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Preface to “Advances in Nanogels”

In recent decades, the rise of nanotechnology has led to the design of innovative
nano-biomaterials for alternative approaches in pharmacological therapies and diagnostic
investigations. Among them, nanogels represent one of the most promising nanocarriers for tunable
drug release and selective cell interactions.

Nanogels are composed of physically/chemically cross-linked polymers organized in a
three-dimensional nanostructure, and their fundamental feature is the ability to reproduce, at a
nanoscale, the typical swelling behavior of bulk hydrogels. This enhances the dispersion stability
and bioavailabioty of the loaded drugs or proteins, as well as theit interactions with physiological
compartments.

Moreover, other unique properties are closely correlated to the chance of fine-tuning their
porosity, hydrophilic nature, stability, size, and charge by varying the chemical composition or
grafting of additional functionalities. In particular, functionalization with specific chemical linkages
or molecules promotes the controlled release of the payload according to specific external stimuli,
extending the curative benefits over time. At the same time, the configuration of core—shell nanogels
and the development of coating layers are two potential alternatives to modulate nanosystem—cell
interactions and cellular uptake, with a view to the selective cell internalization approach, which
represents one major challenge for the clinical administration of the nanosystems.

Starting from the contribution of Prof. Akiyoshi (1993) and Prof. Vinogradov (1999), whom
designed, respectively, the first physical and chemical nanogels, innovative proposals have been
studied, combining in vitro and in vivo applications in very heterogeneous disorders. This Special
Issue will provide an overview of the different potential approaches to synthesize smart nanogels
for controlled drug delivery, with a special emphasis on the functionalization strategies of these

nanocarriers and their application in in vitro and/or in vivo models.

Filippo Rossi, Chien-Chi Lin, and Emanuele Mauri
Editors
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In recent decades, the rise of nanotechnology has led to the design of innovative
nano-biomaterials which are used to improve pharmacological therapies and assist with
disease diagnosis. Among them, nanogels represent one of the most promising nanocarriers
for tunable drug release and selective cell targeting. In general, nanogels are composed
of physically/chemically cross-linked polymer chains organized in a three-dimensional
nanostructure. Like their bulk gel counterpart, nanogels are capable of imbibing a large
quantity of water and undergoing reversible swelling/deswelling. This enhances the dis-
persion stability, the interactions with physiological compartments and the bioavailability
of the loaded drugs or proteins. Other unique properties include highly tunable porosity,
hydrophilicity, stability, size, and charge by means of modulating chemical compositions of
the polymers or grafting additional functionalities on the nanogel surface. In particular,
functionalization with specific chemical linkages or molecules promotes controlled release
of the payload according to specific external stimuli (e.g., redox agents, enzymatic activities,
pH and temperature variations), extending the curative benefits over time. At the same
time, the configuration of core-shell nanogels or the development of coating layers are
two potential alternatives to modulate the nanosystem—cell interactions. Altering these
properties affects cellular uptake and provides a means for selective cell internalization,
which represents a major challenge for the clinical administration of nanosystems.

Starting with the contributions of Prof. Akiyoshi (1993) and Prof. Vinogradov (1999)
that designed, respectively, the first physical and chemical nanogels, many innovative
proposals have been studied in recent years, combining in vitro and in vivo applications in
a range of medical fields [1,2].

Nanogels can be prepared by natural polymers, such as hyaluronic acid (HA) and chi-
tosan. Malytskyi and coworkers [3] obtained stable nanogels from HA and chitosan using
tripolyphosphate as a cross-linker, taking advantage of the ionic gelation mechanism. The
nanogels were highly stable even in presence of enzymes, which is advantageous in biomed-
ical applications. Chitosan was also used by Saraogi and coworkers [4] to produce nanogels
using ionization methods that can then be loaded with pravastatin for hyperlipidemia
treatment. The sustained release, together with the compatibility with excipients and high
hemolytic activity, support the prospective use of orally administered pravastatin-loaded
nanogel as an effective and safe nano-delivery system in hyperlipidemia treatment.

Nanogels are commonly prepared by synthetic polymers. Md and coworkers [5] used
an emulsion—diffusion-evaporation technique with a three-level, three-factor Box-Behnken
design to produce poly (D, L-lactic-co-glycolic acid)-based nanogels. The developed for-
mulations showed excellent flux across the skin layer in the skin permeation study, and
skin probe fluorescent dye in confocal microscopy revealed significant penetration of NPs
into the skin, suggesting their possible use in skin-cancer treatment. Functionalization
strategies can then be added to preformed nanogels for specific and selective cancer-cell
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targeting. Campora and coworkers [6] decorated poly(N-isopropylacrylamide) colloids
with acrylic acid and coupled them with folic acid, targeting the folate receptors over-
expressed by cancer cells and the chemotherapeutic drug doxorubicin. This approach
supports their possible use in selective cell-cancer treatment, with consequent amelioration
of chemotherapeutic strategies.

The high versatility on nanogels is also described in the four review papers in this
Special Issue: Mauri et al. [7] proposed an interesting focus on the recent techniques used
in nanogel design, highlighting key upgrades in terms of methodologies, microfluidics, and
3D printing. Macromolecules and biomolecules can indeed be combined to create ad hoc
nanonetworks according to the final curative goals, maintaining the criteria of biocompati-
bility and biodegradability. From a materials perspective, as described by Kaewruethai and
coworkers [8], nanogels were designed as core-shell structures that demonstrated efficient
responsiveness to different stimuli such as temperature, pH, reductive environment, or
radiation. Stawicki et al. [9] focused on the use of nanogels as vehicles to cross the blood—
brain barrier, providing local and systemic drug-delivery systems in the treatment of brain
cancer. Indeed, the current ongoing development allows patient-centered treatment that
can be considered a promising tool for the management of brain cancer. Moreover, other
targets can be addressed, such as wound healing, in which the ability of nanogels to carry
and release drugs is extremely promising, as discussed by Qadir and coworkers [10].

In summary, the present Special Issue provides an overview of the different potential
approaches to synthetizing smart nanogels for controlled drug delivery, with particular
emphasis on the functionalization strategies of these nanocarriers and their application
in in vitro and/or in vivo models. We hope that this Special Issue will offer good insight
into recent studies on nanogels and their applications. We thank all the research teams that
contributed to “Advances in Nanogels”.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Nanogels represent an innovative platform for tunable drug release and targeted therapy
in several biomedical applications, ranging from cancer to neurological disorders. The design of these
nanocarriers is a pivotal topic investigated by the researchers over the years, with the aim to optimize
the procedures and provide advanced nanomaterials. Chemical reactions, physical interactions and
the developments of engineered devices are the three main areas explored to overcome the short-
comings of the traditional nanofabrication approaches. This review proposes a focus on the current
techniques used in nanogel design, highlighting the upgrades in physico-chemical methodologies,
microfluidics and 3D printing. Polymers and biomolecules can be combined to produce ad hoc
nanonetworks according to the final curative aims, preserving the criteria of biocompatibility and
biodegradability. Controlled polymerization, interfacial reactions, sol-gel transition, manipulation of
the fluids at the nanoscale, lab-on-a-chip technology and 3D printing are the leading strategies to
lean on in the next future and offer new solutions to the critical healthcare scenarios.

Keywords: nanogels; colloids; chemical crosslinking; physical crosslinking; microfluidics; lab-on-a-
chip; 3D printing

1. Introduction

Nowadays, the design of nanocarriers plays a leading role in the formulation of ad-
vanced therapeutic treatments for several acute and chronic diseases, ranging from tumors
to neurodegenerative scenarios. The manipulation of matter at the atomic and molecular
levels offers different configurations of colloidal nanocarriers: organic (such as solid lipid
nanoparticles, liposomes, dendrimers, polymeric nanoparticles and micelles), inorganic
(carbon nanotubes, metallic and silica-derived nanostructures) and hybrid systems (com-
bination of organic and inorganic materials) [1-3]. All of them have been investigated as
efficient tools for the delivery of bioactive species, designing the so-called “controlled drug
delivery’ strategy, where the pivotal aim is the tunable release of the payload within the
therapeutic concentration range, hence minimizing the ineffectiveness or the potential side
effects of the treatment [4]. However, the relevance of the nanocarriers is not limited to
this task: they also serve as platforms for diagnosis, monitoring or theranostics, in order
to promote the administration of a single nanosystem for a combinatorial and multifunc-
tional therapy [5,6]. This approach involves different routes to obtain nanovehicles with
high selectivity towards target cells, and the consequent internalization and nanostability
within the cytosol. Many strategies have been proposed to tune the physical, chemical and
mechanical features of the nanocarriers. In particular, nanostructured gels (nanogels) have
gained considerable interest and have become the subject of several studies focused on
novel production methods and new areas of application.

Nanogels (NGs) can be defined as submicron-sized hydrogels, formed by physically
or chemically crosslinked polymeric chains which give rise to a three-dimensional (3D)
tunable porous network with a high capacity to absorb water, without actually dissolving
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into an aqueous medium [7]. Typically, they are characterized by spherical shape, but other
configurations can occur depending on the fabrication methods: for example, micromold-
ing techniques and photolithography allow nanogel size and shape to be controlled by
modulating the surface energy and the chemical interactions among the polymers [8-11].
Moreover, NGs can be designed to have a crosslinked core-shell, a core-shell-corona or a
bulk (similar to a ‘ball of wool’) structure.

The distinctive feature of these nanomaterials is their swelling behavior. The poly-
mers used in NG synthesis absorb water giving a mostly hydrophilic nature to the final
nanonetwork, capable of incorporating a great amount of water or biological fluids while
maintaining its structural integrity. The phenomenon is led by the contact between the
nanoscaffold and the solvent molecules: the latter interact with the polymeric surface via
dipole-dipole interactions, London dispersion forces or hydrogen bonds, and penetrate
the network. The polymer chains start to elongate, expanding the nanostructure, until
the elastic retroactive force counterbalances the deformation of the system. The resulting
condition is an equilibrium of stretching —shrinking, which allows NGs to uptake more
than 90% w/w of aqueous solution [12]. The ability to retain water enhances the diffu-
sion and the exchange of ions, metabolites, and biomolecules to and from the biological
compartments (i.e., tissue fluids and organs), in order to maintain the biological-chemical
balance with the surrounding environment: this shows good synergy between NGs and
biological applications [13,14], making them highly promising biocompatible candidates.
Moreover, NG swelling can be engineered to be sensitive to external stimuli, such as pH
and temperature variations, ionic strength, and solvent affinity: this helps to tune NG
porosity, stiffness and size, so as to achieve a controlled, triggered response at the target
site [5,15,16].

Therefore, in drug delivery, NGs not only protect the payload from undesired degra-
dation and early release, but also actively participate to the delivery process.

The smart choice of the polymers and the resulting architectural versatility enable NGs
to incorporate a plethora of hydrophilic and lipophilic molecules, ranging from inorganic
compounds to biomolecules such as amino acids, proteins and nucleic acids (DNA, RNA),
without compromising their gel-like behavior.

NG multifunctionality is a key property which is difficult to find in other types of
nanoparticulate systems and is the result of considerable research efforts to improve and
optimize NG formulations.

This review aims to give an overview on the synthetic routes commonly used to
fabricate NGs for drug delivery and targeted therapies. The discussion will be focused
on the description of the traditional and advanced methodologies for NG synthesis, high-
lighting the physico-chemical principles, the main advantages and limitations, and the
most common precursors in NG design. For each synthetic strategy, applicative examples
will be provided. Moreover, a summary of the main chemical reactions involved in the
modification of NGs will be addressed. Indeed, the functionalization of nanogels represents
a complementary approach to face the challenge of developing nanoscaffolds for selective
targeting and encapsulating entities with very different physical properties within the
same carrier.

2. Fundamental Criteria in NG Synthesis

Beyond the swelling behavior, which can be classified as a ‘superior’ property of
the NGs, the main features to be considered in the synthesis of these nanomaterials are:
high biocompatibility, biodegradability, colloidal stability, high surface area, high loading
capacity ensuring a sustained and targeted drug delivery, and active/passive drug release
thanks to the particle size and the surface properties [11]. In addition, other features that
can be tuned by carefully controlling the NG synthetic routes include:

e Release of both water-soluble and oil-soluble bioactive compounds;
e  Versatility in administration route (i.e., mucosal or parenteral pathway);
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e Low immunogenicity and reduced NG elimination by the mononuclear phagocytic
system (MPS);
Optimization of NG permeability;
Enhancement of the solubility of low-molecular-weight drugs;
Reduction of the drug payload compared to standard drug administration.

NGs are typically composed of natural or synthetic polymers, or a combination thereof.
However, their smart formulation can encompass the inclusion of inorganic components
or the grafting of specific bio-moieties on the polymeric backbone. In the first case, NGs
can work as imaging probes, incorporating a wide variety of diagnostic and contrast
agents for different types of biomedical applications. These systems are usually defined
as ‘nanohybrid nanogels” and are aimed at increasing the circulation half-lives of small
molecules, serving as a highly convenient platform for combined delivery of therapeutic
molecules [17]. In the second case, the conjugation of targeting ligands, antibodies, or
peptides encourages the mechanism of NG active/passive targeting to the site of interest
and the controlled release of the therapeutic payload.

Different strategies have been developed to address multiple applicative scenarios;
however, they can all be traced back to the fundamental principles of chemistry and physics:
interactions among the reactive groups of different molecules and physical parameters—
such as viscosity, density and rheology—represent the basis and the key knowledge of
NG design.

3. Traditional NG Synthesis

The methods for NG synthesis can be divided into chemical and physical ones, as
shown in Figure 1. Generally, the former gives rise to nanonetworks characterized by strong
covalent bonds that improve the colloidal stability under in vitro and in vivo conditions,
essential for limiting the leakage of the payload induced by unwanted dissociation of the
gel network. These bonds can be distinguished in:

e C(Cleavable linkers under specific external stimuli (pH and temperature variations);
e  Stable bonds which provide the gel with the ability to retain its shape under physico-
chemical stress [18,19].

Polymer Y
Chemical crosslinking reactions

emulsion polymerization

controlled/living radical polymerization

Reactive group§

Polymer W
+ +

) ! HOH = (& —
click chemistry ' ' ' '
« photo-induced reaction Chemical
crosslinking
P point
Polymer Z . o N
- Physical crosslinking reactions
7\/\,&  electrostatic interactions
- - - o hydrophilic-hydrophobic balance @HG —_ @@
W’ o Van der Waals forces e, - DO
hydrogen bondin;
- -3 * fydrog 9 Physical
~ - - crosslinking
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Figure 1. Summary of the chemical and physical crosslinking methods in nanogels (NG) design. (A) The formation of
covalent bonds (crosslinking points, in red) between the reactive moieties (yellow and green) of polymers X and Y can be

addressed through different chemical reactions exploiting the nature of the reacting groups. (B) The physical interactions

between polymers W and Z enables the formation of a self-assembled nanoscaffold.
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Chemical crosslinking is the most developed and the most versatile strategy for NG
production. On the other side, physical assembling of NGs involves a controlled aggre-
gation mechanism led by reversible non-covalent connections (hydrophilic/hydrophobic,
electrostatic, hydrogen bonding, Van der Waals, or host-guest interactions). Despite the
relatively weak nanostructure due to the physical nature of the crosslinking, this process is
more flexible because chemical reactions are not involved, and it occurs at mild conditions
in aqueous media [20].

3.1. Chemical Routes

Chemical crosslinking includes the following main NG synthetic routes: emulsion
polymerization, controlled/living radical polymerization, click chemistry and photo-
induced crosslinking. The starting materials are low-molecular-weight monomers, polymer
precursors or polymers with specific terminal or pendular reactive groups.

3.1.1. Emulsion Polymerization

Emulsion-based polymerization works through the formation of monodisperse ki-
netically stable droplets in a continuous phase. The rationale underlying this process is
to keep the polymerization in a confined space (the droplets), whose size would affect
the dimension of the final product. The dispersion of organic droplets containing the
reactive monomers/polymers in aqueous solution (oil-in-water, O/W emulsion) is usually
indicated as direct emulsion polymerization; whereas the aqueous droplets dispersed
in an organic medium (water-in-oil, W/O emulsion) is known as inverse emulsification
polymerization. NG formulation involves the use of monomers, initiators, catalysts, and
crosslinking agents. Generally, the process occurs in three steps: nucleation, precursor
nanoparticle growth and polymerization [21]. Two main approaches can be acknowledged.
In the first one, all the reagents are dissolved in the dispersed phase and photo-initiators
are preferred to activate the reaction mechanism via homolytic degradation. In the second
approach, different monomers can be dissolved in the dispersed and continuous phases,
respectively. A catalyst and a crosslinker are typical components of the droplets, while an
initiator is added to the continuous phase. Here, thermal-initiators and reactives that are
degradable via water radiolysis are commonly chosen. The resulting first radicals react
with the monomers generating monomer radicals which enter the droplets via diffusion to
react with the other components and form the nanonetwork: this pathway is promoted by
the use of surfactants, which reduce the interface energy between the organic and the aque-
ous phases, or by the hydrophilic-lipophilic balance of the chemical structure of the radical
itself. Raghupathi et al. [22] proposed the design of redox-responsive NGs through inverse
emulsification method using hydroxylethylacrylamide and cysteine diacrylamide with the
surfactant Brij-L4; the resulting nanoscaffolds were intended to encapsulate proteins as a
hydrophilic cargo and to tune their release under specific stimulus triggers (Figure 2). Peres
and coworkers [23] prepared glutamic acid-based NGs using methylenebis(acrylamide) as
a crosslinker and sodium dodecyl sulfate (SDS) as a surfactant, and they demonstrated the
effect of NG swelling behavior under pH variations in a drug delivery application.

