to poor prognostic events, including proliferation,
migration, and further invasion of GBM, which is often correlated with GBM’s resistance
to chemotherapeutics [24,26-28]. Hence, engaging or blocking Fn14 expressed on the
GBM tumor cells could make it unavailable for TWEAK binding and could be utilized to
elicit antitumor effects. This suggests Fn14 could serve as a therapeutic target for targeted
nanoparticle-based PTT.

Few groups have investigated the use of anti-Fn14 conjugation to nanoparticles. One
group demonstrated that anti-Fn14 conjugation to gold nanoparticles acted as a TWEAK ag-
onist, which would suggest activation of a more aggressive tumor cell phenotype [29]. This
effect presents a strong argument for using PTT to ablate the tumor once the particles are
delivered and bound to the surface of the GBM tumor cells. Another group demonstrated
that aFn14 conjugation to carboxylate-modified polystyrene nanoparticles enhanced parti-
cle retention in on the surface of and within Fnl4-expressing tumor cells [30], providing
further rationale for Fn14-based targeting. However, while these studies show promise, the
feasibility of translating them to clinic would be restricted by the limited clinical studies
into the potential toxicities of gold nanoparticles and polystyrene nanoparticles [31,32].
Therefore, we used PBNPs conjugated with aFn14 as a nanotherapeutic with a potentially
higher translational feasibility.
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Prussian blue is an FDA-approved material used to treat radioactive poisoning when
orally consumed as Radiogardase® [33,34]. Additionally, PBNPs can be easily synthesized
at large scales using low cost starting materials and is therefore amenable to clinical
translation. We have previously described that, when irradiated by an 808-nm near infrared
(NIR) laser, PBNPs facilitate photothermal energy conversion [35]. This energy conversion,
mediated by electron-phonon coupling, followed by phonon-phonon relaxations in the
setting of NIR radiation incident on the PBNP crystal lattice structure [9,36], has the capacity
to produce tumor microenvironmental temperatures upwards of 80 °C, depending on the
nanoparticle concentration and incident laser power, [9,10] triggering thermally induced
cell death. Tumor cell death via this method is one of the most critical effects of PTT, as
demonstrated by our group and others [37].

In addition to the safety offered by PBNPs, these particles also offer an immunological
advantage. PTT can induce the release of endogenous immunoadjuvants such as damage-
associated molecular patterns (DAMPs) from dying cells, indicative of a process known
as immunogenic cell death (ICD) [38-40]. ICD can convert an immunologically “cold”
tumor to a “hot” one, where released antigens can activate an immune response against the
tumor. Our group and others have previously shown that PBNP-mediated PTT can induce
ICD in pediatric neuroblastoma [9,10,41,42], melanoma [43], and triple-negative breast
adenocarcinoma preclinical models, to name a few, and is being investigated in this study
as a novel treatment option for GBM. ICD is not always induced by nanoparticle-mediated
PTT, but the consistency with which our lab has observed PBNP-PTT-induced ICD makes
PBNPs an attractive material.

The overall hypothesis in this study is that covalent conjugation of the Fn14 targeting
antibody to the surface of the PBNP results in a stable nanotherapeutic (aFn14-PBNP) that
can be utilized for targeted PTT without sacrificing the ability of the PBNPs to generate
on-target heat-based cytotoxicity and ICD. We test this hypothesis by optimizing the syn-
thesizing scheme for generating aFn14-PBNPs and assessing the critical quality attributes
of the resulting nanotherapeutic including the attachment efficiency of aFn14 on PBNPs,
the size distributions, surface charge, and UV-Vis-NIR spectra of aFn14-PBNPs. We then
test the ability of the aFn14-PBNPs to elicit thermal and immunogenic cell death as well
as effectively target and be retained on multiple human GBM tumor lines in vitro. Finally,
in a targeted treatment assay, we test the ability of aFn14-PBNPs to target and treat GBM
tumor lines with differential Fn14 expression compared to non-targeted PBNPs in vitro.
Through our results, we seek to demonstrate that this novel nanoparticle-antibody conju-
gate provides a benefit over nanoparticles alone by retaining particles on aFn14-expressing
tumor cells, thus enabling targeted PTT. These targeting studies with our aFn14-PBNP
nanoformulation provide important proof-of-concept data to proceed with evaluating
aFn14-PBNPs for PTT of GBM in vivo.

2. Materials and Methods
2.1. Synthesis of PBNPs

PBNPs were synthesized using a one-pot scheme as previously described [9,35,41,44].
Briefly, 20 mL of 10 mM aqueous FeCl306H,0 (54.06 mg) (Millipore Sigma, Darmstadlt,
Germany) containing 5 mmol of citric acid (961 mg) (Millipore Sigma, Darmstadt, Germany)
was added to an equal volume of 10 mM aqueous K4[Fe(CN)g]e3H,0 (84.5 mg) (Millipore
Sigma, Darmstadt, Germany) containing 5 mmol of citric acid, under vigorous stirring at
60 °C using a magnetic stirring hot plate. After heating and stirring for 60 s, the solution
was allowed to cool to room temperature (RT) for 5 min under constant stirring. The 40 mL
solution was then divided equally between two 50 mL tubes and PBNPs were then collected
by adding equal volume of acetone (Millipore Sigma, Darmstadt, Germany) and 5 mL
5 M NaCl (Millipore Sigma, Darmstadt, Germany). The solutions were then centrifuged
at 10,000 rpm for 15 min at RT. The centrifugation step with 20 mL MilliQQ water, 20 mL
acetone, and 5 mL 5M NaCl was repeated twice. The final PBNP pellet was sonicated (at
40% amplitude for 30 s using a microtip probe) in 10 mL MilliQ water to achieve colloidal
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resuspension. The PBNPs were stored under ambient conditions in DI water prior to
further bioconjugation.

2.2. Synthesis of Bioconjugated aFn14-PBNP

Covalent synthesis of aFn14-PBNPs was carried out using 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) chemistry. To begin, 21.5 pL of the as synthesized PBNPs (23.21 mg/mL)
was combined with 100 uL of EDC solution (2.2 mg/mL; Thermo Fisher Scientific, Waltham,
MA, USA) and 100 pL of Sulfo-NHS solution (8.0 mg/mL; Millipore Sigma, Darmstadlt,
Germany) in 1 mL of MES buffer (0.1 M MES, 0.5 M NaCl, pH = 5; ACROS Organics, Geel,
Belgium). The first crosslinking reaction occurred for 15 min at RT and was stopped via
addition of 100 pL of 2-mercaptoethanol (8.9 mg/mL; Thermo Fisher Scientific, Waltham,
MA, USA). PBNP crosslinked to Sulfo-NHS were then centrifuged at 22,000x g for 30 min
using a table-top microcentrifuge unit at RT. Particles were resuspended in 1 mL MES buffer
and sonicated using a microtip probe at 40% amplitude for 30 s to achieve a homogeneous
colloidal solution. FITC-conjugated aFn14 antibody (Santa Cruz Biotechnology, Santa Cruz,
CA, USA) was then added to a final concentration of 0.25 ng/mL, corresponding to a
1:2000 mass-to-mass ratio of aFn14:PBNP. The mixture was contacted in the dark at RT
for 3 h on an orbital shaker, after which 100 pL of 0.1 M hydroxylamine (Thermo Fisher
Scientific, Waltham, MA, USA) was added to quench any remaining primary amine sites.
aFn14-PBNP were again centrifuged at 22,000x g for 30 min at RT, resuspended in 1 mL
DI H,O, and sonicated. This process was repeated twice for a total of three washes. The
particles were then resuspended in the desired volume of sterile DI water and stored at
4 °C, protected from light.

2.3. Attachment Efficiency of aFn14 to PBNPs

The attachment efficiency of aFn14 to PBNPs was calculated based on the amount
of aFn14 that remained unbound in the aFn14-PBNP synthesis supernatants. A standard
curve of fluorescence intensity (Aem = 490 nm, Aex = 525 nm) vs. known concentrations
of FITC-conjugated aFn14 was generated using a SpectraMax i3x Multimode Microplate
Reader (Molecular Devices, LLC, San Jose, CA, USA) (Figure S1). To determine the amount
of aFn14 that did not bind to PBNPs after aFn14-PBNP synthesis, supernatants of the
syntheses were collected and compared to the standard curve. The concentration and then
mass of unbound aFn14 were calculated; the unbound mass was subtracted from the initial
mass of aFn14 utilized for the synthesis to determine the final mass of aFn14 attached
onto the PBNP collected. This value was then divided by the initial mass of aFn14 and
multiplied by 100 to determine the attachment efficiency of the antibody.

2.4. Characterization of aFn14-PBNP

To quantify the size and charge of the aFn14-PBNPs, the hydrodynamic diameter and
zeta potential of PNBPs and aFn14-PBNP were measured using dynamic light scattering
(DLS) spectroscopy and zeta anemometry on a Zetasizer Nano ZS (Malvern Instruments,
Malvern, UK). Optical characteristics of the constructs were measured via UV-Vis-NIR
Spectroscopy using a Genesys 10S spectrophotometer and VISIONlite software (Thermo
Fisher Scientific, Waltham, MA, USA). Attachment efficiency was measured via fluorescence
spectroscopy as described in Section 2.3. To measure nanoparticle stability over time, DLS,
zeta-anemometry, and fluorescence spectroscopy was performed at Day 0, +2, +4, +8,
+16, and +20 following the initial particle synthesis. These physical characteristics were
measured for every subsequent nanoparticle synthesis to assess whether the critical quality
attributes of the nanoparticles were within acceptable standards for PBNP and aFn14-PBNP.
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2.5. Cell Lines and Culture

Human U87 glioblastoma cells (ATCC, Manassas, VA, USA) were cultured in Eagle’s
Minimal Essential Medium (EMEM; ATCC, Manassas, VA, USA) containing L-glutamine
(Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum
(FBS; Thermo Fisher Scientific) and 1% penicillin/streptomycin antibiotic (Thermo Fisher
Scientific, Waltham, MA, USA). Human U251 glioblastoma cells (NCI Developmental
Therapeutics Program, Bethesda, MD, USA) were maintained in EMEM containing L-
glutamine supplemented with 10% FBS, 1% non-essential amino acids (Thermo Fisher
Scientific, Waltham, MA, USA), and 1% penicillin/streptomycin.

2.6. Characterization of the PTT Properties of aFn14-PBNP

In the clinic, PBNPs would be administered to the tumor site and then irradiated to
ablate tumor tissue. In our in vitro protocol to mimic this procedure, samples treated with
PBNPs are irradiated with an NIR laser at various laser powers, and the temperature and
thermal dose are measured over time to characterize the impact of PBNP excitation and
relaxation on the surrounding environment. This protocol is a simple and cost-effective
way of modeling PTT in a laboratory setting under reproducible conditions.

In this study, 0.5 mL of water or 5 x 10° U87 or U251 in 0.5 mL culture media were
treated with 0.15 mg/mL PBNP or aFn14-PBNP. Note that 0.15 mg/mL aFn14-PBNP refers
to the concentration of PBNP, not aFn14, to keep the total concentration of PBNPs in aFn14-
PBNP consistent with the PBNP only condition. Suspensions were irradiated with an
808 nm NIR continuous wave collimated diode laser (Laserglow Technologies, Toronto,
Canada) for 10 min. Temperature was measured using an infrared thermal camera (i7
thermal imaging camera, FLIR, Arlington, VA, USA) at 1 min intervals. The thermal dose
administered was modulated by increasing the laser power administered in a stepwise
manner. We utilized laser powers of 0.75 W, 1 W, 1.5 W, and 2 W, monitored using a power
meter (Thorlabs, Newton, NJ, USA). The thermal dose output was then calculated using
the CEM43°C formula, as shown in Equation (1):

n
CEM43°C = ) t;+ RW-T) (1)
i=1

where T; is the i-th time interval, R is related to the temperature dependence of the rate
of cell death (R(T < 43 °C) = 0.25, R(T > 43 °C) = 0.5) and T is the average temperature
during time interval T; [45-47]. Cyclic heating/cooling studies were also performed on
the nanoparticles for 3 cycles with the laser on and off for 10 min each for each cycle at a
power of 2 W to elucidate the ability of the nanoparticles to withstand several cycles of
laser illumination.

2.7. Elucidation of the Glioblastoma Tumor Cell Phenotype Post-PTT

PTT was administered to 0.5 mL suspensions containing 5 x 10 U87 or U251 cells as
described in Section 2.6. The treated cell suspension was then centrifuged, and the cells
were suspended in their respective cell culture media and plated in 6 well plates at 37 °C
for 24 h. After 24 h of undisturbed incubation, the cell culture media and the cells were
harvested from the plates using TrypLE (Thermo Fisher Scientific, Waltham, MA, USA).
Cells were then collected with media and transferred to 15 mL conical tubes and collected
by centrifugation at 400x g for 5 min. The final cell pellets were then resuspended in PBS,
and aliquoted accordingly for subsequent analysis. Viability was measured using a Luna
cell counter (Logos Biosystems, Anyang, Korea) and acridine orange (Logos Biosystems,
Anyang, Korea).
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Intracellular levels of ATP were assessed to indirectly determine the amount of ATP
released. Using the CellTiter-Glo Luminescent Viability Assay (Promega, Madison, WI,
USA) and following the manufacturer’s protocol, 100 pL of cells at a concentration of
2.86 x 10°® mL in PBS from every condition were aliquoted into a 96-well opaque bottom
plate. Once ATP assay reagents were at RT and mixed together, the ATP reagent was
aliquoted at 100 uL per well to the cells. The plate was then covered in foil and placed
on an orbital shaker for 2 min. The plate was then incubated at RT for 5-10 min before
luminescence was measured via SpectraMax. PBS without cells was used as a control. All
samples were performed in triplicate.

For flow cytometry analysis, 1 x 10 cells were first stained with 1uL. Zombie Violet™
fixable viability dye, reconstituted at the manufacturer’s recommended concentration, for
20 min in 100 uL PBS (BioLegend, San Diego, CA, USA). After washing cells with flow buffer
(PBS + 1% FBS), cells were resuspended in 100 pL flow buffer and blocked with 5 uL/tube
Human TruStain FcX™ (Fc Receptor Blocking solution, BioLegend, San Diego, CA, USA)
for 10 min at 4 °C. The cells were then separated into three panels for staining, besides the
fluorescence minus one (FMO), isotype, and unstained control groups: two cell surface
staining panels and one cell surface and intracellular ICD staining panel. For the first
panel, the following extracellular stains were added: GD2 (APC, clone 30-F11, 5 puL/tube),
CD137L (PE, clone 5F4, 5 uL/tube), HLA-A,B,C (AlexaFluor700, clone W6/32, 5 uL./tube),
B7-H3 (PE/Cy7, clone MIH42, 5 uL/tube), and PD-L1 (BV650, clone 29E.2A3, 5 puL/tube).
For the second panel, the following extracellular stains were added: Fnl4 (PE, clone
ITEM-1, 2.5 uL./tube), CD86 (APC, clone BU63, 5 uL./tube), CD80 (BrilliantViolet650, clone
2D10, 5 pL/tube), CD40 (AlexaFluor700, clone 5C3, 5 uL/tube), and HLA-DR (PE/Cy7,
clone L243, 5 uL/tube). All antibodies used in panels 1 and 2 were purchased from
BioLegend. For the third panel, an antibody against calreticulin was added (PE, clone
ab92516, 0.5 uL/tube) (Abcam, Cambridge, UK). All panels were stained for 30 min at
4 °C, fixed, and permeabilized using 250 uL/tube of 1x BD CytoFix/CytoPerm Solution
(BD Biosciences, Franklin Lakes, NJ, USA) for 30 min at 4 °C. Panel 3 was then stained for
intracellular HMGB1 (AlexaFluor647, clone ab195011, 2 uL/tube) (Abcam, Cambridge, UK)
for 30 min at 4 °C. Flow cytometry was performed using the BD Biosciences Celesta Cell
Analyzer or BD CytoFLEX (Indianapolis, IN, USA). Flow cytometry gating and analysis
was performed using FlowJo software (v10.7.1, Ashland, OR, USA) and plotted using
GraphPad Prism (v9.0.0, San Diego CA, USA).

2.8. Determining aFn14 Binding to U87 and U251 Cells via Flow Cytometry

U87 or U251 cells were stained with either the Fn14 antibody used for aFn14-PBNP
synthesis (FITC, clone ITEM-4, Santa Cruz Biotechnology Inc., Dalles, TX, USA at manu-
facturer’s recommended concentration) or with the Fn14 antibody used for staining in the
ICD panel (PE, clone ITEM-1, Biolegend, at manufacturer’s recommended concentration).
Percent positive cells were gated on size and single cells.

2.9. Quantifying the Attachment of aFn14-PBNP to U87 Tumor Cells

Inductively Coupled Plasma Mass Spectroscopy (ICP-MS; Neptune Series High Reso-
lution Multicollector ICP-MS; Thermo Fisher Scientific, Waltham, MA, USA) was performed
in collaboration with the University of Maryland Plasma Mass Spectroscopy Lab. U87 GBM
cells were grown in 6 well plates; aFn14-PBNP was then added to 1 x 10° cells at a final
concentration of 0.15 mg/mL for 15, 30, 45, 60, or 120 min. The cells were then rinsed with
PBS, harvested using TrypLE, counted, washed, and all cells were resuspended in 1 mL
PBS. The cells were then transferred to thick screw-top Teflon beakers and treated with
high-purity concentrated nitric acid (OmniTrace Ultra, Supelco, Waltham, MA, USA) for
20 min at RT. The concentrated nitric acid was then diluted to a concentration of 2% (v/v)
using DI water and digested further overnight at 60 °C. The samples were then filtered
through a 40 pum cell strainer, transferred to a sealed tube and transported to the University
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of Maryland Plasma Mass Spectroscopy Lab. PBNP attachment was detected by probing
for the > Fe elemental isotope of non-radioactive iron, which is a component of the PBNPs.

2.10. Assessing the Efficacy of Using aFn14-PBNP for Targeted PTT of Glioblastoma Tumor Cells

We developed a protocol to determine whether aFn14-PBNPs provided an advantage
over PBNPs in the context of a tumor where external forces, such as the circulatory or
lymphatic system, may wash out unbound particles. 1 x 10° U87 or U251 cells were
incubated with 5.8 mg/mL PBNP, 5.8 mg/mL aFn14-PBNP, 3 p/mL FITC-conjugated
aFnl4 (to match the concentration of aFn14 used in the aFn14-PBNP condition), or a vehicle
control (water) for 2 h at 37 °C. Cells were then washed twice to remove unbound particles
and/or antibody, resuspended in 500 pL. media, and PTT-treated as described in Methods
2.6. Prior to commencing PTT, 50,000 cells from each condition were assessed for FITC
expression via flow cytometry, as a measure of aFn14 attachment to the tumor cells. Cells
were plated into 6 well plates (one well per sample, in 2 mL total cell culture media) and
incubated at 37 °C. Viability was measured 24 h post-PTT using the Luna cell counter and
acridine orange.

2.11. Statistical Analysis

Statistical significance for this study was determined using Welch’s t-test, and values
with p < 0.05 were considered statistically significant. Descriptive statistics are reported
as mean =+ standard deviation. All statistical analyses were performed using GraphPad
Prism.

3. Results
3.1. aFn14 Can Be Covalently Conjugated on PBNPs to Generate Stable aFn14-PBNPs

The size, charge, and UV-Vis-NIR absorption properties of PBNPs can affect their
efficacy as PTT agents in the CNS. Nanoparticles that are too large (>200 nm) cannot
effectively cross the blood-brain barrier [48,49] while nanoparticles with a positive surface
charge can form nonspecific ionic adhesions to the negatively charged cell membranes
and extracellular space of the CNS [50], resulting in unwanted off-target binding and/or
toxicity. Additionally, a change in absorption properties of a PTT agent can alter the efficacy
of photothermal energy conversion. Therefore, we aimed to synthesize nanoparticles that
met the above design attributes. Using the scheme described in Section 2.2, the FITC-
conjugated aFn14 antibody was covalently linked to the PBNPs to generate aFn14-PBNPs
(Figure 1A). Based on the use of fluorescence spectroscopy to generate a standard curve for
aFn14 quantification (Figure S1A,B), we calculated the attachment efficiency on the day of
aFn14-PBNP synthesis (Day 0) to be 99.4% (SD 0.88%). Consequently, we estimated that
the aFn14-PBNP nanoparticle had 0.497 ug of bound aFn14 per mg of PBNP. While the
attachment efficiency of aFn14 on PBNP was initially very high, it decreased to 87.1% (SD
1.48%) by Day 20 post-synthesis, indicating that the conjugation resulted in the retention of
the majority of aFn14 on the PBNPs for nearly three weeks. On Day 20, we estimated that
aFn14-PBNP had 0.436 pug of bound aFn14 per mg of PBNP (Figure 1B).

Following synthesis, the hydrodynamic diameter of the aFn14-PBNPs increased from
a mean of 58.7 nm for PBNPs to 122.4 nm for aFn14-PBNPs with polydispersity indices
of 0.42 and 0.37, respectively (Figure 1C). Importantly, the mean hydrodynamic diameter
and mean polydispersity index of the aFn14-PBNPs on Day 20 were unchanged compared
to the freshly synthesized aFn14-PBNPs. Although the zeta potentials increased from
—33.0 £ 1.2 mV for PBNPs alone to —23.1 £ 1.7 mV for aFn14-PBNPs (Figure 1D), indicative
of the presence of the covalently attached antibody on the surface of the nanoparticles, the
zeta potentials of aFn14-PBNP and PBNPs alone remained stable over 21 days. Pertinent to
the PTT properties of PBNPs and aFn14-PBNPs, we measured their UV-Vis-NIR spectra
(Figure 1E). Importantly, when matched in terms of PBNP concentrations, the UV-Vis-NIR
spectrum of aFn14-PBNPs overlapped with that of PBNPs. Specifically, the aFn14-PBNP
spectrum exhibited the characteristic absorption band of PBNP between 650-900 nm,
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indicating that conjugation of the antibody did not alter the absorbance spectrum attributed
to the PBNPs in aFn14-PBNPs. These results indicate that our synthesis scheme yielded
aFn14-PBNPs wherein aFn14 was successfully covalently attached onto the PBNPs with
high attachment efficiency and that the resulting aFn14-PBNPs had stable size distributions,
zeta potentials, and retained the absorption properties of PBNPs.
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Figure 1. aFn14 can be covalently conjugated to PBNPs to generate stable aFn14-PBNPs. (A) Synthesis
scheme used to generate aFn14-PBNPs, described in Methods 2.2. EDC-NHS chemistry was used to
coat FITC-conjugated aFn14 antibody onto the surface of the PBNPs. The carboxyl groups from citrate
on the surface of PBNPs are covalently conjugated to the amine groups on aFn14. (B) Attachment
efficiency of aFn14 on to PBNPs over time. The initial attachment efficiency on Day 0 (99.4% SD 0.88%)
did not significantly change on Day +2, but a statistically significant change was observed after Day
+4 to a final attachment efficiency of 87.1% (SD 1.48%) by Day 20 (p < 0.0001). (C) Size distributions of
PBNPs and aFn14-PBNPs as measured by dynamic light scattering. The size shift between PBNP
and aFn14-PBNP indicates successful attachment of aFn14. There was no size change of aFn14-PBNP
between Day 0 after synthesis (pink line) and Day 20 (dotted pink line), demonstrating long-term
stability of aFn14-PBNPs. (D) Zeta potentials of PBNPs and aFn14-PBNPs. Statistically significant
differences in the surface charge were observed between PBNPs and aFn14-PBNPs at all time points
(except Day +8). This suggests the presence of the aFn14 antibody on the surface of aFn14-PBNPs.
(E) UV-Vis-NIR spectra demonstrating the characteristic absorption peak of PBNP between 650-900
nm, which yields NIR responsiveness at 808 nm. Coating with aFn14 did not affect this absorption
property. Welch’s t-test was utilized to test for statistical significance. * = p < 0.05 ** = p < 0.01
*** = p < 0.001; ns = not significant.
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3.2. aFn14-PBNPs Retain the PTT Properties of PBNPs and Can Be Used to Administer a Range
of Thermal Doses to U87 and U251 GBM Tumor Cells

PBNPs absorb NIR radiation and reemit it as heat via phonon-to-phonon relaxations.
This heating makes PBNPs useful as PTT agents to treat tumors, as the heat released can
impart ablative thermal dosages onto surrounding tissues. For the aFn14-PBNPs to be
functional as effective PTT agents, their photothermal properties must be retained after
aFn14 conjugation. We therefore conducted studies assessing the PTT properties of both
PBNPs and aFn14-PBNPs to determine whether conjugation to aFn14 alters these properties.
Aqueous solutions of PBNPs or aFn14-PBNPs (both containing 0.15 mg/mL PBNPs) in DI
water were irradiated with 808 nm NIR laser (Figure 2A) at various laser powers, and the
temperatures of the water-nanoparticle systems were recorded every minute for 10 min.
The aFn14-PBNP system exhibited laser power-dependent heating. Negligible heating
was observed for the control system containing just water and irradiated with the laser
ata 2 W (“LASER Alone”) and for the control system containing aFn14-PBNP but not
irradiated (“aFn14-PBNP Alone”). The maximal temperatures attained for the aFn14-PBNP
system were 88.2 °C for 2 W, 70.5 °C for 1.5 W, 66.4 °C for 1 W and 58.3 °C for 0.75 W
laser power (Figure 2B). The corresponding thermal doses (log(CEM43)) delivered by the
aFn14-PBNPs to the water following irradiation were 11.4 at 2 W, 10.6 at 1.5 W, 7.4 at
1.0 W, and 4.85 at 0.75 W (Figure 2C). The maximal temperatures attained for the PBNP
system were 86.8 °C for 2 W, 79.6 °C for 1.5 W, 69.9 °C for 1 W, and 60.7 °C for 0.75 W
laser power (Figure 2D). The corresponding thermal doses (log(CEM43)) delivered by
the PBNPs to the water following irradiation were 13.65 at 2 W, 11.46 at 1.5 W, 8.46 at
1.0 W, and 5.69 at 0.75 W (Figure 2E). The heating curves and corresponding thermal doses
generated with aFn14-PBNPs were comparable to those of PBNPs alone for all laser powers
studied (Figure 2D,E). Cyclic heating and cooling studies, where the laser was turned
on and off at specific intervals to allow heating and cooling, demonstrated comparable
PTT characteristics between PBNP and aFn14-PBNP at equivalent PBNP concentrations as
evidenced by the near overlap of their heating/cooling curves over three cycles (Figure 2F).
These studies demonstrate that the addition of aFn14 did not alter the PTT properties of
the aFn14-PBNPs, indicating the suitability of their use as PTT agents.

Next, we evaluated whether aFn14-PBNPs could heat tumor cells to temperatures
consistent with those that are required for thermal ablation. PTT was conducted on 5 x 10°
U87 (Figure 2G,H) or U251 (Figure 21,]) GBM tumor cell lines suspended in cell culture
media containing 0.15 mg/mL PBNPs. Similar to the previous study, the heating curves
and thermal dose delivered to each cell line by aFn14-PBNPs were assessed as a function
of laser power. The maximal temperatures attained for U87 were 77 °C for 2 W, 69 °C for
1.5W, 59 °C for 1 W and 52 °C for 0.75 W laser power (Figure 2G), with thermal doses
of 9.4at2 W, 82at1.5W,6.5at1.0W, and 4.9 at 0.75 W (Figure 2H). When U251 were
treated with aFn14-PBNPs, similar temperatures and thermal doses were attained: 78 °C
for 2 W, 68 °C for 1.5 W, 59 °C for 1 W and 51 °C for 0.75 W (Figure 2I), and thermal doses
of 10.1at2 W, 8.1at1.5W, 6.6 at 1.0 W, and 4.9 at 0.75 W (Figure 2J). The thermal doses
attained during PTT with aFn14-PBNP were lower in the presence of GBM tumor cells for
both cell lines as compared to those in water (e.g., 89 °C for aFn14-PBNP alone vs. 77 °C at
2 W for U87). This attenuation can be attributed to components present in the media (e.g.,
serum proteins) and is consistent with our observations when using uncoated PBNPs for
PTT, as well as literature precedent [43,51-53]. However, the cells attained temperatures
above those required to generate thermal ablation in treated tumor cells (>45 °C) at all laser
powers tested for both GBM lines. Therefore, these results suggest that aFn14-PBNP can
function as effective PTT agents for GBM tumor cells and can be used to administer a range
of ablative thermal doses to these tumor cells.
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Figure 2. Conjugation to aFn14 does not alter the PTT properties of PBNPs, and aFn14-PBNPs can be
used to administer a range of thermal doses to U87 and U251 GBM tumor cells. (A) Schematic of
the PTT studies as described in Methods 2.6. Water or U87 or U251 cells in media were treated with
0.15 mg/mL PBNP or aF14-PBNP and then irradiated with an 808 nm laser. (B) Heating curves of
aFn14-PBNP as a function of laser power. (C) Thermal doses delivered by aFn14-PBNPs as a function
of laser power. (D,E) Heating curves (D) and thermal doses I delivered by PBNPs as a function of
laser power. (F) Cyclic heating of PBNPs and aFn14-PBNPs over 3 heating-cooling cycles. (B-F)
PTT properties of PBNP and aFn14-PBNP are similar, indicating that conjugation to aFn14 does not
negatively affect PBNP PTT properties. (G) Heating curves (H) and thermal doses delivered to U87
GBM cells by aFn14-PBNPs as a function of laser power. (I) Heating curves (J) and thermal doses
delivered to U251 GBM cells by aFn14-PBNPs as a function of laser power.
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3.3. PTT Using aFn14-PBNP Triggers Thermal and Immunogenic Cell Death in Treated GBM
Tumor Lines

After undergoing PTT using aFn14-PBNPs as described in Figure 2G-J, the GBM tumor
cells were plated for 24 h and then harvested for the analysis of PTT-triggered thermal and
immunogenic cell death as well as immunophenotypic markers. PTT using aFn14-PBNP
elicited thermally induced cell death in both GBM tumor lines as evidenced by a decrease in
cellular viability in a laser power-dependent manner (Figure 3A). For U87 cells, the cellular
viability decreased from 97.85% for aFn14-PBNP (without the laser) to 42.95% at 0.75 W,
with the lowest viability of 18.45% observed at the highest laser power of 2 W. Similarly, for
U251 cells, the cellular viability decreased from 95.00% for aFn14-PBNP (without the laser)
to 55.25% at 0.75 W, with the lowest viability of 11.19% observed at the highest laser power
of 2 W. For both tumor lines, the IC50 was attained at thermal doses of 4.72 for U87 and
4.86 for U251, respectively corresponding to a laser power of 0.75 W. These findings with
aFn14-PBNP-based PTT in GBM tumor cells are consistent with our observations when
using PBNPs for PTT in diverse tumor cell lines such as neuroblastoma, melanoma, and
breast cancer [9,10,42,43]. We did not conduct studies assessing the effects of PBNPs alone
(without the laser) as we have extensively observed that the PBNPs have a negligible effect
on tumor cellular viability at the concentrations used for this study [9,10,42].

To assess the effect of PTT using aFn14-PBNP on eliciting ICD and immunophenotypic
changes in treated GBM tumor cells, flow cytometry analysis of various surface and
intracellular targets were conducted. The gating strategy for these analyses is elaborated in
Figures S2-S5. PTT using aFn14-PBNPs induced ICD in both cell lines as measured by a
decrease in total intracellular ATP levels (Figure 3B), the overexpression of calreticulin at
the cell surface (Figure 3C, Figures S2A and S3A), and the release of HMGB1 from the cell
as measured by a decrease in intracellular HGMBI1 (Figure 3D, Figures S2B and S3B). The
expression of all three biochemical correlates of ICD were most prominent for both U87
and U251 at laser powers of 1.5 W and higher.

PTT also induced changes in the tumor cell immunophenotype that may increase T
cell immunity against these cells. MHC-I (HLA-A, B, and C) expression was high and
retained in both U87 and U251 (Figure 3E, Figures S4A and S5A), and MHC-II expression
(HLA-DR) remained unchanged in U87 cells but increased in U251 (Figure 3F, Figures S4B
and S5B) as a function of laser power. Regarding expression of tumor-specific antigens,
PTT caused a significant decrease in GD2 expression in U251 cells at 1.5 and 2.0 W but
not in U87 cells, suggesting the retention of this tumor-specific antigen for this tumor line
(Figure 3G, Figures S4E and S5E). In both cell lines, PTT maintained the expression of the
immunosuppressive PD-L1 ligand (Figure 3H, Figures S4C and S5C) and no changes in
expression of the immunosuppressive B7-H3 ligand were observed (Figure 3I, Figures S4D
and S5D). Finally, PTT upregulated various T cell costimulatory markers in both cell lines,
including CD137L (Figure 3], Figures S4F and S5F), CD80 (particularly in U251; (Figure 3K,
Figures S4G and S5G), CD86 (Figure 3L, Figures S4H and S5H), and CD40 (Figure 3M,
Figures S4I and S5I), all in a dose-dependent manner. Overall, the changes induced by
aFn14-PBNP were similar to those induced by PBNP, indicating that antibody coating
did not drastically alter thermal or ICD-inducing properties of the PBNPs, except that
expression of GD2 and CD137L remained higher in the aFn14-PBNP conditions compared
to the PBNP-treated conditions (Figure S6). Together, these results demonstrate that PTT
using aFn14-PBNPs generates thermal and immunogenic cell death, as well as favorably
alters the surface immunophenotype of GBM tumor cells.
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Figure 3. PTT using aFn14-PBNP triggers thermal and immunogenic cell death in treated GBM
tumor lines. (A-D) U87 and U251 cells undergo thermal (A) and immunogenic cell death (B-D)
after PTT with aFn14-PBNP, as noted by a decrease in cell viability (A), decrease in intracellular ATP
(B), increase in surface calreticulin expression (C), and decrease in intracellular HMGB1 (D) with
increasing laser powers (0.75-2 W). (E-M) PTT-induced changes in immunophenotype in GBM tumor
lines, including MHC expression (E,F), tumor specific antigen expression (G), immune checkpoint
inhibitor expression (H,I), and T cell costimulatory markers (J-M). CTRL = untreated cells not
irradiated; laser alone = untreated cells irradiated with laser; aFn14-PBNP = aFn14-PBNDP-treated
cells not irradiated; remaining conditions are aFn14-PBNP-treated cells irradiated at indicated laser
powers. * =p < 0.05; ** = p < 0.01; ** = p < 0.001; **** = p < 0.0001.