Surfactants are used to improve the formation and stability of nanodroplets, modu-
lating their dimension and giving nanogels with diameters less than 150 nm [24-26]. The
resulting nano-emulsion has a high surface area and allows active components to penetrate
easily and faster in the dispersed phase. The concentration of surfactant can also affect
the polymerization reaction: when it exceeds the critical micellar concentration (CMC),
the arrangement of surfactant at the organic-water interphase results in the formation of
micelles encapsulating monomers. The consequent addition of the initiator to the emulsion
gives rise to the polymerization process only after diffusing within the micelles, which
therefore act as nanoreactors. Both hydrophobic and hydrophilic precursors can be used
to form NGs, since the emulsion system guarantees their solubility and enhances their
interfacial permeability. However, limitations of this method are related to the high amount
of surfactant required and to the difficulties in achieving the complete purification of the
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obtained NGs. Indeed, the removal of surfactant may result in additional waste-water
treatments, increasing the process costs, or in undesired contaminants in the final product.
In particular, the use of non-amphiphilic polymers as nanogel precursors requires the
addition of surfactants to form the nanoparticulate, and their subsequent removal during
the process [27].
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Figure 2. NG synthesis by inverse emulsification in the presence of Brij-L4 surfactant. (A) Protocol
used in NG formation; (B) polymerization between hydroxylethylacrylamide and cystine diacry-
lamide giving rise to the nanonetwork. Reprinted with permission from Raghupathi et al. [22].
Copyright (2017) American Chemical Society.

For these reasons, in the last years, many attempts have been devoted to developing
surfactant-free emulsion polymerization (SFEP) methods. Some strategies are based on
W /O emulsions, modulating the stability of the system through the volumetric ratio of the
two phases. For example, Cheng and coworkers [28] have synthetized redox-responsive
nanogels for drug delivery using an organic solution of PEGylated poly(amido amine)
functionalized with disulfide bonds and an aqueous solution containing the drug: their
mixing (through ultrasonication, shaking, or homogenization) generated a spontaneous
stable W/O emulsion, where the polymer reduced the interfacial tension and filled up
the water droplet. The crosslinked polymer network was generated via the intermolec-
ular disulfide exchange reaction in the aqueous phase. Otherwise, the organic phase
could be composed by the monomers: Ashrafizadeh et al. [29] proposed the design of
amphiphilic pH-responsive NGs using a mixture of acrylate monomers and a dimethacry-
late cross-linker combined with an aqueous solution of initiatior to activate the emulsion
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polymerization. Furthermore, another innovative approach has been discussed by Wang
and collaborators [30], who have prepared NGs by emulsion-free photopolymerization:
they combined the self-emulsification of poly(ethylene glycol) diacrylate monomer and the
small irradiation region of a low-cost semiconductor laser to achieve a spatiotemporally
controllable photopolymerization.

Another technique, which represents a milestone in NG design, is the emulsification-
solvent evaporation [31,32]. In this case, the approach is preferentially based on the
covalent crosslinking of preformed polymer chains, instead of monomers polymerization,
to provide excellent opportunities for producing nanogels with tunable pore size [33,34].
Vinogradov, who share with Akiyoshi’s group the development of the first nanogels,
focused on this method to formulate a wide range of nanonetworks. In this procedure,
an activated polymer is dissolved in an organic phase and the other one in water; the
addition, under vigorous stirring or sonication, of the former to the latter gives rise to
a O/W emulsion, followed by the evaporation in vacuum of the organic solvent and
the progressive maturation of the NGs in the aqueous phase. The formation of covalent
bonds between the polymers starts at the interface and continues in water. In this scenario,
the presence of reactive groups is essential to generate the nanoparticles: these moieties
can be existing in the polymer backbone or can be grafted to it by post-polymerization
functionalization, and they shall maintain their reactivity in the reaction system. Equally,
the choice of the organic solvent is important: it should be poorly soluble in the continuous
phase, have high volatility and low boiling point, be able to dissolve the polymer and
preferably hold reduced toxicity. The main solvents used are: dichloromethane, ethyl
acetate and ethyl formate [31].

Literature reports several application examples of this technique. Vinogradov and
coworkers synthetized cationic NGs composed of imidazole-activated PEG and branched
PEI for antiviral drug delivery against HIV infection in the brain [35-37] and amphiphilic
cationic NGs based on cholesterol-e-polylysine to deliver therapeutic nucleoside reverse
transcriptase inhibitors (NRTI) in the central nervous system, limiting the neurotoxicity [38].
A similar protocol was used by Mauri and coworkers to design NGs made of PEG and
linear PEI for drug delivery in astrocytes [39] and microglia [40] as treatments for spinal
cord injury. Li and coworkers used carboxymethyl chitosan in the fabrication of NGs for
doxorubicin release in tumor-like multicellular spheroids [41].

3.1.2. Controlled/Living Radical Polymerization

Another polymerization technique of major interest is the controlled/living radi-
cal polymerization (CLRP). Since 1990s, CLRP has been explored to synthetize either
crosslinked particles or gels with well-defined polymer molecular weight through the
addition of crosslinking agents [42]. It can be conducted under simple polymerization
conditions and a wide range of chemical reactive groups and solvents, including protic
media such as water, can be used to achieve a high control on the polymerization process,
almost as good as that of living anionic polymerization, and to maintain the characteristic
tolerance and flexibility of a free radical process [43]. The use of a wide range of vinylic
monomers allows the production of nanogels with different composition, dimensions,
and architectures, including core—shell and hollow configurations. Moreover, functional
initiators or macroinitiators ensure the grafting of specific moieties in the NG inner core or
surface, facilitating multivalent bioconjugation [7,44]. Similar to conventional radical poly-
merization, CLRP mechanism is based on four elementary steps: initiation, propagation,
transfer chain reaction and termination. The essential differences lie in:

e  The initiation phase, which is faster (compared to the corresponding propagation and
termination reactions) than in standard radical polymerization reactions;

e  The generation of a dynamic equilibrium between a low concentration of radicals and
a large amount of dormant reactivatable species in the propagation phase;

e A considerably slower global kinetics than conventional radical polymerization.
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As discussed in detail by Sanson et al. [44], these features promote an ideal condi-
tion of an almost constant number of chains throughout the polymerization, which are
initiated nearly at the same time and having the same growth rate: this ensures an in-
ner control over molar mass distribution and architecture. Furthermore, the slow CLRP
mechanism allows a gradual reactivation of the dormant chains, permitting them to dif-
fuse and be homogeneously distributed. As a result, the crosslinking points forming
the NGs are more evenly distributed within the nanonetwork, which features a locally
branched polymeric structure, more regular than the standard radical approaches (where
the formation of dense/nodular crosslinking domains occurs, producing a heterogeneous
nanostructure) [45]. The success of CLRP in NG design is related to the control of the net-
work formation: the nanoscaffolds can be modulated in size and molar mass. Depending
on the concentration of monomers and crosslinking agent, the NG building blocks can
have different ranges of molar mass and branched structure, tuning the final morphology
and structural composition (such as the porosity) of the nanogels and thus achieving a
variety of architectures [46-48]. As reported in Table 1, the pivotal strategies of CLRP
are: nitroxide-mediated polymerization (NMP) [49], atom transfer radical polymerization
(ATRP) [50], reversible addition—fragmentation chain transfer polymerization (RAFT) [51],
iodine-mediated polymerization (RITP) [52], and polymerization/macromolecular design

via the interchange of xanthates (MADIX) [53].

Table 1. Controlled/living radical polymerization (CLRP) techniques used in polymerization and NG design.

CLRP Method

Main Features References

NMP

Suitable for surfactant-free nanoscaffold formation in aqueous dispersion.

Reversible termination mechanism between the growing-propagating radicals and the

nitroxide, which acts as a control agent. [54-56]
Well-defined structures of the polymeric backbone with the opportunity to add functional

moieties before NG formation.

ATRP

Fast dynamic equilibrium between radicals and dormant alkyl halides.
Catalytic process to activate the dormant alkyl halide, generating a complex with higher
oxidation state and a macro-radical ‘living’ polymer. The latter can propagate or is
deactivated back to ‘dormant” polymer, preventing bimolecular termination.
Variations vs the traditional use of metal catalysts: activation by electron transfer [42,57-60]
(ARGET-ATRP), electrochemically mediated transfer (eATRP), zerovalent metals in
supplemental activators and reducing agents (SARA-ATRP), initiators for continuous
thiﬁ/[z;tor regeneration (ICAR-ATRP), photochemical reduction (photoATRP), and metal-free
TRP.

RAFT

Metal-free polymerization chemistry.

Use of fast reversible transfer of chain transfer agents (CTA, typically a thio-carbonyl-thio

group) to control the propagation of radicals and the formation of dormant species. It [61-65]
ensures a prolonged lifetime of growing chains.

Minimal to null undesirable background polymerization.

RITP

Reversible deactivation of radicals mediated by iodine.

Synthesis of well-defined polymers with programmable compositions and architectures,

narrow molecular weight distributions. [66,67]
Simple reaction system, various types of monomers, mild reaction conditions and tolerance

to the reactant purity.

MADIX

The use of the xanthate promotes the design of NGs with high-density of crosslinking

points and polymer chains without formation of macrostructures.

Possibility of generating core-shell star nanosystems by chain extension from branched [53,68,69]
polymeric precursors.

It can be applied in combination with RAFT.
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Recently, Dinari and coworkers [58] have applied ATRP in fabricating dual respon-
sive lignin-based nanogels for controlled release of curcumin, whereas in the work of
Lou et al. [59] a core-shell NGs with thermo- and redox-sensitive properties was developed
via ATRP using poly-N-isopropylacrylamide and zwitterionic copolymer blocks contain-
ing poly(sulfobetaine methacrylate) and a lactose motif of poly(2-lactobionamidoethyl
methacrylamide). The resulting NGs demonstrated selective targeting towards hepatoma
receptors and were used for doxorubicin delivery in hepatic cells (HepG2). On the other
side, as shown in Figure 3, Piogé and coworkers [61] have proposed the design of Low Crit-
ical Solution Temperature (LCST)-type thermosensitive NGs made of poly[poly(ethylene
glycol) methyl ether acrylate] and poly-N-isopropylacrylamide (PPEGA-b-PNIPAM), com-
bining RAFT mechanism and high-frequency ultrasound. Poly et al. [68] synthetized
poly(vinyl acetate) NGs by radical crosslinking controlled by xanthate, which ensured a
high yield and a homogeneous structure in the nanonetwork.
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Figure 3. Sonochemically induced reversible addition-fragmentation chain transfer polymerization (RAFT) polymerization
to design thermosensitive NGs. (A) Synthesis of (PPEGA-b-PNIPAM) NGs; (B,C) Dynamic Light Scattering analysis (DLS)
of the obtained NGs: the size (hydrodynamic diameter, D}, ) of the nanonetwork differs in heating (45 °C) and cooling (25 °C)
experiments, demonstrating the thermosensitive behavior. Adapted with permission from Pioge et al. [61]. Copyright (2018)

American Chemical Society.

3.1.3. Click Chemistry

Emerging NG designs have also taken advantage of click chemistry approaches [70,71].
This strategy ensures short reaction time, high yield and purity, regiospecificity, versa-
tility and aqueous reaction conditions. The mechanism involves the presence of azide
and alkyne groups on the building blocks to form a stable conjugate (triazole, Figure 4).
Copper-catalyzed and copper-free strain-promoted azide—alkyne cycloadditions are the
reference reactions.

As discussed by Sharpless [72], the reaction is generally not affected by steric factors
and substituted primary, secondary, tertiary, aromatic azides can readily participate in
this transformation with alkyne-derived components. A potential limitation of this ap-
proach is related to starting materials missing of the reactive groups: however, azide and
triple bond can be easily grafted on polymeric backbones (for example, via nucleophilic
substitution [73,74]) and the resulting compounds are extremely stable in standard con-
ditions [75]. Indeed, high tolerance to oxygen, aqueous and common organic solvents,

10
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synthesis conditions, biological molecules, and pH has been demonstrated [76]. Zhang
and coworkers [77] synthetized crosslinked prodrug nanogels using polyethylene glycol
(PEG) modified with polypropargyl glutamate and doxorubicin functionalized azide: the
click reaction led to 3D nanoscaffolds feasible for selective intracellular drug delivery in
tumors, such as human breast adenocarcinoma and cervical cancer. Additionally, the work
of Ding et al. [78] showed the conjugation between dibenzocyclooctyl-modified DNA and
azide-modified polycaprolactone (PCL) by a copper-free click reaction: the result was a
nucleic acid-based NG, designed for gene delivery and antitumor therapy.

Thiol-click chemistry
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Figure 4. Click chemistry reactions involved in NG synthesis.

Another reaction that might be classified as a ‘click chemistry” approach is the thiol-
click chemistry [79,80] (Figure 4). Mainly, it includes thiol—alkene and thiol—alkyne reac-
tions, nucleophilic Michael addition and disulfide exchange; pH-sensitive NGs can be pro-
duced with this strategy: for example, the polymerization between methoxy polyethyleneg-
lycol acrylate (mPEGA), pentaerythritol tetra(3-mercaptopropionate) (PT) and ortho ester
diacrylamide (OEAM) was investigated by Wang and collaborators [81] to obtain NGs
characterized by an acid-cleavable network enable to perform pH-triggered drug release
in intracellular acid environment. Zhang and coworkers [82] used thiol-alkene reaction
to develop highly structured dendritic NGs through the divergent growth approach from
bifunctional or monofunctional PEG and propionic acid-derivative monomers, for the
successful delivery of chemotherapeutics in 3D pancreatic spheroids tumor model.

3.1.4. Photo-Induced Crosslinking

Photo-crosslinking represents an alternative approach to the above-described
polymerization-based design of NGs. It is defined as a ‘clean method’, because no crosslink-
ing agents and/or catalysts are necessary, and no by-products are formed [83,84]. Polymers
functionalized with photo-activatable or dimerizable groups are used to give rise to a
stable NG architecture, produced through the formation of covalent bonds. The reaction
involves the presence of a photoinitiator, which is converted into reactive radical species
via photolysis or light-induced cleavage. The rate of formation of the initial radicals affects
the spatial distribution of the covalent crosslinking and, consequently, the microscopic

11
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and macroscopic characteristics of the formed nanonetwork (i.e., swelling behavior, sta-
bility and surface area). Together with the polymer concentration, the intensity of the
incident light, the type and concentration of the photoinitiator, the quantum yield and the
number of radicals generated per photolysis event are the main parameters affecting photo-
crosslinking reaction [85]. However, although the photo-induced crosslinking is highly
efficient and characterized by short reaction time, the initiator may induce cytotoxicity
in the produced nanoscaffolds: for this reason, the choice of photoinitiator is intended to
cause the minimal toxicity [18]. For example, Irgacure 2959 is well tolerated by many cell
types and suitable for optimal NG design [86].

In the last years, Chen and collaborators [87] synthetized pH-degradable polyvinyl al-
cohol (PVA)-based NGs through photo-crosslinking of thermal-preinduced nanoaggregates.
The synthesis was conducted in aqueous solution, using Irgacure as initiator and under UV
exposure in an inert gas atmosphere. Paclitaxel was encapsulated and its release kinetics
was investigated in acidic and physiological conditions: the responsive behavior of NGs
ensured a pH-triggered drug release under intracellular acidic conditions, highlighting this
system as a promising nanoplatform for delivery of active molecules in tumoral scenarios.
Kim and coworkers [88] obtained gelatin methacrylate NGs by UV-induced nanonetwork
formation: the resulting system was applied as nanocarrier for transdermal delivery of
hydrophilic macromolecules.

Moreover, photo-activation principles are also applied in the photo-mediated redox
crosslinking. The nanonetwork is obtained by polymers carrying phenol moieties, that
can be activated, in the presence of a photosensitizer, via photooxidation, generating a
subsequent radical coupling between the reactive groups and the final crosslinking [89].
Regarding the photosensitizer molecules, their choice falls on dyes or additives that absorb
light and promote a transition towards an excited state, which ensures their capability of
oxidizing the reactive groups of interest. They also have high quantum yield and sufficient
stability to catalyze the photooxidation [90].

3.2. Physical Routes

The formation of 3D nanoscaffolds can be also reached by polymer-polymer and
polymer-biomolecule physical interactions. In this case, supramolecular crosslinking
occurs, due to the generation of nanoaggregates via self-assembly. Ionic, hydrophilic-
hydrophobic, Van der Waals and hydrogen bonds are the driving forces, without the
addition of crosslinking agents that might cause undesired interactions during NG for-
mation and the encapsulation of bioactives, affecting the performance of drug loading.
Compared to chemical strategies, NG engineering through physical crosslinking involves
mild synthesis conditions, mostly in water, limited adverse toxic effects, and NG size can
be tuned by regulating the polymers concentration and the experimental conditions, such
as ionic strength, temperature, and pH.

Temperature-responsive and pH-responsive monomers or polymers can be used to
address the self-assembly of nanonetworks and to control the drug release performance.
These starting materials can also modulate the NG structure, shape and size according to
the external stimuli. Thermo-sensitive compounds undergo a reversible phase transition
in aqueous media in response to temperature variations; in particular, thermo-sensitive
polymers exhibit a critical solution behavior according to the temperature-dependent
polymer-polymer and polymer-solvent interactions. This defines the critical solution
temperature (CST) as the key parameter that manages the nanonetwork assembly: it
represents the value at which the polymer, dissolved in the solvent, generates a second
separated phase where the chains tend to form a compacted coil state [91]. NGs can
be formed by materials characterized by a low critical solution temperature (LCST) or
an upper critical solution temperature (UCST): in the first case, the generation of the
nanoscaffolds occurs at values above LCST; whereas in the second case, NGs are synthetized
at temperatures below UCST. In addition, both these temperatures can be tuned through
the functionalization of the polymer backbones with specific moieties: LCST can decrease
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by grafting pendular hydrophobic moieties [6], whereas the UCST phase transition can
be affected by changing the polarity of the polymers and their capability of engaging in
hydrogen and electrostatic interactions [92]. Such tunability allows the synthesis of NGs
in the desired temperature window and the generation of NGs with specific operative
temperatures for applications including hyperthermia and theranostics. Thermo-sensitive
polymers can bear amine, polyether, vinyl ether, acrylate, and hydrophobic groups. For
example, Paradossi’s group has widely discussed the use of poly(N-isopropylacrylamide)
(PNIPAM) to develop nanoscaffolds with temperature-responsive properties, which enable
the active targeting of tumor cells and sustained drug release [93,94]. Sliwa et al. [95] have
synthetized a thermo-responsive nanogel by PNIPAM and vinylimidazole, characterized
by size variations with changing temperature or pH, which modulates the release of the
dye Orange II. Instead, Ohshio et al. [96] exploited the UCST of a random copolymer with
lateral ureido groups and primary amines combined with poly(2-methacryloyloxyethyl
phosphorylcholine (PMPC) to fabricate NGs, which encapsulated hydrophobic fluorescence
probes and bovine serum albumin below the UCST and released them, in a controlled
manner, above the UCST.