3.4. GBM Tumor Cells Differentially Express Fnl4 That Can Be Successfully Targeted
by aFn14-PBNPs

We conducted studies to assess the expression levels of Fn14 on the GBM tumor
cells as described in Methods 2.8 (Figure 4). When probed with a PE-conjugated aFn14
antibody, both U87 and U251 showed expression of the Fn14 receptor via flow cytometry,
with U87 expressing Fn14 on 56.4% of live cells (Figure 4A) and U251 expressing Fn14 on
98.2% of live cells (Figure 4B). However, when probed with the FITC-conjugated aFn14
antibody of a different clone, U87 showed expression of Fn14 only on 14.1% of live cells
(Figure 4C) compared to U251 that demonstrated a higher expression of Fn14 on 85.3%
of live cells (Figure 4D). Our results demonstrate that U251 consistently exhibit higher
expression of Fn14 than U87 cells. The findings also demonstrate that although Fnl4 is a
suitable target for GBM, the antibody clone should be considered to facilitate success
of tumor cell targeting with the nanoparticles. As our results will show later, however,
even low aFn14 binding can retain enough PBNPs on cells to induce thermal death in
response to PTT.

Next, we assessed whether aFn14-PBNPs can target U87 tumor cells using ICP-MS.
In this study, we measured the amount of °’Fe elemental isotope in solution following
acid digestion of U87 cells exposed to either aFn14-PBNP or PBNP for various contact
times. Increased ' Fe, a main component of PBNPs, correlates with increased nanoparticle
attachment to the surface of the GBM cells. U87 cells incubated with aFn14-PBNP nanopar-
ticles showed an increase in signal over control or vehicle-treated cells. This increase was
observed at 15 min (1.90 + 0.60 ppb/1.0 x 10° cells) and progressively increased with
increasing contact time reaching a maximum at 120 min (6.10 & 0.76 ppb/1.0 x 10° cells),
indicating stronger aFn14-PBNP binding to the U87 cells over time (Figure 4E). Impor-
tantly, there was a significant increase in *’Fe signal in the aFn14-PBNP condition after
60 and 120 min of incubation compared to U87 cells treated with PBNP alone (p = 0.0171
vs. p = 0.0177, respectively). Our results suggest that the addition of the aFn14 antibody
increases the cellular targeting capacity of the PBNPs. The targeting was enhanced even in
U87 GBM tumor cells that have lower Fn14 expression levels compared to U251, suggesting
that the aFn14-PBNPs can be applied for targeted PTT against U87 cells. This experiment
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was not repeated in the U251 cells for cost saving and logistics purposes, but we expect
similarly increased targeting of U251 cells by aFn14-PBNPs compared to PBNPs alone.
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Figure 4. GBM tumor cells differentially express Fn14 that can be successfully targeted by aFn14-
PBNPs. (A,B) Flow cytometry of (A) U87 and (B) U251 cells stained with PE-conjugated aFn14
antibody showing percent of cells expressing Fn14, compared to unstained. (C,D) Flow cytometry of
both cell lines using the FITC-conjugated aFn-14 antibody compared to unstained. (E) ICP-MS of
human U87 GBM cells incubated with 0.15 mg/mL PBNP (left) or aFn14-PBNP (right) for various
time points, gating on the 57-Fe isotope. Each aFn14-PBNP group was compared to its respective
PBNP group using a Welch's t-test for significance. * = p < 0.05. CTL = control (U87 GBM cells alone).
VEH = vehicle (U87 GBM cells with addition of water).

3.5. aFn14-PBNP Is an Effective Targeted PTT Agent for GBM Tumor Cells

Thus far, we have demonstrated that conjugation to aFn14 does not negatively impact
the photothermal properties of PBNPs, that aFn14-PBNPs can induce thermal and immuno-
genic cell death in two glioblastoma cell lines, and that aFn14-PBNPs can bind U87 cells.
Next, we tested whether aFn14-PBNP-tumor cell binding provides a benefit over PBNPs
when cells are washed to remove unbound particles before undergoing PTT (Figure 5). The
goal of this study was to mimic, in a simple and cost-effective manner, how the blood or
lymphatic system can wash PBNPs out of tumors.
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In our ICP-MS study, we observed that U87 cells incubated with aFn14-PBNPs retained
the largest number of particles 2 h after incubation (Figure 4E). Therefore, for this study,
we incubated U87 and U251 cells with 5.8 mg/mL PBNPs, 5.8 mg/mL aFn14-PBNPs, 3
ng/mL free FITC-conjugated aFn14 (corresponding to the concentration of aFn14 used
in the aFn14-PBNP condition), or a vehicle control (water) for 2 h at 37 °C. After this
targeting step, the tumor cells were washed twice to remove any unbound nanoparticles
and/or antibody. A sample of tumor cells were taken to measure FITC expression, which
indicates aFn14-PBNP binding, just before PTT. The tumor cells were then irradiated with
an 808 nm laser for 10 min and rested overnight (Figure 5A). Cell death was then assessed
via flow cytometry. Because the purpose of the washing step was to remove untargeted
particles after the contact time, the concentration of PBNPs and aFn14-PBNPs used had to
be increased from that in Figures 2 and 3 to attain a sufficient concentration of cell bound
aFn14-PBNP concentration for thermal heating above 45 °C. Various concentrations and
laser powers were tested to determine that 5.8 mg/mL was the optimal concentration for
use in the U251 cell line for this experiment based on heating curves and thermal dose
(Figure S7).

Both cell lines yielded higher heating curves (Figure 5B,C), thermal dose (Figure 5D,E),
and cell death (Figure 5EG) in response to PIT when incubated with aFn14-PBNPs com-
pared to PBNPs alone, indicating that the antibody provided an advantage over PBNPs
alone in effecting targeted PTT in the tumor cells. However, U251 cells consistently yielded
higher heating curves (e.g., 68.25 °C for U251 vs. 60.20 °C for U87 at 2.0 W), thermal doses
(e.g., 8.21 log(CEM43) for U251 vs. 5.73 log(CEM43) for U87 at 2.0 W), and cell death
(42.90% viability for U251 vs. 4.63% viability for U87 at 2.0 W after 24 h) when treated
with aFn14-PBNPs than U87 cells (Figure 5B-G). These results are consistent with previous
findings that indicated that the antibodies used for targeting on aFn14-PBNP did not bind
to the U87 cells as well as the U251 cells (Figure 4A-D). These results were also reflected
in the flow cytometry analysis of the cells evaluated before PTT where only a negligible
increase in the percent of FITC-positive U87 cells was observed after aFn14-PBNP treatment
compared to PBNP treatment (Figure 5H,]). In contrast, there was a much more noticeable
increase in the percent of FITC-positive U251 cells treated with aFn14-PBNP compared
to PBNP (Figure 51 K). However, despite the negligible presence of aFn14-PBNP on U87
as measured via flow cytometry, the U87 cells treated with aFn14-PBNPs still yielded a
higher thermal dose (5.74 log(CEM43) at 2.0 W) and significant decrease in viability (42.90%
live) compared to those treated with PBNP (—4.59 log(CEM43) at 2.0 W and 96.05% live)
post-PTT. These results indicate that even an amount of antibody binding that is too low
to be detected by flow cytometry can generate heating and elicit thermally induced cell
death. These trends were further accentuated in studies with U251 tumor cells where
treatment with aFn14-PBNPs yielded an even higher thermal dose (8.21 log(CEM43) at 2.0
W) compared to the PBNP-treated U251 cells (—0.60 log(CEM43) at 2.0 W) and an even
larger significant decrease in U251 viability following PTT (79.4% for PTT with PBNP vs.
4.63% for PTT with aFn14-PBNP). Together, these results clearly indicate that aFn14-PBNPs
are capable of inducing thermal death in response to PTT as a function of Fnl4-based
targeting. Overall, because they are retained on the surface of aFnl4-expressing cells,
the aFn14-PBNPs provide an advantage over PBNPs alone in an environment where the
particles are at risk of being washed out of the tumor by external forces.
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Figure 5. aFn14-PBNP is an effective targeted PTT agent for GBM tumor cells. (A) Experimental setup
schematic, described in Methods 2.10: U87 or U251 cells were incubated with PBNPs, aFn14-PBNPs,
free FITC-conjugated aFn14, or a vehicle control (water) for 2 h at 37 °C. Cells were then washed
to remove unbound particles and irradiated with an 808 nm laser. Cells were plated for 24 h and
analyzed via flow cytometry for viability. (B,C) Heating curves of U251 and U87 cell lines during
PTT. (D,E) Thermal doses imparted on the cell lines during PTT. (F,G) Viability of tumor cells 24 h
post-PTT. (H-K) Flow cytometric analysis done just before PTT of aFn14 binding in U87 and U251
cells. (H,J) No aFn14 binding is detectable in the aFn14-PBNP condition in U87 cells as indicated by
the lack of a population shift or increase in MFI from the vehicle control to the aFn14-PBNP condition.
(LK) Some aFn14 is detectable in the aFn14-PBNP condition in U251 cells as indicated by a population
shift and increase in MFI. (B-K) More aFn14-PBNPs remained bound to the U251 cells than to the
U87 cells, which is reflected in the higher heating curves, thermal dose, and lower viability in this
cell line (B-G,I,K) A one-way ANOVA was used to test for significance using Tukey’s HSD test for
multiple comparisons. * = p < 0.05 ** = p < 0.01 *** = p <0.001 **** = p < 0.0001. ns = not significant.
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4. Discussion

For the past two decades, PTT has been widely investigated as an experimental ablative
cancer therapy. While PTT for GBM in vitro and in vivo has been reported, including using
gold nanorods [54], graphene oxide [55], and indocyanine green nanoparticles [56], to
the best of our knowledge, this is the first study that utilizes a PBNP-based platform for
treating GBM tumor cells. Additionally, we also report the first successful synthesis of
a PBNP therapeutic modality targeting Fn14, a cytokine receptor highly upregulated in
GBM compared to surrounding tissue in the tumor microenvironment [23,24,30,57,58]. Not
only is our method novel, it is also simple and cost-effective. Required materials consist
exclusively of inexpensive reagents commonly found in a cell culture and nanomaterials
laboratory: FeCl;e6H,0, citric acid, K4[Fe(CN)g]e3H,O, MES buffer, EDC solution, sulfo-
NHS solution, and the aFn14 antibody. The synthesis and conjugation protocols are
straightforward and take just one day to complete. From a practical standpoint, these
qualities make our method an attractive one to pursue further as it can be widely replicated
and adapted for little cost (detailed protocols are provided in the Supplementary Methods).

Our facile and cost-effective synthesis scheme yielded aFn14-PBNPs that retained the
targeting antibody (aFn14), exhibited stable size distributions and surface charges for up to
21 days, and maintained the optical properties (UV-Vis-NIR spectrum) of unconjugated
PBNPs (Figure 1). aFn14-PBNPs also retained the photothermal properties of unconjugated
PBNPs, exhibiting similar laser power-dependent heating and the ability to administer a
range of thermal doses to the GBM tumor cell lines U87 and U251 in vitro (Figure 2). These
effects are due to the photothermal mechanism of laser excitation of the particles followed
by phonon-phonon relaxations that release heat into the surroundings. The synthesis of
nanoparticles with consistent critical quality attributes (e.g., size distributions, stability,
PTT properties) are imperative for use in preclinical and clinical studies.

PTT using aFn14-PBNP elicited thermally induced and immunogenic cell death in
both U87 and U251 tumor cells, with the biochemical correlates of ICD being expressed at
higher levels after irradiation with higher laser powers (1.5 W and 2 W) (Figure 3). Further,
PTT with aFn14-PBNP resulted in a unique tumor cellular immunophenotype consisting of
thermal dose-dependent enhanced expression of CD137L, CD80, CD86, and CD40. These
cellular and molecular signatures are indicative of a tumor cell death phenotype that can be
combined with complementary immunotherapies to generate a robust antitumor immune
response and potentiate the abscopal effect. To this end, aFn14-PBNP-PTT should be
investigated in conjunction with co-localized or co-administered immunotherapeutic agents
including immunological adjuvants (e.g., toll-like receptor agonists), monoclonal antibodies
(e.g., anti-PD-1), and/or immune cell therapies for treating GBM in syngeneic animal
models of the disease. However, it is important to note that the enhanced expression of these
immune markers on the GBM cells would need to be verified in in vivo GBM tumors after
PTT to assess the therapeutic potential of these PTT-induced molecular modulations. The
success of previous combination approaches, including our own [9,40,43,59], in syngeneic
models of neuroblastoma, melanoma, and breast cancer provide us with the compelling
rationale to pursue these studies in the context of GBM.

Conjugation to aFn14 also provided a benefit to PBNPs by retaining PBNPs on the
surface of aFn14-expressing cells, as evidenced by flow cytometry, ICP-MS, and PTT studies
(Figures 4 and 5). We observed that aFn14-PBNPs were more effective in targeting U251
cells compared to U87 cells, which was likely due to the decreased aFn14 binding in the
U87 compared to U251 (Figure 4C,D). Despite this lower binding, both ICP-MS and PTT
conducted after washing unbound particles from cells demonstrated that the aFn14-PBNPs
bound more strongly to U87 than unconjugated PBNPs (Figures 4 and 5), resulting in
approximately 12 times more killing when PTT was conducted on the U87 post-wash (5%
vs. 60% killing) (Figure 5F). These studies provide evidence for the benefit of antibody-
mediated targeting.

However, our studies are not without limitations. First, it is possible that aFn14
binding to Fn14 could induce TWEAK-like signaling along the NFkB pathway, leading to a
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more metastatic tumor phenotype. These results occurred in the aFn14 gold nanoparticle
study conducted by Aido et. al. [29]. In this situation, PTT may mitigate much of the
potential for metastatic conversion, as most of the cells would be ablated soon after contact.
However, the exact binding location of the antibody on aFn14 would need to be considered
and validated in order to confirm that a blocking, not activating, effect is achieved by
antibody-Fn14 binding. Second, to ensure the success of our PBNP-based approach for
tumor cells with similar or lower Fnl4 expression levels as U87, we will explore other
available antibody clones or targeting moieties, such as aptamers, as targeting agents on
our nanoparticles [60-62]. We also cannot discount the fact that lower Fnl4-expressing
tumor cells (i.e., U87 in this study) may require a higher loading of the targeting antibody
to ensure efficient binding. However, synthesis with increased antibody loading will have
to be performed in the context of maintaining the critical quality attributes of the final
nanoparticles in terms of size, stability, and other functional properties. Third, our in vitro
binding studies (Figures 4 and 5) are not an exact replication of the forces occurring within
the tumor. An in vivo xenograft model would provide a more accurate representation of
the kinetics of how PBNPs may be washed out of tumors.

If in vivo models are to be used in the future to continue these studies, we will
need to consider how the aFn14-PBNPs will be administered, such as intratumorally or
intravenously. If administered intravenously, we will need to monitor where the particles
accumulate in organs besides the tumor, such as in the liver or kidney. We will also need to
test our theory that the particles will have the proper size distribution to cross the blood—
brain barrier. For either administration route, we will also need to take into consideration
tumor volume, as the accumulation of the aFn14-PBNPs at the tumor site can be highly
variable depending on this parameter. Finally, to administer this targeted approach for
animal models of GBM, the nanoparticles and the laser will have to be implemented
using technologies and methods common to neurosurgery. One option to administer the
nanoparticles to the CNS is to use convection enhanced delivery to place the aFn14-PBNP
in the vicinity of the GBM tumors in the CNS [63,64]. This will avoid having to utilize
systemic infusion of the nanoparticles that will then have to cross the blood-brain barrier.
The second component is to excite the delivered nanoparticles with an interstitially placed
laser fiber similar to those clinically used for laser interstitial thermal therapy [65-68]. Our
research group has completed a thorough evaluation of this interstitial PTT approach (we
term this as I-PTT) in subcutaneous models of neuroblastoma and proposes to implement
I-PTT for GBM in animal models in the near future.

5. Conclusions

In conclusion, we demonstrate that aFn14 can be conjugated to PBNPs to generate
aFn14-PBNPs with quality attributes (size, charge, stability, UV-Vis-NIR) that retain PBNP
photothermal properties. We also demonstrate that aFn14-PBNP-PTT elicits thermal and
immunogenic cell death in GBM tumor cells. We show that aFn14-PBNP can target GBM
tumor cells based on Fn14 targeting capabilities of the PBNPs. Finally, we show that when
unbound particles are removed from cells pre-PTT, aFn14-PBNP-PTT is more effective than
PBNP-PTT in triggering GBM tumor cell death. Altogether, these findings present a novel
and cost-effective aFn14-PBNP nanotherapeutic for inducing thermal and immunogenic
cell death in GBM tumor cells. Future studies might consider using an in vivo model,
combination therapies, or interstitially administered PTT.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/nan012152645/s1, Section S1: Supplementary Figures; Figure S1: Attachment efficiency of
aFn14 to PBNPs based on (a) standard curve of fluorescence intensity compared to (b) fluorescence
intensity of synthesis supernatants; Figure S2: Expression levels of calreticulin and HMGBI in
U87 tumor cells. (a) Gating strategy. (b,c) Flow cytometry histogram and dot plots of cell surface
expression of (b) calreticulin (c) and intracellular expression of HMGB1 in the human U87 GBM
cell line following PTT with aFn14-PBNP at various laser powers; Figure S3: Expression levels of
calreticulin and HMGBI1 in U251 tumor cells; Figure S4: Flow cytometry histograms and dot plots of
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expression of (a) HLA-A,B,C, (b) HLA-DR, (c) PD-L1, (d) B7HS6, (e) GD2, (f) CD137L, (g) CD80, (h)
CD86, and (i) CD40 in the human U87 GBM cell line both before and following PTT with aFn14-PBNP
at various laser powers; Figure S5: Flow cytometry histograms and dot plots of expression of the
above markers in the human U251 GBM cell line; Figure S6. PTT using aFn14-PBNP triggers thermal
and immunogenic cell death in a manner similar to PBNPs in U87 tumor cells, (a) viability, (b,c)
MHC expression, (d) tumor specific antigen expression (e,f) immune checkpoint inhibitor expression,
(g) T cell costimulatory markers; Figure S7: Determination of the concentration of aFn14-PBNP
needed for the targeted PTT assay. (a) Schematic. (b,c) Heating curves (b) and the corresponding
thermal doses administered (c) to U251 after incubation with various concentrations of aFn14-PBNPs
during PTT. (d,e) Heating curves (d) and corresponding thermal doses administered (e) to U251 after
incubation with various concentrations of PBNPs during PTT. Section S2: Step-by-Step Protocols; S2.1.
Synthesis of PBNPs; S2.2. Synthesis of bioconjugated anti-Fn14-PBNP; S2.3. Attachment efficiency
of anti-Fn14 to PBNPs; S2.4. Characterization of anti-Fn14-PBNDP; S2.5. Cell lines and culture; S2.6.
Characterization of the PTT properties of anti-Fn14-PBNP; S2.7. Elucidation of the glioblastoma
tumor cell phenotype post-PTT; S2.8. Determining anti-Fn14 binding to U87 and U251 cells via flow
cytometry; S2.9. Quantifying the attachment of anti-Fn14-PBNP to U87 tumor cells; S2.10. Assessing
the efficacy of using anti-Fn14-PBNP for targeted PTT of glioblastoma tumor cells.
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Abstract: Atherosclerosis represents an ever-present global concern, as it is a leading cause of
cardiovascular disease and an immense public welfare issue. Macrophages play a key role in the
onset of the disease state and are popular targets in vascular research and therapeutic treatment.
Carbon nanodots (CNDs) represent a type of carbon-based nanomaterial and have garnered attention
in recent years for potential in biomedical applications. This investigation serves as a foremost
attempt at characterizing the interplay between macrophages and CNDs. We have employed
THP-1 monocyte-derived macrophages as our target cell line representing primary macrophages
in the human body. Our results showcase that CNDs are non-toxic at a variety of doses. THP-1
monocytes were differentiated into macrophages by treatment with 12-O-tetradecanoylphorbol-13-
acetate (TPA) and co-treatment with 0.1 mg/mL CNDs. This co-treatment significantly increased
the expression of CD 206 and CD 68 (key receptors involved in phagocytosis) and increased the
expression of CCL2 (a monocyte chemoattractant and pro-inflammatory cytokine). The phagocytic
activity of THP-1 monocyte-derived macrophages co-treated with 0.1 mg/mL CNDs also showed
a significant increase. Furthermore, this study also examined potential entrance routes of CNDs
into macrophages. We have demonstrated an inhibition in the uptake of CNDs in macrophages
treated with nocodazole (microtubule disruptor), N-phenylanthranilic acid (chloride channel blocker),
and mercury chloride (aquaporin channel inhibitor). Collectively, this research provides evidence that
CNDs cause functional changes in macrophages and indicates a variety of potential entrance routes.

Keywords: carbon nanodots; macrophages; polarization; phagocytosis; uptake routes

1. Introduction

Cardiovascular disease (CVD) has more clinical implications than any other condition
worldwide. Globally, CVD accounts for one-third of all deaths [1]. In the United States,
over 600,000 humans die of CVD per year, representing a quarter of all American deaths [2].
For these reasons, devoting resources and research into ameliorating the mortality caused
by CVD is of principal priority. CVD can be expressed in several types such as ischemic
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heart disease, cerebrovascular disease, or coronary artery diseases, which is usually caused
by atherosclerosis [3]. Atherosclerosis is the build-up of plaque in artery walls. This
condition leads to a decrease in blood flow to tissues. With the ever-increasing mortality
rate due to CVD, it is crucial to develop new methods of treatment. The biggest challenge
still is understanding the ramifications of the development of atherosclerosis.

Macrophages play a key role in the onset of the disease state. Free oxygen radicals
modify low-densitiy lipoprotieins (LDL) into ox-LDL. Upon injury to the endothelium of
blood vessels by ox-LDL, circulating monocytes differentiate into pro-inflammatory (M1)
or anti-inflammatory (M2) macrophages. In progressing lesions, M1 macrophages engulf
excess ox-LDL. In the process, these macrophages become lipid-laden and lose mobility,
finally proceeding to settle en masse on the bed of arteries as plaque. Dysregulated plaque
build-up in arteries results in a several fatal long-term health issues. Due to their crucial role
as mediators in atherogenesis, as well as their involvement in several aspects of the immune
response, macrophages are popular targets in vascular research and therapeutic treatment.

In recent years, interest in the development of nanoparticles for biological application
has risen. A key area of intrigue revolves around the interaction of nanoparticles with some
aspects of the immune response, resulting in their induction or repression [4]. Their use
also extends to imaging macrophages and disease states such as atherosclerotic lesions [5,6].
Carbon nanodots (CNDs) are particles of particular interest for a variety of reasons. These
particles tend to be smaller than 10 nm in size, have an sp2 hybridization, and are quasi-
spherical [7]. An essential characteristic of these nanodots is their high hydrophilicity,
which is made apparent by the presence of several functional groups in their surface such
as ether, carbonyl, hydroxyl, etc. This hydrophilicity allows for a very biocompatible
particle that is ready to interact with various organic or inorganic species [7]. CNDs also
have photoluminescent properties. This, combined with their hydrophilicity, makes CNDs
useful in sensing other particles. Their luminescent characteristics are defined by their
individual size, shape, functional groups, and other factors. Upon excitation by UV to
visible light, CNDs emission wavelengths range from UV to near-infrared [7].

CNDs have been synthesized with scavenging properties and proved themselves
capable ex vivo scavengers of free radicals, one of which is 2,2-diphenyl-1-picrylhydrazyl
radicals (DPPH) [8]. In this assay, the successful conversion of DPPH into a stable DPPH-H
complex is due to antioxidant activity. This leads to a change in color from violet to light yel-
low, which can be quantified by ultraviolet-visible spectroscopy. Zhang et al. demonstrated
a dose-dependent increase in DPPH scavenging using N,S-codoped CNDs [8]. These
nanoparticles were synthesized using citric acid, «-lipoic acid, and urea precursors through
a hydrothermal method [9]. In vitro, CNDs have also demonstrated radical scavenging
ability. By way of Di-Chloro Di-Hydrofuran Fluorescein Di-Acetate (DCFH-DA) assay and
NBT (Nitro Blue Tetrazolium) reduction assay, Das et al. showcased CNDs (synthesized by
microwave irradiation of date molasses) scavenging ability of hydroxyl and superoxide
free radicals [10]. Altogether, these results denote the antioxidant propensity of CNDs and
evidence their potential for biological utilization.

Atherosclerosis is a long-standing inflammatory disease characterized by the narrow-
ing of arteries due to a build-up of plaque. The overproduction of ROS and its subsequent
oxidative stress play a key role in its initiation. Macrophages play an essential role as inter-
mediators of the disease state by differentiating into a pro-inflammatory state, secreting
cytokines and eventually becoming foam cells. As the concrete source for plaque build-up,
macrophages signify an area of interest. CNDs are a prospective choice for biomedical im-
plementation, having shown usefulness in ROS scavenging, biosensing, and drug delivery.
However, currently, no account exists that indicates whether or not CNDs have any ability
to affect the M1/M2 polarization of macrophages. In this study, we examined the effects of
CNDs on the expression of M1/M2 biomarkers and phagocytic activity of macrophages,
as well as potential entrance routes.
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2. Materials and Methods
2.1. Cell Culture

The THP-1 cell line (ATCC® TIB-202™, Manassas, VA, USA) cells were cultured
in Roswell Park Memorial Institute 1640 Medium (RPMI 1640) fortified with 10% Fetal
Bovine Serum (FBS) and 1% Penicillin-Streptomycin. This cell line was obtained from
the ATCC (Manassas, VA, USA) and grown in Cellstar® Filter Cap 75 cm? cell-culture
treated, filter screw cap flasks in humidified incubators programmed to 37 °C and 5% COs.
Corresponding media was renewed every 2 days and cells were split into a new passage
upon 85-90% confluence.

2.2. CNDs Synthesis and Characterization

The CNDs preparation using citric acid and ethylenediamine (EDA) as precursors
was synthesized based on an adaption of a previously published microwave-assisted
method [11]. In a 100 mL beaker, 0.96 citric acid 99.5% (Sigma-Aldrich, St. Louis, MO, USA)
was dissolved with 10.0 mL DDI water and then mixed with 1 mL (0.8980 g/mL) EDA
99% (ACROS Organics, Fair Lawn, NJ, USA) under vigorous stirring for 30 s. The beaker
containing the clear and colorless solution was covered with a watch glass and heated
using a domestic microwave oven (1200 W) for 5.0 min. After the elapsed time, the beaker
and contents were allowed to cool to room temperature. The brownish-orange crystalline
product was diluted with 10.0 mL DDI water and then dialyzed using a 500-1000 Da
MWCO Spectra Por Float-A-Lyzer G2 (Repligen, Waltham, MA, USA). The resultant clear,
brownish-orange aqueous solution was lyophilized using Labconco FreeZone Plus 12
(Labconco, Kansas City, MO, USA) to obtain the dried carbon nanodot product. UV-Vis
spectroscopy of CNDs was performed by Cary® Eclipse TM Fluorescence Spectropho-
tometer (Agilent, Santa Clara, CA, USA). Upon dilution to 2 mg/mL in DI-H,O, CNDs
were measured for fluorescence in a quartz cuvette to determine excitation and emis-
sion wavelengths. The surface chemistry of CNDS was characterized by carbon 1s X-ray
photoelectron spectroscopy (XPS, ESCALAB 250 Xi, Thermo Fisher, West Sussex, UK).

2.3. Monocyte Differentiation into Macrophages

THP-1 cells were cultured in cell plates containing RPMI 1640 Medium (Sigma-Aldrich,
St. Louis, MO, USA) or Hank’s Balanced Salt Solution (HBSS) with calcium, magne-
sium, and glucose (Sigma-Aldrich, St. Louis, MO, USA). Monocyte differentiation into
macrophages was induced with 3 ng/uL of 12-O-tetra-decanoylphorbol-13-acetate (TPA)
in an incubation period of 72 h period. Cells were lifted by cell scraper and the supernatant
placed in 50 mL Falcon tubes. Cell plates were rinsed with 2 mL PBS and also added to the
supernatant. Then, cells were pelleted by centrifuge.

2.4. CNDs Treatment

For cell viability measured by trypan blue staining and flow cytometry ViaCount
assays, THP-1 cells were treated with 3 ng/mL TPA in the presence or absence of 0.01, 0.1,
0.3, or 0.6 mg/mL CNDs in RPMI media for 72 h. The media was refreshed, and then,
the cells were incubated for another 72 h. For other experiments, THP-1 monocytes were
cultured in cell plates and co-treated with 0.1 mg/mL CNDs and 3 ng/uL TPA for 72 h in
RPMI media. Incubation occurred in 37 °C/5% CO, incubators. Surrounding media was
decanted and replaced with new media, followed by another incubation period of 72 h,
after which plates were rinsed with 2 mL PBS and also added to the supernatant. Then,
cells were pelleted by centrifuge.

2.5. Cell Count (Trypan Blue)

Before and after differentiation and CNDs treatments, cells were counted. Monocytes
and macrophages were centrifuged at 300 g for 5 min at 4 °C and resuspended in either
PBS or respective media. After resuspension, cells were counted using a hemocytometer.
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Trypan blue was used to count viable, unstained cells, and the resulting concentration was
also calculated.

2.6. RNA Extraction

THP-1 cells were cultured in appropriate media in Corning® cell culture treated plates
(Corning Life Sciences, Durham, NC, USA). Upon treatment and incubation, adhered cells
were lifted sing a cell scraper. The media was extracted into 50 mL tubes. The cell plates
were rinsed twice with 1 x PBS to ensure no treatment media remained and also to extract
any remaining cells. Then, cells were then centrifuged at 300 g for 5 min at 4 °C. The
supernatant media was decanted, and the resulting cell pellets were treated with 1 mL of
ambion TRIzol® (Thermo Fisher Scientific, Waltham, MA, USA). The resulting solution
was pipetted into 1 mL Eppendorf tubes. Then, 200 pL of chloroform were added, which
was followed by agitation, and then the solution was centrifuged at 12,000 rcf for 15 min.
The top aqueous phase was transferred to another set of 1 mL Eppendorf tubes and then
combined with 500 pL isopropanol and agitated before centrifuging again at 12,000 rcf for
10 min. The resulting pellet (RNA) was washed with 1 mL 75% ethanol and centrifuged at
7400 rcf for 5 min twice. Then, the pellet was resuspended in 10-15 uL of DEPC H,O.

2.7. CDNA Synthesis

After RNA extraction, the resulting RNA was quantified by way of a Thermo Scien-
tific™ Nanodrop 2000 (Thermo Fisher Scientific, Waltham, MA, USA). Then, RNA was
diluted to a concentration of 500 ng/pL. Then, 2 pL of diluted RNA were mixed with 5 pL
of 5x Buffer, 1.25 uL. of ddNTP, 1.25 uL. of Random Primer, 14.875 uL. of DEPC H,0O, and
0.625 uL. of MMLV-Reverse Transcriptase. Using Applied Biosystems™ Veriti™ 96-Well
Thermal Cycler (Thermo Fisher Scientific, Waltham, MA, USA), the 25 uL solution was
converted to cDNA.

2.8. Quantitative Real-Time Polymerase Chain Reaction

Once cDNA was synthesized using the methods above, the resulting cDNA was
probed for a selection of M1/M2 biomarkers as mentioned previously, using H_GAPDH as
a housekeeping gene. This was performed by mixing 1 pL of cDNA with 10 puL of Power
SYBR® Green PCR Master Mix, 2 uL of 5 uM Forward Primer (Table 1), 2 uL of 5 uM
Reverse Primer (Table 1), 2 uL of 1:10 diluted cDNA, and 5 pL of DEPC H,O. The Applied
Biosystems™ StepOnePlus™ Real-Time PCR system (Thermo Fisher Scientific, Waltham,
MA, USA) was employed and ran for 40 cycles. Each individual cycle constituted a 95 °C
phase for 15 s, a 58 °C phase for 60 s, and a 60 °C phase for 15 s. Comparative threshold
values were evaluated in order to quantify gene expression.

Table 1. Primer sequences for qrt-PCR reactions.

Target Forward Primer Reverse Primer
GAPDH 5-AGA ACG GGA AGC TTG TCA TC-¥ 5-GGA GGC ATT GCT GAT GAT CT-3’
IL-8 5-CTC TGT GTG AAG GTG CAG TT-3’ 5 -AAA CTT CTC CAC AAC CCT CTG-3’
CCL-2 5-GCT CAG CCA GAT GCA ATC AA-3 5-GGT TGT GGA GTG AGT GGT CAA G-3’
CD68 5-TCAGCTTTGGATTCATGCAG-3' 5-AGGTGGACAGCTGGTGAAAG-3’
IL-10 5'-CTAACCTCATTCCCCAACCA-3 5'-GTAGAGACGGGGTTTCACCA-3'
TNF-« 5'-CTATCTGGGAGGGGTCTTCC-3' 5-GGTTGAGGGTGTCTGAAGGA-3'

2.9. Vybrant™ Phagocytosis Assay Kit (V-6694)

First, 4 x 10° THP-1 cells were grown in cell culture plates in corresponding media.
Differentiation into macrophages was induced by administering 3 ng/uL TPA with an
incubation period of 72 h (with or without co-treatment with a CNDs concentration of
0.1 mg/mL) at 37 °C, 5% CO2. After harvesting and pelleting cells, concentration was
re-suspended in HBSS to 2 x 10 cells/mL. Then, 1 mL of control cells were treated with
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1000 ng/mL TPA in order to activate cells to serve as a positive control. Next, 100 pL of cell
suspension was added to 5 wells per sample, plus 50 uL of HBSS (negative control wells
contained 200 pL of HBSS). Cells were left to incubate for 18 h in 35 °C /5% CO, incubators.
This incubation period allows macrophages to settle. Then, HBSS was removed, and 200 uL
of fluorescently labeled E. coli suspension was administered for 2 h. Upon the removal of
suspension, cells were treated for 60 s with 100 uL of Trypan Blue suspension. Immediate
removal of suspension followed. The phagocytic activities of cells were quantified using a
BioTek™ Synergy 2.0 plater reader (BioTek Instruments, Winooski, VT, USA).

2.10. ViaCount Flow Cytometry

Cells were cultured with the necessary incubation times and treatments. Next, cells
were harvested by cell scraping and placed into tubes. The cell concentration was adjusted
to 5 x 10°/mL. Then, 80 uL of cells were treated with 20 uL of ViaCount Reagent for
10 min at room temperature, upon which 500 uL of cold PBS was added. The samples were
analyzed for viability using a Guava® easyCyte™ Flow Cytometer (Luminex Corporation,
Austin, TX, USA).

2.11. CNDs Uptake

THP-1 human monocyte-derived macrophages were grown to 85-90% confluence
with corresponding media in clear cell plates and pre-treated with or without the follow-
ing inhibitors for 30 min: Cytochalasin A or D (5 ug/mL), chlorpromazine (10 pg/mL),
genistein (200 uM), nocodazole (20 uM), phenylglyoxal (100 pg/mL), amiloride hydrochlo-
ride (50 uM), n-phenylanthranilic acid (0.1mM), niflumic acid (10 mM), ebselen (15 uM),
amiodarone hydrochloride (10 uM), chlorpromazine HCI (0.1 mg/mL), mercury chloride
(0.075 mM), and copper sulfate (100 uM). Then, cells were treated with a concentration of
0.1 mg/mL CNDs for 24 h. Cells were harvested and resuspended in PBS. Fluorescence
was read at 360/460 top 400 nm in a well plate reader (Synergy 2.0).

3. Results
3.1. Characterization of CNDs

The UV-visible CNDs spectrum shows a shoulder peak at 240 nm, which is consistent
with 77k transitions of C-C and C = C bonds in sp? hybrid regions. The main peak at
350 nm comes from the n—7* transitions of C=O moieties (Figure 1A). The fluorescence
emission spectra at different excitation wavelengths starting from 220 to 400 nm with 20 nm
intervals were conducted. The strongest emission peak is centered at 450 nm with an
excitation wavelength of 350 nm. XPS was used to examine the surface functional groups
of CNDs. The XPS survey spectra demonstrates characteristic peaks corresponding to Cls
(284.5 eV), Ols (531.6 eV), and N 1s (399.5 eV), which confirms the presence of C, O, and N
elements. Based on the high-resolution C1s XPS spectra, four components were detected at
284.5 eV (C=C/C-C, 54.69%), 285.8 eV (C-O-C/C-OH, 19.68%), 286.8 eV (C-N, 9.83%), and
288.3 eV (C=0, 15.8%). The high-resolution N1s XPS spectrum shows three peaks at 399.5,
400.3, and 401.3 eV, which can be attributed to pyridinic, pyrrolic, and graphitic nitrogen
atoms. The results of deconvolution treatment for the high-resolution Ols spectrum of
the sample shows two peaks, located at 531.6 eV and 532.8 eV, respectively, which were
attributed to C-OH/C-O-C and C = O.

3.2. Differentiation of THP-1 Monocytes

THP-1 monocytes were treated with 0, 1, 3, and 10 ng/mL TPA for 72 h in RPMI
media so as to stimulate the cells into differentiation. Then, the media was replaced, and
cells were allowed to incubate for an additional 72 h. By way of qrt-PCR, expression of
CD 206 (a macrophage differentiation marker) was assessed. As demonstrated by Figure 2,
an increase in the expression of CD 206 (p < 0.05) was observed in these TPA-treated cells.
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Figure 1. Characterization of CNDs. (A) Absorption spectrum. (B) CNDs show emission peak of
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Figure 2. Increase in CD206 expression in THP-1 human monocyte-derived macrophages. THP-1
cells (3.3 x 10°) were treated with 0, 1, 3, and 10 ng/mL of 12-O-tetradecanoylphorbol 13-acetate
(TPA) in RPMI media for 72 h, upon which media was refreshed. Then, cells were left to incubate
and mature for another 72 h. RNA was isolated, converted to cDNA, and probed for CD206 using
SYBR green qRT-PCR reagents via Biosystems™ StepOnePlus™ Software v2.3. GAPDH was the
housekeeping gene. All data represent mean £ SEM. (n = 3, ¥, p < 0.05 vs. control).

3.3. Cell Viability Determined by Trypan Blue Cell Counts and ViaCount Flow Cytometry

In order to analyze the effect of CNDs on the viability of THP-1 monocyte-derived
macrophages, cell counts in a hemocytometer were performed using Trypan Blue and
ViaCount Flow Cytometry. The general concept behind the cell counts is that Trypan
Blue can enter cells with a compromised membrane [12]. ViaCount reagent demonstrates
effects on cell viability by using two DNA-binding dyes. One stains DNA in all cells,
the other specifically binds to DNA in dead cells. THP-1 cells were treated with CNDs
concentrations ranging from 0.01 to 0.6 mg/mL for 72 h. After refreshing media, and an
additional incubation period of 72 h, cells were analyzed with both methods. The Trypan
Blue cell counts demonstrate a significant decrease (p < 0.05) in cell viability only at a
concentration of 0.6 mg/mL (Figure 3). Flow cytometric analysis demonstrates a significant
reduction (p < 0.05) in cell viability at 0.6 mg/mL CNDs (Figure 4), and also that the
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percentage of live cells in the upper left quadrant only differ significantly (p < 0.05) between

untreated cells and cells treated with the same CNDs concentration (Figure 4).
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Figure 4. Effect of CNDs on cell viability (ViaCount). THP-1 cells were treated with 3 ng/mL TPA in the presence or
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to incubate for another 72 h, after which cells were harvested and treated with ViaCount reagent. Then, a viability analysis

was performed using a Guava®

(n=3,% p <0.05 vs. control).

easyCyte™ Flow Cytometer (Single Sample System). All data represent mean + SEM.

3.4. Expression of M1/M2 Biomarkers in Macrophages as Affected by CNDs

M1 (pro-inflammatory) macrophages play a crucial intermediary role in the atheroscle-
rosis disease state. The effect of CNDs on the expression of M1 or M2 biomarkers was
analyzed by PCR. THP-1 monocytes were co-treated with 3 ng/mL TPA and 0.1 mg/mL
CNDs for 72 h. Then, these cells had their media refreshed, followed by an additional incu-
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bation period of 72 h. Afterwards, cells were harvested, RNA isolated, cDNA synthesized,
and analyzed for expression of genes by qrt-PCR.

As previously mentioned, CD206 is a recognized M2 biomarker. IL-10 cytokine, which
suppresses the immune response, was also analyzed as an M2 biomarker [13]. A selection
of M1 biomarkers was included in the analysis. IL-8 and TNF-« are all well-established
pro-inflammatory cytokines, and they are also regarded as M1 biomarkers. CCL2 serves
as a macrophage chemoattractant [14,15]. CD68 is a surface receptor classified as an M1
biomarker. Our results indicate a significant increase (p < 0.05) in CD 206, CD 68, and CCL2
expression in cells treated with 0.1 mg/mL CNDs. No significant effect was observed in
the expression of TNF-alpha, IL-8, and IL-10 (Figure 5).
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Figure 5. Effect of CNDs on expression of M1/M2 biomarkers in macrophages. THP-1 cells (1 x 10°)
were treated with 3 ng/mL TPA in the presence or absence of 0.1 mg/mL CNDs in RPMI media for
72 h, upon which media was refreshed. Then, cells were left to incubate and mature for another 72 h.
RNA was isolated, converted to cDNA, and probed for CD206 (panel A), CD68 (panel B), TNF-alpha
(panel C), IL-8 (panel D), IL-10 (panel E), and CCL2 (panel F) using SYBR green qRT-PCR reagents
via an Applied Biosystems™ StepOne™ Real-Time PCR System. GAPDH was the housekeeping
gene. All data represent mean &= SEM. (n = 4-6, *, p < 0.05 vs. control).

3.5. CNDs Effect on the Phagocytic Activity of Macrophages

Phagocytic activity is an essential function of macrophages. Macrophages that absorb
an excess of ox-LDL turn into foam cells, which are the main component of the necrotic
plaque that settles on an artery bed [16]. In order to analyze the effect of CNDs on the
phagocytic function of THP-1 monocyte-derived macrophages, THP-1 cells were co-treated
with 3 ng/mL TPA and with or without CNDs at 0.1 mg/mL with similar incubation
periods as denoted previously. Cells were harvested and incubated in a 96-well plate for
18 h. Before this incubation period, a sample of control cells was treated with 1000 ng/mL
TPA so as to activate macrophages (positive control). Next, cells were treated for 2 h with a
suspension of fluorescent-labeled Escherichia coli. Lastly, cells were treated with a Trypan
Blue suspension for 1 min before analysis in a plate reader. Our results indicate that THP-1
monocytes treated with 0.1 mg/mL CNDs during the differentiation process exhibit a
significant increase (p < 0.05) in phagocytic activity (Figure 6).
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Figure 6. Increase in phagocytic activity in CND co-treated cells. THP-1 cells (2 x 10°) were treated
with 3 ng/mL TPA in the presence or absence of 0.1 mg/mL CNDs. Cells were incubated for a
period of 72 h, upon which media was refreshed, and followed by another incubation period of 72 h.
Cells were harvested, and a sample of control cells were treated with 1000 ng/mL TPA to serve as a
positive control. Cells were distributed in a 96-well plate and left to incubate for 18 h. Treatment of
cells with fluorescent E. coli suspension followed for 2 h, upon which the suspension was removed.
Cells were finally treated with Trypan Blue. The removal of Trypan Blue preceded the reading in a
BioTek™ Synergy 2.0 plate reader. All data represent mean £ SEM. (n =5, *, p < 0.05 vs. control).

3.6. Potential Uptake Routes of CNDs into Macrophages

In order to exert intracellular effects, xenobiotics often need to cross the plasma
membrane. Nanoparticles are an example of xenobiotics, and recently, uptake routes have
become characterized. Hara et al. demonstrated that pre-treatment of THP-1 monocyte-
derived macrophages with cytochalasin D, a potent inhibitor of actin polymerization, led
to a decrease in the uptake of nano-silica particles [17]. This supports the notion that
nanoparticles may mainly enter the cell through phagocytosis.

In order to characterize potential uptake routes of CNDs into macrophages, THP-1
monocytes with 3 ng/uL TPA with incubation periods were differentiated as described
previously. Treatment with or without a variety of chemical inhibitors (Table 2) for 30 min
ensued (with the exception of mercury chloride for 15 min) before treating cells with
0.1 mg/mL CNDs. Then, cells were harvested, placed in a 96-well plate, and analyzed
for fluorescence in a plate reader. Our results indicate significant inhibition (p < 0.05) of
CNDs uptake with the use of Nocodazole, mercury chloride, and N-phenylanthranilic
acid (Figure 7a—c). All other inhibitors used did not show a significant inhibition in CNDs
uptake (Figure 8a—k).

Table 2. Inhibitors used for potential uptake routes of CNDs.

Inhibitor Name Abbrev Function
4-Aminopyridine ~98% CsHgNy Ton channel blocker (K*) [18]
Amiodarone Hydrochloride Amiodarone HCL Non-selective ion channel blocker [19]
Barium Chloride Anhydrous BaCL, Ton channel blocker (K*) [18]
Chlorpromazine HCL Chlorpromazine HCL Suppresses clathrin disassembly [20,21]
Cobalt (II) Chloride CoCL, Ton channel blocker (Ca*) [22]
Copper Sulfate Cu hAQP3 Aquaporins [23]
Cytochalasin A Cyt Actin disruptor [21]
Ebselen Ebselen Inhibits mammalian H*, K*—ATPase [24]
Genstein Genstein Inhibits tyrosine kinase receptors [21]
Mercury Chloride Mercury Chloride hAQPI Aquaporins [23]
N-Phenlanthranilic Acid N-Phen Ion channel blocker (C17) [25]
Niflumic Acid Niflumic Acid Ton channel blocker (C17)
Nocodazole Phenylglyoxal Actin and microtubule disruptor [21]
Phenylglyoxal Phenylglyoxal Selective inhibitor of phagocytosis [26]
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Figure 8. Chemical inhibitors’ effect on uptake of CNDs into macrophages (Panel A: cyto A; Panel B:
BaCly; Panel C: CoCly; Panel D: CsCl; Panel E: CsHgNy; Panel F: Niflumic Acid; Panel G: Genistein;
Panel H: Ebselen; Panel I: Amiodarone HCI; Panel J: Chlorpromazine HCL; Panel K: Phenylglyoxal).
THP-1 monocyte-derived macrophages (1 x 10°) were treated for 30 min with or without inhibitors.
Next, cells were treated with 0.1 mg/mL CNDs for 24 h. Lastly, cells were harvested and placed in a
96-well plate. Fluorescence analysis ensued in a BioTek™ Synergy 2.0 plate reader. All data represent
mean + SEM. (n =3, %, p < 0.005 vs control).

With data indicating inhibition in CNDs uptake of cells treated with nocodazole,
n-phenylanthranilic acid, and mercury chloride, the effects of these inhibitors on cell
viability were determined using flow cytometry. Cells were differentiated as previously
described. Treatment with the previously mentioned inhibitor concentrations followed.
After refreshing culture media (so as to remove the presence of the inhibitors), cells were
left to incubate for 24 h. Cell viability was tested using previously mentioned Trypan
Blue cell count and ViaCount protocols. Our results indicate no significant decrease in
the viability of macrophages at any designated concentration of each inhibitor in both
the Trypan Blue (Figure 9a) and ViaCount analyses (Figure 9b,c). Representative flow
cytometric analysis demonstrates no change in the percentage of live cells present in the
upper left quadrant for any cells treated with inhibitors (Figure 9c¢).
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Figure 9. Effect of chemical inhibitors on the viability of cells (ViaCount). THP-1 monocyte-derived
macrophages (1 x 10°) cultured as mentioned previously, then harvested, resuspended in HBSS,
and treated for 30 min with cytochalasin A (3 ug/mL), nocodazole (20 mM), N-phenylanthranilic
acid (0.1 mM), or mercury chloride (0.075 mM) for 15 min. With media refreshed. Panel A: Then,
cells were incubated for a period of 24 h, after which a viability analysis was performed with a
hemocytometer cell count using Trypan Blue. Panel B,C, cells were incubated for a period of 24 h
before treatment with ViaCount reagent. Then, a viability analysis was performed using a Guava®
easyCyte™ Flow Cytometer (Single Sample System). All data represent mean + SEM. (n = 3, *,
p < 0.05 vs. control).

4. Discussion

Macrophages play an important role as mediators of atherosclerosis. For this rea-
son, they are highly sought targets when studying the disease state. CNDs are recently
discovered carbon-based nanomaterials reported to have sizes of 10 nm or less, and they
also exhibit favorable qualities for use in biomedical application [27]. Collectively, our
study represents an initiatory attempt at understanding the interactions of CNDs and
macrophages involved in atherosclerosis. Our analysis included studying changes in
macrophage biomarker expression. In addition, we studied the effect of CNDs on the
phagocytic activity of macrophages. Lastly, we investigated possible uptake routes of
this nanoparticle.

Macrophages play a crucial intermediary role in the atherosclerosis disease state. The
overabundance of settling macrophages and foam cells, due to an excess of lipoprotein
ingestion, leads to the emergence of plaque. These macrophages exacerbate the inflamma-
tory microenvironment by secreting pro-inflammatory cytokines to different cell types [28].
A side effect of this process is an excessive dysregulation of macrophage polarization,
causing circulating monocytes to differentiate into pro-inflammatory macrophages (M1)
in abundance.

As a model, THP-1 human monocyte-derived macrophages were utilized. These
monocytes exhibit a homogenous genetic background and differentiate into adheren
macrophages upon exposure to 12-O-tetradecanoylphorbol-13-acetate (TPA). The cell line
is resembling of primary monocytes/macrophages, which made it an ideal model for our
purposes [29]. These macrophages are characterized by an increase in the expression of
scavenger receptors while simultaneously reducing LDL receptor expression [30]. Due to
their ability to absorb modified lipoproteins and convert to foam cells, THP-1 monocyte-
derived macrophages act as a representative model to study macrophage involvement
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in atherogenesis. In fact, this model has seen extensive use in recent years, appearing in
several in vitro studies regarding monocyte/macrophage drug transport, signaling, and
function [31]. The favorable increase in CD 206 (a macrophage biomarker) expression
observed at 3 ng/puL TPA confirmed monocyte differentiation (Figure 2). With this result,
and previously mentioned properties, THP-1 monocyte-derived macrophages became a
useful model to analyze the effects of CNDs on the phagocytic activity of macrophages and
their expression of biomarkers.

Phagocytic activity is among the most important functions of macrophages. As a form
of endocytosis, phagocytosis is defined by the use of a cell membrane to engulf extracellular
particles, allowing them entrance into the cell’s cytoplasm. As key players of the immune
system, macrophages ingest a variety of particles including microbes, modified lipids, and
even dead cells entirely [32]. The phagocytic function of macrophages, as well as other
roles in immunological responses, makes macrophages a popular target for therapeutic
testing. Despite this popularity, no research has been committed to studying the effects
of CNDs on the phagocytic activity of primary macrophages. Our study provides a novel
insight into this matter. As shown in Figure 6, THP-1 monocyte-derived macrophages that
were treated with 0.1 mg/mL CNDs during the differentiation process exhibit an increase
in phagocytic activity.

The expressions of macrophage biomarkers, from treatment with CNDs during the
differentiation process of THP-1 monocyte-derived macrophages, were analyzed to further
understand if this boost in phagocytic function favors M1 or M2 polarization. Circulating
monocytes that are activated through receptor-ligand binding differentiate into M1 (pro-
inflammatory) or M2 (anti-inflammatory) macrophages. This is typically dependent on the
immunological response in need. M1 macrophages typically eliminate xenobiotics through
phagocytosis and promote the local inflammatory environment. In an atherogenic state,
M1 macrophages aim to phagocytose modified lipoproteins in an effort to clear choles-
terol. They also extend the inflammatory response by secreting several pro-inflammatory
cytokines such as TNF-alpha, IL-1, IL-6, and IL-12 [33]. These cytokines signal addi-
tional circulating monocytes to differentiate into M1 macrophages, as well as a host of
other cell types involved in immunity. In addition to the previously mentioned cytokines,
M1 macrophages exhibit a variety of biomarkers. In vitro studies identify M1 macrophages
by the up-regulation of certain receptors such as CD 64, 68, and 80 [34,35]. Though crucial
for host defense, the functions of M1 macrophages can be expropriated during disease
states, resulting in dysregulated inflammation [36]. In contrast, M2 macrophages pro-
mote tissue repair, clear cellular debris, and secrete anti-inflammatory cytokines [37]. The
presence of M2 macrophages is associated with regressing plaques. Biomarkers of M2
macrophages include anti-inflammatory cytokines such as IL-4, IL-10, and IL-13, as well as
a variety of surface receptors that include CD 206, CD 23, and CD 163. As a commonality,
both types exhibit phagocytic function.

Cells treated with 0.1 mg/mL CNDs demonstrated a significant increase in CCL-2
and CD 68, which are both considered M1 biomarkers (Figure 5b,f). Several studies have
demonstrated that M1 macrophages accumulate cholesterol via modified, atherogenic
LDL (e.g., ox-LDL) as opposed to native LDL [28]. Modified LDL is internalized through
phagocytosis. In the case of atherosclerosis, M1 macrophages recognize ox-LDL by means
of scavenger receptors including scavenger receptor A, CD 36, and CXCL16 [28,38]. CD 68
and its mouse ortholog macrosialin have also been recognized as receptors for ox-LDL [39].
The excessive uptake of cholesterol from modified lipoproteins leads to a dysregulation
of lipid metabolism within M1 macrophages. This dysregulation results in a build-up of
free cholesterol, which is toxic unlike other forms such as cholesteryl ester [38]. Among
the effects of free cholesterol is the activation of stress responses in the endoplasmic
reticulum, which prevents the re-esterification of cholesterol. Normally, macrophages
submit cholesterol through a process of esterification that permits a series of transporters to
expel them from the cell [28]. Thus, ER stress promotes the build-up of free cholesterol in
macrophages, which in turn furthers the creation of foam cells. This knowledge, combined
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with the increase in both M1 biomarkers observed, would seem to suggest CNDs tilt the
polarization of macrophages toward M1.

Our results also demonstrated a significant increase in the expression of CD 206,
which is a prominent M2 biomarker (Figure 5a). This receptor has functionality in the
phagocytosis of different bacteria [13]. The increase observed in expression of this receptor
may very well explain the increase observed in phagocytic activity, considering that CD
206 recognizes E. coli [40]. Additionally, CD 206 serves as a regulator of adipocyte pro-
genitors [41]. This result seemingly counters the increase in M1 biomarkers mentioned
previously and suggests polarization toward M2 phenotypes.

In recent years, interest in the development of various carbon nanoparticles in the
biological application has risen. For example, diamond-like carbon (DLC) nanofilm is a
promising material for application in medical implants, with high mechanical and chemical
inertness and biocompatibility [42,43]. Both cell culture and animal experiments have
shown that DLC coating does not cause toxicity and inflammation [44]. The colloidal
solution of nanocarbon has recently been shown to inhibit bacteria’s growth without
affecting the viability of eukaryotic animal cells [44]. Studies by Jelinek et al. have shown
that Ge-doped DLC layers with low doping levels are not cytotoxic, while for higher
doping levels, Ge has been proven to be cytotoxic, which is related to the production
of reactive oxygen species [42,43]. Carbon nanotubes (CNTs) are promising candidates
in nanomedicine in treating various diseases [45]. However, these nanotubes have been
shown to exert various toxic effects on various cells. Multi-walled carbon nanotubes
(MWCNT) cause dose-dependent cytotoxicity when its concentration in THP-1 monocyte-
derived macrophages is higher than 25 ug/mL, and the concentration in lung epithelial
cell-derived A549 cells is higher than 100 ng/mL [46]. In our studies, trypan blue cell count
and ViaCount flow cytometry assays showed that CNDs have no effect on cell viability of
THP-1 monocyte-derived macrophages at concentrations that do not exceed 0.3 mg/mL
(300 pg/mL). These results suggested that CNDs showed relatively low toxicity and better
biocompatibility compared to carbon nanotubes.

To further deepen our understanding of the interaction of CNDs and macrophages, the
final aims of this study examined potential uptake routes of CNDs into THP-1 monocyte-
derived macrophages. Previous studies have denoted the involvement of actin, micro-
tubules, and endocytic pathways in the uptake of nanoparticles: (i) Dos Santos et al. showed
that the use of chlorpromazine, genistein, nocodazole, and cytochalasin A inhibited the
uptake of carboxylated polystyrene nanoparticles via clathrin-mediated endocytosis in
various cell lines [21,47]. Chlorpromazine suppresses clathrin disassembly and receptor
recycling in the cell membrane. Genistein specifically inhibits tyrosine kinase receptors
involved in calveolae-mediated endocytosis. Nocodazole and cytochalasin A disrupt mi-
crotubule and actin filaments. (ii) Park et al. demonstrated that amiloride successfully
inhibited the uptake of hydrophobically modified glycol chitosan nanoparticles (HGC-
NPs). Amiloride inhibits macropinocytosis by suppressing Na*/H" exchange [20]. These
studies suggest that nanoparticles may enter cells primarily through endocytic pathways.
Nonetheless, no research has been committed to utilizing these inhibitors to characterize
the potential uptake routes of CNDs into macrophages.

In addition to the previously mentioned inhibitors, our study employed a variety
of chemical inhibitors designed to cover multiple cellular entrance routes. Among the
list were mercury chloride (HgCl,), which is known to inhibit aquaporin channels [21].
Barium chloride and 4-aminopyridine also served to block potassium channels [18]. The
extensive list of inhibitors also included niflumic acid, ebselen, and phenylglyoxal. Uptake
analysis demonstrated significant inhibition in the uptake of CNDs when macrophages
were treated with nocodazole, N-phenylanthranilic acid, and mercury chloride (HgCly)
(Figure 7). Changes were also observed with other inhibitors; however, no significant trend
could be established (Figure 8). Treatment with cytochalasin A demonstrated inhibition
of CNDs uptake. However, upon performing cell viability tests, it was discovered that
cytochalasin A had adverse effects on macrophages (Figure 9). This likely represents the
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observed inhibition of CNDs uptake as a causation of cell death, which would reduce the
fluorescent signal of CNDs, giving the appearance of uptake inhibition.

The observed inhibition of CNDs uptake as a result of treatment with nocodazole sug-
gests that CNDs can gain entrance into cells through endocytic pathways. N-phenylanthranilic
acid acts as a chloride channel blocker in cell membranes. The CNDs utilized in this study
exhibit negatively charged surface functional groups. Given that chloride is a negatively
charged molecule, the passage of CNDs through this channel has merit. This result also
gives rise to an interesting notion. Though small even in the nanoparticle scale (=10 nm),
CNDs are still relatively large in comparison to chloride ions (~0.2 nm). Our results sug-
gest that depending on the surface groups tailored to CNDs, size may not be an issue in
gaining entrance into cells through ion channels. Nanoparticles have demonstrated the
capability of binding to carrier proteins in order to enter plant cells through aquaporins,
ion channels, or endocytosis [48]. These findings explain the inhibition of uptake observed
with treatment of macrophages with HgCl, and suggest that CNDs may pass through
aquaporins in similar fashion.

Our results showed that CNDs are taken up by THP-1 monocyte-derived macrophages.
However, in vivo, it remains unclear whether CNDs can enter macrophages and accumu-
late in the aorta or atherosclerotic plaque. In addition, the efficacy of the interaction of
nanoparticles and their target cell is judged not just by their ability to enter a cell but also
by the time it takes to be metabolized or released. It is not yet clear whether CNDs are
released from macrophages or other cells or tissues and whether this nanoparticle can be
metabolized into different molecules, which remains to be further examined in the future.

In summary, our results provide novel evidence of the interaction of CNDs and
macrophages involved in atherosclerosis. CNDs were confirmed to be non-toxic in concen-
trations that do not exceed 0.3 mg/mL by performing Trypan Blue cell counts and ViaCount
flow cytometry. Our PCR results indicate a significant increase in the expression of at least
one M2 biomarker (CD 206) and increases in M1 biomarkers CCL2 and CD 68. Two of these
biomarkers are involved in the phagocytic function of macrophages. Although no fixed
conclusions can yet be assumed regarding how CNDs affect macrophage polarization, our
phagocytosis assay results indicate that CNDs treatment during the differentiation process
boosts phagocytic activity, which is possibly due to the scavenging of ROS. Lastly, we also
determined potential cellular uptake routes of CNDs. Results showcased inhibitions of
CNDs uptake in cells treated with nocodazole, n-phenylanthranilic acid, and mercury
chloride, providing evidence for entrance routes in the form of endocytosis, chloride,
and water channels. Due to their crucial role as mediators in atherogenesis and their
involvement in several aspects of the immune response, macrophages are popular targets
in vascular research and therapeutic treatment [49]. Upon injury to the endothelium of
blood vessels by ox-LDL, circulating monocytes differentiate into pro-inflammatory (M1)
or anti-inflammatory (M2) macrophages [49]. In progressing lesions, M1 macrophages
engulf excess ox-LDL [49]. The effect of CNDs on the polarization of macrophages has not
been examined. Our results would provide new information on the potential applications
of novel CNDs to modulate macrophages’ polarization, which is a promising treatment
strategy for atherosclerosis, a chronic progressive inflammatory disease. Collectively, these
results yield a deeper understanding in the interaction between macrophages involved in
atherosclerosis and CNDs.
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Abstract: Seliciclib, a broad cyclin-dependent kinases (CDKs) inhibitor, exerts its potential role in
cancer therapy. For taking advantage of overexpressive transferrin receptor (TfR) on most cancer
cells, T7 peptide, a T{R targeting ligand, was selected as a targeting ligand to facilitate nanoparticles
(NPs) internalization in cancer cells. In this study, poly(D,L-lactide-co-glycolide) (PLGA) was conju-
gated with maleimide poly(ethylene glycol) amine (Mal-PEG-NH,) to form PLGA-PEG-maleimide
copolymer. The synthesized copolymer was used to prepare NPs for encapsulation of seliciclib which
was further decorated by T7 peptide. The result shows that the better cellular uptake was achieved
by T7 peptide-modified NPs particularly in TfR-high expressed cancer cells in order of MDA-MB-231
breast cancer cells > SKOV-3 ovarian cancer cells > U87-MG glioma cells. Both SKOV-3 and U87-MG
cells are more sensitive to encapsulated seliciclib in T7-decorated NPs than to free seliciclib, and that
ICs( values were lowered for encapsulated seliciclib.

Keywords: seliciclib; T7 peptide; nanoparticles; TfR-overexpressed cancer cells

1. Introduction

Cyclin-dependent kinases (CDKSs) are a group of threonine/kinases and play regu-
latory roles in cell cycle or transcription, which requires binding of subunits known as
cyclins. Nevertheless, among 21 CDKs, only a certain subset of the CDK/cyclin complex
is directly involved in driving the cell cycle, namely, interphase CDKs (CDK2, CDK4
and CDK6) and a mitotic CKD (as known as CDK1) [1]. The development of cancer is
characterized by mysregulated CDKs, which contribute to cell cycle defects including
unscheduled proliferation, genomic instability and chromosomal instability. In addition,
many cancers are uniquely dependent on specific CDKSs and, hence, selectively sensitive
to inhibition of them. CDK2 is a core cell-cycle component that is essentially active from
the late G1-phase and throughout the S-phase; otherwise, CDK2 is expressed at a lower
level in most normal tissues [2]. The rationale to target CDK2 for treatment of malignancies
includes the indispensable role of CDK2 in proliferation and overexpression of its binding
partners, cyclin A or E in several cancers, such as ovary cancer, breast cancer and glioma
etc. [3-6]. Moreover, overexpression of cyclin E has been reported to correlate with the
tumor formation in mice and poor prognosis in patients with different cancer types [7].
Owing to the exclusivity of cyclin E for CDK2 and its deregulation in some cancers, CDK2
is an attractive target in cancer therapy.

Seliciclib, also known as (R)-roscovitine or CYC202, is a broad range purine analog
inhibitor, which mainly inhibits CDK1, CDK2, CDK5, CDK?7 and CDK®9 instead of CDK4
and CDKae6. Preclinical studies have shown great anti-cancer potential of seliciclib [8-12].
However, clinical trials showed limited benefits in a series of cancer therapies [13,14]. This
might be attributed to dependence of CDKs in different stages of tumor development
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and its rapid metabolism, which limited the maintenance of drug concentration within
therapeutic window [15].