On the other hand, pH-sensitive components possess ionizable groups which undergo
protonation/deprotonation upon external pH changes. As a result, new local interactions
occur among the monomers and polymers encouraging their spatial reorganization and
assembling into an ordered pattern. This mechanism is driven by weak acidic or basic
moieties that either accept or release protons in response to a change in the environmental
pH. Polymers having carboxyl, amine, pyridine, sulfonic or phosphate groups are typi-
cally described as pH-responsive polymers because the ionization of these moieties affects
the surface activity, the chain conformation and the solubility, and results in a different
structural architecture of the final NGs [97]. Acrylate and methacrylate derivatives are com-
monly used to design pH-responsive nanoscaffolds. For example, methacrylic acid (MAA)
and methyl acrylate (MA) were reported to form NGs [98] in which the pH sensitivity is
correlated to their carboxyl groups: at basic pH, these groups are deprotonated and the
mutual Coulombic repulsions induce NG swelling; on the other hand, at lower pH levels,
the carboxyl moieties are not ionized, leading to the shrinking of the nanonetwork. Addi-
tionally, natural polymers, including chitosan, alginate, hyaluronic acid, carboxymethyl
cellulose and gelatin, are used to produce NGs with swelling-deswelling variation and de-
signed for precisely controlled drug release with the external stimulus. Indeed, exploiting
this behavior, it is possible to regulate the delivery and release of drugs in a wide range of
tumoral scenarios according to the pH gradients between the tumor microenvironment
and the normal physiological environment [99].

However, physically crosslinked nanosystems possess lower mechanical strength and
are more easily degradable than their covalently crosslinked counterparts: as a result, they
are more sensitive to the sol—gel transition caused by environmental stimuli changes [20]
and their application in harsh in vivo conditions, such as in blood circulation, is ques-
tioned [18,100]. Candidate materials for this approach are chemical structures presenting a
hydrophilic framework and several grafted hydrophobic moieties, or protonatable groups:
examples are gelatin, cholesterol, polysaccharides and pollulans [101-104]. For example,
Nakai and coworkers [105] designed anionic NGs for protein delivery exploiting the self-
assembly of cholesteryl groups grafted on hyaluronic acid (HA, Figure 5). Moshe et al. [106]
modified PVA with hydrophobic moieties (isopropylacrylamide), obtaining an amphiphilic
polymer with self-assembling properties, which gave rise to 3D nanonetworks. The further
functionalization with boric acid domains improved NG stability, promoting their use in a
sprayable form for mucosal tissue applications.
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Figure 5. Self-assembling of hyaluronic acid (HA) NGs functionalized with cholesteryl groups. (A) Scheme of nanoscaffold
design, protein loading and administration. (B) Protein-hosting capacity in the proposed NGs, using different payloads:
rhGH (a), EPO (b), lysozyme (c) and exendin-4 (d). Adapted with permission from Nakai et al. [105]. Copyright (2012)
WILEY-VCH Verlag GmbH and Co. KGaA.

3.3. Other Functionalization Strategies

To enhance the performance of NGs in drug delivery and to elicit specific therapeu-
tic responses, the grafting of specific groups, including biomolecules, such as peptides,
proteins, and growth factors represents a key approach. It can be performed through the
orthogonal functionalization of the starting materials using different techniques, which re-
quire the presence of specific chemical moieties. In particular, the functionalization is
usually addressed in the following ways:

e Click chemistry. The same chemical groups discussed in the previous section for NG
formation can be applied to link bio-functionalities to the nanocarriers.

14
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e  Activation of esters to form amide bonds, under mild conditions. Amides are versatile
linkages, characterized by unique stability towards extreme chemical environments.

e Isocyanate-based chemistry, also through modifications with alcohols, amines, and
thiols. The methodology ensures high yields and stability; however, some limitations
occur in the biological applications due to toxicity issues and to the sensitivity of the
isocyanate to moisture.

e Imine and oxime linkages. They ensure bond reversibility due to the imine equilibrium
and potential oxime hydrolysis under aqueous acidic conditions; this approach can be
used to design NG systems where the release of biomolecules is tuned by hydrolysis
activation.

e Ring-opening reaction. It represents a very versatile method to graft desired het-
eroatoms on the polymer backbone.

A thorough description of these reactions is reported by Blasco et al. [107] and
Mauri et al. [12].

4. Advanced Fabrication Technologies

Associated to the need of having specific functional moieties for tunable drug release
and targeted therapy, one major challenge is the control on NG size distribution coupled
to process scalability. Conventional fabrication methods can result in extensive NG poly-
dispersity and practical difficulties to modulate the physicochemical properties of the
nanocarriers, unless the polymeric material is changed. In this context, microfluidics offers
high-controllable and large-scale production yields, opening new scenarios to advanced
NG design [108]. Moreover, the integration with 3D printing technologies can offer addi-
tional benefits to the production of 3D structured NGs for biomedical and pharmaceutical
applications [109].

4.1. Microfluidic-Assisted Fabrication

Microfluidics has emerged as an innovative and advantageous approach to manip-
ulate small amounts of reagents with accurate control on mixing and physical processes
at the microscale. The advantages offered by microfluidics include miniaturization, mini-
mized reagent consumption, decreased reaction time and enhanced process accuracy and
efficiency [110]. In this framework, microfluidic technology has allowed the synthesis of a
wide range of micro- and nanoproducts, including NGs, with a superior control over the
product yield and the requested physico-chemical properties [110].

Indeed, by controlling the microfluidic conditions (including chip design, fluid rheol-
ogy, and flow rates), it is possible to customize the nanosystem size, polydispersity, surface
properties, payload delivery, and release profile [111]. However, due to the complexity
of fluid dynamic processes, costly iterative approaches are often required to achieve the
desired performance. Numerical investigations have been carried out and experimentally
validated on several microfluidic devices to gain a predictive understanding of the most
influential design parameters [112,113]. A significant contribution to the field has been
made by Lashkaripour et al. [114], who developed an open-source tool (DAFD: Design
Automation of Fluid Dynamics) that leverages machine learning to predict the parameters
(e.g., droplet diameter and production rate) of flow-focusing droplet generators. Although
the initial version supports a limited set of fluids, this tool has the potential to enable
application-specific design optimization facilitating the adoption of functional microfluidic
platforms without demanding expertise and resources.

Furthermore, since microfluidic devices often run with continuous flows, they supply
high-throughput production of nanonetworks with the same quality over time, paving the
way to industrial scale up [115,116]. All these benefits currently promote microfluidics as a
robust approach for the synthesis of size-controlled NGs as well as for the encapsulation of
antibodies, cells, or proteins with potential outcomes in the landscape of drug delivery and
cell therapies [117].
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4.1.1. Materials for Microfluidic Devices

Besides structural and operating parameters (e.g., channel dimensions, number of
inlets), the choice of the material for the fabrication of the microfluidic device is a funda-
mental crossroad [118]. Indeed, each material has its own features regarding processability,
cost, capacity to withstand high pressures and flow rates, and compatibility with organic
solvents.

Polydimethylsiloxane (PDMS) and poly(methyl methacrylate) (PMMA) are among
the most commonly used polymers for microfluidic devices. PDMS devices are usually
obtained by soft-lithography [119]. In a standard soft-lithography process, PDMS replicas
are obtained from lithographic masters. Although 3D printing can be alternatively used
to manufacture thermoplastic masters for PDMS devices, the printing resolution is still
not enough to justify a shift from traditional lithographic techniques [120,121]. The PDMS
replica is then bonded to a glass substrate to seal the channels of the microfluidic device
(Figure 6A). Alternatively, the obtained replica can be used as a stamp for the hot embossing
of fluoropolymers [122]. Although PDMS can be easily tailored to a variety of geometries,
ranging from 3D channel structures to multicompartment systems [123,124], its main
disadvantage is the susceptibility to swelling when exposed to many common organic
solvents, such as acetone [125]. Furthermore, the low elastic modulus of PDMS represents
a shortcoming for applications requiring high pressure and high flow rate, because these
parameters significantly alter the channel geometry.
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Figure 6. Microfluidics-assisted NG production. (A) Polydimethylsiloxane (PDMS) replica molding; (B,C) microfabricated
microfluidic platforms: schematic of a Y-shaped microfluidic mixer (B, left), cross-shaped planar flow focusing mixer
(B, right) and droplet microfluidic platform (C).

Alternative polymers for microfluidic applications include polytetrafluoroethylene
(PTFE) and cyclic olefin copolymer (COC), which are microstructured by hot-embossing
techniques [126,127]. In addition, microfluidic devices can be also prepared by laser direct-
writing of thermoplastic materials (for example, polystyrene [128] and polycarbonate [129])
at low cost and fast speed.

Although less used, glass capillary microfluidic devices have also received consider-
able attention. Glass capillaries can tolerate a wider range of solvents compared to their
lithographically fabricated PDMS counterparts and have excellent resistance to high pres-
sures and flow rates. Moreover, their wettability can be easily modified into hydrophobic
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or hydrophilic by simple chemical reactions with an appropriate surface modifier [130].
However, a laborious and technically challenging fabrication procedure often hampers the
use of these devices [131].

4.1.2. Microfluidic Mixing

The main applications of microfluidics for NG synthesis are focused on the nanopre-
cipitation and self-assembly principles. These approaches are based on the fast mixing of a
solution containing the NG building blocks (polymers and biomolecules) with a miscible
non-solvent of the polymers, and their use is encouraged by the straightforward procedures
and their data reproducibility [132]. Several microfluidic platforms have been developed
to produce nanosystems with precisely controlled diameters: the precipitation or the quick
assembly of nanonetwork precursors result in smaller particle size and narrower size
distribution, in comparison to the conventional methods [133,134].

In its simpler version, passive mixing has been implemented using Y- and T-shaped
microfluidic schemes, which consist of two inlets and one outlet (Figure 6B). In this ap-
proach, the mixing primarily occurs at the interface of the two parallel streams flowing
alongside and strongly depends on the diffusion rate [116]. To further increase the mixing,
a variety of barriers to generate a chaotic flow of the molecules in the mixing channel have
been added, as shown in the herringbone mixer [135] and Tesla structured channel [136].

In addition to these setups, hydrodynamic flow focusing (HFF) systems are among
the most recognized continuous flow mixing techniques [137]. A 2D HFF mixer usually
consists of three inlet microchannels and one central outlet channel organized as such that
two outer fluid flows of non-solvent (continuous phases) horizontally compress the central
fluid (dispersed phase) containing the nanoparticle precursors (Figure 6B). The squeezing
of the core solution by the side sheath flows results in shorter mixing time leading to rapid
nanoparticles production [111]. Besides the 2D-HFF devices, where the central flow is only
focused on the horizontal plane, 3D-HFF have been developed to further improve the size
uniformity of the synthesized nanomaterials [138].

Alginate NGs were successfully synthesized by Bazban-Shotorbani et al. [108] using
HFF procedure in a PDMS microfluidic platform. Alginate aqueous solution was used
as the core flow and was hydrodynamically focused by the lateral CaCl, streams into a
narrowly focused stream; hence, the polymer chains were crosslinked by calcium ions to
form the alginate-based nanonetwork. Considering the anionic polyelectrolytic nature
of the alginate chains, NGs were formed through a controlled diffusion-mediated mass
transfer of Ca®* ions into the focused polymer solution stream. The key parameter in
determining NG size is the flow ratio of inlet sheath and core flows, which in turn affects
the mixing time. The fine tuning of process parameters has led the production of smaller
and more monodisperse nanostructures than the corresponding counterparts obtainable
by the standard bulk synthesis. Furthermore, a correlation between on-chip mixing time
and the average pore size of the synthesized alginate NGs was also demonstrated. In
particular, a higher flow ratio between core and sheath fluid resulted in smaller and more
compact nanonetwork which in turn led to higher encapsulation efficiency and slower
and more controlled drug release. Indeed, NGs synthesized by the conventional bulk
methods usually have a burst release and low encapsulation efficiency due to their large
pore size. On the base of these findings, Mahmoudi and coworkers [139] investigated
the effect of TGF-f33-loaded alginate NGs obtained through a co-flow microfluidic system
on the differentiation of mesenchymal stem cells (MSCs) demonstrating their superior
performance in terms of TGF-(3 release and better chondrogenic differentiation respect to
the bulk synthesized nanoscaffolds.

Although alginate has gained far more attention given its unique features such as
ease of gelation and biocompatibility, to date, various kinds of polymeric NGs have been
obtained through microfluidic-based approaches. Among the most notable examples,
Agnello and collaborators [140] employed hyaluronic acid (HA) derivatives, functionalized
with octadecyl and ethylenediamine moieties to produce nanostructures by modulating its
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self-assembly into a split-and-recombine micromixer. The peculiar property of the obtained
HA-based specimens lies in the responsive behavior to the ionic strength, which can be
exploited to produce a controlled coacervation of the polymer when mixed with aqueous
salt solutions. The resulting NG size can be finely controlled in the range 150-400 nm by
regulating the flow ratio. Furthermore, thanks to the very mild conditions used for their
production, these nanomaterials have been used for the encapsulation of Imatinib, a FDA-
approved drug to treat cell proliferation in leukemia [141]. Antiangiogenic potential of
Imatinib-loaded NGs was also evaluated in vitro by using human retinal pigment epithelial
cells and human umbilical vein endothelial cells.

The key concepts of controlled drug release and targeted cellular uptake have re-
cently been addressed by the work of Elkassih et al. [142], where a fully degradable
disulfide crosslinked nanogel was synthesized by oxidative radical polymerization of
2,2’-(ethylenedioxy)diethanethiol (EDDET) with different crosslinking agents. A commer-
cial microfluidic mixing platform with herringbone rapid mixing features was used in
the presence of a non-ionic Pluronic surfactant to ensure NG stability. Considering the
poly(EDDET) backbone and the crosslinking junctions entirely characterized by disul-
fide bonds, these NGs were able to degrade intracellularly in response to redox potential
through thiol-disulfide exchange reactions. Other examples of redox-responsive nanocarri-
ers have been recently reviewed by Mi et al. [143] and successfully applied to target drugs
in specific human pathological conditions, such as cancer cells characterized by remarkable
higher levels of glutathione.

4.1.3. Droplet-Based Microfluidics

Droplet-based microfluidics is an important subcategory of the microfluidic tech-
nologies, which manipulates immiscible/partially miscible phases to generate droplets.
The droplet phase is termed as dispersed phase, while the medium phase is identified
as continuous phase. Droplet generation occurs when the discrete phase intersects with
an immiscible continuous phase which forces it to break into the bulk fluid stream [125]
(Figure 6C). The generated droplets can then be subjected to an external trigger, such as UV
light or ionic environment, to induce their crosslinking. This droplet-based microfluidic
method can also allow the simultaneous loading of cells, drugs or growth factors by simply
adding them into the pre-gel solution, before injection into the inner stream channel for
droplet formation [144].

Conventional droplet-based microfluidics has been widely used to generate monodis-
perse W/O and O/W microemulsions with extremely high controllability. The most
popular geometries of droplet generators applied in single emulsion preparation are co-
flow, flow-focusing, and T-junction, working under a dripping or jetting regimen [118,137].
The droplet size can be tuned by adjusting the flow rates and ratios of the two phases;
however, it is also affected by the viscosity of the dispersed phase, the channel and orifice
diameter, and the flow regimes. By a fine tuning of process parameters using low con-
centrations of nanoparticle precursors, the generation of monodisperse nano-emulsions
can be theoretically obtained. Indeed, if the dispersed phase is partially miscible with the
continuous one, the formed micro-droplets begin to shrink after the initial creation of an
interface leading to the formation of nanoscale systems. Rondeau and Cooper-White [145]
fabricated crosslinked alginate-based NGs with an average size ranging from 10 to 300 nm
through W/O droplet microfluidics using a low-concentrated aqueous alginate solution
and dimethyl carbonate as the dispersed and continuous phase, respectively. Since water
and the continuous phase are partially miscible, water diffuses from the polymeric droplets
into the transport fluid causing the shrinkage of the drops and the condensation of the
polymer phase. However, due to the low concentrations of particle building material and
the slow formation of droplets (one by one), the production efficiency of NGs by droplet
microfluidics is usually limited and much lower than that of micron-sized particles [137].

To address this issue, controlled generation of nanosized mono-dispersed droplets
was recently achieved through a novel droplet microfluidics /nanofluidics strategy [146].
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Monodisperse nanosized W/O emulsions with controllable sizes were formed from three
different protein solutions (i.e., reconstituted silk fibroin, -lactoglobulin, and lysozyme),
which were used as the dispersed phase in a continuous immiscible oil phase (a fluorinated
oil containing 2% w/w fluorosurfactant). These nano-emulsions were then incubated to
promote protein self-assembly resulting in the formation of protein nanoscaffolds stabilized
by supramolecular fibrils from the three different proteins. The capability of these NGs to
penetrate through mammalian cell membrane and deliver their cargo intracellularly was
demonstrated, showing their potential as nano-vehicles for drug delivery in biomedical
applications. Table 2 enlists the most recent applications of NGs synthesized through
microfluidics-assisted technologies.