In addition to active pharmaceutical ingredients, nanomedicine provides supportive
components which improve drug bioavailability as well as aid in drug protection, site-
specific activation and cellular uptake [16]. The modification of nanoparticles” (NPs) sur-
faces to actively target the overexpressed biomolecules on the surface of a tumor provides
specific binding and more efficient internalization of a drug through receptor-mediated
endocytosis [17]. Cell-penetrating peptides (CPPs) and short-chain peptides as targeting
ligands have been applied to facilitate nanocarriers crossing the blood brain barrier (BBB)
and target to glioblastoma as well [18]. CPPs are defined as short chain peptides (no more
than 30 amino acids) possessing ability not only to translocate themselves into cells but
facilitate the cargo complex entering the targeting sites. The applications of CPPs involve
fields of inflammation, central nervous system disorders, ocular disorders and cancer
treatment [19]. In the strategy against tumor development, CPPs play an important role
in circumvention of the barrier constructed by the tumor and its microenvironment. The
application of CPPs in cancer therapy has drawn lots of attention in areas including triple-
negative breast cancer, ovarian cancer, colorectal cancer etc. [20-22]. Recently, the cationic
Tat-peptide modified nanoformulations have been demonstrated to deliver antiviral drugs
as well as vaccines for treatment of SARS-CoV-2 infections [23].

Transferrin receptor (TfR) is a 180 kDa membrane glycoprotein, which can import iron
by binding transferrin. TfR is classified into two subtypes, TfR1 (known as CD71) and TfR2.
TfR1 is a homodimeric type II transmembrane glycoprotein expressed ubiquitously on
the surface of most cells while TfR2 is mainly expressed in the liver. TfR1 is expressed on
malignant cells at levels about 100-fold higher than those on normal cells, and its expression
can be correlated with either tumor stage or cancer progression [24]. Targeting TfR of cancer
cells promotes the delivery of therapeutic agents and blocks the natural function of the
receptor leading to cancer cell death [25]. T7 peptide (HAIYPRH), composed of seven
peptides, has been reported to specifically bind to TfR with high affinity (Kd of 10 nM).
Due to different binding site from Tf, endogenous Tf will not compete with the uptake of
T7 peptide-modified nanocarriers. Meanwhile, Tf facilitating T7 uptake in vivo has been
confirmed which attracts T7 peptide being applied in a cancer-targeting drug delivery
system [26-28] In this study, we took advantage of NPs and targeting ability of T7 peptide
to facilitate seliciclib uptake by cancer cells and achieve a better cytotoxicity effect in
TfR-overexpressed cancer cells.

2. Materials and Methods
2.1. Materials

1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC), N-ethyldiisopr
opylamine (N,N-diisopropylethlamine) (DIEA, 99%), and thiazolyl blue tetrazolium bro-
mide (MTT, 98%) were from Alfa Aesar (Echo Chemical Co., Ltd., Heysham, UK). N-
hydroxysuccinimide (NHS, 98%) and poly(vinyl alcohol) (PVA, 88% hydrolyzed, 20,000
30,000 g/mol) were from Acros Organics Co., Inc. (Fair Lawn, NJ, USA). Poly(D,L-lactide-
co-glycolide) 50:50 (PLGA, ~52,000 g/mol) was from Evonik Industries (Birmingham, AL,
USA). Maleimide poly(ethylene glycol) amine (Mal-PEG-amine, 5000 g/mol) was provided
by Hunan Hua Teng Pharmaceutical Co., Ltd. (Merelbeke, Belgium). FITC-NHS (MW
473.4 g/mol) was from Thermo Fisher Scientific Inc. (Hudson, NH, USA). FITC-Cys-T7
peptide (1498.71 g/mol, FITC-Cys-His-Ala-Ile-Tyr-Pro-Arg-His-OH) was from Kelowna
International Scientific Inc. (Taipei, Taiwan). Anti-human CD71 (transferrin receptor)
monoclonal antibody, allophycocyanin (APC) and mouse IgG1 kappa Isotype Control
APC were from eBioscience, Inc. (Vienna, Austria). Seliciclib (purity > 99%) was from LC
Laboratories (Woburn, MA, USA). A549, MDA-MB-231, SKOV-3 and U87-MG cell lines
were from Bioresource Collection and Research Center (Hsinchu, Taiwan).
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PEGylation efficiency (mol%) =

2.2. Synthesis and Characterization of Poly(D,L-Lactide-Co-Glycolide)-Poly(Ethylene Glycol)
(PLGA-PEG)-Maleimide Copolymer

PLGA-PEG-maleimide was synthesized by two steps. In the first step, activation of
PLGA to PLGA-NHS was performed based on previous method with modification which
was subsequently conjugated with NH;-PEG-maleimdie [29-31]. Briefly, PLGA-NHS
was reacted with NHy-PEG-maleimide (molar ratio 1:2) in chloroform at room tempera-
ture for 24 h in dark. The synthesized PLGA-PEG-maleimide was precipitated with cold
methanol/ether co-solvent (1:4 v/v) and centrifuged under 4000 rpm at 4 °C for 10 min.
The precipitate was re-dissolved in chloroform and precipitated by co-solvent three times.
Finally, the product was dried in vacuum desiccator for 24 h. The yield and the molar mass
were determined. The molar mass of PLGA-PEG-maleimide was determined by size exclu-
sion chromatography (SEC) equipped with a refractive index detector (RI 2031 Plus, Jasco,
Tokyo, Japan) and a Styragel® HR 4E column (7.8 mm x 300 mm, Waters, Milford, MA,
USA). The mobile phase was high-performance liquid chromatography (HPLC)-graded
chloroform and the flow rate was set at 1 mL/min at 35 °C. The copolymer was dissolved
in chloroform and filtered through a 0.22 um polytetrafluoroethylene (PTFE) syringe filter
prior to injection. The polystyrene standards were used to construct the calibration curve
by plotting the logarithm of the nominal molar mass versus the retention time. The molar
mass of PLGA-PEG-maleimide was then calculated based on the calibration curve. The
PEGylation efficiency was determined by Equation (1) based on the indicating peaks of
PLGA-PEG-maleimide shown in 'H nuclear magnetic resonance (NMR) spectrum.

Area (3.62 ppm)
I x MW of PEG

MW of EG monomer 0
Area (1.55 ppm) + Area (4.80 ppm) + Area (5.20 ppm) x 100% @
6 % MW of PLGA

MW of (LA monomer + GA monomer)

2.3. Preparation and Characterization of Seliciclib-Loaded Nanoparticles (NPs)

PLGA-PEG-maleimide copolymer was used to prepare NPs for encapsulation of
seliciclib. The single emulsion solvent evaporation method was applied to prepare seliciclib-
loaded NPs (seliciclib@NPs) [32]. Briefly, seliciclib and copolymer (1:5 w/w) were dissolved
in dichloromethane, and seliciclib-copolymer mixture was added into pH 7.4 phosphate-
buffered saline (PBS) containing 0.5% polyvinyl alcohol solution (O/W 1:10 v/v) under
sonication in an ice bath followed by magnetic stir for 4 h. The residual organic solvent was
eliminated by rotary evaporator under reduced pressure at 30 °C. The seliciclib@PLGA-
PEG-maleimide NPs (seliciclib@PPM NPs) were collected after centrifugation and washed
with water twice. To prepare seliciclib loaded T7 peptide-conjugated NPs (seliciclib@PPM
NPs-Cys-17), seliciclib@PPM NPs and Cys-T7 peptide (molar ratio 1:2) were incubated in
pH 7.4 PBS for 2 h and then collected after centrifugation followed by lyopilization [33].
The yields of seliciclib-loaded NPs were calculated. The peptide conjugation efficiency
was calculated by using Equation (2) where the fluorescence of fluorescein isothiocyanate
(FITC)-labeled T7 peptide was determined.

Conc. of FITC labeled Cys—T7 peptide
MW of FITC labeled Cys—T7 peptide (1498 .71 g/mol)

Cys — T7 peptide conjugation ratio (mol%) = (2)

Conc. of FITC labeled PLGA—PEG—maleimide—Cys—T7
MW of FITC labeled PLGA—PEG—maleimide—Cys—T7 (59,700 g/mol)

The particle size and zeta potential were determined by zetasizer (Nano-Z5S90, Malvern
Instruments, Worcestershire, UK). The amount of seliciclib encapsulated by NPs was
determined by HPLC detected at 290 nm. The drug loading (DL) and encapsulation
efficiency (EE) were calculated. The morphology of NPs was observed by transmission
electron microscope (TEM) (Hitachi H-7650, Hitachi High-Technologies Corporation, Tokyo,
Japan). The NPs suspension was dripped on copper grids (300 mesh Formvar/carbon
coated) and pended for 30 s. The excess solution was removed by filter paper. The
phosphotungstic acid solution (2% w/v) was added and placed for another 30 s to stain
the NPs. After removing the excess fluid, the sample was proceeded for observation with
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50 K and 400 K magnifications. For the stability study, the freshly prepared seliciclib@NPs
was mixed with sucrose solution followed by lyophilization overnight. The lyophilized
seliciclib@NPs was stored at —20 °C, and the samples were collected at day 0, 7, 14, 21 and
28 after lyophilization. Each sample was resuspended in deionized water, and the particle
size, polydispersity index (PdI), and zeta potential were measured.

In vitro release of seliciclib from seliciclib@PPM NPs and seliciclib@PPM NPs-Cys-T7
was conducted in pH 7.4 PBS release medium at 37 °C. The lyophilized seliciclb@NPs
were loaded in the dialysis bag (cut off MW 12,000-14,000 g/mol) and immersed in release
medium under shaking at 100 rpm. The medium was withdrawn at each specific time
point, and same volume of fresh release medium was added. The collected samples were
subjected to centrifugation and the concentration of seliciclib in the medium was quantified
by the HPLC method.

2.4. Determination of Transferrin Receptor Expression Level

In order to confirm the expression level of transferrin receptor (TfR) on the surface
of cancer cells, the APC-conjugated anti-human CD71 monoclonal antibody and mouse
IgG1 kappa isotype control were applied. Briefly, the cells were trypsinized from a 10 cm
dish and collected, and the cell pellet was resuspended in staining buffer. The anti-human
CD71 antibody or mouse IgG1 kappa isotype was added into the tube and reacted for 1 h
followed by centrifugation and washing with staining buffer for three times. The cell pellet
was then resuspended in staining buffer and analyzed by FACSCalibur (Becton Dickinson,
Franklin Lakes, NJ, USA). A total of 10,000 events were analyzed, and the upper limit of
the IgG isotype control was set no more than 1% of the events with non-specific binding.
The M1 gated (%) and relative mean fluorescence intensity (relative MFI) calculated by
Equation (3) were obtained.

(MFlpng—cp71 — MFIigGi isotype )

R i FI =
elative M MFL

®)

no treatment (unstained)

2.5. Cellular Uptake Study

The cellular uptake of peptide-conjugated PPM NPs-Cys-T7 was investigated, and the
peptide-free PLGA-PEG NPs (PP NPs) were served as the control group. The amount of
NPs uptake by cells was determined by mean fluorescence intensity (MFI) derived from
fluorescence probe FITC. MDA-MB-231 cells, SKOV-3 cells, U87-MG cells or A549 cells
were uniformly seeded in 24-well plates at a density of 2 x 10° cells/well in medium
(McCoy’s 5A medium for SKOV-3 cells; Dulbecco’s Modified Eagle medium (DMEM) for
others) containing 10% bovine growing serum and 1% PSA, and incubated for 24 h. The PP
NPs and PPM NPs-Cys-T7 were added and incubated in 5% CO; at 37 °C for 2 h. The cells
were washed with PBS for three times and trypsinized followed by centrifugation. Finally,
the cells were collected and the fluorescence intensity was measured by flow cytometer
(BD FACSCalibur Becton Dickinson, Franklin Lakes, NJ, USA). A total of 10,000 events
were analyzed for each sample, and the cellular uptake efficiency in terms of relative mean
fluorescence intensity was calculated as follows:

MFIppym Nps—cys—17 — MFIpp Nps

Cellular uptake efficiency =

4)

MFInonftreatment

2.6. Fluorescence Microscopy

MDA-MB-231, SKOV-3, U87-MG and A549 cells were seeded at a density of 2 x 10°
cells/well on coverslip in 6-well plates. After 24-h incubation, the medium was removed,
and PBS was added to wash the cells, further replaced by a final concentration of 1 mg/mL
of NPs in free DMEM medium except McCoy’s 5A medium for SKOV-3 cells. After
incubation at 37 °C in 5% CO, for 2 h, cells were washed with cold PBS and fixed with
cold methanol. After washing with PBS, the nucleus was subsequently stained with
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4’ 6-diamidino-2-phenylindole (DAPI), followed PBS washing cycle. Finally, coverslip
was covered on the slide with Fluoromount gel. The sample slides were imaged by a
fluorescence microscope (Zeiss Axiolmager. Al, Jena, Germany).

2.7. Cytotoxicity of Seliciclib@NPs (Nanoparticles)

MDA-MB-231 cells, SKOV-3 cells, U87-MG cells or A549 cells were uniformly seeded
in 96-well plates at a density of 1 x 10* cells/well in medium (McCoy’s 5A medium for
SKOV-3 cells; DMEM medium for others) containing 10% bovine growing serum and 1%
PSA. After 24 h incubation, the medium was replaced with various concentrations of free
seliciclib or seliciclib@NPs (1-50 pg/mL). The cells were further incubated in 5% CO, at
37 °C for 48 h. Subsequently, the MTT solution was added into each well for another 4-h
incubation. Finally, the supernatant was removed, and dimethyl sulfoxide (DMSO) was
added to dissolve the formazan crystal. The absorbance was measured at 570 nm and
690 nm by a microplate reader (SpectraMax Paradigm, Molecular Devices, San Jose, CA,
USA) and cytotoxicity was interpreted as follows:

[OD57O nm — ODggo nm]sum le
Cytotoxicity (%) = [1— ’ x 100% >
y Y ( ) [OD57O nm — ODgog nm]control ( )

2.8. Statistical Analysis

All statistical analysis was conducted by SigmaPlot 12.5 (Softhome International, Inc.,
Taipei, Taiwan). One-way analysis of variance (ANOVA) and unpaired Student’s ¢-test
were applied, and the statistical significance was defined as p < 0.05.

3. Results and Discussion
3.1. Characterization of PLGA-PEG-Maleimide Copolymer

Figure 1A illustrates the 'H NMR spectrum of PLGA-PEG-maleimide. The signals at
5 1.55 ppm, 6 4.80 ppm, and 4 5.20 ppm derived from PLGA represent -CH3 protons of
lactide (a), -CH2 protons of glycolide (b), and -CH proton of lactide (c), respectively. On the
other hand, the signal at § 3.62 ppm represents -CH2- protons of PEG-maleimide (d). All of
these indicating peaks in the 'H NMR spectrum imply the successful conjugation of PEG-
maleimide onto PLGA. The yield of synthesized PLGA-PEG-maleimide was 53.4 =+ 3.4%.
The molar mass of PLGA-PEG-maleimide was determined by size exclusion chromatogra-
phy (SEC) (Figure 1B). The weight-average molar mass (M), number-average molar mass
(Mp), and dispersity of synthesized PLGA-PEG-maleimide were 59,700 £ 2600 g/mol,
32,000 & 1900 g/mol and 1.87 £ 0.03, respectively. The M,, increased approximately
8000 g/mol after conjugation with PEG compared to commercial PLGA, and the PEGyla-
tion efficiency was 60.4 4= 4.0 mol%.

3.2. Characterization of Seliciclib-Loaded NPs

PLGA-PEG-maleimide NPs (PPM NPs) were prepared followed by functionalized
with T7 peptide via maleimide-thiol linkage, and the peptide conjugation efficiency was
26.9 £ 4.8 mol%. The anticancer drug, seliciclib, was encapsulated by peptide-free and
peptide-conjugated NPs, respectively, and the characteristics of seliciclib@PPM NPs and
seliciclib@PPM NPs-Cys-T7 are summarized in Table 1. The particle sizes of seliciclib@PPM
NPs and seliciclib@PPM NPs-Cys-T7 were 115.7 £ 5.5 nm and 127.3 &£ 0.7 nm with narrow
size distribution (PdI0.11 £ 0.03 and 0.19 = 0.03, respectively). The increasing zeta potential
from —30.8 £ 9.2 mV to —20.0 £ 4.2 mV was observed after conjugation of T7 peptide.
The encapsulation efficiency (EE) of seliciclib was 64.8 £ 3.7% for seliciclib@PPM NPs and
60.0 £ 1.2% for seliciclib@PPM NPs-Cys-T7, and the corresponding drug loading (DL)
was 14.9 £ 1.0% and 12.3 & 0.5%, respectively. The TEM images illustrate these particles
were separated with spherical shape (Figure 2). The size of seliciclib@NPs observed in
TEM images was approximately 90 nm which was slightly smaller than the ones measured
by dynamic light scattering (DLS) method (115.7 nm to 127.3 nm). It might be attributed
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to the difference in sample preparation process. For DLS method, the NPs suspension
was diluted with deionized water followed by measurement directly. In contrast, the NPs
sample for TEM imaging was subjected to the drying process to retain the particles on
the mesh for observation. This dehydration process induced the shrinkage of outer PEG
hydrophilic layer and smaller size of particles was observed.
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Figure 1. (A) 'H nuclear magnetic resonance (NMR) spectrum and (B) size exclusion chromatograms
of poly(D,L-lactide-co-glycolide)-poly(ethylene glycol)-maleimide (PLGA-PEG-mal, n = 3).

160



Nanomaterials 2021, 11, 772

Table 1. The characteristics of seliciclib@PLGA-PEG-maleimide nanoparticles (seliciclib@PPM NPs)
and seliciclib@PPM NPs-Cys-T7.

Seliciclib@PPM NPs Seliciclib@PPM NPs-Cys-T7

Particle size (nm) 115.7 £ 5.5 127.3 £ 0.7

PdI 0.11 £ 0.03 0.19 £ 0.03

Zeta potential (mV) —30.8 +£9.2 —20.0+ 42
Yield (%) 725+ 3.6 813+ 1.7
EE (%) 64.8 £3.7 60.0 £ 1.2

DL (%) 149 +£1.0 123+ 0.5

Peptide conjugation (mol%) - 269 £4.38

Magnification 50K 400K

(A)
Seliciclib@PPM NPs

(B)
Seliciclib@PPM NPs-Cys-T7

Figure 2. Transmission electron microscope (TEM) images of (A) seliciclib@PPM NPs and (B) selici-
clib@PPM NPs-Cys-T7 with magnification 50 K (scale bar: 200 nm) and 400 K (scale bar: 50 nm).

3.3. Stability and Release of Seliciclib@NPs

The lyophilized NPs were stored at —20 °C for 28 days. The samples were collected
at specific time points and re-dispersed in deionized H,O for particle size, Pdl, and zeta
potential measurement. All seliciclib@PPM NPs and seliciclib@PPM NPs-Cys-T7 main-
tained their particle size during storage (Figure 3A) and the final to initial size ratios (S¢/S;)
were within 5% (ranging from 0.96 to 0.99) with PdlIs below 0.25 (Figure 3B) indicating no
aggregation occurred. In addition, there was no obvious change in zeta potentials of NPs
after lyophilization and reconstitution as well (Figure 3A). All of these results implied the
great stability of lyophilized seliciclib@PPM NPs and seliciclib@PPM-Cys-T7 NPs in these
storage conditions following reconstitution with deionized water.

The release of seliciclib from NPs under simulated physiological conditions was
demonstrated in pH 7.4 PBS. Figure 3C illustrates the in vitro release of seliciclib from
seliciclib@PPM NPs and seliciclib@PPM NPs-Cys-T7 in pH 7.4 PBS release medium at
37 °C. There were 81.9 & 10.7% and 79.9 & 3.0% of drug released from seliciclib@PPM NPs
and seliciclib@PPM NPs-Cys-T7, respectively, within 96 h, and the corresponding ts5 values
(the time for 50% of seliciclib released) were 12.8 4+ 4.6 and 13.2 + 0.8 h. These results
indicate that the conjugation of peptide onto NPs did not affect seliciclib release and the
similar ts5( values were observed in seliciclib@PPM NPs and seliciclib@PPM NPs-Cys-T7.
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Figure 3. Stability of lyophilized seliciclib@NPs for 28 days. (A) Particle sizes (bar) and zeta potentials
(line). (B) Final to initial size ratio (S¢/S;) (bar) and PdIs (line). (C) Cumulative release of seliciclib
from seliciclib@NPs in pH 7.4 phosphate-buffered saline (PBS) release medium at 37 °C. (n = 3,
mean =+ SD).

3.4. Cellular Uptake of NPs

Since TfR plays an important role in dominating cellular uptake of T7 peptide-
modified NPs, the TfR expression levels in MDA-MB-231 breast cancer cells, SKOV-3
ovarian cancer cells, U87-MG glioma cells, and A549 non-small cell lung cancer cells were
determined first. The degree of transferrin receptor expression was defined as low ex-
pression with 0-30% of M1 gated, medium expression with 30-60% of M1 gated and high
expression with 61-100% of M1 gated [34]. Figure 4A shows MDA-MB-231, U87-MG, and
SKOV-3 cancer cells had a high expression of TfR with 99.83%, 99.91% and 99.72% of M1
gated, respectively. On the other hand, A549 cancer cells had a low expression of TfR with
2.42% of M1 gated. Among three highly TfR-expressive cancer cells, MDA-MB-231 cells
exhibited the highest relative MFI of 301.8 compared to 114.1 for SKOV-3 cells and 116.7
for U87-MG cells (Figure 4B).
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Figure 4. (A) The cytometric histograms of various cancer cells stained with anti-human CD71
antibody (green line) and isotype IgG control (orange line), the black line indicated the group without
any treatment. (B) Transferrin receptor (TfR) expression levels expressed in relative mean fluorescence
intensity (MFI) calculated by Equation (3).

The uptake of PP NPs and PPM NPs-Cys-T7 in various cancer cell lines for 2 h was
analyzed by flow cytometer and the mean fluorescence intensity (MFI) was determined.
Figure 5A shows that, generally, the uptake of T7-modified NPs (PPM NPs-Cys-17) was
elevated as compared to peptide-free NPs (PP NPs) in all cancer cells, especially in highly
TfR-expressive MDA-MB-231 cells. In contrast, A549 cells were used as a negative control
of TfR-expression and displayed the lowest MFI among these cancer cell lines. These
results indicated the improvement of NPs uptake in TfR-overexpressed cancer cells was
through T7 peptide. The cellular uptake efficiency, in terms of relative MFI calculated
by Equation (4), of PPM NPs-Cys-T7 at 1.5 mg/mL in four cancer cell lines was further
displayed in Figure 5B. Herein MDA-MB-231 cells exerted the highest cellular uptake
efficiency followed by SKOV-3, U87-MG and A549 cells.
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Figure 5. (A) Cellular uptake of PLGA-PEG (PP NPs) and PLGA-PEG-maleimide (PPM) NPs-Cys-T7
in four cancer cell lines under 5% CO, at 37 °C for 2 h analyzed by flow cytometer (n = 3, mean + SD,
*p <0.05, ** p <0.01, ** p < 0.001, compared to PP NPs). (B) Cellular uptake efficiency of PPM
NPs-Cys-T7 (relative MFI calculated by Equation (3)) at 1.5 mg/mL in four cancer cell lines.

Figure 6 shows the fluorescence microscope images for cellular uptake of FITC-labeled
NPs in MDA-MB-231 (Figure 6A), SKOV-3 (Figure 6B), U87-MG (Figure 6C), and A549 cells
(Figure 6D), respectively. The cell nuclei, presented as blue, were stained with DAPI, and
the green signals were derived from the FITC labeled NPs. The fluorescence intensity of PP
NPs was very weak no matter in TfR-high expressed cancer cells (e.g., MDA-MB-231, SKOV-
3, and U87-MG) or TfR-low expressed A549 cells. The images show stronger fluorescence
intensity for peptide-conjugated PPM NPs-Cys-T7 than for peptide-free PP NPs, especially
in highly TfR-expressed cancer cell lines (e.g.,, MDA-MB-231, SKOV-3, and U87-MG cells),
indicating more NPs internalized into TfR-overexpressed cells via functional T7 peptide.
However, there was slight difference in fluorescence intensity between PP NPs and PPM
NPs-Cys-T7 in negative control A549 cells.

Since transferrin receptor plays an important role in delivery of T7 peptide-functional
ized NPs into tumor cells, the correlation of TfR expression level and internalization of
T7 peptide (Figure 7A) as well as cellular uptake of PPM NPs-Cys-T7 (Figure 7B) are
further evaluated. It is found that the cellular uptake of PPM NPs-Cys-T7 (y) exerts high
correlation to TfR expression level (x) with R? ~ 0.991 in these four cancer cells (Figure 5B).
The role of T7 peptide in the presence of NPs or not is worth elucidating. The slope of the
correlation line shown in Figure 5 is served as the indicator for utilization of TfR on either
internalization of peptide or uptake of peptide-conjugated PPM NPs-Cys-T7. Figure 5A
demonstrates the utilization of TfR with the treatment of T7 peptide alone in terms of slope
0.0182, while for the conjugation of T7 peptide onto NPs, the slope of correlation equation
increased to 0.1996 (Figure 7B). This implied that PPM NPs-Cys-T7 exerts ten-fold efficient
utilization of TfR as compared to T7 peptide alone. This result elucidates the important
role of T7 peptide particularly in the presence of NPs. A combination of targeting peptide
and nanocarriers allows PPM NPs-Cys-T7 possessing synergistic effect on delivery of
seliciclib@NPs via receptor-mediated pathway to induce cancer cell apoptosis. In other
words, the correct orientation of T7 peptide on NPs is feasible for recognizing TfR on
receptor overexpressed tumor cells resulting in higher cellular uptake efficiency of PPM
NPs-Cys-T7.
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Figure 6. Fluorescence microscopic images of (A) MDA-MB-231, (B) SKOV-3, (C) U87-MG and
(D) A549 cells treated with free medium only (left) and FITC-labeled PP NPs (middle) and PPM
NPs-Cys-T7 (right). The blue spots indicate the nuclei stained with DAPI, and the green signals
present the FITC-labeled NPs. (400 x, scale bar 20 pm).
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Figure 7. Correlation of TfR expression level and (A) internalization of T7 peptide as well as (B)
cellular uptake of PPM NPs-Cys-T7 in four cancer cell lines.

3.5. Cytotoxicity of Seliciclib@NPs

Figure 8 shows the cytotoxicity of seliciclib, seliciclib@PPM NPs, and seliciclib@PPM
NPs-Cys-T7 in MDA-MB-231, SKOV-3, U87-MG, and A549 cells for 48 h, and the corre-
sponding ICs, values are summarized in Table 2. MDA-MB-231 cells exhibited high sus-
ceptibility to free seliciclib with ICsy 3.58 4= 0.91 pug/mL. The ICs values of seliciclib@PPM
NPs and seliciclib@PPM NPs-Cys-T7 in MDA-MB-231 cells were 2.49 £ 1.13 pg/mL and
2.03 £ 0.24 pg/mL, respectively, showing a decrease tendency without significant differ-
ence from that of free seliciclib. Both SKOV-3 and U87-MG cells were relatively insensitive
to seliciclib with ICsp > 50 ug/mL. However, the ICs of seliciclib@PPM NPs significantly
reduced to 7.09 &+ 0.25 pg/mL in SKOV-3 and 4.39 £+ 0.27 ug/mL in U87-MG as com-
pared to free seliciclib (** p < 0.001), which further lowered to 4.92 + 0.19 pg/mL and
1.35 + 0.28 ug/mL respectively by seliciclib@PPM NPs-Cy-T7 (*** p < 0.001). This means
more efficient delivery of seliciclib by NPs, particularly the peptide-modified NPs into
SKOV-3 and U87-MG cancer cells. A549 cells were not sensitive to seliciclib either with
IC5p > 50 ng/mL. Nevertheless, the ICs of seliciclib@PPM NPs significantly reduced to
3.02 4 0.50 ug/mL as compared to free seliciclib (** p < 0.001) due to enhanced permeabil-
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ity and retention (EPR) effect of NPs. There was no significant difference in ICsy between
seliciclib@PPM NPs and seliciclib@PPM NPs-Cys-T7 in A549, implying the conjugation of
T7 peptide did not affect the cytotoxicity in cancer cells with low TfR expression.
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Figure 8. Cytotoxicity of seliciclib, seliciclib@PPM NPs and seliciclib@PPM NPs-Cys-T7 in (A) MDA-
MB-231, (B) SKOV-3, (C) U87-MG and (D) A549 cells for 48 h. (n = 3, mean + SD, * p < 0.05, ** p < 0.01,
% p < 0.001).
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Table 2. The ICsy of seliciclib, seliciclib@PPM NPs and seliciclib@PPM NPs-Cys-T7 in four cancer cell lines for 48-h treatment.
(n =3, mean =+ SD, ## p < 0.001, compared to ICs of seliciclib; *** p < 0.001, compared to ICs of seliciclib@PPM NPs).

11 Li
CellLine /1A MB-231 SKOV-3 US7-MG A549
IC50 (ug/mL)

Seliciclib 3.58 + 0.91 >50 >50 >50
Seliciclib@PPM NPs 249 +1.13 7.09 + 0.25 ### 439 £ 0.27 ## 3.02 + 0.50 ###
Seliciclib@PPM NPs-Cys-T7 2.03 +0.24 4.92 £ 0.19 #1135 4 (.08 # e 3.09 + 0.16 ##

4. Conclusions

To the best of our knowledge, this study was the first to encapsulate seliciclib in T7
peptide conjugated PLGA-PEG NPs (seliciclib@PPM NPs-Cys-T7) for cancer therapy. The
advantage of NPs and the targeting ability of T7 peptide concurrently enhanced cellular
uptake of peptide-conjugated PPM NPs-Cys-T7 in TfR-high expressed cancer cells in order
of MDA-MB-231 > SKOV-3 > U87-MG. For seliciclib-loaded NPs, since MDA-MB-231 cells
exhibited high susceptibility to free seliciclib, the further effects of NPs and T7 peptide on
its cytotoxicity were limited. Instead of low susceptibility to free seliciclib by SKOV-3 and
U87-MG cancer cells, the antitumor cytotoxicity in terms of ICsy was prominently lowered
by seliciclib@NPs particularly the T7 peptide-conjugated seliciclib@PPM NPs-Cys-T7.
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Abstract: A combination of carbon ions/photons irradiation and hyperthermia as a novel therapeutic
approach for the in-vitro treatment of pancreatic cancer BxPC3 cells is presented. The radiation doses
used are 0-2 Gy for carbon ions and 0-7 Gy for 6 MV photons. Hyperthermia is realized via a standard
heating bath, assisted by magnetic fluid hyperthermia (MFH) that utilizes magnetic nanoparticles
(MNPs) exposed to an alternating magnetic field of amplitude 19.5 mTesla and frequency 109.8 kHz.
Starting from 37 °C, the temperature is gradually increased and the sample is kept at 42 °C for 30 min.
For MFH, MNPs with a mean diameter of 19 nm and specific absorption rate of 110 + 30 W/gp.304
coated with a biocompatible ligand to ensure stability in physiological media are used. Irradiation
diminishes the clonogenic survival at an extent that depends on the radiation type, and its decrease is
amplified both by the MNPs cellular uptake and the hyperthermia protocol. Significant increases
in DNA double-strand breaks at 6 h are observed in samples exposed to MNP uptake, treated with
0.75 Gy carbon-ion irradiation and hyperthermia. The proposed experimental protocol, based on the
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combination of hadron irradiation and hyperthermia, represents a first step towards an innovative
clinical option for pancreatic cancer.

Keywords: hadron therapy; magnetic nanoparticles; hyperthermia; nanomaterials; magnetic fluid
hyperthermia; pancreatic cancer

1. Introduction

Pancreatic cancer is the seventh leading cause of cancer deaths [1], being responsible for 6% of
all cancer-related deaths. Researchers are tirelessly endeavoring to develop therapies for pancreatic
adenocarcinoma, but in spite of their efforts, survival rate remains poor and most patients have an
unresectable tumor at the time of the diagnosis [2]. To overcome these limits, conventional radiotherapy,
commonly carried out with X-ray beams has been applied in the context of neoadjuvant or adjuvant
therapy concepts, but only modest results have been obtained both because pancreatic cancer is
radioresistant and because of the radiosensitivity of normal tissues and organs surrounding the
tumor [3-6]. Therefore, highly and inherently conformal radiation therapy techniques, e.g., hadron
therapy (HT), present promising alternative treatment options. As an emerging approach, the
combination of these new modalities with more conventional therapeutical protocols seems to offer a
more efficient way to kill cancer tissues and/or to control or possibly inhibit the tumor progression [7-9].

Hadron therapy employs radiation beams consisting of charged particles, like protons, carbon
and helium ions. HT offers some important advantages in comparison to X-ray radiotherapy:
(i) the damage induced on the tumor tissues is generally higher; (ii) as a consequence of point
(i), it allows the treatment of radioresistant tumors; (iii) the surrounding healthy cells are kept safe
because most energy is deposited within the tumor site (Bragg peak), maximizing the cancer cells
damage and (iv) the particle beam remains more collimated along the full path and, therefore, any side
effects to the adjacent normal tissues can be further reduced [10].