Table 2. Microfluidic approaches used in NG design (n.a. = not available drug release studies).

l\f}ieccrﬁ)filai:eic Materials Nan?r%sll) Size Payload Application Field References
. Bovi . .
Alginate 68-138 algzﬁifﬁégﬂ) Protein delivery [108]
Growth factors
45-125 TGF-B3 delivery and tissue [139]
engineering
Hyah{ronic acid 150-400 na. Drug aqd peptide [140]
derivatives delivery
Hyaluronic
acid-cyRGDC 193.2-242.9 Imatinib Antiangiogenic effect [141]
Microfluidic mixer derivative
Hyaluronic aci'd,. 115-321 pﬁ;&?&gﬁgﬁi Antibacterial activity [147]
octenyl and succinic Pseudomonas
anhydride 174-194 Anti-biofilm aeruginosa LESB58 [148]
B peptide DJK-5 high bacterial density
infection
2,2'(ethylenedioxy)
diethanethiol 60-70 Rhodamine B Tumor therapy [142]
(EDDET)
Alginate 10-300 n.a. Multipurpose [145]
Proteins
(reconstituted silk
Droplet generator fibroin, 50-2500 Fluorescent marker  Intracellular delivery [146]
f-lactoglobulin,
lysozyme)
Hyaluronic acid 80-160 Proteins Cancer therapy [149]

4.2. The Challenge of 3D printing

3D printing represents a milestone in the development of advanced biomaterials for
tissue engineering and regenerative medicine approach. In particular, it has revolutionized
the traditional design of hydrogel systems improving their properties as excellent cell carri-
ers. This technique has also been implemented for the generation of 3D structured nanogels,
where they are 3D-printed in a configuration of drug/photoinitiator-loaded nanoparticles,
liposomes, or nano-emulsions suspended in hydrogel matrices [109]. NGs are generally
incorporated in hydrogel without affecting the rheological properties of 3D-printed systems
and can also carry photoinitiators to improve gelation process or mechanical strength of the
printed scaffolds [150]. For example, Liu and coworkers [151] incorporated Pluronic-based
NGs encapsulating simvastatin into a 3D-printed porous titanium alloys for orthopedic
applications; the combination of them has allowed overcoming the main drawbacks related
to the poor compatibility of titanium with bone ingrowth and the limited mechanical
properties of NGs, resulting in a composite biomaterial able to promote osteogenesis and
neovascularization. Otherwise, NGs intended as building units of a hydrogel network
are discussed in the work of Muller et al. [152]: they mixed pure and acrylate-modified
Pluronic and, after the printing process and UV exposure, inter-linked nanostructures
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were formed. By subsequent elution of the unmodified Pluronic, nanostructured hydrogel
represented the final product suitable as a bioink and for cell encapsulation.

However, 3D printing of NGs mandates for further research in the academic and
industrial sector, and it represents one of the current challenges in the design of these smart
nano-vehicles.

5. Conclusions

NGs are promising nanosystems to treat a wide range of acute and chronic healthcare
scenarios. Different techniques have been developed over the years to meet the criteria
of tunable size, morphology, physico-chemical properties, controlled drug delivery and
selective cellular uptake. Chemical crosslinking methods, such as polymerization and
interfacial reaction, have been increasingly improved to overcome the shortcomings of
available formulations with a particular attention to biocompatibility issues. On the other
side, physical approaches have been refined to produce NGs showing higher degree
of response to biochemical stimuli. Microfluidics and 3D printing represent innovative
strategies to produce customized nanoscaffolds for a wide range of applications, thanks
to their high efficiency, low cost, and scalability. At present, no conclusive strategy can
be identified for NG production: arguably, the smart combination of physico-chemical
design principles with advanced manufacturing platforms (e.g., microfluidics and additive
manufacturing) will be the driver for innovation in the field of NGs in the near future.
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Abstract: Chemotherapy and radiation remain as mainstays in the treatment of a variety of cancers
globally, yet some therapies exhibit limited specificity and result in harsh side effects in patients.
Brain tissue differs from other tissue due to restrictions from the blood-brain barrier, thus systemic
treatment options are limited. The focus of this review is on nanogels as local and systemic drug
delivery systems in the treatment of brain cancer. Nanogels are a unique local or systemic drug
delivery system that is tailorable and consists of a three-dimensional polymeric network formed
via physical or chemical assembly. For example, thermosensitive nanogels show promise in their
ability to incorporate therapeutic agents in nano-structured matrices, be applied in the forms of
sprays or sols to the area from which a tumor has been removed, form adhesive gels to fill the cavity
and deliver treatment locally. Their usage does come with complications, such as handling, storage,
chemical stability, and degradation. Despite these limitations, the current ongoing development
of nanogels allows patient-centered treatment that can be considered as a promising tool for the
management of brain cancer.

Keywords: nanogel; drug delivery; brain cancer

1. Introduction

With the continuous input of scientific medical research, cancer treatments have
improved substantially over the past decade. Brain cancer proposes a unique situation,
having similarities to other forms of cancer in the body, yet major differences in the diversity
of intracranial neoplasms, genetic heterogeneity, complexity of the organ in which it resides
and physiological features of the cranial cavity that limit treatment options [1]. A multitude
of brain tumor types exist that are categorized based on their location of origin and
malignancy properties, and surgical removal and chemotherapy serve as vital options for
the majority of types that are deemed treatable. In 2020, the Central Brain Tumor Registry
of the United States reported an overall primary malignant tumor incidence rate of 7.08 per
100,000, an estimated 123,484 cases, and a non-malignant tumor incidence rate of 16.71 per
100,000, 291,927 cases [2-5]. In 2021, it is projected that approximately 84,170 new cases will
be diagnosed in the United States, highlighting the necessity of ever-expanding efficacious
treatment options for patients. Brain tumors can be classified based on their location within
the cranial cavity, presumptive origin, and microscopic similarities [6]. Internal malignant
tumors include the common tumor type, gliomas, which presumptively derive from
glial tissues [7]. They are further categorized into astrocytomas and oligodendrogliomas
and subdivided into grades based on tumor pathological characteristics. These grades
dictate treatment options and responsiveness. Other internal malignant tumors include
ependymomas, affecting the ependymal cells of the four ventricles of the brain and the
spinal cord canal, and gangliogliomas. Extrinsic malignant tumors, such as meningiomas
and schwannomas arise from dura matter and Schwann cells, respectively.

Patients may experience both general and localized symptoms prior to diagnosis and
radiographic visualization of their brain tumors. These symptoms include headaches,
nausea, seizures, and vomiting due to increased intracranial pressure [7]. The specific
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symptoms and signs produced by brain tumors vary with the location of the tumor. For
example, patients with the tumors located in or subjacent to cortical regions may present
with language dysfunction, visual field abnormalities, or focal seizures [8]. Tumors arising
in the brain stem may cause rapidly progressing cranial neuropathies as well as motor
and sensory deficits [8]. Despite the location of cranial infliction, surgical debulking of
the tumor remains a competent first-line treatment option and is used in conjunction with
radiotherapy and/or systemic chemotherapy.

A vital consideration that must be taken when beginning systemic chemotherapy
for brain malignancies is the blood-brain barrier (BBB) [9]. This barrier consists of a mi-
crovascular system that supplies nutrients to the central nervous system. The blood vessels
possess unique properties that allow them to vigorously regulate molecules, ions, and
cells moving from the blood to the CNS tissues, resulting in CNS homeostasis and the
prevention of entrance of toxins and pathogens [9]. Physically, it is composed of continuous
capillaries with endothelial cells attached via tight junctions that are able to restrict paracel-
lular diffusion of solutes. P-glycoprotein efflux transporters limit lipophilic solute entrance
to the brain. These gatekeeping properties thus also prevent pharmacological substances,
such as chemotherapy, from entering and working in brain tissues. The BBB is seen as an
obstacle that must be overcome to treat brain metastasis; thus, the developed therapeutic
agents are specifically engineered with this in consideration. Generally, therapeutic agents
with a molecular mass of <400-600 Da that are lipid soluble have greater BBB penetra-
tion [10]. Although a variety of chemotherapy agents are available, not all have the ability
to cross the blood—brain barrier, thus limiting treatment options for patients presenting
with malignant gliomas. Temozolomide, an alkylating agent, is a viable option. Its mecha-
nism of action consists of the transfer of its alkyl group at the O6and N7 guanine positions
causing DNA double strand breaks and apoptosis inside the nucleus of cancer cells [11],
Historically, the nitrosoureas (e.g., carmustine, lomustine) and vincristine have been the
most widely used class of chemotherapy agents due to their physicochemical properties
that enable them to penetrate the BBB and exert therapeutic effects [12-14]. Nitrosoureas
undergo biotransformation via non-enzymatic decomposition to active metabolites with
a mechanism of action similar to alkylating agents. However, these agents are limited by
serious nausea, vomiting, and an increased risk of secondary malignancies, due to their
overall carcinogenic nature, myelosuppression, infertility, and mucositis [15].

Radiation oncology is based on the principles of x-ray machines and directs harmful
ionizing radiation to kill cancer cells [16]. Ionizing radiation deposits energy in cancer cells
which can directly cause death or result in detrimental genetic mutations. These genetic
mutations alter DNA, causing both single and double strand breaks, preventing further
tumor growth. As a result of genomic instability, the cells die via apoptosis, necrosis,
mitotic catastrophe, autophagy, and other mechanisms [16]. When used in conjunction
with neurosurgery, radiation can be used prior to shrink the tumor size, or after to remove
the cancerous cells that remain in the area [16]. However, it does not come without its
limitations. Radiation commonly results in acute radiation central nervous system toxicity,
characterized by nausea, drowsiness, and ataxia. Late effects can be seen 9 months to
10 years after therapy and include focal necrosis, CNS neurological dysfunction, MRI
visible white matter alterations, and necrotizing encephalopathy [17]. Cranial radiation
may affect other body systems, causing endocrine abnormalities due to a disruption
of normal pituitary /hypothalamic axis function and leading to a need for increasing
monitoring of anterior and posterior pituitary hormone levels [18].

2. Gliadel Wafers for Postsurgical Brain Cancer Treatment

The realization of less-than-ideal characteristics of available radiation and systemic
chemotherapy treatment options has led to the search for novel adjunctive “implanted”
therapies. BCNU (Gliadel) wafer therapy, approved for use in 1996 by the FDA’s Oncology
Drug Advisory Committee, was the first implantable drug delivery system used to deliver
carmustine, directly to the site of a surgically resected tumor [19]. Upon tumor removal,
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the wafers are implanted, providing direct treatment and limiting systemic side effects.
The wafer is dime-sized and consists of polifeprosan 20, a biodegradable polyanhydride
copolymer. Through slow erosion of the polymer matrix, polifeprosan 20 releases carmus-
tine gradually for an extended period of time, approximately 2-3 weeks [20]. Generally,
up to 8 wafers are placed in the tumor cavity, each with 7.7 mg of carmustine, for a total
dose of 61.6 mg [21]. Westphal et al. demonstrated that the median survival time after
gliadel wafer implantation was 13.8 months compared to 11.6 months in the placebo-group
patients [22]. A decrease in mortality by 30% in those treated with the gliadel wafers was
also reported [22]. Further studies compared the efficacy of the wafer versus classical
chemotherapy agents, such as temozolomide, and showed a difference in peak survival.
The absolute percentage gain of survival over placebo with gliadel wafers showed peaks at
12 months versus 18 months with temozolomide [23]. Thus, the sequential use of the two
agents was proposed and decreed the “Stupp protocol” [24]. Clinical trials have shown an
increased median survival time, including Stupp et al., which compared a combination
gliadel wafer implantation and temozolomide to temozolomide treatment alone [24]. In
a 5 year follow-up, 97% of patients treated with solely temozolomide died, compared
to 89% of patients who received combination therapy [24]. The overall survival was
14.6 months in the wafer plus temozolomide group, and 12.1 months for wafer alone [24].
Post-implantation of gliadel wafers, patients should be monitored for adverse effects and
complications, including hemotoxicity [25]. There has been a concern associated with an
increased risk of intracranial infections, brain abscess, and cerebrospinal fluid leaks. Other
side effects include headaches, cerebral oedema, drowsiness, and seizures [26]. When
following the Stupp protocol, multiple studies have demonstrated that there were no
unexpected adverse effects or increased incidence reported [27,28].

The gliadel wafer is a rigid, disc-shaped wafer compressed from the mixture of spray-
dried polyanhydride and carmustine [19]. Though proven modestly effective, gliadel wafer
therapy has well-recognized drawbacks, including limited drug loading capability for
a single hydrophilic drug, uneven drug release due to the rigid structure incapable of
intimate contacting with surrounding tissues and cumbersome to maximally cover the
resection cavity (requires cutting/overlapping the wafers).

Nanogel-based local delivery of chemotherapy has shown great promise in over-
coming the weaknesses of gliadel wafer therapy. A thermosensitive nanogel formulation,
OncoGel, is a triblock copolymer comprised of poly(D,L-lactide-co-glycolide), (PLGA) and
poly(ethylene glycol) (PEG) with the basic structure of PLGA-b-PEG-b-PLGA. OncoGel
contains paclitaxel at 6 mg/mL and makes a sol-to-gel transition at 37 °C. OngoGel entered
a phase II clinic trial for treating esophageal cancer [29]. Although found to have low
toxicity and reduce tumor burden, OncoGel failed in this clinical study due to insufficient
efficacy in esophageal cancer. Tyler et al. proved that OncoGel containing 6.3 mg/mL
paclitaxel was safe for intracranial injection in 18 Fischer-344 rats bearing glioma and most
effective when administered in combination with radiation therapy [30]. Torres et al. used
computational mass transport simulations to investigate the effectiveness of paclitaxel
delivery from OncoGel [31]. The effective therapeutic concentrations were maintained for
> 30 days using OngoGel whereas those were maintained for ca. 4 days for carmustine
released from gliadel wafers. This result was simulated due to the controlled release of
paclitaxel within the degradation lifetime of the OncoGel matrix. Nanogels are bioadhesive,
thus does not require additives to secure it against the cavity surface after brain surgery.
Unlike gliadel wafers that require cutting and overlapping wafers to properly cover cavi-
ties of different sizes and shapes, the dose of the drugs loaded in nanogels can be easily
controlled and adjusted using a syringe to offer patient-centered treatment (considering
the size/shape of the tumor resection cavity). In this short review paper, we summarized
the desirable properties of nanogels and possible obstacles with their development and
use, and highlighted the application of biocompatible nanogels as a drug delivery system
in brain cancer.
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3. Nanogel
3.1. Overview and Preparation of Nanogels

Nanogels have a three-dimensional “nanoscopic” structure composed of a variety of
natural polymers, synthetic polymers or a combination of both. Nanogels are formed via
physical or chemical assemblies of polymers that carry amphiphilic macromolecular chains
(Table 1) [32]. Physical assembly relies on the physical interactions/entanglements via
hydrogen bonds, electrostatic, van der Waals and hydrophobic interactions, and chemical
cross-linking utilizes covalent bonds [32]. Aforementioned nanogels carrying paclitaxel,
OncoGel, is one of the examples formed via physical self-assembly [31]. In water, below the
critical gelation temperature (CGT), PLGA-b-PEG-b-PLGA (ABA type) copolymers create
loops sharing a hydrophobic PLGA center and form nanoscopic micelles (Figure 1A) [33].
Paclitaxel (logP 3.0) is physically entrapped in the core of the micelles. Gelation of PLGA-b-
PEG-b-PLGA occurs above the CGT. As the temperature increases, hydrophobic interac-
tions among PLGA segments become stronger, leading to aggregation of micelles, decrease
in the mobility of water, and increase in the viscosity (gelation occurs). Akiyoshi et al.
physically-assembled nanogels using hydrophobized cholesterol-bearing pullulan that
deliver insulin [34]. Nanogels were ca. 20-30 nm in diameter and self-assembled into
nanogels with insulin (Figure 1C) [34]. Another way of physically assembling nanogels is
to suspend/immobilize nanoparticles in a hydrogel matrix. Giovannini et al. formed silica
nanoparticle (ca. 100 nm in diameter) and gold nanoparticles (ca. 80 nm in diameter) and
suspended them in Fmoc-galactosamine-based hydrogels [35]. Nanogels carrying silica and
gold nanoparticles decreased the premature drug release of loaded drugs as the hydrogels
restricted the movement of the nanoparticles and retarded the aggregation of nanoparticles.
Overall, the introduction of hydrogels improved the stability of nanoparticles.