Among therapies additional to irradiation, hyperthermia (Hyp) is clinically investigated for its
efficacy [11-15]. The main reason is that the cancer cells are intrinsically sensitive to hyperthermia,
because of the highly disorganized development of the tumor and the consequent blood perfusion
distortion, which leads to low pH and hypoxia; such an environment may favor cell death by
temperature increase [16,17]. On the contrary, healthy tissues are kept safe because they are rarely
in conditions of hypoxia and high acidity. The local heating of tumor tissue has been historically
realized in different ways, e.g., bath heating [18], microwave irradiation [19], radiofrequency waves [20],
focused ultrasounds [21,22], capacitance hyperthermia [23], concentrated laser light [24], magnetic
fluid hyperthermia (MFH) [25-34] and, more recently, innovative techniques resulting from the
coupling of different types of hyperthermia (for example, magnetic and ultrasonic hyperthermia
or magnetic hyperthermia and phototherapy [35,36]). In a relatively recent literature-based review,
Peeken et al. [37] show the currently used hyperthermia techniques for heat delivery and temperature
control, remarking the different modes of action of Hyp. From a different point of view, Datta et al. [38]
reviewed the advantages of using multifunctional MNPs in local tumor MFH, and discussed their role
as multimodal theranostic vectors.

MFH is used for thermoablation (T > 50 °C) or as mild hyperthermia (4045 °C) and has a minimal
invasivity. It is performed by injecting superparamagnetic nanoparticles directly into the tumor and
subsequently exposing the patient to an alternating magnetic field (AMF) of a specific intensity H and
frequency f. The Brezovich criterion [39] Hf < 4.85 x 108 Am~!s7!, although under discussion [23],
is used to save patients” health. MFH has already been successfully applied to treat patients in specialized
hospitals, and many studies evaluated its efficacy on animal models too [40—42]. For what concerns
clinical cases, MagForce AG [43], a company specialized in nanocancer therapy for treatment of tumors,
initiated in 1997 a more than decennial study on materials and treatment methods, finally receiving the
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European Conformity (CE) marking for its MFH system in 2010. To date, it can boast the treatment of
more than 100 patients affected by different types of cancer, e.g., glioblastoma multiforme and prostate
cancer, spreading the MFH protocol to German, Polish and, recently, US hospitals. It is worth noting
that in all successful cases (life expectation increased until 1.5 times), MFH is applied in combination
with photon radiation therapy and, when proper, chemotherapy. The material injected intratumorally
consists of aminosilane-coated magnetic nanoparticles (MNPs) with an iron-oxide magnetite core of a
diameter d = 12-15 nm and dispersed in an aqueous solution [44—47].

The patients underwent six semi-weekly hyperthermia sessions for 60 min: after the MNPs injection
they were exposed to an alternating magnetic field (f = 100 kHz, pyH = 2.5~19 mTesla) combined with
radiotherapy [48]. At the preclinical level, for instance MNPs were used for a case of glioblastoma
multiforme on Wistar rats, using p1gH = 20 mTesla and f = 874 kHz (40 min at T = 42 °C) [49]. Here, asin
many other in-vitro and in-vivo cases, the Brezovich limit is exceeded, thus allowing the release of
more thermal energy [50-52]. Remarkably, in most preclinical cases, superparamagnetic particles
based on a Fe30O, or y-Fe; O3 core with d = 20-22 nm are used, properly coated to prevent undesired
aggregation and for ensuring biocompatibility [53,54].

In addition to X-ray radiotherapy plus MFH therapy, some cases of hyperthermia combined to
HT have been recently reported. Datta et al. [55] report on two patients with unresectable soft-tissue
sarcomas in the lower leg. They were treated with local hyperthermia (RF waves) once a week,
in combination with a daily proton therapy (for 7 weeks), achieving functional limb preservation
with nearly total tumor control. As a second example, Maeda et al. [56] suggested that hyperthermia
(water bath at T = 42.5 °C for 1 h), applied immediately after radiation exposure, might induce
hypersensitization to hadron radiation (protons and carbon ions). Thirdly, Ahmad et al. [57] collected
preliminary data on the sensitization of cells to proton therapy using A549 lung cancer cells subjected
to hyperthermia treatment (T = 42 °C using a heating pad) and to proton irradiation. Their results
showed that the cell survival fraction dropped on average by 10-15% both at 2 and 4 Gy.

As concerns the combined action of radiotherapy, MNPs and hyperthermia, it should be noted
that their effect could be synergistic or additive, as is usual in cancer treatments by means of,
e.g., radiotherapy combined with chemotherapy, immunotherapy, surgery, hyperthermia and so on.
For example, Dong et al. [58] show the synergistic osteosarcoma therapeutic strategy when hyperthermia
is combined with elaborately catalytic Fenton reaction achieved by Fe;O4 and CaO, NPs. On the
other hand, Ito et al. [59] for the treatment of HER2-overexpressing cancer reported the combination of
antibody therapy with magnetic hyperthermia showing an additive effect. Thus, being that killing
tumor cells is the main goal, both additive and/or synergistic effects have been shown to be able to
reduce the survival of tumor cells.

Although sparse data related to radiotherapy plus Hyp are available in the literature, there is a
clear lack of systematic studies regarding the possible combination of HT and Hyp where MFH is used
for locally increasing temperature. The present work aims to address the lack of investigation in this
direction, by presenting a novel and promising approach directed to pancreatic BxPC3 tumor cells
treatment. With the use of HT plus Hyp and, for comparison, of X-ray irradiation plus Hyp, we show
that the clonogenic survival of BxPC3 cell cultures, decreased at first by HT, is further diminished
by MNP uptake and Hyp treatment, the last one giving an additive killing effect of about 15-30%
(MNPs action possibly being synergistic when photons are used). Moreover, when a 0.75 Gy carbon
ions irradiation is used, we noted a significant increase in DNA double-strand-breaks at 6 h due to
MNPs uptake and hyperthermia.

Our experimental results clearly remark the better efficacy of a dual-therapy treatment with
respect to single therapy case and pave the way to translate the proposed protocol to clinic.
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2. Materials and Methods

2.1. Synthesis and Characterization of Nanoparticles

All the samples were prepared under inert atmosphere using commercially available reagents.
Benzyl ether (99%), oleic acid (OA, 90%), oleylamine (OAM, >98%), meso-2,3-Dimercaptosuccinic acid
(DMSA), toluene (anhydrous, 99.8%), dimethyl sulfoxide (anhydrous, 299.9%) and sodium hydroxide
(NaOH, >98%, pellets) were purchased from Aldrich Chemical Co. Iron(Ill) acetylacetonate 99%
(Fe(acac)s) from Strem Chemicals Inc. Hydrochloric acid (HCl, >37%) and absolute ethanol (EtOH)
were purchased from Fluka. Ultrapure water was obtained from a Milli-Q® Synthesis system from
Millipore, Temecula, CA, USA. All chemicals were used as received.

In brief, Fe(acac)s (2.83 g, 8 mmol), OAM (8.56 g, 32 mmol), OA (9.04 g, 32 mmol) and benzyl
ether (80 mL) were mixed and magnetically stirred under a flow of nitrogen in a 250 mL three-neck
round-bottom flask for 15 min. The resulting mixture was heated to reflux (290 °C) at 25 °C/min and
kept at this temperature for 90 min under a blanket of nitrogen and vigorous stirring. The black-brown
mixture was cooled at room temperature and ethanol (60 mL) was added, causing the precipitation of
a black powder. The product was magnetically separated with a permanent magnet, washed several
times with ethanol and finally redispersed in toluene.

Afterwards, 400 mg were dispersed in toluene (60 mL), added to a solution of
meso-2,3-dimercaptosuccinic acid DMSA (600 mg) in dimethyl sulfoxide (DMSO, 15 mL), sonicated
for 1 h and finally incubated at room temperature for 12 h in a rotating agitator. The precipitate was
magnetically separated with a permanent magnet, washed several times first with DMSO and then
with ethanol and finally redispersed in MilliQ water (80 mL). The suspension was then basified to
pH 10 with sodium hydroxide and adjusted to pH 7.4 with hydrochloric acid to make it stable.

The physical characteristics of the MNPs (e.g., size distribution and zeta potential characterized
using a dynamic light scattering (DLS) instrument (Malvern Zetasizer ZS, Malvern Instruments Ltd.,
Malvern, UK). The morphology of the MNPs was determined using transmission electron microscopy,
TEM (CM12 PHILIPS Transmission Electron Microscope, 100 kV).

Powder X-ray diffraction (XRD) measurements were carried out using a Bruker D8 Advance
diffractometer equipped with a Cu K« radiation (A = 1.54178 A) and operating in 6-0 Bragg Brentano
geometry at 40 kV and 40 mA. Lattice parameters, a, and the mean crystallite diameters, dxrp,
were evaluated using the TOPAS® software (Bruker) using the method of the fundamental parameter
approach considering a cubic space group Fd-3m. The surfactant percentage was determined by
elemental analysis on carbon, hydrogen and nitrogen (CHN analysis) performed by a CHN-S Flash
E1112 Thermofinnigan Elementary Analyzer.

Magnetic measurements were performed using a SQUID magnetometer (Quantum Design MPMS,
San Diego, CA, USA) operating in the 2-350 K temperature range with applied fields up to 5 T.
The powder sample was hosted in Teflon tape and then pressed in a pellet to prevent preferential
orientation of the nanocrystallites under the magnetic field. The obtained values of magnetization
were normalized by the weight of ferrite present in the sample and expressed in Am?/kg of ferrite.

2.2. Cell Culture

BxPC3 cells were obtained from ICLC (Interlab Cell Line Collection, Genova, Italy). Cells were
maintained at 37 °C in a humidified atmosphere containing 5% CO; in air as exponentially growing
cultures in RPMI 1640 media (Roswell Park Memorial Institute, Sigma-Aldrich, St. Louis, MO, USA)
supplemented with 10% fetal bovine serum (FBS, Sigma-Aldrich) and gentamicin (50 mg/mL;
Sigma-Aldrich). In these conditions, the doubling time was 35 + 2 h and the plating efficiency
(PE) was about 50%.
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2.3. Cell Toxicity

To assess the effect of MNPs on cell proliferation, BxPC3 cells in the logarithmic growth phase
were treated with MNPs at a different concentration for 24 and 48 h of incubation. Cell toxicity was
assessed by the clonogenic survival quantified after two weeks and was around 50-60% for cells
incubated with MINPs of 50 pg/mL (for further data see Tables S1 and S2). Cell toxicity measured by
the Trypan Blue assay after 48 h was around 3% for the same concentration. Results obtained from the
cell cycle analysis of cells treated with MNPs (50 and 100 pg/mL) for 48 h have not shown alterations
in the cell cycle phases (see Table S3).

2.4. Cellular Uptake of MNPs

To quantify the cellular uptake of MNPs (after 48 h of incubation at a concentration of 50 pug/mL),
elemental iron (Fe) was quantitatively measured by inductively coupled plasma optical emission
spectrometry (ICP-OES) with iCAP 6200 Duo upgrade, Thermofisher. Digestion with nitric acid was
carried out at room temperature (T = 22 °C). The mean uptake (computed by averaging the results of
all the ICP measurements performed for different experiments) was about 20 pg(Fe)/cell (see Table 54
for more details).

2.5. Irradiation

Cell irradiation with carbon ions was performed using the synchrotron-based clinical scanning
beams (fixed horizontal beam line) at the Centro Nazionale di Adroterapia Oncologica (CNAO, Pavia).
Since our cells must be placed in appropriate sample holders (that must respect the CNAO
beamline geometry) and they deposit in the form of monolayers, to have a sufficient number of
cells (1.5 x 10°) and irradiate them with the same dose we chose T25 flasks (25 cm? surface).
The flasks were placed vertically inside a water phantom put at the isocenter on the treatment table,
at a depth of 15 cm, corresponding to the mid spread-out Bragg peak (SOBP). The SOBP (6 cm width,
from 12 to 18 cm depth in water) was achieved with active beam energy modulation, using 31 different
energies (246-312 MeV/u, Linear energy transfer (LET) of about 45 keV/um). Samples were irradiated
at different doses (0-2 Gy).

Photon beam irradiation of cell cultures (dose 0-7 Gy) was performed using a 6 MV linear
accelerator (VARIAN Clinac 2100C, Varian Medical Systems, Palo Alto, CA, USA) at the Fondazione
IRCCS Istituto Nazionale dei Tumori, Milano, Italy. The flasks containing the cells were irradiated
using a vertical beam 20 x 20 cm? field, placing them horizontally at the isocenter in a water phantom
at 5 cm depth.

2.6. Clonogenic Assay

The cells were plated in T25 flasks (about 6 x 10° cell/flask) and after two days some cell samples
were incubated with MNPs (50 pg/mL) for 48 h at 37 °C. Afterwards, the cells were exposed to radiation
types (photons and carbon ions) at different doses and hyperthermia treatment to the determination of
cell survival. After irradiation the cells were detached from the flasks (using 0.25% trypsin_EDTA),
counted and reseeded in five T25 flasks for each dose at a suitable cell concentration and incubated for
14 days. The cells were then fixed with ethanol and stained with 10% Giemsa solution and colonies
consisting of more than 50 cells were scored as survivors. Surviving fractions relative to the untreated
cell samples were determined.

2.7. Double Strand Breaks Studies

After irradiation and/or hyperthermic treatment a portion of the BxPC3 cells were seeded in
slide flasks (Thermo Fischer Scientific, Waltham, MA, USA) with 3 mL fresh medium and collected
6 and 24 h later. Cells were fixed in 4% paraformaldehyde (PFA), permeabilized with 0.2% Triton
X-100 and blocked at 37 °C in BSA 1% (w/v) dissolved in phosphate-buffered saline (PBS). Samples
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were then coimmunostained overnight (ON) at 4 °C, using a rabbit polyclonal anti-53BP1 antibody
(Novus Biologicals, Littleton, CO, USA) in combination with a mouse monoclonal anti~yH2AX
antibody (Millipore, Temecula, CA, USA). After washes in PBS/BSA 1% samples were incubated for
1 h at 37 °C in the secondary Alexa 546 anti-mouse and Alexa 488 anti-rabbit antibodies (Invitrogen,
Life Technologies, Carlsbad, CA, USA). Finally, slides were washed in PBS/BSA 1%, counterstained
with DAPI (Sigma-Aldrich, St. Louis, MO, USA) and mounted using the fluorescent mounting
medium Vectashiled (Vector Laboratories, Burlingame, CA, USA). Images were acquired with an
Axio-Imager.M1 fluorescent microscope (Zeiss, Jena, Germany) and analyzed using ISIS software
(Metasystems, Milano, Italy). The frequency of both the DNA damage marker foci per cell were scored
in 100 nuclei in four independent experiments.

2.8. Magnetic Fluid Hyperthermia Setup

Magnetic hyperthermia experiments were performed using a MagneTherm™ set-up by
Nanotherics, working at 109.8 kHz and amplitude 19.5 mTesla. The temperature of the samples was
measured using an Optocon™ optical fiber thermometer positioned at the centre of the sample placed
inside an Eppendorf PCR Tube (also called mini-Eppendorf). The sample holder was optimized to
accommodate two Eppendorf Tubes (volume 0.2 mL). In fact, the temperature was detected in a
“twin-sentinel” sample, placed next to the sample used for the clonogenic assay, since it is necessary,
for survival studies, to keep the latter sterile. It should be remarked that, due to the necessary heat
insulation and coil geometry (inner diameter 44 mm), and thus to very limited space, we were forced to
use Eppendorf tubes in place of much bigger T25 flasks (and thus a pelletization process that followed
the irradiation, to transfer the samples from T25 flasks to mini-Eppendorf, see below).

2.9. Magnetic Hyperthermia Treatment

For the hyperthermia treatments the irradiated cells with MNPs were trypsinized, centrifuged
(1500 rpm for 10 min), the cellular pellets (about 1.5 X 10° cells in 0.1 mL medium) were transferred
into 0.2 mL polypropylene mini-Eppendorf tubes and placed within the MagneTherm™ system.
The pelletizing effect, obligatory step to switch from the irradiation configuration (cells in flasks) to that
used for hyperthermic treatment (cells in mini-Eppendorf tubes), responsible of an ulterior stress for
the cells was taken into account and separated from MFH action in the reported clonogenic survival
curves (see paragraph 3.2). This stress is due to all the operations (trypsinization, centrifugation and
vortexing) necessary to transfer the irradiated cells from the T25 flask to the mini-Eppendorf. This stress
is quantified by a reduced plating efficiency caused by cells that are damaged and therefore no longer
proliferate or proliferate less; this effect was taken into account in renormalizing the clonogenic
survival curves. When the evaluation of survival rate is given, the eventual stress effect was previously
subtracted. A custom thermalization system, based on a Lauda Alpha A thermostat, and a polystyrene
sample holder, was placed inside the MagneTherm™ coil to stabilize the initial temperature of the
sample to the physiological value of 37 °C, to center the sample in the homogeneity region of the field
and to minimize heat dissipation. An AMF (amplitude poH = 19.5 mTesla and frequency f = 109.8 kHz)
was applied immediately after the irradiation to increase the temperature of the cells up to 42 °C; this
temperature was later maintained for 30 min by changing the temperature of the water circulating
within the thermalization system. The field and frequency values have been selected not to exceed
Brezovich’s criterion excessively, as these values reflect those used in the clinic [43].

3. Results and Discussion

3.1. Synthesis and Characterization of MINPs

Since experiments lasted more than 3 years, it was not possible to use the same batch of MNPs.
Different batches of MNPs with similar features were then prepared following the same procedure.
The characteristics of a representative sample are described in the following. The samples consisted of
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a spherical Fe304 core coated with meso-2,3-dimercaptosuccinic acid. The MNPs were synthesized by
thermal decomposition of iron acetylacetonate (Fe(acac)s), in benzyl ether in the presence of oleic acid
(OA) and oleylamine (OAM) as surfactants.

The core morphodimensional characteristics were studied by means of transmission electron
microscopy (TEM), using a CM12 PHILIPS transmission electron microscope. In Figure 1a we report a
representative TEM image, which demonstrates the almost spherical shape of the particles; a mean
core diameter value of dygy = 19.2 + 3.6 nm was extracted from the histogram of the size distribution.
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Figure 1. (a) Representative bright-field TEM image, together with the histogram of the size distribution
(dtpm = 19.2 £ 3.6 nm). The solid red line represents the best Gaussian fit. (b) Dynamic light scattering
(DLS) diameter dprs measurements at pH 7.4. The green, blue and red lines represent data obtained
from three different measurements.

The X-ray diffraction pattern (see Supplementary Materials Figure S1) shows a single crystalline
phase with a diffraction pattern compatible with the inverse spinel cubic structure characteristic of
magnetite. The peaks all match the reference pattern (JCPDS 19-0629) as regards both position and
intensity. The lattice parameter (a = 8.387 A) is close to the one expected for magnetite (8.396 A),
suggesting a low degree of surface oxidation of the MNPs, which reasonably consist of a magnetite
core surrounded by a thin maghemite shell. The crystallite diameter obtained by the Scherrer analysis
(dxrp = 18.7 £ 0.4 nm) is comparable to the one obtained by TEM measurement, suggesting that the
MNPs are single crystals and present a high degree of crystallinity.

The MNPs were dispersed in pH 7.4 water after coating with DMSA (ca. 2% w/w as evaluated by
CHN analysis). The successful DMSA functionalization and the stability in water solution were also
confirmed by dynamic light scattering (DLS, Figure 1b) and zeta potential (Figure S2) measurements,
which provided dpys =27 + 8 nm and Z = -30.5 £ 7.5 mV at pH 7 .4.

The hyperthermic efficiency was estimated by evaluating the specific absorption rate (SAR). The
SAR of the samples was calculated using the following formula: [60]

_ MH,0 CH,0 + MFes04 CFe;0, AT

SAR
mF€304 At

1)

where cy,0 = 4.18] K1 g_1 and cre,0,= 0.62] K1 g‘1 are the specific heat of water and magnetite in
colloidal solutions, while m>0 and mg.304 are the respective masses. We neglected the contribution of
the DMSA coating because of its small mass fraction. From the experimental temperature kinetics
curve, T vs t, the SAR was estimated to be 110 + 30 W/gpe304 under an AMF of frequency f = 109.8 kHz
and amplitude poH = 19.5 mTesla (for more details see Figure S3).

The field dependence of the sample magnetization was investigated by means of SQUID
magnetometry. In Figure 2 we reported the M vs. H curves obtained at 5 K and 300 K.
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Figure 2. (a) Hysteresis loop measured at 300 K and (b) 5 K, in the field range + 5 Tesla. In the insets,
we report the low field regions.

At T = 5 K MNPs showed hysteretic behavior with a coercive field ppHc = 30 + 2 mTesla, while a
negligible opening-up of the hysteresis loop was observed at T = 300 K (less than 0.3 mTesla, comparable
to the remanent field). These results indicate that MNPs display a superparamagnetic behavior,
as expected for magnetite based MNPs of this size. At both temperatures, the saturation magnetization,
Ms, was very high (83 Am?/kg at 5 K and 74 Am?/kg at 300 K) and close to the bulk values
91.7 Amz/kgpe3o4 at room temperature [61]), confirming the high crystallinity of the inorganic core.

3.2. Experimental Treatment Protocol

As anovel cancer treatment, we investigated the possible synergistic/additive action of hadron
therapy and hyperthermia on pancreatic cancer BxPC3 cell culture. The general experimental protocol,
sketched in Scheme 1, comprised of three different treatment modes, indicated as 1, 2 and 3 (see next
paragraph and Materials and Methods for more details).

photons)

2; Irradiation 3. Clonogenic
(Carbon ions or survival assay
» and DSBs

quantification

1 2.  Administration ||3- Irradiation 4. Clonogenic
' : survival assay
Cell culture of MNPs (Carbon ions or S
(uptake 48 h) photons) and DSBs
e quantification
2. Administration ||3- Irradiation 4, Hyperthermia Clonogenic
of MNPs (Carbon fons of treatment survival assay
photons) (42°C - 30 mins) and DSBs
(aptakeasn) quantification

Scheme 1. Description of the 3 different treatment modes used during the experiments. Clonogenic
survival has been determined after simple irradiation (mode 1), magnetic nanoparticles (MNPs)
administration and irradiation (mode 2) and MNPs administration plus irradiation and subsequent
hyperthermia (Hyp; mode 3). DSB stands for a break in double-stranded DNA in which both strands

have been cleaved.

The irradiation of samples (cells incubating or not MNPs) have been performed by a C ions beam
at the synchrotron-based facility at the National Center for Oncological Hadron Therapy (CNAO)
in Pavia, or by means of photons, using a 6 MV linear accelerator at the Fondazione IRCCS Istituto
Nazionale dei Tumori in Milano (INT).

The MNPs, used to perform part of the hyperthermic process via MFH, have been administered to
human pancreatic adenocarcinoma BxPC3 cells with a concentration 50 ug/mL in the culture medium.
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The cells were incubated for 48 h to favor cells” uptake (see Materials and Methods) and thus improve
the MFH efficacy.

In the cases of combined therapy (mode 3 in Scheme 1), after the irradiation, we applied Hyp to
samples of cells incubating MNPs. The temperature was increased from 37 °C to 42 °C (AT =5 °C)
and then kept constant for 30 min, by means of bath heating (through a thermalization system that
circulates water around the sample) and MFH, realized by an AMF of 19.5 mTesla amplitude and
109.8 kHz frequency. A sketch of the hyperthermia setup is shown in Figure 3. The amount of
uptaken MNPs was estimated by inductively coupled plasma-optical emission spectrometry (ICP-OES)
and found on average ~20 pg(Fe)/cell, calculated over different experiments. With this amount,
on average about 40% of the heating is due to the application of the magnetic field, while the remaining
temperature increase was obtained due to the thermalization system. It should be noted that, due to
the small cell volume, the value of 20 pg(Fe)/cell corresponded to filling mostly the inner part and the
surface of the cell and, thus, a quantity of heat release near to the highest one.

Fiber optic
temperature
sensor

Sterile sample for
clonogenic survival
assay and DSBs

quantification

Thermalization

system
17 turns coil
generating the Sample for
AFM temperature

control

Figure 3. Representation of the hyperthermia setup. A thermalization system (bath heating) circulates
water around the two sample vials, one sterile for the clonogenic survival assay and DSBs detection,
and one for the temperature registration by a fiber optic probe.

The biological effect of the different treatment modes was finally assessed:

(i) By using a clonogenic assay after two weeks. The clonogenic cell survival assay; i.e., the ability
of a cell to produce a viable colony containing at least 50 cells, is considered as a gold standard
method for studying cellular sensitivity to irradiation [62];

(ii) By estimating the number of non-repairable double strand breaks (DSBs) per cell after 6 and 24 h,
through detection and counting of persistent repair foci, which are DSBs markers. This study was
limited to carbon ions irradiation.

3.3. Clonogenic Survival Studies

3.3.1. Carbon Ion Irradiation Experiments

At first, the assessment of the effect of the combination of HT + MNPs + Hyp was performed
using the clonogenic assay 2 weeks after the experiment. Figure 4 shows survival data of BxPC3 cells
treated with three different modes as described in Scheme 1: (1) only carbon ion (0-2 Gy) irradiation
(HT, orange circles); (2) carbon ion irradiation after the administration of magnetic nanoparticles
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(HT + MNP, navy triangles) and (3) carbon ion irradiation on culture cells containing MNPs combined
with the hyperthermia treatment for 30 min at 42 °C (HT + MNP + Hyp, green stars).

1 ® Carbonions
A MNPs + Carbon ions

C_U % MNPs + Carbon ions + Hyp
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Figure 4. Clonogenic survival of BxPC3 cells culture for 3 different protocols (see text): hadron
therapy (HT) only (orange circles), HT + MNPs administration (navy triangles) and HT + MNPs
administration + Hyp (green stars). An additive effect of MNPs and Hyp is noted. Solid lines represent
the best fit of the clonogenic survival (CS) curves as a function of the radiation dose D according to
the law CS oc exp(-aD). From the fits: ¢ jons = 1.82 + 0.06 Gy_l; XMNPs+C ions = 2-09 £ 0.15 Gy_1 and
XMNPs+C ions+Hyp = 211+0.20 Gy_l'

The results for each protocol were averaged over four independent experiments.
The following observations were found:

(i) At0Gy dose, i.e., unirradiated samples, clonogenic survival (CS) decreased from 1 to 0.4 + 0.04
when MNPs were added, due to a MNP toxicity at 15 days. A further decrease of CS to 0.24 + 0.02
was observed when also Hyp was applied (mode 3);

(ii) If carbon ions irradiation alone was applied, the CS decreased on increasing the dose, according to
the law: CS oc exp(—aD) where D is the dose;

(iii) At all doses, once MNPs were added and irradiation was performed (mode 2), a decrease of CS
with respect to irradiation only (mode 1) was observed;

(iv) Atall doses, once Hyp was further added (mode 3), the CS dropped further.

It is thus straightforward to conclude that: (i) there is a sizeable MNP toxicity that could result
in a potential additive therapeutic effect (although not synergistic) and (ii) hyperthermia grants an
additional killing effect on tumor cells with respect to hadron therapy alone.

3.3.2. Photon Irradiation Experiments

To compare the effect of HT plus Hyp treatment with a more conventional one making use of
photon irradiation plus Hyp, we performed experiments by using a linear particle accelerator Linac
at INT. Figure 5 shows survival data of BxPC3 cells exposed to different doses of 6 MV photons (0-7 Gy)
and to Hyp at 42 °C for 30 min, as averaged over two independent experiments.
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Figure 5. Clonogenic survival of BxPC3 cells incubated with or without MNPs, irradiated with photons
(0-7 Gy) and combined (or not) with Hyp. Solid lines represent the best fit of the clonogenic survival (CS)
curve as a function of the radiation dose D according to the law CS o« exp(—aD-BD?) for photons alone,
and to CS « exp(-aD) for the other two treatments. From the fit: appotons = 0.32 + 0.06 Gy_1 ;
BPhotons = 0-05 % 0.01 Gy ™2; atviNps+Photons = 0.85  0.09 Gy ™! and ctyinps+Photons+Hyp = 0.86 + 0.06 Gy ™.

In a similar way to the CNAO experiments, three treatment modes were used: (i) photon
irradiation alone (orange circles), (ii) photon irradiation after the administration of MNPs for 48 h
(navy triangles) and (iii) photon irradiation on cells incubating MNPs combined to 30 min at 42 °C Hyp
treatment (green stars).

One could observe the following:

(i) Asinthe HT case, at 0 Gy dose, i.e., unirradiated samples, clonogenic survival (CS) decreased
from 1 to 0.5 + 0.05 when MNPs were added, and a further decrease of CS to 0.2 + 0.02 was
observed when also Hyp was applied (mode 3);

(ii) If only photon irradiation was applied, the CS decreased once the dose was increased according
to the linear quadratic model: CS « exp(—ocD—BDz);

(iii) At all doses, CS decreased once MNPs were added with respect to irradiation with photons only,
confirming the results found for HT;

(iv) When MNPs were added, the CS vs. D model changed to CS « exp(-«D), which corresponded
to a modification of the cells response to photon irradiation; thus the typical shoulder of the
dose—survival curves, found after treatment with radiation alone, was removed;

(v) AsinHT, once Hyp was further added, the CS dropped further; also in this case, the dose-survival
curve obeyed the law CS o exp(-aD).

Therefore, also in this case we could conclude that: (i) there was a MNP toxicity, comparable
to the HT case, and (ii) Hyp gave an additive killing effect on tumor cells with respect to photon
irradiation alone.

Let us compare shortly the results of carbon ions and photon irradiation alone. As already
observed for other type of tumors [63-65] and other pancreatic tumor cell lines [51], also in the case of
BxPC3 cells the survival fractions obtained when carbon ion radiotherapy was used were lower than
those for the photon-irradiated samples. This means that carbon ion radiotherapy shows an enhanced
efficacy as compared to standard photon radiotherapy. Moreover, as mentioned in the introduction,
due to the physical characteristics of high-LET particle radiation (carbon ions) the maximum dose
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deposition occurs at the so-called Bragg Peak, the depth of which can be adjusted at will within the
target tissue. Based on this custom dose profile it should be possible to more accurately administer
maximum doses to the tumor with minimum adverse effects to the surrounding tissues. For carbon
ion and photon irradiations « values were determined and are given in the captions of Figures 4 and 5.
As expected, « values were significantly higher for carbon ions than for photons, reflecting a steeper
decline of the initial slope of the survival curves for high-LET beams.

Remarkably, particle radiation has been proven to have a higher relative biological effectiveness
(RBE) achieving an increased cytotoxic effect when compared with conventional photon therapy.
Additionally, we determined the carbon ions RBE by comparing cell survival data after carbon and
photon irradiations as the ratio between the dose of reference radiation (6 MeV photon) and the carbon
ions are necessary to produce the same biological effect.

At 10% of the clonogenic survival, the RBE of the CNAO carbon ions beam was equal to about 3.5.
This result suggests that the use of hadrons in cancer therapy for the treatment of pancreatic tumors
could be a promising modality. Until now the carbon ions RBE values reported in the literature are few,
but they seem to agree with our result. El Shafie et al. [66] have found that the RBE of carbon ion
irradiation for the BxPC3 cell line ranged from 1.5 to 3.5, depending on the survival level and dose,
and data published by Oonishi and colleagues confirms, for the same cell line, the increased RBE of
carbon ions irradiation [67].

Remarkably, as the MNPs presence increased the cell mortality rate and, in the case of photons,
changed the dose-survival response law, we guess that they have a radiosensitizing (possibly synergistic)
effect on BxPC3 cells. Similar results were obtained by Li et al. [68], Liu et al. [69] and Wang et al. [70]
with gold nanoparticles and X-rays on 4T1, EMT-6 murine breast carcinoma and HeLa cells, respectively.
In another perspective, Goel et al. [71] report progress in nanoparticles-mediated radiosensitization.

3.4. Double Strand Breaks Studies for HT

As a measure of the single/combined effect of hyperthermia and carbon ions irradiations in the
induction of DNA damage, the kinetics of DNA double strand breaks rejoining has been evaluated by means
of YH2AX and 53BP1 foci formation by immunofluorescence analysis. Both YH2AX (phosphorylation
at Ser-139) and 53BP1 are well validated markers of DNA double-strand breaks. [72,73].

Results from four experiments carried out at the CNAO facility were collected and analyzed after
exposure of BxPC3 pancreatic tumor cells to 0.75 and 1.5 Gy and harvested at 6 and 24 h from the three
different treatment modes. In Figure 6 we report the normalized “foci/cell” values at different doses.
It is observed: (i) as expected carbon ions radiation alone (mode 1) increased the number of DSBs with
respect to control, i.e., untreated, samples (control, Figure 6a); such a difference was more pronounced
at 6 h from treatment, indicating that at 24 h cell repair is more efficient for both DSBs markers used;
(ii) at a zero dose, hyperthermia treatment (mode 3) further increased the number of DSBs at 6 h
compared to samples without Hyp (mode 1 and 2 treatments, Figure 6b); (iii) at 0.75 Gy, Hyp induced
a significant increase in DSBs after 6 h, for both YH2AX and 53BP1 foci, while at 1.5 Gy the differences
in the DSBs number between the three different treatment modes was minimal and (iv) at 24 h there
were lower DSB values for both doses and for all treatment modes.

These results were similar to those reported by Ma et al. [74] and suggest that the MNPs+Hyp has
a radiosensitization effect and inhibits cellular DNA repair mechanisms.