Nanogels can be formed from polymer precursors vial chemical cross-linking that uti-
lizes some functional groups such as disulfide, amine and imine or via photo-induced cross-
linking (Table 1) [32]. Ryu et al. developed nanogels composed of polymers that carry an
oligoethyleneglycol unit for hydrophilicity and a pyridyl disulfide (PDS)-derived thioethyl-
methacrylate for the cross-linkability [36]. Disulfide bonds impart structural stability for
hydrophobic payloads. Disulfide can reversibly reduce to thiol, as a function of thiol concen-
trations of the environment. As thiols are highly reduced in cells, by using thiol-disulfide
exchange, disulfide bonds are rapidly degraded, releasing the payloads selectively under
the reduced condition in cells. Elkassih et al. developed fully degradable disulfide cross-
linked nanogels using oxidative radical polymerization of 2,2'-(ethylenedioxy)diethanethiol
(EDDET) as a monomer with different cross-linkers, including pentaerythritol tetramer-
captoacetate (PETMA) [37]. As the poly(EDDET) backbone repeated structures and cross-
linking junctions were composed entirely of disulfide bonds, nanogels were able to degrade
into thiols intracellularly in response to the reducing agent glutathione present inside of
cells. Amine groups are widely used in the preparation of nanogels because of their
high reactivity with carboxylic acids, activated esters, isocyanates and iodides [32]. This
technique provides an opportunity to introduce various stimuli-response properties into
nanogels by incorporating a diamine cross-linker. Kockelmann et al. developed nanogels
carrying imidazoquinolinen using active-ester-containing amphiphilic poly(methacrylate)
block copolymers [38]. The amphiphilic reactive ester block copolymers self-assembled
into precursor micelles, whose cores were functionalized by mono-amine-bearing entities,
cross-linked with pH-degradable bisamines, and finally converted into fully hydrophilic
nanogels. The authors stated that these nanogels provided safe and controllable drug
delivery strategies in immunotherapy for cancers, considering their slightly acidic envi-
ronment. Liao et al. developed functionalized polymeric nanogels with pH-responsive
benzoic-imine cross-linkages [39]. The polymer was synthesized by one-step cross-linking
of the branched poly(ethylenimine)-g-methoxy poly(ethylene glycol) (PEI-g-mPEG) copoly-
mer with hydrophobic terephthalaldehyde (TPA) molecules. The functionalized polymeric
nanogels were comprised of multiple hydrophobic benzoic-imine-rich spherical domains
covered by positively-charged PEI networks. The external PEI network and mPEG at-
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tracted large amounts of water whereas the TPA created the colloidal core more hydropho-
bic and compact. The nanogels exhibited acid-triggered drug release (indocyanine green
incorporated in hydrophobic core via pi-pi stacking) by the cleavage of benzoic-imine
bonds in response to pH reduction from 7.8 to 6.4. He et al. developed photoresponsive
nanogels, which utilize light to reversibly change the cross-linking density of nanogel
particles [40]. Poly(ethylene oxide) and poly[2-(2-methoxyethoxy)ethylmethacrylate-co-
4-methyl-[7-(methacryloyl)oxyethyloxy]coumarin] (PEO-b-P(MEOMA-co-CMA)) were
synthesized. The reversible photo-cross-linking reaction was provided by the photodimer-
ization of coumarin side groups under irradiation at A >310 nm and the photocleavage of
cyclobutane bridges under irradiation at A <260 nm, reducing the degree of cross-linking
and accelerating the rate of drug release.

Table 1. Main nanogel assembly techniques.

Assembly Reactions Properties References
Micellar Self-assembly using tnbllock copolymers or branched [31,34]
Physical polymers
Hybrid Nanoparticles immobilized in hydrogels [35,41-45]

(nanoparticles suspended in hydrogels)

Cross-linked via thiol-disulfide exchange reaction,

Disulfide Cleaved in response to glutathione [36,37,46]
. High reactivity with carboxylic acids, activated )
Cross-linking Amide esters, isocyanates and iodides [38,47]
. Stable under physiological )
Imine conditions and labile at acidic pH [39,48]
Photo-induced Photo-induced cross-linking or cleavage [40,49]

A. ABA (Hydrophobic/Hydrophilic/Hydrophobic)

o Hydrophilic drug
A Hydrophobic drug

B. BAB (Hydrophilic/Hydrophobic/Hydrophilic)

. asa @ Hydrophilicdrug
AR

A\ Hydrophobic drug

Figure 1. Illustrations of physically self-assembled nanogels loaded with hydrophilic (solid circle)
and hydrophobic (empty triangle) drugs using (A) ABA, (B) BAB, and (C) branched polymers
(modified from [50]).
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3.2. Desired Properties of Nanogels for Drug Delivery

An option to consider for the future treatment of brain tumors is a drug delivery
system known as the nanogel. A nanogel is a three-dimensional hydrogel that is formed
by connection of nano-scopic micelles dispersed within an aqueous medium (“nano-in-
hydrogels”) having an inherent capability to incorporate hydrophobic molecules in the
core of the micelles while maintaining a hydrophilic exterior [50]. Similar to hydrogels,
nanogels are (i) mostly hydrophilic in nature, soft, resembling the texture of soft tissues,
bioadhesive, biocompatible, and biodegradable [51]. One of the most widely reported
biocompatible nanogels are chitosan-based nanogels. Pereira et al. performed a thorough
study of biocompatibility of a glycol chitosan nanogel, one of the highly biocompatible
chitosan derivatives, in vitro [52]. Glycol chitosan nanogels did not induce noticeable
metabolic activities and did not affect the cell membrane integrity in 3T3 fibroblast, HMEC
human microvascular endothelial and RAW mouse leukemia monocyte macrophage cell
lines. Glycol chitosan nanogels were poorly internalized by murine macrophages. Blood
compatibility of glycol chitosan nanogels was confirmed by hemolysis and whole blood
clotting time assays.

A number of nanogels demonstrate (ii) stimuli-responsive behaviors to release drugs
in response to external stimuli [53]. One of the widely explored external stimuli is tempera-
ture. Some nanogels are designed to make a sol-to-gel transition at 37 °C, body temperature.
Below 37 °C, nanogels are in a sol form. At 37 °C, nanogels begin to increase the viscosity,
forming a semisolid gel. At ambient temperature, the viscosity of the sol is low allowing
the formulation to pass through the syringe/needle. When injected, at 37 °C, nanogels are
formed conforming to a shape of body cavity. Poly(ethylene oxide)-block-poly(propylene
oxide)-block-poly(ethylene oxide) (PEO-b-PPO-b-PEO), also known as poloxamer, Pluron-
ics, or Kolliphor, has been explored widely to create thermos-responsive nanogels [50,51,54].
Poloxamer 407 is a triblock copolymer with a hydrophobic central PPO core and two hy-
drophilic PEO side chains. At the concentrations of PEO-b-PPO-b-PEO of 20-30% w/w, the
copolymers reach the critical micelle concentration; it is at this point where the micelles
reorder themselves into a lattice [54]. Upon the elevation of the environmental temperature
(at 37 °C), the hydrophilic chains are desolvated as the hydrogen bonds between the solvent
and chains begin to break leading to chain entanglement. The resultant product is a gel
that allows for the gradual release of hydrophobic drugs and the more rapid release of
hydrophilic drugs in the insertion site. Thermo-responsive behavior of nanogels can also
serve an ideal dermal drug delivery system. Gerecke et al. reported that thermo-responsive
nanogels synthesized from dendritic polyglycerol with poly(glycidyl methyl ether-co-ethyl
glycidyl ether) were capable of enhancing penetration through biological barriers such as
the stratum corneum and were taken up by keratinocytes of human skin without cytotoxic
or genotoxic effect [55].

Another desirable behavior of nanogels is pH sensitivity. Nanogels are designed to
undergo the cleavage of the polymer networks/linkages under acidic conditions (mim-
icking tumor environment) and degrade completely, utilizing various cross-linkers, but
are stable in physiological environment. Yang et al. developed a pH-triggered hyaluronic
acid nanogel system by copolymerization between methacrylate hyaluronic acid and a
cross linker containing ortho ester groups [56]. This nanogel system carrying doxorubicin
demonstrated excellent tumor homing and selective tumor cell uptake, resulting in su-
perior anticancer efficacy in HepG2 human liver cancer cell spheroids. The rapid release
of doxorubicin was observed under endo/lysosomal conditions due to the pH-triggered
cleavage of ortho ester linkages. Kang et al. developed a pH-responsive, chemically cross-
linked nanogel using dopamine hydrochloride-conjugated carbonized hyaluronic acid [57].
Release of doxorubicin from this nanogel system was pH-dependent, resulting in 80% of
doxorubicin released in 30 h at pH 5.0. Less than 20% of doxorubicin was released from
nanogels at pH 6 and 7.4. This pH-dependency was caused by the cleavage of boronate
ester bond between catechol and boronic acid under acidic conditions.
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Multi-stimuli responsive nanogels have been shown to exhibit greater “fine-tuning”
effect compared to their singular-stimuli responsive counterparts. Salehi et al. dual-stimuli
responsive nanogels were composed of poly(N-isopropylacrylamide-dimethylaminoethyl
methacrylatequaternary ammonium alkyl halide-methacrylic acid) and poly(N-isopropylac-
rylamide-dimethylami-noethyl methacrylate quaternary ammonium alkyl halide-meth-
acrylic acid-hydroxyethyl methacrylate) [58]. This nanogel system showcased the capability
of stimuli-triggered-controlled release behaviors mediated by temperature and pH values
and were administered for the simultaneous delivery of doxorubicin and methotrexate.
The release of both drugs were accelerated at pH 4 and 5.5 but arrested at pH 7.4. The
release of both drugs was more rapid at 40 °C than at 37 °C. The authors highlighted
that the prolonged and constant drug release pattern along with the dual-stimuli respon-
sive behaviors offer a cancer treatment option without the frequent administration of
multi-drugs. Pan et al. developed multi-stimuli responsive nanogels using the tailored
modified sugarcane bagasse cellulose [59]. In the presence of a disulfide crosslinking
agent, cystamine bisacrylamide, the in situ free radical copolymerization of methacrylated
monocarboxylic sugarcane bagasse cellulose and N-isopropylacrylamide was processed,
thus leading to redox (in the presence of reducing agent), pH (below 5.8) and temperature
(above 32 °C)-responsive nanogels.

Nanogels are one of the excellent drug delivery systems with (iii) the capability of
incorporating and delivering a wide range of drugs by immobilizing them through covalent
or non-covalent interactions. Notably, nanogels demonstrate (iv) controlled the release
of multi-drugs with the primary release mechanism being diffusion of drug followed
by the degradation of polymeric matrix. Cho et al. investigated theragnostic effects of
thermosensitive PLGA-b-PEG-b-PLGA nanogels carrying paclitaxel, rapamycin, an NIR
imaging agent in ovarian cancer-bearing mice [60]. Nanogels made a sol-to-gel transition at
37 °C and slowly released drugs at a simultaneous release rate in response to the physical
degradation of nanogels. Nanogels released ca. 26% of the payloads within 48 h whereas
a micellar liquid formulation released the payloads at more rapid rate, reaching 68-70%
content release within 48 h. This thermos-responsive nanogel system enabled loco-regional
delivery of multi-payloads by forming a gel-depot in the peritoneal cavity of ovarian cancer-
bearing mice. In the control, without treatment, animals bearing ES-2- human ovarian
cancer increased tumor burden significantly from 100% to 3480 & 445% within 3 days.
A single intraperitoneal (IP) injection of nanogels remarkably decreased tumor burden
from 100% down to 7 &= 1% on day 3. A single intravenous (IV) or IP injection of micelles
containing the same drugs did not show the therapeutic effectiveness, demonstrating
increase of tumor burden from 100% to 110 & 21% for IP micelles and 100% to 471 £ 236%
for IV micelles. Cho et al. also developed 3D printed nanogel discs constructed of PEO-PPO-
PEO and therapeutic payloads, paclitaxel and rapamycin [54]. The authors emphasized
the convenience in use, proposing that in clinical settings, healthcare providers could place
the disc into the peritoneal cavity post-surgical ovarian tumor removal without concerns
of unsuccessful delivery of medications nor detrimental effects on patient recovery known
as peritoneal adhesion.

Modified nanogels can (v) target the specific receptors or tissues. Su et al. synthesized
thermo- and pH-responsive poly (N-isopropyl acrylamide-co-acrylic acid) nanogels [61].
Fluorescent bovine serum albumin (BSA) encapsulated gold nanoclusters were conjugated
onto the surface of nanogels, followed by functionalization of tumor targeting peptide
iRGD onto the BSA for tumor targeting. Nanoparticles carrying doxorubicin were ca.
182 nm in diameter. The targeted nanogel system enhanced intracellular uptake of the
payload, doxorubicin, into the vein endothelial (HUVECs) and the extravascular tumor
(B16) cells. Chen et al. designed and constructed a smart nanogel platform integrating both
receptor-mediated targeting (RMT) and environment-mediated targeting (EMT) strategies
to heighten the tumor accumulation and cellular uptake of drugs [62]. A phenylboronic acid
(PBA) and morpholine (MP) dual-modified polypeptide nanogel (PMNG) were prepared.
The PBA ligand selectively targeted sialyl (SA) overly expressed on the highly metastatic
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tumor cells. The MP ligand favored extracellular pH condition (ca. pH 6.5) and facilitated
the internalization of drugs into cells. In vivo, this smart, targeted nanogel system carrying
doxorubicin exhibited the outstanding efficacy of the inhibition of metastatic nodules in
C57/BL mice bearing subcutaneous melanomas.

The aforementioned properties of nanogels make them outstanding candidates for
pharmaceutical /biomedical applications as a drug delivery system, specifically involving
brain cancer (Table 2).

Table 2. Comparison of nanogels, wafers, and liquid dosage forms for their properties as drug delivery systems for brain

cancer.
Properties Nanogels Wafers Nanop]a)r‘:iszlge;]i:frel;‘isLiquid
Route of administration v, implanrtl,aisr;tlratumoral, Implant IV, intratumoral, nasal
Multi-drug delivery Yes Maybe (not known) Yes
Delivery of hydrophobic Yes Maybe (not known) Yes

drugs

Form of drugs

Encapsulated in nanoparticles Free form Encapsulated in nanoparticles

Dose adjustment

Yes but manipulation needed
(e.g., cutting, inserting
multiple wafers)

Yes (via syringe) Yes (via syringe)

Surface modification for
targeted drug delivery

Yes No Yes

Long residence time

Yes Yes No

Controllable drug release

Yes (stimuli-responsive,
diffusion followed by physical

Yes (stimuli-responsive,

Yes (physical erosion) diffusion followed by physical

degradation) degradation)

Sultable.fo.r m'tratumoral Yes No Yes
injection

Available as a spray delivery Yes No Yes
system

Biocompatible and
biodegradable Yes Yes Yes
Convenience in handling + +++ ++
Conforming to the shape/size - . . .
of the resection cavity Yes (intimate contacting with No (stiff) No (easily washed away by

post-surgery

surrounding tissues) the interstitial fluid)

4. Nanogels That Deliver Drugs to Brain
4.1. Nanogels That Cross the BBB

The ability to transport of compounds across the BBB is a fundamental requirement to
treat and diagnose various brain diseases [63]. The BBB prevents compounds from reaching
therapeutic concentrations in the brain, thereby hampering the therapeutic/diagnostic
efficacy. Many studies have elucidated a few factors for compounds, especially nanoparti-
cles, to penetrate the BBB and reach the brain [64]. Nanoscopic drug delivery systems can
cross the BBB in a variety of ways, including endocytosis, receptor-mediated transcytosis,
or the enhanced permeability and retention (EPR) effect [65]. The EPR effect exploits the
leaky vasculature of solid tumors where the nanoparticles extravasate locally into the
tumor tissues, resulting in slow release of encapsulated drugs into the brain tumor tissue.
Intravenous injection of nanogels could be a potential method for drug delivery for brain
tumors relying on the EPR effect.
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The molecular and particle “sizes” and “hydrophilicity” of the compounds are con-
sidered to be predominantly important factors enabling their migration across these barri-
ers [66—69]. Small, hydrophilic molecules may cross the BBB via paracellular transportation,
but it may be limited by the regulation of the transient relaxation of tight junctions be-
tween the endothelial cells [70]. Small, lipophilic molecules enter the brain tissues via
transcellular diffusion [70]. However, the route of transcellular diffusion involves the
traversing of the luminal membrane and cytosol prior to reaching the brain tissue, which
represents a challenge due to the tendency of lipophilic substances to remain within the cell
membrane. Kimura et al. prepared ultra-fine hydrophilic nanogels (average particle size
between ca. 5 and 21 nm) carrying Gd-DOTA for brain imaging. In mice, it was confirmed
that intravenously injected nanogels helped Gd-DOTA enter brain parenchyma through
the BBB.

Ribovski et al. added one more advantage of nanogels in delivering compounds
across the BBB, which is “low stiffness” [63]. The authors investigated the effect of nanogel
stiffness on nanogel transport across the in vitro BBB model and calculated the fraction
of internalized nanogels that reached the basolateral compartment of the BBB model.
The softer nanogels showed a 2-fold higher secretion at the basal side of the BBB model
compared to the stiff nanogels. The authors hypothesized that low nanogel stiffness
promoted intracellular trafficking and transcytosis.

She et al. demonstrated that the “biocompatibility” of nanogels that mimic the cellular
membrane was the key factor for effective drug delivery across the BBB [67]. The authors
synthesized an azobenzene-based cross-linker to construct hypoxia-degradable zwitteri-
onic phosphorylcholine nanogels. This nanogel was degradable in hypoxic environment,
leading to the collapse of nanogels and rapid release of drugs in hypoxic tissue of glioblas-
toma. Nanogels were able to pass through the BBB and exhibited the high accumulation
of the payload in glioblastoma tissue due to the phosphorylcholine mimicking cellular
membrane. Nanogels were able to deliver doxorubicin effectively to the brain of mice and
demonstrated the superior therapeutic behaviors in treating glioblastoma.

4.2. Nanogel Use in Brain Cancers

Nanogels could be used during surgery; the removal of tumor tissue could be followed
by the insertion of a nanogel, which would then harden and provide a protective layer
or a filler of the resection cavity where the tumor was removed. In addition, nanogels
could be loaded with multi-therapeutic agents in order to keep the tumor at bay for the
foreseeable future (Figure 2). Unlike the wafers, the dose of loaded drugs can be easily
controlled in a syringe based on the size/shape of resection cavity created by removing
tumor tissues (Table 2). For nanogels, cutting or overlapping multiple units is not required.
In addition to the loco-regional therapeutic benefits, some reports highlighted that diluted
nanogels administered intravenously improved selective accumulation of nanogels in brain
tumor tissues in vivo. Nanogels could also deliver therapeutic agents intravenously or
intranasally to target brain tumor tissues prior to or after a surgical procedure.