Although the available literature supports the notion that the hyperthermic effect is dependent
on the LET of ionizing radiation, the potential molecular mechanism underlying hyperthermia
radiosensitization for particle radiation still remain scantly investigated and poorly known.
As for low-LET radiations, a major contribution in the untangling of such a mechanism/s was
provided by using Chinese hamster ovary (CHO) cell lines specifically defective in the two processes
devoted to the repair of radiation-induced DNA DSBs, and namely non homologous end joining
(NHE]) and homologous recombination (HR). In this respect, exposing CHO wild-type cells and a
panel of repair defective counterparts to protons (LET = 1 keV/um 42.5 °C water bath, 1 h) and carbon
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ions (LET = 13-70 keV/um; 42.5 °C water bath, 1 h) it was demonstrated a prevalent contribution of HR
over NHE] in radiosensitization, probably affecting the processing of a subset of DNA DSBs lesions [56].
Interestingly, at the molecular level it was shown that Hyp (T > 41 °C) did inhibit HR in human and
mouse cells, affecting some of the key players in this process (e.g., delaying recruitment of RAD51 at
radiation-induced foci, degrading BRCA?2, inactivating RPA, reducing the level of MRN complex, etc.;
see [75]). In addition, since heat may explicate the pleiotropic effect on cells, it is generally thought
that cytotoxic or sensitizing effects of Hyp cannot be attributed to deactivation of a single DNA repair
mechanism, but rather to influencing many pathways (e.g., cell cycle progression and activation of
checkpoints) on multiple levels [75,76].
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Figure 6. Analysis of 53BP1 and YH2AX foci induction after 6 and 24 h from the exposure to 0.75 and
1.5 Gy of carbon ions alone (a) and in combination with MNP uptake and/or Hyp in BxPC3 pancreatic
tumor cells (b). * indicates p < 0.05, ** indicates p < 0.01 (one-way ANOVA and Tukey’s multiple
comparison post-test).

4. Conclusions

In this work, we reported on a combination of carbon ion therapy and hyperthermia applied to
pancreatic adenocarcinoma cells BxPC3, for assessing its antitumor efficacy and proposing protocols
for future clinical applications. The results obtained were compared to those achieved with a 6 MV
photon beam irradiation joint to hyperthermia. A significant part of the heating power was provided
through MFH (40% of the total heating), assisted by magnetite nanoparticles with a core diameter
of 19 nm and coated with an organic biocompatible ligand, namely DMSA. The hadron carbon ion
therapy was shown to have RBE ~3.5, thus confirming a greater efficacy with respect to photon
therapy. The clonogenic survival results with respect to a simple irradiation of culture cells, clearly
show: (i) at all HT/photon irradiation doses, a further killing (toxicity) additive effect of about 50-60%
due to the MNPs cellular uptake and (ii) a significant killing effect of hyperthermia, consisting in an
additive 15-30% of total CS, for both irradiation protocols (MNPs action possibly being synergistic
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when radiation therapy is delivered by photons). Moreover, a significant increase of DNA-DSBs was
observed at 6 h after 0.75 Gy-dose HT irradiation plus administered MNPs and Hyp, with respect to
the sample exposed to irradiation only.

The increased efficacy of hadron therapy combined with hyperthermia (applied immediately after)
lays the foundations for future preclinical studies. Furthermore, these encouraging results point in the
direction of further investigating this combination, with a view to finally translate it to a clinical application.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/10/1919/s1,
Figure S1: XRD pattern, Figure S2: Zeta potential measurements, Figure S3: SAR estimation method,
Tables S1 and S2: determination of optimal time of MNPs uptake and concentration, Table S3: BxPC3 cell cycle
analysis after 48 h of treatment with MNPs, Table S4: cellular uptake of MNPs evaluation, Figure S4: dissolution
experiments by the radiotracing method.
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Abstract: Spectroscopic approach with fluorescence time resolution allows one to determine the state
of a brain tumor and its microenvironment via changes in the fluorescent dye’s fluorescence lifetime.
Indocyanine green (ICG) is an acknowledged infra-red fluorescent dye that self-assembles into stable
aggregate forms (ICG NPs). ICG NPs aggregates have a tendency to accumulate in the tumor with
a maximum accumulation at 24 h after systemic administration, enabling extended intraoperative
diagnostic. Fluorescence lifetime analysis of ICG and ICG NPs demonstrates different values for ICG
monomers and H-aggregates, indicating promising suitability for fluorescent diagnostics of brain
tumors due to their affinity to tumor cells and stability in biological tissue.

Keywords: fluorescent diagnosis; fluorescent lifetime; near-infrared range; fluorescent dyes;
H-aggregates; indocyanine green; brain cancer; glioma C6

1. Introduction

Any surgical intervention in the central nervous system for tumor resection requires
high accuracy and selectivity of its effect on tissue. Currently, the main problem is the lack
of a rapid, objective, and comprehensive intraoperative assessment of the boundaries of
tumor tissue during surgical resection or a laser-induced therapy session [1]. The laser
spectroscopic methods provide a unique opportunity to determine noninvasively the most
significant parameters characterizing the condition of tissues and the prognosis of its possi-
ble evolutionary pathological changes, which may occur in the absence of timely treatment.
Optical spectroscopy allows one to obain a wide range of information about physiological
and morphological parameters [2,3]. This approach identifies a relationship between data
from pathological tissue such as absorption, fluorescence, scattering caused by substances
originally inherent to tissues and cells, and externally introduced markers. Laser spectro-
scopic methods with time resolution allow one to determine the state of a tumor and its
microenvironment based on the changes in its photosensitizer (PS) fluorescence lifetime.
The difference between the fluorescence lifetime is due to photosensitizer accumulation in
cells with different phenotypes [4]. Inmunocompetent cells, including macrophages, are a
predominant component of brain tumors bioenvironment and allow an enhanced uptake of
the photosensitizer molecules compared with cancer cells [5]. The change of fluorescence
lifetime of ICG in cancer cells is due to a modification in the refractive index of biological
tissues [6]. This approach has the advantage of being less sensitive to changes in the irradi-
ation intensity and the dye concentration than the (relative) fluorescence intensities [7-9].
Noninvasive conditions for assessment of brain tumor tissue and surrounding tissues is
important for performing a relapse-free operation without reducing the patient’s quality of
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life. It is important to register small and fast functional changes to assess the relationship
between surface metabolic and structural changes that occur during the formation and
growth of brain cancer [10].

Exogenous fluorophores with selective accumulation in tumor cells and successive
photo-cytotoxic effects can significantly increase the delineation of cancer boundaries
and enhance their therapeutic effect. Indocyanine green (ICG) is a well-known infra-red
fluorescent dye that is used extensively for vascular system imaging [11], tumor angiogen-
esis [11,12], and internal organs [13] imaging in vivo. ICG has an absorption in the far-red
and near-infrared ranges, where biological components such as water and hemoglobin have
low coefficients of absorption and scattering. ICG monomers and H- and J-aggregates have
absorption peaks at 780 nm, 715 nm, and 895 nm, respectively, where penetration depth
fluctuates from 0.5 cm to 0.8 cm. Unfortunately, ICG is not preferable for tumor diagnosis
due to limited accumulation and a high photobleaching effect [14]. There is a lot of research
related to ICG embedded in different delivery system such as liposomes [15], polymers [16],
lipid nanoparticles [17,18], albumin nanoparticles [19,20], and nanofibers [21], which signif-
icantly improve limited accumulation in vivo and photostability. High temperatures enable
ICG to form stable H- and J-aggregates [22,23]. At present, there are numerous studies
that use ICG colloidal solutions (ICG NPs) for cancer treatment [24-27]. ICG aggregates
have a tendency to accumulate in the tumor, enabling extended intraoperative diagnostic.
Moreover, after internalization of the aggregates by cells, it could be disassociated into
the monomeric form of ICG [28], which can lead to the destruction of tumor tissue via
photodynamic action.

2. Materials and Methods

Colloidal solution of ICG NPs and molecular solution of ICG were used as fluorescent
dyes. ICG molecular form was heated at 65 °C for 20 h to form ICG NPs according to
a previously published method [28]. After forming ICG NPs, the solution was filtered
through 0.40 pm syringe filters to remove large aggregates. BALB/c mice with glioma
C6 xenograft were used as experimental models. The experimental group consisted of
18 female mice with 20-23 g body weight in the age range of 6-8 weeks. The mice were
kept in individually ventilated cages with controlled environmental values.

Animal care guidelines were used under the protocol of European Convention for
the Protection of Vertebrate Animals used for Experimental and Other Scientific Purposes
(Strasbourg, 18.111.1986). For spectroscopic research, the mice were restrained in tube
restrainer configurations. Animals’ supervision was conducted daily and efforts were
made to prevent mice from suffering.

Fluorescent dyes of ICG and ICG NPs were administered intravenously into the tail
vein at 10 mg/kg dose in 0.2 uL volume for 30 s. The concentrations of ICG and ICG NPs
were selected corresponding to the doses used in clinical practice.

The fluorescence spectra of ICG and ICG NPs accumulated in tumor xenograft at
different time intervals after fluorescent dyes administration were obtained via LESA-01-
Biospec spectroscopic system (Moscow, Russia). The excitation wavelength was 633 nm
with 5 mW/cm? power density and a corresponding longpass filter was set at 635 nm
for fluorescence registration. The filter used is convenient for fluorescence registration
of ICG monomers and H-aggregates. A diffusely reflected signal for fluorescence curves
was detected by optical fiber in contact of the distal tip to the tumor area and nearby
healthy normal tissue (norma). At least three spectra for each measurement were obtained
for statistical analysis. Excretory organs study was carried out after sacrificing the mice
according to the protocol.

Fluorescence kinetics of ICG and ICG NPs were recorded by a system based on a
Hamamatsu C10627-13 streak-camera (Iwata City, Japan) with a time resolution of 15 ps
and laser with 637 nm excitation wavelength and 65 ps pulse. The system works on a
time-correlated single photon counting approach. The description of the system is reported
in the [29]. The fiber was fixed on a tripod to maintain the working distance between
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the distal end and the tumor tissue. A 637 nm laser is preferable for excitation of ICG
H-aggregates, since it falls on the left shoulder of the absorption peak with the maximum
at 715 nm. The absorption peaks corresponding to ICG monomers and H- and J-aggregates
are presented in our recent paper [30].

Statistical analysis was conducted with the paired Student’s t-test for demonstration
of significance of ICG monomers and H-aggregates, accumulated in tumor tissue. The
empirical value is t = 4.7, greater than the critical one (tp 01 = 2.78, to 95 = 4.6).

3. Results

The accumulation kinetics of ICG and ICG NPs accumulation in tumor xenografts was
assessed according to the fluorescence intensity. Fluorescence spectra were also obtained
in the skin, which served as normal tissue sample (Figure 1a). The distribution of the
fluorescent dye in excretory organs was obtained at times corresponding to the maximum
of its accumulation (Figure 1b,c).
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Figure 1. (a) Fluorescence spectra of ICG molecular solution in tumor xenografts at different times (Aex = 633 nm). The
data obtained from the study of normal skin samples at all time points fluctuate in the range between two spectral curves
(pink color); (b) fluorescence spectra of ICG molecular solution in excretory organs 5 min after intravenous administration
(Aex = 633 nm); (c) integral dependence of the spectral curve of ICG molecular solution in tumor xenografts 5 min after
intravenous administration (Aex = 633 nm).

The maximum accumulation of ICG in tumor tissue was observed within the first 5 min
after intravenous injection and then the fluorescent dye was rapidly eliminated (Figure 1a).
To assess the accumulation of ICG in the excretory organs at the time corresponding to
ICG maximum accumulation in the tumor, we registered the fluorescence spectra and the
distribution of the fluorescence intensity in the organs and in the skin (taken as normal
tissue) (Figure 1b,c). Thus, the absence of significant contrast of ICG is demonstrated since
the level of accumulation in the tumor slightly exceeds the level of total accumulation in
the skin, while the level of ICG accumulation in the liver and kidneys is the highest, which
confirms the presence of rapid elimination processes. The obtained results are consistent
with other studies where ICG is used in the clinic as a contrast agent for visualization of
the vascular network, which is permissible due to its rapid elimination [11-13].

The spectral analysis showed that ICG NPs accumulation in tumor tissue was max-
imal at 24 h after systemic administration (Figure 2a). Only H-aggregates of ICG were
observed at 633 nm excitation after ICG NPs administration corresponding to the flu-
orescent maximum at 705 nm. The obtained dynamics allow one to conclude that the
aggregates enable the fluorescent dye to accumulate and stay in the tumor for a long time
(up to 24 h post-administration). It should be noted that the comparison analysis of the
fluorescence of ICG and ICG NP at the same time points was not possible. The molecular
form of ICG has the rapid clearance by the liver within 1 h after intravenous administration
with a rapid successive decline, while the ICG NP fluorescent signal peaks at 5 h after
intravenous administration. There is an obvious mismatch between peaks of ICG molecular
form and ICG NPs accumulation. The excretory organs analysis demonstrated that H-type
aggregates of ICG NP noticeably accumulate in tumor tissue compared with ICG molecular
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form (Figure 2b,c). As a result of the study, it is worth emphasizing that the aggregated
form of ICG NPs is promising from the point of view of its spectral-fluorescent properties,
as well as the local contrast accumulation of the nanoform in the tumor.
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Figure 2. (a) Fluorescence spectra of ICG NPs colloidal solution in tumor xenografts at different times (Aex = 633 nm);

(b) fluorescence spectra of ICG NPs colloidal solution in excretory organs 24 h after intravenous administration (Aex = 633 nm);

(c) integral dependence of the spectral curve of ICG NPs colloidal solution in tumor xenografts under 24 h after intravenous

administration (Aex = 633 nm).

The fluorescence lifetimes of ICG and ICG NPs were obtained via the streak camera at
times matching the maximal dyes” accumulation in the tumor (Figure 3).

Figure 3. (a) Fluorescence spectra of fluorescence of ICG and ICG NPs accumulated in tumor
xenograft; (b) profiles of fluorescence spectra of ICG and ICG NPs accumulated in tumor xenograft.

The spectra of fluorescence lifetime illustrate a fluorescence shoulder of ICG at
700-730 nm, which corresponds to H-aggregates, and an intense fluorescent peak of ICG
at 790-860 nm, which corresponds to monomers. For ICG NPs, the fluorescence signal was
registered at 700-730 nm, which corresponded to ICG H-aggregates.

The fitting of the obtained fluorescence decay kinetics after the laser pulse excitation
was approximated by an exponential function:

I(t) = Aje i + Apje 2 + - .. (1)

where A1, Ay, ... are the amplitude components of the fluorescent lifetime, directly propor-
tional to the contribution of each exponential component; t1, t5, ... are the corresponding
fluorescent lifetime indicators, measured in nanoseconds.
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The fluorescence lifetimes of ICG accumulated in tumor xenografts were obtained for
H-aggregates and monomers separately, while ICG NPs fluorescence lifetimes were ob-
tained for H-aggregates. Mathematical fitting of fluorescence kinetic spectra demonstrated
the availability of two fluorescence lifetimes for each form of ICG. For each sample five
spectra were recorded, which were averaged to perform statistical analysis (Table 1). The
second column of the Table presents two components of ICG fluorescence lifetimes (ns).

Table 1. Fluorescence lifetime of ICG in monomeric and aggregate forms in tumor and healthy tissue.

. Amplitude of
Sample Fluorescence Lifetime T, ns Fluorescence Lifetime, %
cc . 0.55 + 0.09 21%
monomers in tumor 0.82 + 0.03 79%
e . 0.37 £ 0.09 64%
monomers in norma 0.75 + 0.05 36%
, 0.28 + 0.04 83%
ICG H-aggregates in tumor 110 + 0.09 17%
, 0.27 + 0.08 82%
ICG H-aggregates in norma 121+0.11 18%
, 0.26 + 0.03 91%
ICG NPs H-aggregates in tumor 1.34 + 0.07 9%,
_ 0.20 £ 0.04 97%
ICG NPs H-aggregates in norma 1.00 +0.11 3%

The obtained data show the distinction between fluorescence lifetime values of ICG
and different forms of ICG NPs accumulated in tumor tissue. The short component of the
fluorescence lifetime of the monomeric form is significantly different from the short compo-
nent of the H-aggregates. The statistical analysis shows statistically significant differences
between the monomers and H-aggregates in the molecular solution. Additionally, the long
component of monomers is lower in comparison with the long component of H-aggregates.
The obtained data were compared with fluorescence lifetimes in normal tissue after in-
travenous administration. The fluorescence decay kinetics in tumor tissue are slightly
different compared to intact tissue. The fluorescence lifetime of ICG monomeric form in
the tumor for both components is slightly higher compared to normal tissue. Meanwhile,
H-aggregate values vary within the error margin in tumor and normal tissue.

4. Discussion

ICG has significant impact for intraoperative fluorescence navigation in the Near-
Infrared-1I “window” (1000-1700 nm), especially in brain malignances [10,31,32]. However
it has drawbacks like elimination from circulation and low photostability. In addition,
once in circulation ICG is rapidly captured by liver, thus limiting its delivery to other
sides. This is why the colloidal solution of ICG should be considered due to its stability.
The results of the dynamics of the fluorescence signal under 633 nm laser excitation in
the tumor after intravenous administration of ICG molecular form demonstrated the
maximum fluorescence signal immediately after administration (0-5 min), followed by its
uniform elimination within an hour. The studied fluorescent dye ICG in molecular form has
promising spectral-fluorescent characteristics necessary for the excitation of deep layers of
biological tissues. The fluorescence spectra of ICG NPs in xenografted mice at different time
intervals after systemic administration were recorded using A = 633 nm, which effectively
excite H-aggregates for visualization. We demonstrated the kinetics of accumulation of
the fluorescent dye ICG NPs, and at the same time, the processes of its interaction with
the biological tissue were controlled. The development and testing of ICG NPs colloidal
solution is promising in order to increase its specificity to the tumor. ICG molecular
form and ICG NPs have various accumulation times in tumor tissue. The fluorescence
of ICG molecular form is observed only in the liver within one hour after intravenous
administration, while ICG NPs fluorescent signal is detectable in the tumor from 5 h
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after intravenous administration. The presence of the ICG aggregates is not detectable
immediately, but on average, 24 h after intravenous administration demonstrating an
intense fluorescent signal in tumor tissue. ICG NPs are expected to be preferentially
accumulated by the enhanced permeability and retention effect (EPR) similar to protein-
bound ICG molecular form [33]. We hypothesize that aggregates are not internalized by
tumor cells but are retained in the extracellular matrix due to surface negative charge
of aggregated forms [28]. It was found that ICG NPs tend to be eliminated from the
body by the reticuloendothelial system. As we showed in our recent study [30], a high
concentration of ICG colloidal solution is observed in the liver and kidneys, indicating the
metabolic pathway.

Fluorescence lifetime analysis of ICG and ICG NPs demonstrate different lifetime
components for ICG monomers and H-aggregates. The first fluorescence lifetime com-
ponent of ICG H-aggregate is twice as short as that of the monomer, while the second
component of H-type aggregate is longer compared to monomers. According to these data,
fluorescent decay kinetics allow to get information on tumor tissue and its bioenvironment.
ICG H-aggregates selectively accumulate in tumor tissue, resulting in a clear advantage
for long-lasting fluorescent diagnosis. The monomeric form of ICG is mostly used as a
contrast agent for visualization of the vascular network, enabling predicting of metastasis
ways. While ICG nanoparticles are very promising for fluorescent diagnostics of brain
tumors due to their spectroscopic properties and a high selectivity, thus sparing healthy
brain tissue.

5. Conclusions

To conduct a comparative analysis of ICG in molecular and colloidal solutions, the
interstitial distribution of the fluorescent dye was studied in pre-clinical models. The
accumulation maximum for ICG and ICG NPs were established in the tumor tissue, in
normal tissue, and in the excretory organs. The obtained results showed different accu-
mulation times of the studied fluorescent dyes in the pathological tissue: the molecular
form of ICG accumulates within 5 min, while ICG NPs accumulation takes 24 h. It was
demonstrated that ICG NPs are promising for fluorescence diagnostics due to their unique
optical properties and selective accumulation. The analysis of fluorescence lifetime illus-
trates the difference between lifetime components allowing to separate ICG monomers and
H-aggregates in biological tissue. ICG colloidal solutions have significant prospects for
fluorescent diagnostics of brain tumors due to their affinity to tumor cells and stability in
biological tissue.

Author Contributions: Conceptualization, D.F. and Y.M.; methodology, V.L.; software, LR.;
validation, D.F. and I.R.; formal analysis, L.B.; investigation, V.L.; resources, D.EF,; data curation,
LR; writing—original draft preparation, Y.M.; writing—review and editing, L.B.; visualization, D.F,;
supervision, V.L.; project administration, V.L.; funding acquisition, Y.M. All authors have read and
agreed to the published version of the manuscript.

Funding: The reported study was funded by RFBR according to the research project No. 21-52-15025
and partly by IEA (International Emerging Action) CNRS grant 00534.

Institutional Review Board Statement: Animal care guidelines were used under the protocol of
European Convention for the Protection of Vertebrate Animals used for Experimental and Other
Scientific Purposes (Strasbourg, 18.111.1986).

Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

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

194



Nanomaterials 2021, 11, 3185

References

1.  Nagaya, T.; Nakamura, Y.A.; Choyke, P.L.; Kobayashi, H. Fluorescence-guided surgery. Front. Oncol. 2017, 7, 314. [CrossRef]
[PubMed]

2. Endo, H.,; Owada, S.; Inagaki, Y.; Shida, Y.; Tatemichi, M. Metabolic reprogramming sustains cancer cell survival following
extracellular matrix detachment. Redox Biol. 2020, 36, 101643. [CrossRef] [PubMed]

3. Muller, PJ.; Wilson, B.C. Photodynamic Therapy//Neurooncology: The Essentials; Thieme: New York, NY, USA, 2000; pp. 249-256.

4. Ma, H.; Gao, Z.; Yu, P; Shen, S,; Liu, Y.; Xu, B. A dual functional fluorescent probe for glioma imaging mediated by blood-brain
barrier penetration and glioma cell targeting. Biochem. Biophys. Res. Commun. 2014, 449, 44-48. [CrossRef] [PubMed]

5. Korbelik, M.; Krosl, G. Photofrin accumulation in malignant and host cell populations of various tumours. Br. |. Cancer 1996, 73,
506-513. [CrossRef]

6.  Suhling, K.; French, PM.; Phillips, D. Time-resolved fluorescence microscopy. Photochem. Photobiol. Sci. 2005, 4, 13-22. [CrossRef]

7.  Grabolle, M.; Kapusta, P.; Nann, T.; Shu, X.; Ziegler, J.; Resch-Genger, U. Fluorescence lifetime multiplexing with nanocrystals
and organic labels. Anal. Chem. 2009, 81, 7807-7813. [CrossRef]

8. Raymond, S.B.; Boas, D.A.; Bacskai, B.J.; Kumar, A.T.N. Lifetime-based tomographic multiplexing. J. Biomed. Opt. 2010, 15, 046011.
[CrossRef] [PubMed]

9.  Ehlert, O.; Thomann, R.; Darbandi, M.; Nann, T. A four-color colloidal multiplexing nanoparticle system. ACS Nano 2008, 2,
120-124. [CrossRef] [PubMed]

10. Cho, S.S,; Salinas, R.; Lee, ].Y.K. Indocyanine-Green for Fluorescence-Guided Surgery of Brain Tumors: Evidence, Techniques,
and Practical Experience. Front. Surg. 2019, 6, 11. [CrossRef]

11. Zhang, H.E; Maslov, K ; Stoica, G.; Wang, L.V. Functional Photoacoustic Microscopy for High-Resolution and Noninvasive In
Vivo Imaging. Nat. Biotechnol. 2006, 24, 848-851. [CrossRef]

12.  Diot, G.; Metz, S.; Noske, A.; Liapis, E.; Schroeder, B.; Ovsepian, S.V.; Meier, R.; Rummeny, E.; Ntziachristos, V. Multispectral
Optoacoustic Tomography (MSOT) of Human Breast Cancer. Clin. Cancer Res. 2017, 23, 6912-6922. [CrossRef] [PubMed]

13.  Song, K.H.; Wang, L.V. Deep Reflection-Mode Photoacoustic Imaging of Biological Tissue. ]. Biomed. Opt. 2007, 12, 060503.
[CrossRef] [PubMed]

14. Desmettre, T.; Devoisselle, J.; Mordon, S. Fluorescence Properties and Metabolic Features of Indocyanine Green (ICG) as Related
to Angiography. Surv. Ophthalmol. 2000, 45, 15-27. [CrossRef]

15.  Yan, F; Wu, H; Liu, H.; Deng, Z.; Liu, H.; Duan, W.; Liu, X.; Zheng, H. Molecular imaging-guided photothermal/photodynamic
therapy against tumor by iRGD-modified indocyanine green nanoparticles. J. Control Release 2016, 224, 217-228. [CrossRef]
[PubMed]

16. Ma, Y,; Tong, S.; Bao, G.; Gao, C.; Dai, Z. Indocyanine green loaded SPIO nanoparticles with phospholipid-PEG coating for
dual-modal imaging and photothermal therapy. Biomaterials 2013, 34, 7706-7714. [CrossRef]

17. Zheng, M.; Yue, C.; Ma, Y.; Gong, P.; Zhao, P; Zheng, C.; Sheng, Z.; Zhang, P.; Wang, Z.; Cai, L. Single-step assembly of DOX/ICG
loaded lipid—polymer nanoparticles for highly effective chemo-photothermal combination therapy. ACS Nano 2013, 7, 2056-2067.
[CrossRef]

18. Navarro, EP; Berger, M.; Guillermet, S.; Josserand, V.; Guyon, L.; Neumann, E.; Vinet, E,; Texier, I. Lipid nanoparticle vectorization
of indocyanine green improves fluorescence imaging for tumor diagnosis and lymph node resection. J. Biomed. Nanotechnol. 2012,
8, 730-741. [CrossRef] [PubMed]

19. Sheng, Z.; Hu, D.; Zheng, M.; Zhao, P,; Liu, H.; Gao, D.; Gong, P,; Gao, G.; Zhang, P; Ma, Y.; et al. Smar human serum
albumin-indocyanine green nanoparticles generated by programmed assembly for dual-modal imaging-guided cancer synergistic
phototherapy. ACS Nano 2014, 8, 12310-12322. [CrossRef]

20. Chen, Q.; Liang, C.; Wang, X.; He, J.; Li, Y; Liu, Z. An albumin-based theranostic nano-agent for dual-modal imaging guided
photothermal therapy to inhibit lymphatic metastasis of cancer post surgery. Biomaterials 2014, 35, 9355-9362. [CrossRef]
[PubMed]

21. Huang, P; Gao, Y,; Lin, J.; Hu, H,; Liao, H.-S.; Yan, X; Tang, Y.; Jin, A.; Song, ].; Niu, G.; et al. Tumor-specific formation of
enzyme-instructed supramolecular self-assemblies as cancer theranostics. ACS Nano 2015, 9, 9517-9527. [CrossRef]

22.  Belfield, K.D.; Bondar, M.V.; Hernandez, F.E.; Przhonska, O.V.; Yao, S. Two-photon absorption of a supramolecular pseudoisocya-
nine J-aggregate assembly. Chem. Phys. 2006, 320, 118-124. [CrossRef]

23.  Yao, H.; Domoto, K.; Isohashi, T.; Kimura, K. In situ detection of birefringent mesoscopic H and J aggregates of thiacarbocyanine
dye in solution. Langmuir 2005, 21, 1067-1073. [CrossRef] [PubMed]

24. Lovell, J.E; Jin, C.S.; Huynh, E.; Jin, H.; Kim, C.; Rubinstein, J.L.; Chan, W.C.W.,; Cao, W.; Wang, L.V.; Zheng, G. Porphysome
nanovesicles generated by porphyrin bilayers for use as multimodal biophotonic contrast agents. Nat. Mater. 2011, 10, 324-332.
[CrossRef] [PubMed]

25. Shakiba, M.; Ng, K.K.; Huynh, E.; Chan, H.; Charron, D.M.; Chen, J.; Muhanna, N.; Foster, ES.; Wilsom, B.C.; Zheng, G. Stable
J-aggregation enabled dual photoacoustic and fluorescence nanoparticles for intraoperative cancer imaging. Nanoscale 2016, 8,
12618-12625. [CrossRef] [PubMed]

26. Song, X.; Gong, H.; Liu, T.; Cheng, L.; Wang, C.; Sun, X,; Liang, C.; Liu, Z. J-aggregates of organic dye molecules complexed with

iron oxide nanoparticles for imaging-guided photothermal therapy under 915-nm light. Small 2014, 10, 4362—4370. [CrossRef]

195



Nanomaterials 2021, 11, 3185

27.

28.

29.

30.

31.

32.

33.

Song, X.; Zhang, R; Liang, C.; Chen, Q.; Gong, H.; Liu, Z. Nano-assemblies of J-aggregates based on a NIR dye as a multifunctional
drug carrier for combination cancer therapy. Biomaterials 2015, 57, 84-92. [CrossRef] [PubMed]

Liu, R; Tang, J.; Xu, Y,; Zhou, Y.; Dai, Z. Nano-sized indocyanine green J-aggregate as a one-component theranostic agent.
Nanotheranostics 2017, 1, 430. [CrossRef] [PubMed ]

Bystrov, EG.; Makarov, V.I.; Pominova, D.V.; Ryabova, A.V.; Loschenov, V.B. Analysis of photoluminescence decay kinetics of
aluminum phthalocyanine nanoparticles interacting with immune cells. Biomed. Photonics 2016, 5, 3-8. [CrossRef]

Farrakhova, D.; Maklygina, Y.; Romanishkin, I.; Yakovlev, D.; Plyutinskaya, A.; Bezdetnaya, L.; Loschenov, V. Fluorescence
imaging analysis of distribution of indocyanine green in molecular and nanoform in tumor model. Photodiagnosis Photodyn. Ther.
2021, in press. [CrossRef] [PubMed]

Zhu, S.; Tian, R.; Antaris, A.L.; Chen, X.; Dai, H. Near-infrared-II molecular dyes for cancer imaging and surgery. Adv. Mater.
2019, 31, 1900321. [CrossRef]

Teng, C.W,; Cho, S.S.; Singh, Y.; De Ravin, E.; Somers, K; Buch, L.; Bream, S.; Singhal, S.; Delikatny, J.; Lee, ].Y. Second Window
ICG Predicts Gross Total Resection and Progression Free Survival During Brain Metastasis Surgery. Neurosurgery 2020, 67,
1026-1035. [CrossRef] [PubMed]

Belykh, E.; Shaffer, K.V,; Lin, C.; Byvaltsev, V.A.; Preul, M.C.; Chen, L. Blood-brain barrier, blood-brain tumor barrier, and
fluorescence-guided neurosurgical oncology: Delivering optical labels to brain tumors. Front. Oncol. 2020, 10, 739. [CrossRef]
[PubMed]

196



@ nanomaterials

Article

Combining Augmented Radiotherapy and Immunotherapy
through a Nano-Gold and Bacterial Outer-Membrane Vesicle
Complex for the Treatment of Glioblastoma

Mei-Hsiu Chen %%, Tse-Ying Liu **®, Yu-Chiao Chen 3 and Ming-Hong Chen %5*

Citation: Chen, M.-H.; Liu, T.-Y.;
Chen, Y.-C.; Chen, M.-H. Combining
Augmented Radiotherapy and
Immunotherapy through a
Nano-Gold and Bacterial
Outer-Membrane Vesicle Complex for
the Treatment of Glioblastoma.
Nanomaterials 2021, 11, 1661. https://
doi.org/10.3390/nano11071661

Academic Editors: Fiore P. Nicoletta

and Francesca [emma

Received: 26 May 2021
Accepted: 21 June 2021
Published: 24 June 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 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 (https://
creativecommons.org/licenses /by /
4.0/).

Department of Internal Medicine, Far Eastern Memorial Hospital, New Taipei 220, Taiwan;
michelle8989@gmail.com

Department of Biomedical Engineering, Ming Chuang University, Taoyuan 333, Taiwan

Department of Biomedical Engineering, National Yang Ming Chiao Tung University, Taipei 112, Taiwan;
tylius@ym.edu.tw (T.-Y.L.); ian53011@gmail.com (Y.-C.C.)

Graduate Institute of Nanomedical and Medical Engineering, Taipei Medical University, Taipei 110, Taiwan
Department of Neurosurgery, Wang Fang Hospital, Taipei Medical University, Taipei 116, Taiwan
Correspondence: chen.minghong@gmail.com

1t These authors contributed equally to this work.

Abstract: Glioblastoma, formerly known as glioblastoma multiforme (GBM), is refractory to existing
adjuvant chemotherapy and radiotherapy. We successfully synthesized a complex, Au-OMYV, with
two specific nanoparticles: gold nanoparticles (AuNPs) and outer-membrane vesicles (OMVs) from
E. coli. Au-OMYV, when combined with radiotherapy, produced radiosensitizing and immuno-
modulatory effects that successfully suppressed tumor growth in both subcutaneous G261 tumor-
bearing and in situ (brain) tumor-bearing C57BL/6 mice. Longer survival was also noted with in situ
tumor-bearing mice treated with Au—-OMYV and radiotherapy. The mechanisms for the successful
treatment were evaluated. Intracellular reactive oxygen species (ROS) greatly increased in response
to Au-OMYV in combination with radiotherapy in G261 glioma cells. Furthermore, with a co-culture
of G261 glioma cells and RAW 264.7 macrophages, we found that GL261 cell viability was related to
chemotaxis of macrophages and TNF-« production.

Keywords: glioblastoma; gold nanoparticles; outer membrane vesicles; immunotherapy; radioenhancer

1. Introduction

Glioblastoma (Grade IV), previously known as glioblastoma multiforme (GBM), is
the most malignant brain tumor. Despite the great technological advances in imaging,
surgery, and adjuvant therapies, the median survival is 14-16 months after diagnosis, and
the 5-year overall survival is only 9.8% [1]. In addition, its infiltrative nature is one of the
main reasons for tumor recurrence. Current glioblastoma therapy represents a combination
of surgery, radiation, and chemotherapy. There are two FDA-approved glioblastoma drugs:
one is temozolomide, a DNA alkylating agent, and the other is bevacizumab, a humanized
monoclonal antibody IgG1. Both of them are not effective enough; therefore, there is a
constant search for new treatments with improved efficiency and less adverse effects [2,3].
For non-surgical treatment of glioblastoma, enhancement of radiotherapy and better tar-
geting of pharmaceutical agents to tumors through immunotherapy were attempted to
improve survival. Metal nanoparticles have been widely used in clinical practice, including
diagnostic, therapeutic (radiation dose enhancers, hyperthermia inducers, drug delivery
vehicles, vaccine adjuvants, photosensitizers, and enhancers of immunotherapy), and ther-
anostic (combining both diagnostic and therapeutic) applications [4]. Gold nanoparticles
(AuNPs) are one of the promising agents. They have several advantages: biocompatibility,
well-established methods for synthesis in a wide range of sizes, and the possibility of
surface coating with many different molecules to provide, for example, surface charge or
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interactivity with serum proteins [5]. Safety is the most important concern for all clinical
applications. Radiotherapy cannot spare 100% of the healthy tissues neighboring cancerous
ones. In order to overcome these limitations, combinations of therapeutic modalities have
been proposed, and have already been showing promising results with AuNPs [6,7]. In ad-
dition, AuNDPs are able to target the tumor by passive targeting (enhanced permeability
and retention (EPR) effect and mononuclear phagocyte system (MPS) escape) and active
targeting (tumor cell targeting and stimuli-response) [8]. Furthermore, photoexcitation
of the AuNPs would lead to the generation of reactive oxygen species (ROS), which are
known to play a central role in the photodymamic therapy of cancer [9]. Bacterial outer-
membrane vesicles (OMVs) are naturally produced from all Gram-negative bacteria and
have nano-sized, lipid-bilayered vesicular structures composed of various immunostimu-
latory components. An OMV-based vaccine is being clinically used as a meningococcal
group B vaccine under the trade name Bexsero. Furthermore, studies have revealed the
remarkable ability of OMVs to effectively induce long-term antitumor immune responses
without notable adverse effects [10]. In this study, we mixed AuNPs and OMVs into a
co-suspension of Au-OMYV and tested its safety and effects on glioblastoma through the
combination of augmented radiotherapy and immunotherapy.

2. Materials and Methods
2.1. Preparation and Characterization of Au—-OMV

E. coli MAX EfﬁciencyTM DH5a Competent Cells, Thermo Fisher, Waltham, MA,
USA), were cultured for 16 h on lysogeny broth (1% tryptone, 0.5% yeast extract, 1% NaCl,
pH 7.0) at 37 °C with shaking (180 rpm) until the OD600 reached 0.8-1. The cultured cells
were pelleted twice at 4000 ¢ for 10 min. The supernatant was filtered with a filter having
0.45 um pore size and was concentrated using a 100 kDa hollow fiber membrane (Amicon,
Millipore, Kenilworth, NJ, USA). The concentrate was filtered again using a 0.22 pm filter
and was pelleted by ultracentrifugation at 150,000 x g in a SW 41 Ti rotor (Beckman Coulter
Inc., Brea, CA, USA) for 3 h. The pellet was suspended in 50% iodixanol, and we used
buoyant density gradients of 10%, 40%, and 50% iodixanol layers at 200,000 x g for 2 h.
The fractions containing bacterial OMVs and extracellular vesicles were collected from the
third fraction from the top layer. The purified OMVs were filtered with 0.22 pm filters to
avoid any bacteria or cell debris contamination. Protein concentration was determined
using Bradford assay. The sample was aliquoted and stored at —80°C until use [11].
For AuNPs synthesis, we dissolved 1 mg HAuCl, in 90 mL deionized water and heated
the mixture to boil. The reducing solution, 500 uL 250 mM sodium citrate, was added until
the light-yellow solution turned to red. We kept stirring for another 30 min and measured
the particle size. The solution containing particles was stored at 4 °C. For the preparation
of Au-OMY, solutions containing Au and OMYV particles were mixed (at concentrations of
200 pg mL~! and 2 pg mL~! for Au and OMYV, respectively) thoroughly in a homogenizer
to form a stable co-suspension without forming aggregations of particles.

The morphologies of Au nanoparticles, OMV, and Au—-OMYV were examined using
surface (JEOL, JSM-7600F, Tokyo, Japan) and transmission electron microscopy (JEOL, JEM-
2000EX 11, Tokyo, Japan). Size distribution was measured using dynamic light scattering at
a scattering angle of 90° using a Zetasizer nano ZS90 (Malvern Instruments, Worcestershire,
UK) at 25°C.

2.2. Cell Culture

GL261 mouse glioma cells, C8D1A mouse astrocytes, B.end3 mouse endothelial cells,
and RAW264.7 mouse macrophages were grown in 90% Dulbecco’s modified eagle medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) and 4 mM glutamine in 75T
culture plates at 37 °C in a 5% CO,-containing atmosphere.
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2.3. Cell Viability Test

Cells were seeded in 98-well plates and incubated for 24 h. After washing three times
with phosphate-buffered saline (PBS), OMV and AuNPs at various concentrations (diluted
with FBS-containing culture medium) were added to the plates and incubated for 24 h.
After washing with PBS, 20X diluted PrestoBlue® reagent was added and reacted with
cells for 20 min. Viable cells were evaluated using TECAN Sunrise ELISA Reader (TECAN,
Zurich, Switzerland) at excitation/emission (Ex/Em) 560/590 nm.

2.4. The Combination of Au-OMYV and Radiotherapy Applied to the Co-Culture of GL261 Glioma
Cells and RAW264.7 Macrophages

2.4.1. Cell Viability

In total, 3 x 10° GL261 mouse glioma cells were seeded in 6 wells until well attached.
After washed with PBS, cells were incubated with 5 ig mL~! OMV and 400 pg mL~!
AuNP for 5 h. X-ray radiation (6 MeV, a dose rate of 100 rad /min; and the total dose of
X-ray radiation was 2 Gy in a single fraction) was given to the cells, and the 0.4 pm pored
upper chambers of transwells with 1 x 10° RAW264.7 mouse macrophages were inserted
and co-cultured for 24 h. PrestoBlue® Cell Viability Reagent was used to evaluate the
viability of the cells using TECAN Sunrise ELISA Reader at Ex/Em 560/590 nm.

2.4.2. Macrophage Migration (Chemotaxis Assay)

GL261 mouse glioma cells were seeded in 12 wells with a density of 5 x 10° /well.
After well attached, cells were incubated with 2 ug mL~! OMV and 400 pg mL~! AuNP
for 5 h. X-ray radiation (6 MeV, a dose rate of 100 rad/min) was given to the cells, and
the total dose of X-ray radiation was 2 Gy in a single fraction. On the other hand, 1 x 10°
RAW?264.7 mouse macrophages in 1 mL PBS were labeled with 5 uL Vybrant™ DiD (red
for macrophages) Cell Labeling Solution at 37 °C for 20 min. After being centrifuged at
15,000 rpm for 5 min, RAW264.7 cell lysates were resuspended in PBS and were placed
in 3 um pored upper chambers of transwells (inserts) with a density of 5 x 10°/well at
37 °C and co-cultured for 24 h. After washing with PBS for 3 times, cells were fixed with
4% formalin for 10 min and then 0.1% Triton X-100 was added. After washing with PBS for
3 times, Alexa Fluor™ 488 phalloidin (Ex/Em 493/519, green for actin) was added and
the solutions were incubated for 30 min. Furthermore, H33342/DAPI (Ex/Em 358/519,
blue for nucleus) was added, and then all were observed with the ZEISS LSM 880 (Zeiss,
Oberkochen, Germany) confocal microscope.

2.5. Intracellular ROS Detection Using Flow Cytometry

In total, 3 x 10° GL261 mouse glioma cells were seeded in 6-well plates until well
attached. After washed with PBS, cells were incubated with 5 pg mL~! OMV and
400 pg mL~! AuNP for 5 h. After washed with PBS, Trypsin was added for the detachment
of cells. The cell lysate was centrifuged with 1000 rpm for 5 min. After discarding the
supernatant, 100 uL. CellROX® Deep Red Reagent was added to the centrifuged cells. X-ray
(6 MeV, a dose rate of 100 rad/min) was given to the cells and the total dose of X-ray
radiation was 2 Gy in a single fraction. After washed with 900 uL PBS, cells were dissolved
in 1 pL medium and subjected to flow cytometry (Beckman Coulter CytoFLEX, Beckman
Coulter Inc., Brea, CA, USA) for the detection of ROS fluorescence at Ex/Em 495/529 nm.

2.6. Confocal Microscopic ROS Detection

GL261 mouse glioma cells were seeded in a Ultra-Low Attachment Surface 6-well
plate with a density of 1 x 10° cells/well and cultured with Au-OMV complex overnight.
X-ray radiation (6 MeV, a dose rate of 100 rad /min) was given to the cells, and the total
dose of X-ray radiation was 2 Gy in a single fraction. The live cells were incubated
with 100 pL of CellROX™ Deep Red Reagent (5 uM; Ex/Em 640/665, pink for ROS),
100 uL of H33342/DAPI (Ex/Em 358/519, blue for nucleus), and Alexa Fluor™ 488

199



Nanomaterials 2021, 11, 1661

phalloidin (Ex/Em 493/519, green for actin) for 1 h and observed under a Zeiss LSM 880
confocal microscope.

2.7. Western Blot

Cells were washed three times using PBS at 24 h after treatment and subsequently
added to lysis buffer for 5 min. The protein concentration in each cell lysate was then quan-
tified and adjusted depending on the concentration. The proteins were further separated
using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred to a polyvinylidene fluoride (PVDF) membrane. The samples were then blocked
with 5% bovine serum albumin (BSA) for 15 min followed by incubating with according
primary antibodies at 4 °C overnight. Subsequently, the samples were rinsed using PBS
three times and incubated with respective secondary antibodies at 4 °C for 2 h. The samples
were then washed with PBS and observed using a luminescence/fluorescence imaging
system, and the bands were recorded.

2.8. Animal Models

Six to ten-week old of C57BL/6 mice were obtained from BioLASCO Taiwan Co., Ltd.,
Taipei, Taiwan.

2.8.1. The Subcutaneous Tumor Models

In total, 5 x 10° GL261 glioma cells in 100 uL PBS were injected into the subcutaneous
tissues of the left legs of the C57BL/6 mice. Successful inductions of 100 mm? subcutaneous
tumors were seen in 14 days. The tumor-bearing mice were randomly divided into different
treatment groups. On day 14, the first treatment included intraperitoneal injection of
2 ug mL~! OMV and/or 200 ng mL~! Au-OMV (10 pL in total) with or without 2 Gy of
radiotherapy. The treatments were given every 3 days for 5 times. The tumor sizes were
measured before and after each treatment every 4 days.

2.8.2. The Brain Tumor Models (In Situ)

In total, 5 x 10° GL261 glioma cells were injected into 25 brains of C57BL/6 mice
through a specific locator. On day 5, after confirming successful induction of brain tumors
using a non-invasive in vivo imaging system (IVIS) or MRI, mice were randomly divided
and treated with 2 pg mL~! OMV and/or 200 ug mL~! Au-OMYV (10 uL in total) using
in situ injection. On the other day, 2 Gy of radiotherapy was given with an interval of
2-3 days, 5 times. Tumor sizes were evaluated using IVIS and MRI on days 12, 15, and 18.

3. Results
3.1. Au—=OMV Complex

The average diameter of synthetic Au-nanoparticles was 18 nm, and the sizes of these
particles were homogeneous with a polydispersity index (PDI) equal to 0.073 (Table 1). The
average diameter of OMVs was 126 nm. During the preparation of Au—-OMYV, solutions
containing Au and OMYV particles were mixed thoroughly in a homogenizer. As both Au
and OMYV particles were negatively charged, they could be mixed well to form a stable
co-suspension solution without forming aggregations of particles (Figure 1).

3.2. Selective Cytotoxicity of OMV to Glioma Cells at Concentration > 2 ug mL~!

OMVs with concentrations ranging from 0 to 10 ug mL~! were incubated with B.end3
mouse brain endothelial cells, C8D1A mouse astrocytes, and GL261 mouse glioma cells
at 37 °C for 24 h. When the cells were cultured with OMYV concentrations greater than or
equal to 2 pg mL~!, the survival rate of GL261 glioma cells reduced to 60%, whereas the
survival rates of B.end3 endothelial cells and C8D1A astrocytes remained higher than 80%
(Figure 2A).
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Figure 1. Characterizations of Au-OMYV nanoparticles. (A,B) Scanning electron microscope image
(SEM) of OMYV production by E. coli. (C,D) TEM images of Au and Au—-OMV.

Table 1. The size distributions of Au and OMV particles.

Nanoparticles Size (nm) PDI
Au 17.85 0.073
oMV 126 0.238
Au-OMV 42 0.521

3.3. AuNPs Were Nontoxic to Cells Unless Exposed to Radiotherapy at a Concentration of
200 pg mL~1

AuNPs with concentrations ranging from 0 to 800 ug mL~! were incubated with B.end3
mouse brain endothelial cells, C8D1A mouse astrocytes, and GL261 mouse glioma cells at
37°C for 24 h. The survival rates of all three types of cells were above 80% (Figure 2B).
If AuNps-treated GL261 cells were exposed to 2 Gy of radiotherapy, the survival rate of
cells was reduced by 30% when the AuNPs’ concentration reached 200 g mL~!. However,
with the concentration increased up to 800 pg mL ™!, the cytotoxic effect remained at 30%,
which showed the limitation of the augmented radiotherapy effect of AuNPs (Figure 2C).
The cytotoxicity analysis showed that AuNPs were nontoxic to cells (Figure 2B) unless ex-
posed to radiotherapy at a concentration of 200 ug mL~! (Figure 2C; i.e., showing selective
toxicity to the GL261 cells). Therefore, a dose of 2 pg mL~! OMV and/or 200 ug mL~!
Au-OMYV was chosen for the following animal studies.

3.4. GL261 Cell Viability Reduced Significantly by Combination of Radiotherapy and Au—OMV
Treatment When Co-Cultured with Macrophages

Cultured GL261 glioma cells were treated with various treatments and co-cultured
with RAW 264.7 macrophages using 0.4 um pored transwells which allowed only cytokines
to move, not macrophages (Figure 3A). GL261 cell viability did not show significant
change if they were not co-cultured with macrophages. However, the survival rate of
glioma cells reduced to 60% when the co-culture systems were treated with OMV only, and
further reduced to 30% if the treatments combined both OMV and AuNPs with 2 Gy of
radiotherapy (Figure 3B).
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Figure 2. Toxicity of (A) OMV and (B) Au to B.end3 mouse brain endothelial cells, CSD1A mouse
astrocytes, and GL261 mouse glioma cells. (C) Au augmented the radiotoxic effect towards GL261
mouse glioma cells.

3.5. Chemotaxis of Macrophages to Glioma Cells Was Induced by Au—OMV in Combination
with Radiotherapy

GL261 glioma cells were treated with various treatments and co-cultured with RAW
264.7 macrophages for 24 h using 3 pm transwells, which allowed the migration of macrophages.
The migrations of macrophages towards glioma cells (chemotaxis of macrophages) were ob-
served under confocal microscopy using VybrantTM DiD-stained (red) macrophages (Figure 3C).
The chemotaxis of macrophages largely increased when glioma cells were treated with Au-
OMYV combined with 2-Gy radiotherapy (Figure 4). The degrees of chemotaxis of macrophages
in response to various treatments seemed correlated with the changes of glioma cell viability
to the same treatment.

(A) @® ®)
&R @ Cell Viability of GL261 co-culture with RAW264.7
I 120
OGL261  Oco-culture with RAW264.7
100
@ :cL261 {OMV -
< 80
@ : irradiation - AuNP z
z
B :RAW264.7 200
= 40
©) " H
0

Control oMV AuOMV 2Gy OMV+2Gy AuOMV+2Gy

RAW264.7

Figure 3. (A) GL261 glioma cells (in lower well) were treated with various treatments and co-cultured
with RAW 264.7 Macrophages (in upper well) using 0.4 um pored transwells. (B) GL261 cell viability
in response to various treatments when co-cultured for 24 h with RAW 264.7 cells. (C) Co-culture in
transwell system with a 3 um porous membrane at the bottom of the upper chamber. Migrations of
RAW 264.7 mouse macrophages towards glioma cells (chemoatxis of microphages) were noted and
were labeled with VybrantTM DiD (red) in the lower chamber.
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Figure 4. Confocal microscopy of immunofluorescence imaging of the GL 261 glioma cells co-cultured
with RAW 264.7 macrophages. (A,G) Control and treatments with (B,H) OMYV, (C,I) Au-OMYV,
(D)) 2 Gy X-ray, (EK) OMV + 2 Gy X-ray, and (F,L) Au-OMV + 2 Gy X-ray. ( immunofluores-
cences: H33342/DAPI (blue for nucleus), phalloidin (green for actin), and VybrantTM DiD (red
for macrophages).

3.6. ROS Production of Glioma Cells Greatly Increased with Au—OMYV in Combination
with Radiotherapy

It is well known that metal-based nanoparticles” induction of cancer cell death is
related to the generation of ROS [12]. However, ROS production of cancer cells related
to OMV has not been explored. In this study, ROS production in GL261 glioma cells
was induced by OMV administration, and the reaction was dose-dependent (Figure 5A).
With the combination of Au-OMYV and radiotherapy, ROS production increased as much
as five times the control (Figure 5B).
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Figure 5. Intracellular ROS production of G261 glioma cells in response to (A) different concentrations
of OMV and (B) various treatments.

To simulate 3D tumor behavior, we built a 3D sphere grown with GL261 glioma cells.
Briefly, GL261 glioma cells were grown in Nunclon Sphera microplates at 10,000 cells/well,
and the live cells were labeled with H33342/ DAPI (blue for nucleus), phalloidin (green for
actin), and CellROX Deep Red Reagent for oxidative stress detection (pink). Under con-
focal microscopy (Figure 6), a mild increase in ROS production was observed when the
glioma cells were treated with Au—-OMYV (Figure 6B) and 2-Gy radiotherapy (Figure 6C).
The greatest increase of ROS production was detected while 3D spherical glioma cells were
treated with Au-OMYV and 2-Gy radiotherapy (Figure 6D). The results in 3D spheres were
correlated with those in the culture discs.
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Control Au-OMV
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Figure 6. ROS production of live G261 glioma cells grown on 3D spheres in control (A), in response to
(B) Au—-OMY, (C) 2-Gy radiotherapy, and (D) the combination of Au-OMYV and radiotherapy under
confocal microscopy. The live cells were labeled with H33342/DAPI (blue for nucleus), phalloidin
(green for actin), and CellROXTM Deep Red Reagent for oxidative stress detection (pink for ROS).

3.7. TNF-a Expression in the GL261 and RAW 264.7 Co-Culture Was Increased by Combining
Radiotherapy with Au-OMV

GL261 glioma cells were treated with various treatments and co-cultured with RAW
264.7 macrophages for 24 h using 0.4 um transwells, which allowed only cytokines and not
macrophages to move. TNF-« protein expression in cell lysates was evaluated by Western
blots. Increased production of TNF-a protein after various treatments was found in the
lysate of cells treated with Au-OMYV combined with radiotherapy (Figure 7).

GAPDH D . .- e
TNF-a i -----

Figure 7. Western blot of TNF-« released from RAW 264.7 macrophages co-cultured with GL261
glioma cells. GAPDH was used as a loading control.

3.8. In Vivo Glioblastoma Animal Models Successfully Treated with Intraperitoneal Injection and
In Situ Injection of Au—OMV Combined with 2 Gy Radiotherapy

3.8.1. The Subcutaneous Tumor Models

In this step, 5 x 10® GL261 glioma cells were injected into the subcutaneous tissues
of the left legs of the C57BL /6 mice. The successful induction of 100 mm? subcutaneous
tumors was seen in 14 days. The tumor-bearing mice were randomly divided into different
treatment groups. Treatment groups were given intraperitoneal injections of 2 ug OMV or
200 pg Au—OMYV with or without 2-Gy radiotherapy every 3 days, five times (Figure 8A).
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The size of each tumor was measured before and after treatment (Figure 8B). The tumor
volume steadily increased with time in the control group, but was successfully suppressed
by treatments, especially in the group treated with Au—-OMYV with 2-Gy radiotherapy
(Figure 8C). Growth of tumors was suppressed in all treatment groups, especially in the
group treated with Au-OMYV + 2 Gy radiotherapy, whose tumors did not grow even at the

end of the experiment.
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Figure 8. (A) Schematic diagram of subcutaneous OMV or Au-OMYV injections with radiation therapy
for GL261 glioma tumor-bearing mice. (B,C) Tumor volume kept growing in the control group, but
the growth was suppressed in all treatment groups, especially in the group treated with Au—-OMV +

2 Gy radiotherapy, whose tumors did not grow, even at the end of the experiment.
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3.8.2. The In Situ Brain Tumor Models

In addition, 5 x 10° GL261 glioma cells were injected into the brains of C57BL/6
mice through a specific locator. On day 5, after confirming successful induction of brain
tumors using a noninvasive in vivo imaging system (IVIS), mice were randomly divided
into groups and treated with Au-OMYV in a 10 pL solution using in situ injection on day 7.
To some groups, 2-Gy radiotherapy was given. Tumor sizes were evaluated using IVIS on
days 12, 15, and 18 (Figure 9A). Only when mice were treated with Au—-OMYV combined
with 2-Gy radiotherapy was tumor growth suppressed at the beginning of the treatment.
If tumor size was small, eradication of the tumor was noted after complete treatment. Only
when tumor-bearing mice were treated with Au-OMV combined with 2-Gy radiotherapy
could they live more than 18 days after tumor implantation (Figure 9B). The survival rate
after 18 days was 35% for the Au-OMYV with 2-Gy radiotherapy group (Figure 9C).
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Figure 9. (A) Schematic diagram of intracranial Au-OMYV injection with radiation therapy for GL261
glioma tumor-bearing mice. (B) Assessment of the IVIS imaging system as a method for monitoring
tumor growth in a GL261 in situ tumor mode. IVIS imaging of mouse brain tumors on days 5, 12, 15,
and 18 after implantation of tumor cells; imaging results of three mice in each group. All images were at
the same scale. (C) Kaplan—Meier survival curves of control and treatment groups (N > 5 per arm).
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4. Discussion

Glioblastoma is known as the most difficult brain tumor to remove because of its
infiltrating nature. In addition, the difficulty of reaching the tumor with chemothera-
peutic drugs due to the blood brain barrier (BBB) and the limitations of radiotherapy in
eradicating radio-resistant glioblastoma cells further prevent the development of effective
treatment. To overcome these hurdles, the use of nano-particulate anti-GBM drugs has been
suggested [13]. Before our study, Au-related nanoparticles had been used to radio-sensitize
glioma stem cells [14], and OMVs had been evaluated for antitumor treatments in multiple
tumors, but never been studied for the treatment of glioblastoma.

In this study, we successfully synthesized a complex of two specific nanoparticles,
AuNPs and OMVs, to form Au—-OMVs (Figure 1). Au-OMVs improve the GBM treatment
via several different mechanisms. The efficacy of radiotherapy against GBM tumor is
increased due to its radio-sensitizing effect, and the immune mechanisms relying on
activation of anti-tumor cytokines and immune cells and local production of ROS are
enhanced. At first, we evaluated our synthesized AuNPs and OMVs individually. OMVs
had specific cytotoxicity to mouse glioma cells and were relatively safe to endothelial cells
and astrocytes. At concentrations above 2 pg mL~!, GL261 cells’ survival rate reduced
to 60% as compared to 80% of B.end3 and C8D1A cells (Figure 2A). Up to 800 pg mL~*
of AuNPs, glioma cells, and normal endothelial cells and astrocytes had survival rates
of at least 80% (Figure 2B). AuNPs had a radio-sensitizing effect at the concentration of
200 pg dL !, causing a 30% reduction of GL261 cell survival, and the augmentation was
not dose-related (Figure 2C). In general, both OMV and Au particles were relatively safe to
normal endothelial cells and astrocytes and had mild cytotoxic effects on glioma cells at
specific concentrations.

The histopathology of glioblastoma is characterized by significant infiltration of res-
ident microglia and peripheral macrophages in the tumor and pervasive infiltration of
tumor cells into the healthy surroundings of the tumor. Microglia and macrophages are the
main innate immune cells of the central nervous system. These macrophage populations
infiltrate the brain tumor area and constitute up to 50% of non-neoplastic cells, presenting
an opening for therapeutic strategies [15]. It has been speculated that the recruitment
of tumor-associated microglia and macrophages by tumor cells could be a potential ap-
proach for drug delivery [16,17]. Before our study, it was clear that macrophages play
a significant role in the pathophysiology of glioblastomas. In our study, we co-cultured
RAW 264.7 macrophages and G261 glioma cells using transwells with different pore sizes
to simulate the microenvironment of the glioblastoma and evaluate the immunological
responses to different treatments, especially our new Au-OMVs. Using 0.4 um transwells,
macrophages cultured in the transwell-insert influenced glioma cell growth without migra-
tion to the lower compartment (Figure 3A). The survival of GL261 glioma cells reduced
to 30% when the co-cultured systems were treated with Au-OMV combined with 2-Gy
radiotherapy (Figure 3B).

Reactive oxygen species (ROS) produced in eukaryotic cells through aerobic metabolism
have evolved as regulators of important signaling pathways. ROS are generated after expo-
sure to physical agents and after chemotherapy and radiotherapy [18]. It was not surprising
that intracellular ROS increased after radiotherapy. However, in spite of limited literature,
there was still evidence showing that OMVs dramatically increased the production of MCP-
1 (macrophage/monocyte chemoattractant protein-1) and MCP-2 (macrophage/monocyte
chemoattractant protein-2) cytokines from neurons [19]. The elevated secretion of MCP-1 was
then associated with changes in oxidative stress [20,21]. In our study, intracellular ROS produc-
tion also increased with OMV treatment alone in a dose-dependent way (Figure 5A). OMVs are
known to have immunomodulatory function [22]. The ROS production of GL261 glioma
cells in response to OMV treatment might have been related to the immunomodulation.
To our knowledge, this is the first study to demonstrate OMVs’ effect on ROS production
in glioma cells. Furthermore, treatment with Au—-OMYV caused more ROS production than
OMV alone. Both Au and OMVs increased the intracellular ROS production in response
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to 2-Gy radiotherapy. The complex of Au-OMYV in combination with 2-Gy radiotherapy
induced the greatest intracellular ROS production (Figure 5B). The ROS production was
mostly induced by the combination of Au-OMYV with 2 Gy radiotherapy, not only in 2D
culture, but also in 3D culture (Figure 6). ROS have been implicated as mediators of cell
survival and cell death triggered by TNF-« signaling [23,24].

TNF-a was thought to be produced primarily by macrophages [25]. Using 3 um tran-
swells co-culture system, we labeled macrophages with red fluorescence (Figure 3C) and
observed macrophage migration (chemotaxis) under a confocal microscope. The complex
of Au-OMYV in combination with 2-Gy radiotherapy made the most macrophages migrate
from the upper compartment to the lower compartment (Figure 4). The reduction of GL261
glioma cell survival seemed correlated with macrophage chemotaxis to glioma cells. Not
only did macrophage chemotaxis increase with Au-OMV and 2-Gy radiotherapy treatment,
but macrophage-related cytokine also increased. Using a 0.4 um transwells co-culture
system and Western blotting, we also found that the protein levels of TNF-« increased after
the system was treated with Au-OMYV with 2-Gy radiotherapy (Figure 7).

Based on the successful in vitro results, we tested the Au-OMV complex on two
in vivo animal models with C57BL/6 mice. First, for easier tumor observation and more
convenient drug administration, we created the subcutaneous tumor mass using GL261
glioma cells were implanted on the left thighs of C57BL/6 mice. Treatment groups were
given intraperitoneal injections of 2 pg OMV or 200 pg Au-OMYV with or without 2-Gy
radiotherapy every 3 days, five times (Figure 8A). The tumor volume steadily increased
with time in the control group, but was successfully suppressed by treatments, especially
in the group treated with Au-OMYV and 2-Gy radiotherapy. After 2 weeks, tumor volume
barely changed in tumor-bearing mice treated with Au—-OMYV and 2-Gy radiotherapy in
comparison to an eight-fold increase in tumor volume of the control mice (Figure 8C).

Encouraged by the successful subcutaneous model results, we created an in situ brain
tumor animal model by implanting GL261 cells into the brain using a specific locator.
The in situ brain tumor model was more challenging for tumor size measurements and
drug administration. For tumor measurements, we injected D-luciferin preparation into
peritoneum and observed tumor size by IVIS. Successful tumor reduction was observed
in the in situ tumor-bearing mice treated with Au-OMV and 2-Gy radiotherapy; control
mice or mice treated with only Au-OMYV or 2-Gy radiotherapy experienced tumor growth
or death. If tumor size was small, eradication of the tumor was noted at the end of the
experiment. However, tumor regrowth was noted in some mice treated with Au-OMV and
2-Gy radiotherapy, whereas non-treated mice or mice that received a single treatment died
(Figure 9B). Non-treated, in situ, GL261 tumor-bearing mice had very short lives (ranged
from 15-18 days). Although tumor regrowth was noted, tumor-bearing mice treated with
Au-OMYV and 2-Gy radiotherapy had longer survival (Figure 9C). More experimentation is
needed to evaluate whether higher dosages or repeated treatments will help to prolong the
disease-free time.

5. Conclusions

In this study, the combination of Au-OMYV and radiotherapy had a specific cytotoxic
effect on GL261 glioma cells which may have been related to intracellular ROS production,
chemotaxis of macrophages, and TNF-a production. We also created two animal models
using GL261 cells implanted in the subcutaneous tissues or brains of C57BL/6 mice. As a
result, suppression of tumor growth was noted in all tumor-bearing mice treated with
both Au-OMYV and radiotherapy. Au-OMYV opened up a new avenue for the treatment
of glioblastoma using low-dose combination radiotherapy. However, further studies on
the detailed mechanisms of OMVs are important for more understanding. Such under-
standing could be crucial for the future development of chemically conjugated Au—-OMV
preparations. As Au-OMV-based therapy uses different mechanisms from temozolomide
and bevacizumab in the treatment of glioblastoma, more studies are necessary to com-
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pare these therapeutic agents and investigate the feasibility of combinations of them in
chemoradiation strategies of glioblastoma management.
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Abstract: Nanoparticles with active-targeting and stimuli-responsive behavior are a promising class
of engineered materials able to recognize the site of cancer disease, targeting the drug release and
limiting side effects in the healthy organs. In this work, new dual pH/redox-responsive nanoparticles
with affinity for folate receptors were prepared by the combination of two amphiphilic dextran
(DEX) derivatives. DEXFA conjugate was obtained by covalent coupling of the polysaccharide with
folic acid (FA), whereas DEXssPEGCOOH derived from a reductive amination step of DEX was
followed by condensation with polyethylene glycol 600. After self-assembling, nanoparticles with
a mean size of 50 nm, able to be destabilized in acidic pH and reducing media, were obtained.
Doxorubicin was loaded during the self-assembling process, and the release experiments showed
the ability of the proposed system to modulate the drug release in response to different pH and
redox conditions. Finally, the viability and uptake experiments on healthy (MCF-10A) and metastatic
cancer (MDA-MB-231) cells proved the potential applicability of the proposed system as a new drug
vector in cancer therapy.

Keywords: dextran conjugate; folic acid; pH/redox responsive nanoparticles; targeted release;
cystamine; PEG diacid

1. Introduction

In the last decades, the acquisition of ever more complete information about the
physiopathological features of cancer tissues coupled with the tremendous progresses
in nanotechnology applied in the biomedical field, and in cancer therapy in particular,
has led to the development of several nanoparticles for the targeted release of anticancer
drugs as an alternative approach to overcome the well-known limits of conventional
chemotherapy [1,2].

By virtue of the Enhanced Permeation and Retention (EPR) effect, a typical condi-
tion of the tumor tissues characterized by angiogenesis and lack of lymphatic drainage,
nanoparticles can efficiently accumulate at the tumor site [3,4]. In addition, this kind of
system can be designed to recognize specific elements in cancer cells (i.e., overexpressed
membrane receptors) [5,6] and/or to respond to specific signals (variation of temperature,
pH, redox potential) from the tumor microenvironment [7], enhancing, in both cases, the
amount of drug released in the target site. More in detail, it is well known that folate
receptors are overexpressed in many solid tumors [8,9], that the extracellular environment
is more acidic (pH 6.5) in tumors than in blood and in normal tissues (pH 7.4) [10,11],
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and that pH values of endosomes/lysosomes are even lower (5.0-5.5) [12,13]. Moreover,
the glutathione (GSH) concentration in cancer cells (approximately 2-10 mM) is almost
1000-fold higher than the extracellular matrix (approximately 2-20 uM), generating a high
redox potential across cell membranes [14]. Taken together, all these pieces of evidence can
serve as ideal triggers for the vectorization of anticancer drugs in tumor cells mediated by
nanoparticle systems [15].