Lin et al. prepared MRI traceable, rapidly gelating hydrogels by blending negatively
charged carboxymethyl cellulose-grafted poly(N-isopropylacrylamide-co-methacrylic acid)
and positively charged gadopentetic acid/branched polyethylenimine [71]. Hydrogels
carried hydrophilic epirubicin and hydrophobic paclitaxel (PTX) incorporated in bovine
serum albumin nanoparticles (BSA/PTX NPs: average diamer of 181.7 £ 3.9 nm). Hydro-
gels exhibited free-flowing sol phase at 4°C and made a transition to non-flowing gel phase
at 37 °C. In vivo hydrogels carrying epirubicin and BSA/PTX NPs were implanted to the
residual tumor tissues after surgical tumor resection in humam glioma U87 tumor-bearing
mice. Hydrogels carrying epirubicin and BSA/PTX NPs showed remarkable tumor growth
inhibition with the medium survival of 69 days. Notably, the average survival spans
for animals in control group (receiving no treatment after surgical tumor removal) was
ca. 27 days. The authors presumed that nanogels facilitated “tumor-priming effect” by
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releasing epirubicin rapidly at the first stage to prime tumor tissues to maximue therapeutic
efficacy of paclitaxel released later.

Loco-regional

¢

'd

Intranasal

Figure 2. Administrations of nanogels that target brain.

McCrorie et al. designed a spray delivery system consisting of a bioadhesive hydrogel
(pectin) and poly(ethylene glycol)-block-polylactic acid (PEG-b-PLA) micelles carrying
etoposide and olaparib (the average diameter of 70 nm) [72]. The release was rapid with a
burst release of 5% for olaparib in the first 30 min followed by 85% after 24 h. For etoposide,
there was a similar initial release of 9% in the first 30 min followed by 83% after 24 h. For
both drugs, 100% of the drug was released after 48 h. A pectin-based hydrogel showed the
potential to adhere to brain tissues due to the bioadhesive forces, instead of being washed
away by the interstitial fluid. Following insertion of nanogels, pectin degrades slowly over
14 days within the brain. There was no neurotoxicity observed in mice. The authors also
simulated surgical brain tumor removal followed by spray-delivering nanogels. While
under general anesthesia, a small incision was made through the skin along the midline
of the skull [72]. A larger drill bit was used to enlarge the burr hole to approximately
1-2 mm. Some brain tissues were removed and nanogels carrying drugs were sprayed into
the linings of a surgical pseudo-resection cavity. Sequential biopsies were taken from below
this cavity to determine successful delivery of the system and assess depth of penetration.
The burr hole was then plugged with bone wax and the skin sutured shut. The authors
observed the presence of nanoparticles in the surround tissues up to 1.5 cm away from the
cavity. It was evident that sprayable hydrogels containing nanoparticles could be a great
loco-regional treatment modality post-surgical brain tumor resection.

Picone et al. developed poly(N-vinyl pyrrolidone)-co-acrylic acid nanogels conjugated
with insulin for intranasal delivery of insulin [73]. The average particle size of nanogels was
ca. 70 nm. Free insulin or the nanogel system carrying insulin was administered intranasally
in mice, and the localization of insulin in the different parts of brain were analyzed.
Nanogels increased the levels of insulin in the olfactory bulb, hippocampus and cerebral
cortex at statistically greater levels at 30 and 60 min from intranasal administration. These
results imply that the mucoadhesive properties of nanogels increased the retention time of
insulin, facilitating muco-penetration of insulin. It also appears that insulin conjugated to
nanogels was more resistant to the action of proteolytic enzymes in the nasal cavity. The
literature has suggested that via intranasal application, drugs (low and large molecular
weight drugs) can be transported into the brain via the olfactory and the trigeminal nerve
pathways [73]. Drugs transported via the olfactory pathway enter the rostral area of the
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brain, whereas the trigeminal nerve route facilitates drug delivery to the caudal area of
the brain. Although this nanogel system was not specifically used to treat brain cancer,
it clearly presented that mucoadhesive nanogels were capable of augmenting the level
of drugs in the olfactory bulb, hippocampus and cerebral cortex, benefiting the effective
delivery of therapeutic agents across the BBB.

Shatsberg et al. designed disulfide crosslinked nanogels based on the polyglycerol-
scaffold to deliver microRNA for glioblastoma therapy [74]. The primary amine groups
with higher pKa in this nanogel system were protonated at neutral pH, imparting the
positive charge to bind microRNA and facilitating cellular uptake via endocytosis. The sec-
ondary amines with lower pKa were protonated at endosomal pH, providing this nanogel
system with endosomal escape capacities (via proton sponge effect). This nanogel system
was designed to be cleaved under the intracellular reductive conditions. The polyplex
formed between nanogels and microRNA were ca., 140-170 nm in hydrodynamic diameter.
Nanogels enabled internalization of microRNA into U-87 MG glioblastoma multiforme
cells whereas intracellular localization of naked microRNA was hardly observed. U-87
MG glioblastoma multiforme-bearing mice received nanogels carrying microRNA intratu-
morally on days 0, 3, 7, and 10. Nanogels carrying microRNA helped restore the tumor
suppressor role of miR-34a in the xenograft mice, resulting in remarkable inhibition of
tumor growth. The authors stated that nanogels were chosen as microRNA delivery carrier
for glioblastoma therapy due to their controllable size, shape, functionality, good mechani-
cal properties, presence of the voids allowing encapsulation of multi-drugs, and tunability
of drug release profiles resulting extended drug circulation time in the blood.

Azadi et al. developed nanogels using chitosan and polyanionic pentasodium triphos-
phate [75]. The nanogels carrying methotrexate was ca. 118.54 + 15.93 nm in diameter.
The plasma and brain concentrations of methotrexate at different time points following
intravenous administration of the diluted nanogels versus free drug provided the evidence
that nanogels improved the efficacy of drug delivery in the brain. A 2.4-fold increase in
drug plasma concentration and a 10-15-fold increase of drug concentration in the brain
were obtained in male Sprague-Dawley rats as a result of the intravenous administration
of methotrexate-loaded nanogels. The authors called this the “Trojan Horse” effect. The
authors explained that this effect was presented due to the longer retention time of nanogels
in the brain which, in turn, compensate for the drug efflux from the brain to the circulation.

Jiang et al. developed pH/temperature-sensitive poly(N-isopropylacrylamide-co-
acrylic acid) nanogels carrying citric acid-coated Fe3O4 nanoparticles [76]. After conjugated
with Cy 5.5-labeled lactoferrin, the resultant nanogels serve as bifunctional contrast agent
for both MRI and intraoperative optical imaging for glioma. The nanogels had a mean
hydrodynamic diameter of 95.5 4= 6.2 nm. In vivo application of IV nanogels on glioma
detection with MRI and fluorescence imaging were evaluated in rats bearing C6 glioma.
Nanogels appeared to selectively accumulate in the tumor tissues and could be used for
the pre-operative MRI diagnosis of the glioma. The optical imaging ability of the nanogels
was verified by acquiring ex vivo fluorescence images. A significant fluorescence signal
was observed only in the brain tumor region of the rat receiving nanogels. The nanogels
were proven to be biocompatible with no noticeable toxic effects detected in important
biological functions and major organs.

5. Challenges and Prospects for Nanogel-Based Drug Delivery to Brain

Despite their possible novel uses, it is also important to address some setbacks of
nanogel use. As aforementioned, a great property of nanogels is their ability to release
drugs stimulated by external stimuli (e.g., temperature, pH, enzyme), but this property
also has a downside. Should the nanogel arrive an environment where it can degrade to
release drugs before it reaches the target site of action, significant problems can arise with
delivery of a drug to the off-target, leading to adverse reactions. Considering the unque
feature of nanogels releasing drugs slowly and gradually and their prolonged residence
time in the body, the off-terget effect may exacerbate the adverse reaction.
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Other limitations to nanogels include the particle size and polydispersity of nanocarri-
ers and issues associated with polymer degradation. The impermeable characteristics of the
BBB have been considered to be the main reason for the failure to achieve therapeutic drug
concentrations in the brain tissue [77]. Especially, the BBB prevents many large molecules,
including peptides and medicinal macromolecules, from entering the brain and the rest
of the central nervous system. It is primarily because brain capillary endothelial cells are
closely connected to each other by tight intercellular junctions and zonulae occludentes.
Dehghankhold et al. indicated that the particle sizes of long-circulating drug delivery
systems should range between 50 and 200 nm to deposit the systems in the brain [77]. Suc-
cessful nanogel formulation requires the preparation of homogenous (polydispersity index
PDI <0.7) nanocarriers of the average size of 50-200 nm, noting that very small particles
(<0 nm) are rapidly cleared via the renal system. Nanogels are commonly formulated with
synthetic polymers and organic/inorganic solvents. It is especially crucial to investigate
the toxicity of the degraded polymers in the brain and make sure to remove toxic solvent
completely from the formulation. It is important to modify the polymers to maximize
their bioadhesiveness, biocompatibility and biodegradabiliy. It is also ideal to design the
nanogels wisely to minimize any toxic effects caused by fragmented/cleaved polymers
after degradation of nanogels.

One of the last major challenges is the inconvenience related to handling and storage.
This applies specifically to temperature-responsive nanogels with the gelation temperature
lower than 37 °C. This may cause several issues including the premature gelation in the
syringe/needle, instability problems affecting the product shelf-life and difficulty in handling.

Considering experimental results from the published articles and experts’ opin-
ions/reviews, we listed a few key desirable properties of nanogels carrying drugs that
can help seamlessly incoporation of nanogel systems in brain cancer treatment regimen
(Table 3). These include the tissue-like properties of gels, particle sizes of 50-200 nm and
polydispersity index of nanoparticles below 0.7, the capability of loading multiple agents
and releasing agents when desired at controlled and gradual manners, desired rheological
patterns, prolonged retention of nanogels in the patient’s body, and the storage stability.

Table 3. List of key desirable properties of nanogels desired for brain cancer therapy.

Properties

Nanogels

Gels

Bioadhesive, biocompatible, biodegradable, soft “tissue-like” texture, able to conform to the shape/size of the
resection cavity

Nanoparticle size

50-200 nm with PDI <0.7

Payloads

Multiple (hydrophilic and hydrophobic) agents (therapeutics and/or diagnostics)

Drug release

Demonstrate controlled and gradual release of drugs only when exposed to stimuli (e.g., pH, enzyme)
Demonstrate simultaneous or sequential release of multi-drugs
Minimize premature drug release

Rheology . Maintain the viscosity under shear stress and at storage/handling
. Design the system to increase the viscosity only when exposed to specific stimuli (e.g., temperature)
Modification . Conjugate targeting moiety and/or imaging agents
. Include polymers that maximize biodegradability and biocompatibility
Gelation Make a sol-to-gel transition rapidly by responding to stimuli

Retention time

Retain extended period of time to increase drug concentrations in plasma and brain tissues

Degrade rapidly when no longer needed

Degradation . Leave no residual polymers
. Does not produce toxic byproduct/degraded polymer fragments
Administration Exhibit the versatility in routes of administration (e.g., loco-regional, intravenous, and intranasal)
Storage . Maintain product stability at storage

Does not require special storage conditions (e.g., freezer)
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6. Conclusions

Nanogel technology presents an opportunity for viable, lucrative, and efficient future
treatments of brain cancer. Brain cancer treatment’s critical obstacles are the BBB, diversity
of intracranial neoplasms, and the complexity of the organ in which it resides, limiting the
treatment options. Nanogels provide local or systemic treatment options that respect the
BBB and the physiological feature of the cranial cavity while limiting adverse effects.
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Abstract: Over the past several decades, the development of engineered small particles as targeted
and drug delivery systems (TDDS) has received great attention thanks to the possibility to over-
come the limitations of classical cancer chemotherapy, including targeting incapability, nonspecific
action and, consequently, systemic toxicity. Thus, this research aims at using a novel design of
Poly(N-isopropylacrylamide) p(NIPAM)-based microgels to specifically target cancer cells and avoid
the healthy ones, which is expected to decrease or eliminate the side effects of chemotherapeutic
drugs. Smart NIPAM-based microgels were functionalized with acrylic acid and coupled to folic acid
(FA), targeting the folate receptors overexpressed by cancer cells and to the chemotherapeutic drug
doxorubicin (Dox). The successful conjugation of FA and Dox was demonstrated by dynamic light
scattering (DLS), Fourier-transform infrared (FTIR) spectroscopy, thermogravimetric analysis (TGA),
UV-VIS analysis, and differential scanning calorimetry (DSC). Furthermore, viability assay performed
on cancer and healthy breast cells, suggested the microgels’ biocompatibility and the cytotoxic effect
of the conjugated drug. On the other hand, the specific tumor targeting of synthetized microgels was
demonstrated by a co-cultured (healthy and cancer cells) assay monitored using confocal microscopy
and flow cytometry. Results suggest successful targeting of cancer cells and drug release. These data
support the use of pNIPAM-based microgels as good candidates as TDDS.

Keywords: p(NIPAM)-co-5%AA microgels; folic acid; doxorubicin; cancer

1. Introduction

Cancer is one of the leading causes of death in the world. In 2020, the world health
organization stated that the number of deaths caused by cancer reached ten million deaths
worldwide [data from WHO] [1]. One of the most commonly used therapies is chemother-
apy, which is delivered systematically in a non-targeted manner [2]. Over the past several
decades, the development of engineered nano- and micro-systems for targeted drug de-
livery have received great attention thanks to their possibility to overcome the limitations
of classical cancer chemotherapy, including poor solubility, targeting incapability, nonspe-
cific action and, consequently, systemic toxicity [3,4]. For instance, the anticancer drug
doxorubicin (Dox) showed several adverse effects, such as myelosuppression, which is the
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decrease in the ability of the bone marrow to produce new blood cells, vomiting, and in
extreme cases, it can lead to liver dysfunction and heart diseases. All these adverse effects
are due to the apoptosis of healthy cells along with cancer cells as a result of untargeted
drug administration [5]. Recently, scientists have developed targeted drug delivery systems
using smart particles against cancer cells to reduce the side effects of chemotherapy [6].

Ligand-mediated targeting is based on the conjugation of engineering particles to
specific targeting molecules including small molecules, carbohydrates, antibodies, or
peptides in order to bind to specific receptors present on the surface of cancer cells [7,8].
For instance, the low molecular weight, low production cost, and ease of nano- and
micro-particles systems conjugation make small molecules optimal candidates as potential
targeting ligands. Folate receptors are known to be overexpressed almost 100-300 times
more in cancer cells than normal ones; this is to increase the cancer cells” uptake of folic
acid (FA) used in different cellular metabolic pathways [9]. Accordingly, small particles
can be conjugated with FA that binds specifically to folate receptors, to achieve targeted
therapy [10].

Therefore, nanoparticles and microparticles have to be synthesized, engineered and
optimized to raise the circulating half-life and to obtain a site-specific release of drugs at
therapeutically optimal levels and dose regimes [11]. The composition, size, shape, surface
properties, biocompatibility, and degradation profile should be carefully considered for the
optimal design of the NPs for therapeutic purposes [12,13]. Depending on the aim and the
particles nature, the drug can be encapsulated [14], conjugated by stacking interactions [15],
or by chemical reactions [16,17] and the drug release can be induced in a stimuli-responsive
way [18,19].

Among the different particle types, the nano- and micro-gels present many advantages,
including high mechanical properties, stability, high water content, large flexible surface
for the conjugation with a big amount of cargo protected in an aqueous environment, as
well as biocompatibility [20]. They are constituted of polymer chains that form a matrix
able to absorb and retain high quantity of aqueous solution (swelling capacity) [21,22].

In this contest, Poly(N-iso-propyl acrylamide)-co-Acrylic Acid (p(NIPAM)-co-5%AA)
are smart polymeric microgels that change their physiochemical behavior in response to
external stimuli such as temperature and pH change. These changes are instantaneous and
reversible, as they return to their original status once the stimulus is removed [21,22]. As for
other smart materials, p(NIPAM)-co-A A has been studied for different applications, such as
tissue engineering scaffolds, cell culture supports, and bioseparation devices [23,24]. Smart
particles can be used to reduce the adverse effects of the drug, increasing its efficiency,
reducing the dosage, and consequently its cost [25]. The expected advantages of using
p(NIPAM)-based particles have led researchers such as Guo et al. to suggest p(NIPAM)-
co-AA as a choice for targeted cancer therapy since the pH of the microenvironment
surrounding tumor cells is known to be more acidic than that surrounding healthy ones [26].
Moreover, p(NIPAM)-co-AA respond to acidic environment by contracting its size al-
lowing ease of absorption, while in alkaline environment the p(NIPAM)-co-AA swells in
size, allowing difficulty of absorption towards the cells [27,28].

In this research, a targeted drug delivery system for cancer cells was designed and de-
veloped through covalent bonding of p(NIPAM)-co-5%AA to FA, as the targeting agent, and to
Doxorubicin as the anti-cancer drug, through 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC) and N-hydroxysuccinimide (NHS) coupling chemistry. The study was performed
on HB2 (healthy breast cells) and MDA-MB 231 (breast cancer cells). In vitro characteriza-
tion was used to evaluate the physicochemical behavior of the microgel particles through
ultraviolet—visible (UV-Vis) spectroscopy, differential scanning calorimetry (DSC), and dy-
namic light scattering (DLS) to calculate the size distribution against temperature change.
This is in addition to thermogravimetric analysis (TGA) and Fourier-transform infrared
spectroscopy (FTIR) as confirmation of successful coupling reaction of EDC/NHS with
each stage of folic acid conjugation and Dox conjugation. The cell biocompatibility of
different concentrations of p (NIPAM)-co-5%AA, as well as p (NIPAM)-co-5%AA-co-FA

44



Gels 2021, 7, 203

and the cytotoxic effect of p (NIPAM)-co-5%AA-co-FA-co-Dox were tested. Finally, the
specific tumor targeting experiments that test the suggested targeting behavior of the
particles qualitatively and quantitatively were carried out. These are confocal microscopy
and flow cytometry.

2. Results and Discussion
2.1. Synthesis of p(NIPAM)-co-5%AA Microgels and Conjugation with Folic Acid and Doxorubicin

A sequential synthesis and conjugation processes were performed to generate mi-
crogel particles decorated with the targeting molecule folic acid and the anticancer drug
doxorubicin. p(NIPAM)-co-5%AA were synthesized by Surfactant Free Emulsion Polymeri-
sation (SFEP) technique as described in materials and methods to avoid toxic surfactant
contamination [28,29]. Successively, EDC-NHS protocol was adopted to first bind folic
acid to some of the acrylic acids of p(NIPAM)-co-5%AA microgels and then doxorubicin
to the remaining acrylic acid residues. The success of the protocol was demonstrated by
the UV-VIS analysis in which it was evident the characteristic peak of folic acid (340 mm)
on p(NIPAM)-co-5%AA-co-FA and both folic acid and doxorubicin (485 nm) peaks on
p(NIPAM)-co-5%AA-co-FA-co-Dox (Figure 1). The amount of folic acid and doxorubicin
conjugated was calculated by spectrophotometric analysis using the standard calibration
curves (Figures S1 and S2).
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Figure 1. UV-VIS spectra of p(NIPAM)-co-5%AA, p(NIPAM)-co-5%AA-co-FA, and p(NIPAM)-co-5%
AA-co-FA-co-Dox.

2.2. Size of Microgels

The effect of temperature change on the size of p(NIPAM)-co-5%AA, p(NIPAM)-
co-5%AA-co-FA, and p(NIPAM)-co-5%AA-co-FA-co-DOX was studied by dynamic light
scattering analysis (DLS) (Figure 2 and Figure S3). The size of the three microgel particles
showed typical microgel behavior [30]. Below the VPTT (volume phase transition tem-
perature) (34 °C), the particles were swollen and configure a large size. At 34 °C (VPTT),
the three microgels underwent a sharp decrease in size as the hydrogen bonds between
the polymer particles and water molecules break due to energy gained under higher tem-
perature [30,31], causing the polymer—polymer interactions to dominate. Hence, water
molecules were expelled from microgel particles, causing the microgel to collapse and
deswell [30,32].

At 15 °C, p(NIPAM)-co-5%AA had an average diameter of 701 nm while that of
p(NIPAM)-co-5%AA-co-FA had an average diameter of 451 nm particle size. This was
because FA, being a large molecule with several hydrophobic aromatic moieties, tended to
decrease the hydrophilicity of the particle and decrease the hydrogen bonding with water
molecules, hence it contained less water than that of the AA one. Further conjugating the
particles with Dox molecules had increased the length of the hairy layers, hence causing the
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particle to increase in size at an average diameter of 1500 nm. Doxorubicin, being another
bulky molecule with several hydrophilic groups, had helped the microgels to swell and
reach the micro-scale.
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Figure 2. Size change of p(NIPAM)-based microgels against heating cycle temperature. The PDI for
p(NIPAM)-co-5%AA, p(NIPAM)-co-5%AA-co-FA, and p(NIPAM)-co-5%A A-co-FA-co-Dox is 0.107,
0.482, and 0.531, respectively.

Attaching FA to the microgel particles, the microgel’s VPTT was unaffected but the
size of the microgel was reduced even further. In the case of p(NIPAM)-co-5%AA-co-FA-
co-DOX, a rapid and sharp decrease in size was observed. At 50 °C, particles of the three
microgels p(NIPAM)-co-5%AA, p(NIPAM)-co-5%AA-co-FA, and p(NIPAM)-co-5%AA-
co-FA-co-Dox were deswollen to an average size of 247, 177, and 433 nm, respectively.
Moreover, calculating the deswelling degrees between the minimum and maximum tem-
perature is rather challenging. This is because the size of p(NIPAM)-co-5%AA-co-FA, tends
to fluctuate greatly from 300 to 504 nm, then dropping back again to 400. The decrease
in size of p(NIPAM)-co-5%AA-co-FA in comparison to p(NIPAM)-co-5% AA is due to
the decreased hydrophobicity of the particles because of the hydrophobic rings in the
molecular structure of folic acid. The hydrophobic structure of the molecule decreases
the hydrogen bonding between the particle and water and hence decreases the amount of
water entrapped within the particles. After adding Dox with a complex structure and large
molecules, the particle size tends to increase due to elongated hairy structures [30].

It is worth mentioning that the overall PDI (polydispersity index) of p(NIPAM)-co-
5%AA was 0.057, which indicated the highly satisfactory consistency between particle size
and distribution. Attaching FA molecules to the above-mentioned microgels decreased
this consistency and increased the overall PDI to reach 0.503, which was fairly satisfactory.
However, the conjugation of the bulky Dox molecules had increased the overall PDI to
0.833. The reason for this increase in PDI was the fact that Dox is a bulky molecule. When
Dox is chemically conjugated to p(NIPAM)-co-5%AA-co-FA, it can either attach to FA
moiety or to the unreacted AA, which gives the microgel versatility to have free end FA
moiety on the surface of the microgel to target the folate receptor.

2.3. Electrophoretic Mobility

Electrophoretic mobility (Em) of microgel particles is mainly affected by three factors:
the size of microgels, solvent viscosity, and dielectric constant [33]. The latter two factors
are needed to be kept at a minimum to measure the Em of microgel particles accurately
across the temperature range, hence the usage of DI water as the dispersant [34]. The three
microgels, p(NIPAM)-co-5%AA, p(NIPAM)-co-5%AA-co-FA, and p(NIPAM)-co-5%AA-
co-FA-co-Dox, showed an increase in their magnitude of Em (| Em ) as the temperature
increased from 15-60 °C (Figures 3 and S4).
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Figure 3. Electrophoretic mobility change of for p(NIPAM)-co-5%AA, p(NIPAM)-co-5%AA-co-FA,
and p(NIPAM)-co-5%AA-co-FA-co-Dox versus temperature change (heating cycle).

At 15 °C, p(NIPAM)-co-5%AA had a negative electrophoretic mobility of average -
0.946 umem/Vs. While that of p(NIPAM)-co-5%AA-co-FA average E, is —0.401 umem/Vs,
which showed that conjugating p(NIPAM)-co-5%AA to FA resulted in a decrease in its Ep,
p(NIPAM)-co-5%AA-co-FA-co-Dox had an average Ep, of -0.0364 umcm/ Vs, this was due
to the positive charge density of Dox, as well as, the bulky structure of the particle that
causes the negative charges from the sulphate ions to be masked [33,35].

At 37 °C, the particle size dramatically decreased, which causes an increase in the sur-
face charge density, hence an increase in electrophoretic mobility. In the case of p(NIPAM)-
co-5%AA, the increase in electrophoretic mobility around VPTT was sharp. This was
because the negative charges were exposed, while in case of p(NIPAM)-co-5%AA-co-FA
and p(NIPAM)-co-5%AA-co-FA-co-Dox, it was suggested that the complex structure of the
particle had masked some of the charges causing the increase in Ep, to be steep.

2.4. Thermogravimetric Analysis (TGA)

TGA (Thermogravimetric Analysis) analysis in Figure 4 shows the thermostability of
microgel particles, in terms of mass percentage retained against temperature under ambient
atmosphere. p(NIPAM) was thermally stable up till 250 °C where afterwards it started to
decrease in mass. This was because the microgel gets burnt in the presence of oxygen until it
reached a plateau at 400 °C and p(NIPAM) was turned to ashes (which is the remaining mass).
p(NIPAM)-co-5%AA experienced a similar sigmoid curve as plain p(NIPAM), but showed
higher thermal stability as it decreased in mass at 290 °C and reached a plateau at 440 °C.

p(NIPAM)-co-5%AA-co-FA, and p(NIPAM)-co-5%A A-co-FA-co-Dox exhibited similar
behavior in thermal stability to one another. The steady decrease in mass over a wide
range of temperatures indicates that FA led to an increase in thermal stability and slow
decomposition for the p(NIPAM) microgels, this was due to the chemical conjugation of
FA to p(NIPAM)-co-5%AA. FA is a thermal stable moiety and degrades slowly at high
temperatures, and as such, FA sustained p(NIPAM)-co-5%AA-co-FA and p(NIPAM)-co-
5%AA-co-FA-co-Dox microgels up to 40% of their masses at 600 °C [36]. It can then be
concluded that FA had been chemically conjugated to p(NIPAM)-co-5%AA microgels due
to the high thermal stability.
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Figure 4. TGA curves of p(NIPAM), p(NIPAM)-co-5%AA, p(NIPAM)-co-5%AA-co-FA, and
p(NIPAM)-co-5%A A-co-FA-co-Dox from ambient room temperature to 600 °C.

2.5. Differential Scanning Calorimetry (DSC)

The thermal behavior of p(NIPAM) and p(NIPAM)-co-5%AA undergoes two stages,
these are melting of crystallization (micro-melting) and the melting point of the sample.
Differential Scanning Calorimetry (DSC) showed that the first stage melting of crystalliza-
tion occurs at 116 °C for p(NIPAM), while it occurred further in p(NIPAM)-co-5%AA at
153 °C. Furthermore, a series of endothermic peaks at 411 °C for p(NIPAM) and 404 °C
for p(NIPAM)-co-5%AA indicating their melting points was registered. Further heating
exhibited two-step exothermic peaks for p(NIPAM), but one for p(NIPAM)-co-5%AA.

p(NIPAM)-co-5%AA-co-FA and p(NIPAM)-co-5%AA-co-FA-co-Dox exhibited a lower
crystallization melting point at an endothermic peak of 116 °C for p(NIPAM)-co-5%AA-
co-FA and 131 °C for p(NIPAM)-co-5%AA-co-FA-co-Dox. Melting points of p(NIPAM)-
c0-5%AA-co-FA and p(NIPAM)-co-5%AA-co-FA-co-Dox were 154 and 145 °C, respec-
tively and did not exhibit any exothermic peaks like the other two microgels (Figure 5).
This indicates that the change in thermal behavior in p(NIPAM)-co-5%AA-co-FA and
Pp(NIPAM)-co-5%A A-co-FA-co-Dox was due to the moieties that were chemically conju-
gated to p(NIPAM)-co-5%AA. Moreover, the existence of only one melting point in each
p(NIPAM)-co-5%AA-co-FA and p(NIPAM)-co-5%A A-co-FA-co-Dox indicated the purity of
the sample and that nothing else was co-existing with these microgels.
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Figure 5. The DSC graph of p(NIPAM), p(NIPAM)-co-5%AA, p(NIPAM)-co-5%AA-co-FA, and
p(NIPAM)-co-5%AA-co-FA-co-Dox under nitrogen atmosphere at a temperature range of rtp-600 °C.
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2.6. Fourier Transform Infra-Red Spectroscopy (FTIR)

The FTIR (Fourier Transform Infra-Red Spectroscopy) spectra of the three microgels
are shown in Figure 6, while the peaks and their assignments are mentioned in Table 1.
The FTIR of p(NIPAM)-co-5%AA showed a peak at 3417 cm~! of the hydroxyl group of
the carboxylic acid and the C=0O in the carboxylic acid group. The sulphate ions were
expressed at 1130 cm~!. It was also worth noting that some peaks that were available in
p(NIPAM) were shifted in p(NIPAM)-co-5%AA, these include 3283, 2972, 2933, 2876, 1632,
1538, 1457, and 1386 cm .
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Figure 6. FTIR of p(NIPAM), p(NIPAM)-co-5%AA, p(NIPAM)-co-5%AA-co-FA, and p(NIPAM)-co-
5%AA-co-FA-co-Dox showing the peaks that signify the chemical conjugates of each moiety.

p(NIPAM)-co-5%AA-co-FA had additional functional groups due to the presence of
FA, such as the aromatic ring in FA, the aryl stretch 1603 cm ™! and aryl C=C at 1487 cm !
and a heterocyclic ring containing secondary amine 1339 cm .

Finally, p(NIPAM)-co-5%A A-co-FA-co-Dox had few additional functional groups that
are expressed exclusively for Dox in its spectrum including the 13C-H and COH stretch of
Dox occurring at 1377 and 1209 cm ™!, which are very unique to Dox [37].

The FTIR results of p(NIPAM)-co-5%AA-co-FA and p(NIPAM)-co-5%A A-co-FA-co-
Dox, and the shift in wavenumbers that were observed in the spectra (Figure 5 and Table 1)
were confirmatory results that the moieties were chemically conjugated and that FA and
Dox were not ionically interacting with the p(NIPAM)-co-5%AA microgels, as it would
have diffused out through the dialysis step.

2.7. Biocompatibility of p(NIPAM)-co-5%AA and p(NIPAM)-co-5%AA-co-FA Microsystems

Viability assay was initially performed on cells treated with microgels without any
anticancer drug conjugated, used as a control, in order to verify their biocompatibility.
Therefore, CCK-8 (Cell counting kit-8) assay was performed on normal (HB2) and tumor
(MDA-MB 231) cells treated for 24h with different concentrations (15, 31, 46, 62, 77, and
93 ug/mL) of p(NIPAM)-co-5%AA or p(NIPAM)-co-5%AA-co-FA microgels. Cells treated
with doxorubicin (5, 10. 15, 20, 25, and 30 M) were used as positive control. As reported in
Figure 7, microgel particles alone or conjugated with folic acid do not alter the cell viability
of both normal and tumor cells (viability of around 100%), also if used at high concentration
(92.88 pug/mL). Furthermore, cell viability was also maintained at a higher concentration
(100 pg/mL) of p(NIPA)-co-5%AA until 48 h of treatment and the cell morphology was not
altered as suggested by acridine orange assay (Figures S5 and S6).
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2.8. Qualitative Uptake of p(NIPAM)-co-5%AA-co-FA-co-Dox

Once established the biocompatibility of microgels, cell internalization uptake was
initially investigated by fluorescence microscopy by incubating MDA-MB 231 cells with a
fluorescence variant of microgel particles over time, as reported in supporting information
(Figures S7 and S8). The green fluorescence relative to microgels appeared localized in
specific areas, probably corresponding to the Golgi apparatus or the endoplasmic reticulum

after 1 h of incubation (Figures S7c—c” and S8).

Table 1. FTIR peaks of p(NIPAM), p(NIPAM)-co-5%AA, p(NIPAM)-co-5%AA-co-FA, and p(NIPAM)-
c0-5%AA-co-FA-co-Dox and their assignments with references.

Polymer Peak No. Peak (cm~1) Bond Type Reference
1 3279 secondary amine [38]
2 2978 CHj asymmetric stretch [38]
3 2938 CH, asymmetric stretch [38]
4 2880 C-H stretch [38]
5 1625 amide I secondary [39]
P(NIPAM) 6 1551 amide II [39]
7 1462 CH, bend [38,39]
8 1389 CHj3 bend [38,39]
9 1171 C-N stretch secondary amine [38]
10 1131 sulfate ion [38]
11 3417 O-H group [38,39]
12 3283 secondary NH [38,39]
13 2972 CHj3 asymmetric stretch [38]
14 2933 CH; assymetric stretch [38]
15 2876 C-H stretch [38]
p(NIPAM)-co- 16 1632 amide I secondary [39]
5%AA 17 1538 amide II [39]
18 1457 C-H2 bend [38,39]
19 1386 C-H3 bend [38,39]
20 1367 Carboxylate [38]
21 1171 C-N stretch secondary amine [38]
22 1130 sulfate ion [38]
23 3250 secondary amine [38]
24 2972 CHj3 asymmetric stretch [38]
25 1635 amide I secondary [39]
26 1603 aromatic ring stretch [38]
p(NIPAM)-co- 27 1534 amide II [39]
5%AA-co-FA 28 1487 aryl C=C [39]
29 1387 Carboxylate group [38]
30 1339 aromatic secondary amine C-N [38]
31 1173 C-N secondary amine [38]
32 1058 sulfate ion [38]
33 3251 secondary amine [38]
34 2969 CHj3 asymmetric stretch [38]
35 2938 CH, asymmetric stretch [38]
36 1635 amide I secondary [39]
37 1604 aromatic ring stretch [38]
P(NIPAM)-co- 38 1531 amide] [39]
5%AA-co-FA- 39 1487 aryl C=C [39]
co-Dox 40 1377 C13-H (37]
41 1342 aromatic secondary amine C-N [38]
42 1209 COH of Dox [37]
43 1171 C-N secondary amine [38]
44 1047 sulphate ion [38]

50



Gels 2021, 7, 203

Microgels [ug/ml]

Q N N o e T R
g
2
]
3
>
Doxorubicin [uM]

-#-DOX_HB 2 —e—DOX_MDA-MB 231

-4--p(NIPAM) co 5% AA_HB 2 ——p(NIPAM) co 5% AA_MDA-MB 231

-4-p(NIPAM) co 5% AA co FA_HB 2 —a—p(NIPAM) co 5% AA co FA_ MDA-MB 231

Figure 7. Viability assay on HB2 and MDA-MB 231 cells incubated for 24 h with p(NIPAM)-co-5%AA,
P(INIPAM)-co-5%AA-co-FA (5; 10; 15; 20; 25; 30 ug/mL). Cells treated with doxorubicin were used as
positive control, while untreated cells were used as negative control.