Natural polymers, and polysaccharides in particular, were extensively investigated as
base materials for the preparation of targeted nanocarriers because of their non-toxicity;,
cost-effectivity, and physico-chemical features [16,17].

Among others, dextran (DEX), a bacterial-deriving glucose homopolysaccharide,
is widely employed in drug delivery due to its high-water solubility, biocompatibility,
biodegradability, resistance to protein adsorption, and ease of chemical modification due
to the presence of reactive hydroxyl groups [18-20].

The functionalization of DEX with hydrophobic moieties endowed with targeting
activity is a useful approach to obtain self-assembling nanocarriers able to vectorize the
payload in cancer cells [21]. As an example, the derivatization of DEX with folic acid (FA)
generated actively targeted nanoparticle structures for the release of Doxorubicin (DOX)
in breast cancer [22,23]. Similarly, the conjugation with hydrophobic chemical species
endowed with disulfide bridges, hydrazone, or imine bonds carried out to self-assembling
materials for the pH and redox responsive release of anticancer drugs [18,24,25].

In this work, we prepared two new amphiphilic DEX derivatives, DEXFA and DEXssP-
EGCOOH, with targeted and stimuli-responsive activity, respectively. DEXFA conjugate
derived from the covalent coupling of the polysaccharide with FA, whereas DEXssPEG-
COOH was obtained from the reaction of a cystamine-modified DEX with polyethylene
glycol 600 diacid (PEGgnCOOH). The combination of both derivatives allowed obtaining
multifunctional self-assembling nanoparticles (DFNPs) with active-targeted and pH/redox
responsive activities. The nanoparticles were characterized by Dynamic Light Scattering
(DLS) and Transmission Electron Microscopy (TEM), whereas pH/redox-triggered desta-
bilization assays were performed by measuring the variation of the nanoparticles mean
diameter in reducing media and acidic pH. DFNPs were loaded with Doxorubicin hy-
drochloride (DOX), a DNA topoisomerase II inhibitor with a broad-spectrum antineoplastic
activity [26], and in vitro release experiments from DOX-loaded DFNPs were performed
varying the pH and redox potential of the surrounding medium. Cytotoxicity and cellular
uptake experiments were performed on healthy (MCF-10A) and cancer (MDA-MB-231)
cells to evaluate the safety and potential suitability of the system in cancer therapy. Ul-
timately, cell cycle analysis confirmed the efficacy of the drug delivery system tested in
MDA-MB-231 cells.

2. Materials and Methods
2.1. Synthesis of DEXcys

DEXcys was obtained by reductive amination [27,28]. Briefly, after 0.2 g (1.2 mmol
glucose repeating units) of DEX (40 kDa) was dissolved in 20 mL of a H,O:DMSO (3:7 v/v)
mixture, 0.78 g (12.3 mmol) of sodium cyanoborohydride and 2.78 g (12.3 mmol) of cys-
tamine dihydrochloride (cysHCI) were added, and the mixture was stirred for 24 h at room
temperature. The resulting solution was purified by dialysis (MWCO 12-14 kDa) against
water at 20 °C for 72 h and finally freeze-dried (98% yield). "H-NMR and 2D-HSQC spectra
were recorded on a Bruker Avance III 400 MHz (Bruker Italy, Milan, Italy) at 25 °C using
a DMSO/D,0 (1:1 v/v) mixture as solvent. Dialysis membranes were purchased from
Medicell International LTD (London, UK).

All chemicals were purchased from Merck/Sigma Aldrich, Darmstadt, Germany.

2.2. Synthesis of DEXssPEGCOOH Conjugate
PEGgpodiacid (0.063 g), 1-etil-3-(3-dimetilamminopropil) carbodiimide (EDC) (0.04 g,
0.21 mmol), and N-hydroxy succinimide (0.024 g, 0.21 mmol) were dissolved in 3 mL of
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DMSO and left to react for 1 h at room temperature under magnetic stirring. Then, DEXcys
(0.017 g) dissolved in 2 mL DMSO was added. The mixture was magnetically stirred for
24 h at room temperature, purified by dialysis (MWCO 12-14 kDa) against water at 20 °C
for 72 h, and finally freeze-dried (98% yield). Dialysis membranes were purchased from
Medicell International LTD (London, UK). 'H-NMR and 2D-HSQC spectra were recorded
on a Bruker Avance III 400 MHz (Bruker Italy, Milan, Italy) at 25 °C using DMSO/D,0O
(1:1 v/v) mixture as solvent. All chemicals were purchased from Merck/Sigma Aldrich,
Darmstadt, Germany.

2.3. Synthesis of DEXFA

FA (0.5 g, 1.13 mmol) was dissolved in 10 mL DMSQO, then 0.66 g (3.44 mmol) of EDC,
0.44 g (3.47 mmol) of NHS, and 0.5 g (2.98 mmol) of DEX were added, and the mixture
was left to react for 48 h at 45 °C under magnetic stirring. The resulting solution was
purified by dialysis (MWCO 12-14 kDa) against a phosphate buffer (0.01 M, pH 7.4) and
water for 24 and 48 h, respectively, and finally freeze-dried (98% yield). TH-NMR and
2D-HSQC spectra were recorded on a Bruker Avance III 400 MHz (Bruker Italy, Milan,
Italy) at 25 °C using DMSO as solvent. Dialysis membranes were purchased from Medicell
International LTD (London, UK). All chemicals were purchased from Merck/Sigma Aldrich,
Darmstadt, Germany.

2.4. Determination of the Critical Aggregation Concentration (CAC)

The CAC of DEXssPEGCOOH, DEXFA, and their combination in the aqueous phase
were measured by fluorescence analysis using pyrene as a nonpolar probe [29,30]. In
separate experiments, 20.0 uL pyrene solution at a concentration of 3.0 x 10~> M in acetone
was evaporated in vials. Meanwhile, each conjugate was dissolved at concentrations
ranging from 1.6 x 10~ to 1 mg mL~! in phosphate buffer (0.01 M, pH 7.4) under magnetic
stirring, and 1 mL of each solution was added to the pyrene vials. The content of the
vials was mixed for 12 h, thereby leading to solutions with pyrene concentration of ca.
6.0 x 1077 M. Then, the intensity ratios (I3/1;) of the third vibronic band at 385 nm to
the first one at 373 nm of the fluorescence emission spectra of pyrene were recorded at
25 °C. Pyrene fluorescence emission spectra (Aexc = 336 nm; Aem = 350-500 nm) were
recorded on Hitachi F-2500 spectrometer (Tokyo, Japan). All chemicals were purchased
from Merck/Sigma Aldrich, Darmstadt, Germany:.

2.5. Preparation of Nanoparticles and DOX Loading

In the same vial, DEXssPEGCOOH and DEXFA were dispersed in phosphate buffer
solution (0.01 M, pH 7.4) at a final concentration of 1 mg mL~! and magnetically stirred for
2 h at 25 °C. DOX-loaded nanoparticles (DOX@DFNPs) were prepared by dispersing each
conjugate (final concentration 1 mg mL~') in a 58.8 uM DOX hydrochloride solution in
phosphate buffer (0.01 M, pH 7.4) and magnetically stirred for 12 h at room temperature [31].
The dispersion was used as such in the next release experiments. The DOX content in
DOX@DFNPs was confirmed by diluting 1 mL of DOX@DFNPs dispersion in 25 mL of
methanol, in order to disrupt nanoparticle structure [32], followed by the measurement of
the fluorescence of the solution (Aexc = 480 nm; Aen = 590 nm).

Size distributions were determined using a 90 Plus Particle Size Analyzer DLS equip-
ment (Brookhaven Instruments Corporation, New York, NY, USA) at 25 °C. The auto-
correlation function was measured at 90° and the laser beam operated at 658 nm. The
polydispersity index (PDI) was directly obtained from the instrumental data fitting proce-
dures by the inverse Laplace transformation and Contin methods. PDI values < 0.3 indicate
homogeneous and mono-disperse populations [33]. Morphological analysis of nanoparti-
cles was carried out using transmission electron microscopy (TEM; HRTEM /Tecnai F30
[80 kV] FEI company, Hillsboro, OR, USA). A drop of the vesicle dispersion was placed
on a Cu TEM grid (200 mesh, Plano GmbH, Wetzlar, Germany), and the sample in excess
was removed using a piece of filter paper. A drop of 2% (w/v) phosphotungstic acid
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solution was then deposited on the carbon grid for 2 min. Once the excess of staining agent
was removed with filter paper, the samples were air-dried, and the thin film of stained
nanoparticles was observed.

2.6. Destabilization Experiments

Destabilization experiments of empty nanoparticles in reductive environments were
performed by the dialysis method. Briefly, in separate experiments, 4 mL of freshly
prepared empty nanoparticles (final concentration 1 mg mL~!) were loaded in a dialysis
bag (MWCO 12-14 kDa) and dialyzed against 30 mL phosphate (0.01 M, pH 7.4) and an
acetate buffer (0.01 M, pH 5.5) containing GSH at different concentrations (0 and 10 mM)
at 37 °C in a beaker with constant stirring. After 24 h, the mean diameter and PDI were
measured by DLS. Each analysis was performed in triplicate.

2.7. Release Experiments

Release experiments were carried out by means of a dialysis method under sink condi-
tions. In two different experiments, 2 mL DOX@DFNPs dispersion were loaded in a dialysis
bag (cut-off molecular weight of 3.5 kDa) and dialyzed against 10 mL phosphate (0.01 M,
pH 7.4) and an acetate (0.01 M, pH 5.5) buffer containing GSH at different concentrations (0
and 10 mM) at 37 °C in a beaker with constant stirring. At pre-established times, samples
(0.5 mL) of release medium were withdrawn, replaced with fresh medium, and quantified
by a fluorescence spectrometer (F-2500 Hitaki, Tokyo, Japan). Experiments were performed
in triplicate.

2.8. Stability in Plasma Simulating Medium

The stability of DOX@DFNPs dispersion in plasma simulating fluid was performed
by measuring the drug content in PBS solution containing 90% FBS [34]. In particular,
2 mL DOX@DFNPs dispersion was inserted in a dialysis bag (cut-off molecular weight
of 3.5 kDa) and dialyzed against 10 mL of phosphate buffer solution (0.01 M, pH 7.4)
containing 90% FBS at 37 °C in a beaker with constant stirring. At pre-established times,
samples (0.5 mL) of release medium were withdrawn, replaced with fresh medium, and
quantified by a fluorescence spectrometer (F-2500 Hitaki, Tokyo, Japan). Experiments were
performed in triplicate.

2.9. Cell Culture

MCEF-10A and MDA-MB-231 cell lines were from American Type Culture Collection
(Manassas, VA, USA). All cell lines were authenticated and stored according to the sup-
plier’s instructions. Cells were used within four months after recovery of frozen aliquots
and regularly tested for mycoplasma-negativity (MycoAlert Mycoplasma Detection Assay,
Lonza, Basel, Switzerland). The MCF-10A cell line, a non-tumorigenic human epithelial
breast cell line, was cultured in DMEM/F-12 supplemented with 5% horse serum (HS),
L-glutamine (1%), penicillin/streptomycin (1%), 100 ng mL~! cholera toxin, hydrocortisone
(0.5 mg mL~1), insulin (10 mg mL~1!), and epidermal growth factor (EGF) (20 ng mL ).
MDA-MB-231 human breast cancer cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM)/Nutrient Mixture F-12 Ham (DMEM/F12) supplemented with 5% fetal
bovine serum (FBS) containing L-glutamine (1%) and penicillin/streptomycin (1%). The
cells were maintained at 37 °C in a 5% CO, humidified incubator. Before each experi-
ment, cells were grown in a phenol red-free medium, containing 5% charcoal-stripped FBS
(cs-FBS), for at least 24 h.

2.10. Cell Viability Assay

The effect of DOX, DFNPs, and DOX@DFNDPs was tested in MCF-10A and MDA-MB-
231 cells using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
cell viability assay. Cells were plated in the appropriate medium (1 x 10*) in 96-well tissue
culture plates and incubated for 24 h at 37 °C and 5% CO;, to allow cell adhesion. After 24 h,
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the culture medium was replaced with medium supplemented with 5% cs-FBS, and the
cells were treated with DOX (0.08-1.28 ug mL~!) and /or DFNPs (0.625-1.0 mg mL~!) for
72 h. The MTT assay was performed adding 100 L. MTT stock solution in PBS (2 mg mL 1)
to each well and incubated for 4 h to allow the formation of violet formazan crystals.
Then, the culture medium was removed, and 100 uL. of DMSO was added to solubilize
the formazan crystals. The absorbance was measured with the Multiskan EX Microplate
Reader (Thermo Scientific, Waltham, MA, USA) at the wavelength of 570 nm.

2.11. Cellular Uptake Experiments

MDA-MB-231 and MCEF-10A cells were treated or untreated with DOX and DOX@DFNPs
for 24 h. After incubation, the cells were washed twice with phosphate-buffered saline (PBS,
pH 7.4) and fixed in 3.7% formaldehyde solution in PBS for 10 min at room temperature
and then washed again twice in PBS. The cells were permeabilized with a solution of
0.1% Triton X-100 in PBS for 3-5 min, followed by two washes in PBS. 4’ ,6-diamidino-2-
phenylindole dihydrochloride (DAPI, 2 g mL~!) staining was used for nuclei detection. To
confirm the folate receptor-mediated uptake efficacy of DOX@DFNPs, both cell lines were
pretreated with free FA (20 pug) for 1 h [35]. The cellular uptake of DOX and DOX@DFNPs
(excitation 480 nm, emission 590-610 nm), was quantified in MDA-MB-231 cells using a
confocal laser scanning microscope (Fluoview FV300, Olympus, London, UK). Fluorescence
intensity was measured in three different (40 x) optic fields of three different wells per each
experimental condition.

2.12. DNA Flow Cytometry

To perform cell cycle analysis, MDA-MB-231 cells were treated or untreated with
DOX or DOX@DFNPs for 48 h. The cells were then fixed with a solution of propidium
iodide (100 pg mL~!), and then RNase A (20 ug mL~!) was added. Cellular cycle was
measured using a FACScan flow cytometer (Becton Dickinson, Mountain View, CA, USA)
and the data acquired using CellQuest software. Cell cycle profiles were determined using
Mod-Fit LT.

3. Results and Discussion

The design of drug delivery systems able to recognize characteristic elements or
respond to specific signals of the tumor tissues is the main strategy to target the drug
release to the site of interest, optimizing the drug efficacy and minimizing the insurgence
of undesirable side-effects. In this work, two different self-assembling specimens endowed
with actively targeted (DEXFA) and pH/redox-responsive (DEXssPEGCOOH) elements
were combined to obtain the DFNPs nanoparticles with affinity to folate receptors (through
folate moieties) and the ability to trigger the drug release in response to different pH
and GSH concentrations due to the presence of COOH functionalities and cystamine
residues, respectively.

3.1. Synthesis and Characterization of DEXssPEGCOOH

As depicted in Figure 1, DEXssPEGCOOH conjugate was obtained by a two-step
procedure consisting of (i) reductive amination of DEX in presence of cysHCI and
sodiumcyano-borohydride and (ii) covalent coupling of DEXcys and PEG¢yCOOH via
carbodiimide chemistry.

DEXcys and DEXssPEGCOOH were characterized by FT-IR and '"H-NMR analyses
(Figure 2). In FT-IR spectrum of DEXcys (Figure 2a), no significant variation of the absorp-
tion bands was observed compared to native DEX, because the signals of cystamine were
overshadowed by the more intense absorption bands of the polysaccharide. In the 'H-
NMR spectrum (Figure 2b), the signal of DEX anomeric proton (f3) was evident at around
4.9 ppm, while the presence of cystamine residues was confirmed by the enhancement of
the relative intensity of aliphatic methylene protons in the region from 3.1 to 4.2 ppm with
respect to DEX spectrum. In particular, from the ratio between the intensity of aliphatic to
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anomeric protons of DEX and DEXcys, a derivatization degree of 9.2% was estimated. The
successful covalent attachment of PEG40COOH on DEX was confirmed by the appearance,
in FT-IR spectrum (Figure 2a), of new absorption bands at 1732 cm ™!, ascribable to C=0O
stretching of carboxyl functions, respectively. The further increase of the aliphatic region in
'H-NMR spectrum of DEXssPEGCOOH conjugate allowed estimating that a 38% amount
of cystamine residues in DEXcys was coupled with PEG4COOH.

For both conjugates, 2D-HSQC spectra were recorded to further characterize the
system (Figures S1 and S2 in Supplementary Material). DEXcys spectrum showed a 64 ppm
resonance signal, ascribable to the cystamine protons, in addition to that attributed to the
dextran carbon backbone, whereas in DEXssPEGCOOH conjugate an additional 70 ppm
resonance, due to the -O-CH,CH,-O- repetitive PEG fragment, was observed.

In order to achieve further information about the conjugates structures, their dif-
fusion coefficients were measured by 'H-DOSY analyses [36] (see Supplementary Ma-
terials). A slight decrease of the diffusion coefficients was found moving from DEX
(1.60 x 10719 m?/s), DEXcys (1.52 x 1071 m?/s), and DEXssPEGCOOH (1.33 x 1079 m?/s),
as a consequence of the functionalization process enhancing the molecular weight of the
resulting conjugate (Figures S4-56 in Supplementary Materials). In addition, the DOSY
spectra can be rationalized as a further confirmation of the purity of the conjugates: no
small molecule signal was envisaged superimposed under the polymer proton resonances,
with the exponential fittings of the decay curves for the different signals of the proton
spectrum obtained with very small errors, and in line with each other (Figures S5 and S6 in
Supplementary Materials).
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Figure 1. Synthesis of DEXcys and DEXssPEGCOOH.
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Figure 2. (a) FT-IR and (b) '"H-NMR spectra of DEX and DEX conjugates.

3.2. Synthesis and Characterization of DEXFA Conjugate

DEXFA conjugate was prepared through esterification reaction between the y-carboxylic
acid group of FA and the hydroxyl groups of DEX (Figure 3).

In the FT-IR spectrum of DEXFA (Figure 2a), new absorption bands at 1733 and
1610 cm ™!, ascribable to C=0 and -C=C- stretching vibration of FA, respectively, were
observed. In addition, the characteristic bands of -NH, and -CONH- stretching vibrations
at 1502 and 1155 cm ™! indicated the successful grafting of FA onto DEX. In the 'H-NMR
spectrum of DEXFA (Figure 2b), the signal of the DEX anomeric proton (x) was observed
at 4.68 ppm, while the presence of FA residues was evidenced by the characteristic res-
onance signals of FA at 8.5 (pteridine proton, $3), 7.6, and 6.8 ppm (y and & aromatic
protons). The relative integration of pteridine proton peak () and anomeric proton (o)
allowed calculating a derivatization degree (DD) of 18%, expressed as FA moieties with
respect to DEX repeating units. Additionally, for DEXFA, a 2D-HSQC spectrum (Figure S3
in Supplementary Materials) was recorded, and it is in accordance with the reported
proton spectrum.
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Figure 3. Synthesis of DEXFA conjugate.

3.3. Determination of CAC of DEXssPEGCOOH and DEXFA

The amphiphilic properties of DEXssPEGCOOH, DEXFA, and the combination of two
conjugates were evaluated by measuring their CAC, defined as the concentration value
above which the conjugates can organize in micellar structures. The determination of this
parameter is crucial in view of a potential application in vivo, where the system is highly
diluted in the systemic circulation: the lower the CAC value, the greater the stability of
the micellar structures formed at low conjugate concentrations. For this measurement,
pyrene was used as a probe in virtue of the ability to modify its fluorescent properties when
located inside or in the proximity of the micellar hydrophobic domains. In Figure 4, the
dependence of pyrene fluorescence spectra (Isg5 /1573 ratio) on the logarithm of conjugate
concentration was reported. At low concentrations, the intensity values remained almost
unchanged; in contrast, when the amount of conjugate increased, a sharp change of the
intensity was observed, indicating the onset of self-assembly. From the crossover points,
CAC values of 1.66 and 5.60 pg mL~! were calculated for DEXssPEGCOOH and DEXFA,
respectively. The lower CAC of DEXssPEGCOOH could be ascribable to the amphiphilic
behavior of PEG enhancing the ability of the conjugate to self-assembly in water media.
When the experiments were performed on the combination of the two DEX conjugates, in
according with literature data [37], a further increase of the CAC value was recorded (8.9
ug mL~ 1) as a consequence of the enhanced solubility of the whole system.

*

04 4

1 0
loge

Figure 4. Dependence of pyrene fluorescence spectrum signals on (e) DEXFA, (¢) DEXssPEGCOOH,
and (M) DEXFA /DEXssPEGCOOH concentration at pH 7.4.
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3.4. Preparation of DFNPs

DFNPs were prepared in a straightforward procedure exploiting the amphiphilic
character of the systems by dispersing the DEXssPEGCOOH and DEXFA conjugates in
phosphate buffer solution at pH 7.4 (Figure 5).
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Figure 5. (a) Representation of self-assembling process and (b) TEM image of DFNPs.

We can hypothesize that FA and PEG moieties in DEXFA and DEXssPEGCOOH conju-
gates constitute the hydrophobic core of the system, respectively, while the polysaccharide
represents the hydrophilic nanoparticle corona.

DLS analysis showed a unimodal particle size distribution, with a mean hydrodynamic
diameter of 50 4= 5 nm and a PDI of 0.1, while TEM micrographs revealed that the DFNPs
were characterized by spherical shape and a mean diameter value close to that recorded by
DLS (Figure 5b).

DFNPs present an ideal size to accumulate in tumor tissues via the EPR effect and
allow an extensive tumor penetration [38].

3.5. Destabilization Experiments

The main feature of a stimuli-responsive nanocarrier is the ability to undergo specific
structural modifications in response to internal or external stimuli in order to enhance
cellular internalization and drug release in the diseased site, while remaining stable in the
systemic circulation [39,40]. Due to the presence of pH and redox-responsive functionalities,
it is expected that DFNPs can be destabilized, varying the pH and the GSH concentration
in the surrounding medium. For this determination, the nanoparticles size changes in
different pH and redox conditions were evaluated by DLS analyses after 24 h incubation.

In phosphate buffer pH 7.4, mimicking the extracellular environment, the mean
diameter of DFNPs remained almost unchanged, while, when 10 mM GSH was added,
the mean particle size and the PDI increased to 90 nm and 0.41, respectively, because of
the breakage of crosslinking points (disulfide bonds) in the nanoparticle structure [41]. At
pH 5.0 (close to the pKa value of PEGCOOH moieties of DEXssPEGCOOH conjugate), the
particle diameter rose to 150 nm, probably as a consequence of the nanoparticle aggregation
in larger structures due to the formation of intermolecular hydrogen bonds [42]. Finally,
the incubation of the nanoparticles in acetate buffer pH 5.0 containing 10 mM GSH resulted
in a further increase of the mean diameter and PDI value (nearly to 170 nm and 0.42,
respectively), as a consequence of the simultaneous breakage of disulfide bonds and the
aggregation phenomena that carried out to the destabilization of the nanoparticles.
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3.6. DOX Loading and Release Experiments

DOX hydrochloride was loaded into the nanoparticles in a one-step procedure, adding
the drug at a concentration of 32 mg per g of conjugate during the self-assembling of the
conjugates (Figure 6), obtaining DOX@DFNPs systems showing similar morphological and
dimensional behavior of the unloaded DFNPs. DOX@DFNPs dispersion was used as such
in the release experiments, assuming that the total amount of added DOX was absorbed by
the nanoparticles.

\
\f“'\JL . Self-assembling e ©

‘ -

,4:“‘4 :%’ DOX loading  ® .o

DOX@DFNPs
nnnne== o

DEXssPEGCOOH DOX DEXFA

Figure 6. Schematization of DOX loading procedure.

Release experiments from DOX@DFNPs were performed in media mimicking the
extracellular (phosphate buffer at pH 7.4) and intracellular (acetate buffer at pH 5.0)
environments with or without GSH 10 mM (Figure 7).
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Figure 7. DOX release profiles from DOX@DFNPs in different pH and redox conditions.

At pH 7.4, simulating normal physiological conditions, a controlled release profile, not
exceeding 36% in the first 24 h, was recorded, indicating that the nanoparticles were stable
in the extracellular medium of healthy tissues and only a small amount of drug would be
leaked during blood circulation.

In pH 7.4 medium containing 10 mM GSH and in acetate buffer at pH 5.0, similar
release profiles were recorded, with percentages near to 35% and 80% in the first 60 min and
24 h, respectively. The data, in accordance with the stability experiments, are a consequence
of the destabilization of the nanoparticle structure due, in the case of GSH in phosphate
buffer, to the breakage of disulfide bonds, and in the case of acetate buffer at pH 5.0,
to the modification of the ionization state of both DFNPs and drug. These phenomena
modified the drug to polymer interactions, enhancing the drug release. Finally, when
GSH was added to acetate buffer, the highest release percentages were observed at all the
experimental times (52% and 98% after 60 min and 24 h, respectively), demonstrating the
synergistic effect of pH and redox stimuli on the in vitro drug release and the suitability
of the proposed system as redox/pH responsive drug delivery device. The stability of
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the loaded nanoparticles in plasma-simulating fluid was also performed using an FBS-
containing phosphate buffer solution as the release medium. As expected, a controlled
release profile very similar to that observed in the phosphate buffer in absence of FBS was
recorded, with the nanoparticles maintaining more than 70% of the drug loaded after 24 h.

3.7. Biological Characterization

The effect of DOX, DFNPs, and DOX@DFNPs on cell proliferation was evaluated
in non-tumorigenic epithelial cells (MCF-10A) and human breast adenocarcinoma cells
(MDA-MB-231) after 72 h incubation. At first, the cytotoxicity of DOX or DFENPs in both cell
lines was evaluated in the 0.08-1.28 ug mL~! and 0.625-1.0 mg mL~! concentration ranges,
respectively. For free DOX, negligible cytotoxic effects were recorded on healthy cells at all
the tested concentrations, while in cancer cells, a progressive decrease in cell survival in
response to increasing concentrations of drug was observed, with a half-maximal inhibitory
concentration (ICsg) value of 0.58 pg mL~! (Figure 8a).

100 1 . B MCF-10 100 il sk FE s ue B MCF-10
] EE Ex3 i e iz
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Figure 8. Viability percentages of (a) free DOX and (b) DFNPs on MCF-10A and MDA-MB-231 cell lines after 72 h. * p < 0.05,
**p <0.01, and *** p < 0.0001 vs. each control (two-way ANOVA followed by Tukey’s post-test; data are expressed as mean
=+ SD of three independent experiments).

Similarly, DENPs did not exert any toxic effect on MCF-10A cells, while in MDA-MB-
231 an inhibition of cell viability at a concentration up to 0.5 mg mL~! was observed, as a
confirmation of the safety of the proposed vehicle and the higher affinity towards tumor
cells overexpressing the folate receptors.

Thus, the viability experiments with loaded nanoparticles (DOX@DFNPs) were per-
formed fixing the nanoparticle concentration at 0.125 mg mL~! to ensure both the effective
formation of nanoparticles (as per CAC value of the conjugate) and negligible cytotoxic
effects, and varying the DOX content according to the dose-response curve of free DOX.
As depicted in Figure 9, nanoparticles retain their safety characteristics on healthy cells
even when loaded with the cytotoxic drug, with cell death percentages not exceeding 20%
at each tested concentration. However, when tested on MDA-MB-231, a dose-dependent
decreasing of cell viability was recorded, with a significant increase of DOX activity at
low drug concentration (p < 0.001 for 0.08 and 0.16 pg mL™1), an ICsj value almost halved
compared to free DOX (0.30), due to a more efficient cellular internalization in cancer cells
overexpressing the folate receptors (Figure 9).

It is widely reported that free DOX is internalized via passive diffusion, while
DOX@DFNPs are expected to enter the cells via endocytosis mediated by folate receptors,
preventing the effluxion of pump-associated drug activity. The improved internalization
of DOX after nanoparticle encapsulation was confirmed by cell uptake experiments. The
exposure of the cancer cells to DOX@DFNPs results in a significantly enhanced fluorescent
signal as compared to free DOX treatment (Figure 10), demonstrating the in vitro effective-
ness of the proposed system. Furthermore, in order to assess the folate-targeting effect,
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both cell lines were pretreated with free FA before incubation with the nanoparticle formu-
lation to block the folate receptors. As expected, a lower fluorescence signal was detected
when the cancer cells were pretreated with free FA (Figure 11), as a demonstration of the
receptor-mediated nanoparticles internalization. In addition, the lower expression of folate
receptors in healthy cells was responsible for a reduced uptake of DOX@DFNPs compared
to free DOX and to MDA-MB-231, with the FA pretreatment not affecting this behavior.
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Figure 9. Cell viability of MCF-10A and MDA-MB-231 cells treated with DOX@DFNPs (drug
concentration ranging from 0.08 to 1.28 ug mL~') after 72 h of culture. *p <0.05, ** p < 0.01,
***p <0.001, and **** p < 0.0001 vs. each control (CTRL); °°°° p < 0.0001 vs. the same drug equivalent
concentration on MCF-10A (two-way ANOVA followed by Tukey’s post-test; data are expressed as
mean + SD of three independent experiments).
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Figure 10. Cont.
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Free DOX
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Figure 10. Confocal fluorescence images (40 x) showing intracellular DOX or DOX@DFNPs (red
fluorescence) and nuclear DAPI (blue signal) in MDA-MB-231 and MCF-10A cells. In (FA+) images,
FA receptors were blocked by 1 h pretreatment with free FA, whereas (FA-) images were acquired in
the absence of this receptor ligand.
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Figure 11. Quantitative analysis of red fluorescence intensity in MDA-MB-231 and MCF-10A cells
(blocked-FA+ or unblocked-FA- receptors) exposed to DOX@DFENPs. Intensity of free DOX treatments
was inserted as control. **** p < 0.0001 vs. free DOX; ** p < 0.01 vs. free DOX; * p < 0.05 vs. free DOX;
#### p < 0.0001 vs. DOX@DFNPs (FA+); °°°° p < 0.0001 vs. MCE-10A cells (FA-). (One-way ANOVA
followed by Tukey’s post-test; data are expressed as mean + SD of three independent experiments).

To better define the effect of free DOX and DOX@DFNPs in MDA-MB-231 cells, and
to corroborate the above results, cell cycle analysis was performed. The data showed in
Figure 12 demonstrated that free DOX decreased the Gy /G; phase and increased the G, /M
phase, compared to control cells [26].
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Figure 12. Effects of free DOX and DOX@DFNPs on cell cycle distribution in breast cancer cells. (a) Flow cytometry analysis
of the cycle profile of breast cancer cells. MDA-MB-231 treated with 0.32 g mL~! free DOX or DOX@DFNPs for 48 h,
stained with propidium iodide (PI) and analyzed on a FACS flow cytometer. (b) Quantitative analysis of percentage gated
cell at Gg/Gq, S, and G, /M phases. C = control.

In cells treated with DOX@DFNPs, compared to free DOX, a more marked reduction
of the Gy/G1 phase, as well as a higher increase of G, /M phase, was observed.

Thus, the DOX@DFNPs caused the block of cell cycle more efficiently than free DOX
in the G /M phase.

4. Conclusions

DOX-loaded nanoparticles for targeted drug delivery were prepared by combining
two self-assembling DEX conjugates with targeting (DEXFA) and pH/redox responsive
(DEXssPEGCOOH) activity, respectively. The nanoparticles, with mean diameter of 50 nm
and active targeting towards cancer cells via folate receptors, were found to be stable at
physiological pH, while being destabilized at acidic pH and GSH concentration mimicking
the intracellular environment, thus modulating the drug release profiles. Cell viability
experiments on both healthy and cancer cells demonstrated the efficacy of the proposed
system, with DOX@DFNPs showing a higher cytotoxic effect in MDA-MB-231 cells than
in MCF-10A with respect to the free DOX. Moreover, cell uptake experiments confirmed
the significant role of the nanoparticles in the vectorization of drug in cancer cells, demon-
strating that this drug delivery system increased the effect on cell cycle arrest. Thus, this
work proposed a simple and safe strategy to prepare new multifunctional DOX delivery
systems with targeting and stimuli-responsive activity, with incoming in vivo studies being
designed to further investigate the potential applications.

Supplementary Materials: The following Supplementary Materials are available online at https:
/ /www.mdpi.com/article/10.3390/nano11051108/s1: Figure S1: 2D-HSCQ spectrum of DEXcys,
Figure S2: 2D-HSCQ spectrum of DEXssPEGCOOH, Figure S3: 2D-HSCQ spectrum of DEXFA,
Figure S4: DOSY spectrum of DEX with fitting details, Figure S5: DOSY spectrum of DEXcys with
fitting details, Figure S6: DOSY spectrum of DEXssPEGCOOH with fitting details.
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