Fluorescence microscopy was also adopted to investigate the specific tumor target-
ing of microgels functionalized with folic acid. The folate receptor (FR) is overexpressed
in the majority of human tumors, like breast, and, in particular, MDA-MB231 cells pro-
duce high FR concentration [40]. Therefore, a co-culture experiment was performed by
seeding HB2 and green-labelled MDA-MB 231 cells together and incubating them with
p(NIPAM)-co-5%A A-co-FA-co-Dox microgels or doxorubicin alone as control (identified
by the doxorubicin red auto-fluorescence, Figures 8c—c”” and S9c—c””). Nuclei of both cells
were stained with DAPI (blue fluorescence, Figures 8a—a”” and S9a-a”’) so that HB2 healthy
cells were identified by blue fluorescence alone, while MDA-MB 231 tumor cells were
individuated by both blue and green fluorescence. Following the microgel particles cellular
uptake over time, it was evident the presence of the red fluorescence (corresponding to
doxorubicin conjugated to the particles) exclusively in tumor cells already at the shortest
incubation time (30 min, Figure 8a-d) and more and more at the following incubation times
(1,2, and 4 h, Figure 8a’-d’,a”-d”,a”’~d"’). On the other hand, red fluorescence was totally
absent in correspondence of HB2 cells (white arrows in Figure 8d-d”), suggesting a specific
tumor targeting of p(NIPAM)-co-5%A A-co-FA-co-Dox microparticles. The red fluorescence,
relative to doxorubicin, began to appear in HB-2 cytoplasm in 4 h, as expected by static
in vitro system. On the contrary, the soluble form of the doxorubicin was inside both
normal and tumor cells already after 30 min of treatment, suggesting that microparticles,
conjugated with folic acid, were responsible for the selectively for cancer cells (Figure S9).
The co-localization of the blue (nuclei) and the red (doxorubicin) fluorescence in tumor
cells (Figure 8) suggested that the drug was released from the microgels and entered into
the nuclei, which can intercalate into the DNA causing cell death. On the other hand,
microgels fluorescence signal was always localized in the cytoplasm (Figures S7 and S8).

2.9. Quantitative Uptake Study

Differential microgel particles cellular uptake between normal and tumor cells was
furthermore investigated by the quantitative flow cytometric analysis, following the red
autofluorescence of conjugated doxorubicin (Figures 9 and S10). Initially (30 min), there
were no significant differences in p(NIPAM)-co-5%A A-co-FA-co-Dox internalization be-
tween HB2 (breast healthy cells) and MDA-MB-231 (breast cancer cells). After 1 h of
incubation, the uptake gap started to increase, suggesting a specific tumor targeting due to
the conjugated folic acid, reaching the maximum value after 4 h of treatment: the microgels
internalization in tumor cells was 60% against the 14% of internalization into normal cells.
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Figure 8. Fluorescence images of co-culture of HB2 (blue) and MDA-MB231 (blue and green) cells
incubated with p(NIPAM)-co-5%AA-co-FA-co-Dox (10 pM) (red) for 30 min (a-d); 1 h (a’-d’); 2 h
(a”—d”), and 4 h (a”’-d””). Blue: nuclei (DAPI); Green: MDA-MB 231 cells (CellTrace CFSE); Red:
doxorubicin of p(NIPAM)-co-5%AA-co-FA-co-Dox microgels. Magnification 20x. Scale bar: 50 um.

Uptake (%)

Time (hours)
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Figure 9. Uptake percentage of p(NIPAM)-co-5%A A-co-FA-co-Dox (doxorubicin conjugated concen-
tration of 20 M) by HB2 and MDA-MB 321 cells during different incubation times.

After 6 and 8 h, the amount of p(NIPAM)-co-5%A A-co-FA-co-Dox inside MDA-MB 231
cells increased slowly (66 and 75%, respectively), suggesting the reaching of the maximum
cell internalization. By contrast, it increased inside normal cells, as expected for longer
incubation time in a static in vitro system. In summary, the particle uptake ratio at 0.5, 1, 2,
4,6,8 and 24 hwas 1.7,2.2,2.6,4.3, 2.3, 1.3, and 1.8, respectively. This showed that the
maximum difference in particle uptake was a ratio of 4.3 after 4 h of incubation, suggesting
that p(NIPAM)-co-5%A A-co-FA-co-Dox targeted MDA-MB 321 cancer cells due to the
recognition between folate and its receptor. On the contrary, in HB2 healthy cells, which
present lower FR expression, the microparticles uptake was time-delayed, suggesting again
a specific particles tumor targeting. The decrease registered at 24 h of incubation for both
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normal and tumor cells (30% and 56%, respectively) was correlated to the death of cells
that initially had internalized particles.

2.10. Cytotoxicity Assay

The cytotoxic effect of doxorubicin conjugated to microparticles was evaluated on
normal HB 2 and MDA-MB 231 tumor cells by a viability assay.

The selected doxorubicin concentrations corresponded exactly to the amount of drug
conjugated to microgels analyzed in biocompatibility assay (Figure 7): 5, 10, 15, 20, 25, and
30 uM of the drug to 15, 31, 46, 62, 77, and 93 pg/mL of microgels, respectively.

As shown in Figure 10, 5 uM of the drug conjugated to p(NIPAM)-co-5%A A-co-FA-
co-Dox induces cell mortality on MDA-MB 231 cells (48% of mortality) and the viability
decreases in a concentration-dependent way, reaching the maximum efficiency at 15 uM,
so that, at higher concentration, the plateau state was registered (around 37% at 20, 25, and
30 uM of Dox). These data suggest that conjugation protocol does not alter the structure
and functionality of conjugated drug and, furthermore, that microsystems, can release
the drug inside cells. On the contrary, the viability of healthy cells after incubation was
around 66% for all the drug concentrations used, confirming again the specific targeting of
p(NIPAM)-co-5%A A-co-FA-co-Dox to tumor cells. The small mortality of 33% registered in
this case was due to the long treatment time in a static system (24 h). Doxorubicin alone
was used as a positive control.

The differences in toxicity among different cell lines and microgels was probably
due to the specific targeting of microgels to tumor cells, recognizing the folate receptor
overexpressed by MDA-MB 231 cells. This brought a diverse cell internalization between
tumor and normal cells as suggested by flow cytometry analysis, and therefore, to a
distinct cytotoxic effect. It is worth mentioning that the biocompatibility of p(NIPAM)
was previously tested by Mohsen et al. [41] when it showed cell viability over 90% at
concentrations up to 3 mg/mL.
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Figure 10. Cell viability assay on HB2 (normal) and MDA-MB 231 (cancer) cells incubated for 24 h
with different concentrations of doxorubicin conjugated with p(NIPAM)-co-5%AA-co-FA-co-Dox.
Cells incubated with the equivalent concentrations of doxorubicin were used as positive control.

3. Conclusions

Although in the last years, cancer research has seen significant progress in the under-
standing, diagnosis, treatment, and prevention, low selectivity of the chemotherapeutic
agents and consequently high side effects often occur. In this context, a novel drug de-
livery system that aims to specifically target cancer cells was designed and synthesized.
Based on the tumor characteristic, p(NIPAM)-co-5%AA microgel particles were covalently
conjugated to folic acid that is overexpressed in the majority of tumor cells (targeting
agent) and to the anti-cancer drug Doxorubicin through EDC/NHS coupling reaction. The

53



Gels 2021, 7, 203

advantage of covalently tethering DOX, rather than loading it by self-assembly, is that
the amount of DOX conjugated to the microgel is taken up almost completely. While the
other self-assembly systems have either low entrapment efficiency (in case of synthetic
polymers), or are not feasible to scale up (such as micelles) [42,43]. Moreover, tethering the
DOX and conjugating it with a targeting moiety, ensures that DOX targets only cancer cells
and shall be intracellularly released upon degradation of the microgel particles by relevant
enzymes. Unlike other self-assembly systems, the DOX can be released in the bloodstream.
Accordingly, it is suggested that calculating the needed doses of covalently tethered Dox
can be easier and more accurate than a physically entrapped one.

The new delivery system was then characterized and tested for targeting ability and
capability to release the conjugated drug inside cells.

Several characterization studies were carried out, including UV-Vis analysis, DLS,
TGA, DSC, and FTIR to demonstrate the successful conjugation of FA and Dox to p(NIPAM)-
c0-5%AA microgel and that the new microgels retain microgel behavior [44].

The appearance of the typical FA and Doxo peaks in UV-VIS analysis (Figure 1) and the
variation in size (DLS analysis, Figure 2) demonstrated a variety of microgel composition
due to FA and Doxo conjugation. These data were confirmed by not only the variation
of TGA curves (Figure 4), but also by the alteration of the DSC profiles of the microgels
(Figure 5), shifting both the melting point and the crystallization melting point; furthermore,
any exothermic peaks (that are present in p(NIPA) and p(NIPAM)-co-5%AA) were not
registered. At the same time, also the FTIR profiles changed probably due to the different
functional groups of the folic acid and doxorubicin. Taken together, these data confirmed
the success of the conjugation, as demonstrated also by cytotoxic assay performed on
normal and tumor cells (Figure 10) and the targeting studies (Figures 8 and 9).

The uptake and localization studies of p(NIPAM)-co-5%A A-co-FA-co-Dox were per-
formed using flow cytometry and fluorescence microscopy, while viability assay was
carried out to investigate the cytotoxicity of the drug conjugated to developed microgels.
Co-culture experiment demonstrated the drug release and the specific targeting of the
microcomplex exclusively to the tumor cells by an active targeting that probably could be
increased in vivo by a passive targeting based on the enhanced permeability and retention
effect (EPR effect). Besides, viability assay results show higher cell viability for healthy cells
incubated with p(NIPAM)-co-5%A A-co-FA-co-Dox than the cancer ones. Also, it is shown
that at higher concentrations (25 um and above), healthy cells were more viable when
incubated with p(NIPAM)-co-5%AA-co-FA-co-Dox than when incubated with soluble
form Dox. Therefore, these data suggest that p(NIPAM)-co-5%A A-co-FA-co-Dox are good
candidates as delivery systems to increase the specific tumor targeting probably reducing
general side effects, even if more in vivo studies need to be carried out.

4. Materials and Methods
4.1. Synthesis of p(NIPAM)-co-56%AA

A Surfactant Free Emulsion Polymerisation (SFEP) technique was used for the preparation
of p(NIPAM)-co-5%AA as described previously and in accordance with literature [27-29,41].
Briefly, a three-neck lid was then fitted to the reaction vessel, which was placed onto
a hot plate stirrer and heated to 70 °C with continuous stirring under N2 atmosphere.
Potassium persulphate initiator (0.5 g) was dissolved in 800 mL of distilled water. The
crosslinker N,N'-methylenebisacrylamide 99% (0.5 g) (BS, Sigma Aldrich, Gillingham, UK),
N-isopropylacrylamide (NIPAM, Sigma Aldrich, Gillingham, UK) 97% monomer (4.75 g)
and acrylic acid (AA, Sigma Aldrich, Gillingham, UK) co-monomer (0.25 g) were dissolved
in 200 mL of distilled water while stirring gently with a magnetic stirrer. After all the
reagents were dissolved, they were transferred into the reaction vessel containing the
initiator. The reaction was run for 6 h with constant stirring and under nitrogen. After 6 h,
the microgel dispersion was allowed to cool down to room temperature, then dialyzed
(MW cut-off was 12-14,000 kDa) in fresh distilled water for 7 days.
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4.2. Conjugation of p(NIPAM)-co-5%AA with Folic Acid

Folic acid (FA, Sigma Aldrich, Milano, Italy) was conjugated with p(NIPAM)-co-5%AA
microgel particles by EDC/NHS protocol [45]. Briefly, p(NIPAM)-co-5%AA micorgels
were suspended in 2-(N-morpholino) ethanesulfonic acid (MES, Sigma Aldrich, Milano,
Milano, Italy) buffer solution (0.1 M, pH 5 with NaOH) at the final concentration of
5 mg/mL and sonicated for 20 min on ice bath in order to homogenize the solution.
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC, Sigma Aldrich,
Milano, Italy) was added 10 times more than NPs (w/w), mixed by vortex, and then
N-hydroxysulfosuccinimide (Sulfo-NHS, Sigma Aldrich, Milano, Italy) powder was put
(NPs/SulfoNHS = 4.5 w/w) [46,47]. The solution was then left for 30 min in agitation at
room temperature and FA was added 10 times more than NPs (w/w) and mixed by a vortex.
The solution of p(NIPAM)-co-5%AA and FA was then diluted with complete Phosphate
Buffered Saline (PBS, Sigma-Aldrich, Milano, Italy) to reach a final NPs concentration of
1 mg/mL, the pH was adjusted to 7 using sodium bicarbonate and the solution was left for
2 h in agitation at room temperature.

The microparticles suspension was sonicated for 20 min at 37 °C and dialyzed to get
rid of the unconjugated folic acid using a nitrocellulose tube (100 kDa cut-off). The dialysis
buffer (distilled H,O) was changed twice a day for one week. Samples were sterilized
by filtering with 0.22 pm filter and analyzed by spectrophotometric analysis [microplate
reader DU-730 Life Science spectrophotometer (Beckman Coulter, Milano, Italy)] at 340 nm
in order to determine the amount of folic acid conjugated to the microgel particles using a
calibration curve (0.05; 0.10; 0.15; 0.20; 0.25; 0.30; 0.35; 0.40; 0.45; 0.50 pg/mL).

4.3. Conjugation of p(NIPAM)-co-5%AA-co-FA with Doxorubicin

After the freeze-drying process, p(NIPAM)-co-5%A A-co-FA were solubilized (1 mg/mL)
on MES Buffer (0.1 M, pH 5 with NaOH) and sonicated on an ice bath for 20 min. EDC
(10 times more than NPs w/w) and Sulfo-NHS (NPs/SulfoNHS = 4.5 w/w) were then added
to the microparticles solution and mixed well by vortex and left in agitation at room
temperature for 30 min. Doxorubicin (Dox, Sigma-Aldrich, Milano, Italy) powder was
added to the solution (NPs/Dox = 1.2 w/w) and the final pH was adjusted to 7 using sodium
bicarbonate. After 2.5 h of agitation at room temperature, the solution was sonicated for
20 min at 37 °C and put in a nylon membrane dialysis tube (14 KDa cut-off) in order
to get rid of the unconjugated Dox. The dialysis buffer (distilled H,O) was changed
twice a day for one week. Spectrophotometric analysis [microplate reader DU-730 Life
Science spectrophotometer (Beckman Coulter, Milano, Italy)] was then performed for the
p(NIPAM)-co-5%A A-co-FA-co-Dox solution at 485 nm to determine the amount of Dox
conjugated to the microgel particles using a standard curve (5; 10; 20; 40; 60; 80; 100 uM).

4.4. Dynamic light Scattering (DLS) and Electrophoretic Mobility

P(NIPAM)-co-5%AA, p(NIPAM)-co-5%AA-co-FA, and p(NIPAM)-co-5%A A-co-FA-
co-Dox were suspended in distilled water by 0.5% (w/v) using distilled water in a ratio of
1:2. The DLS software was programmed to measure the size [Zetasizer NS series (Malvern,
Gillingham, UK)] and electrophoretic mobility in triplicates from 15 to 60 °C with a heating
and cooling cycle.

4.5. Thermogravimetric Analysis (TGA)

Freeze-dried p(NIPAM), p(NIPAM)-co-5%AA, p(NIPAM)-co-5%AA-co-FA, and p(NIPAM)-
c0-5%AA-co-FA-co-Dox were weighed on platinum pans by the instrument [TGA Q50 (TA
instruments, New Castle, DE, USA]. The system was heated under ambient air from room
temperature to 600 °C at 10 °C/min.

4.6. Differential Scanning Calorimetry (DSC)

Known masses of freeze-dried p(NIPAM), p(NIPAM)-co-5%AA, p(NIPAM)-co-5%AA-
co-FA, and p(NIPAM)-co-5%A A-co-FA-co-Dox were placed in Tzero aluminum pans and
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placed on the heater unit. The empty pan is placed in the reference heating unit and the
system is heated from room temperature to 600 °C at 10 °C/min under nitrogen purge of
50 mL/min. [DSC Q20 (TA instruments, USA)].

4.7. Fourier-Transform Infrared Spectroscopy (FTIR)

The suspensions of p(NIPAM), p(NIPAM)-co-5%AA, p(NIPAM)-co-5%A A-co-FA and
p(NIPAM)-co-5%A A-co-FA-co-Dox were freeze dried. The powders obtained were placed
directly on diamond iTR of FTIR spectroscopy from 600 to 4000 cm ! [FTIR Nicolet iS20
(thermoscientfic, Tewksbury, MA, USA)].

4.8. UV-Visible Spectra

UV-Visible spectra of p(NIPAM)-co-5%AA, p(NIPAM)-co-5%AA-co-FA, and p(NIPAM)-
c0-5%AA-co-FA-co-Dox were obtained using the range 270-600 nm at 5 nm increments,
using 200 pL of each sample solution in 96 well plate (Synergy™ HT Multidetection
microplate reader spectrophotometer (BioTek, Milano, Italy).

4.9. Cell Culture of HB2 and MDA-MB 231

MDA-MB 231 human breast cancer cells were grown in Dulbecco’s Modified Eagle’s
Medium (DMEM, Sigma-Aldrich, Milano, Italy) high glucose (HG-DMEM) with 10% (v/v)
Fetal bovine serum (FBS, Euroclone, Celbar, Pero (MI) Italy), 2 mM L-Glutamine (Euroclone,
Celbar, Pero (MI) Italy), 100 units per mL penicillin G (Euroclone, Celbar, Pero (MI) Italy),
100 mg mL~! streptomycin, while HB2 human mammary epithelial cells were grown in
DMEM low glucose (LG-DMEM) with 10% (v/v) FBS, 4 mM L-Glutamine, 100 units per mL
penicillin G, 100 mg mL~1 streptomycin, 5 mg mL~1! hydrocortisone (Sigma-Aldrich,
Milano, Ttaly), and 10 pg mL~! bovine insulin (Sigma-Aldrich, Milano, Italy). All cells
were cultivated at 37 °C, in a humidified atmosphere of 5% CO, and maintained in sterile
conditions.

4.10. Viability of Cells Treated with Microgels

Viability assay was performed on MDA-MB 231 or HB2 cells incubated with p(NIPAM)-
co-5%AA or p(NIPAM)-co-5%AA-co-FA microgel particles (Biocompatible assay) or with
p(NIPAM)-co-5%A A-co-FA-co-Dox (Cytotoxic assay). Cells were seeded on 96-well plates
at the density of 1 x 10* cells/well and grown in the opportune medium at 37 °C for 24 h.
Therefore, cells were treated with p(NIPAM)-co-5%AA or p(NIPAM)-co-5%AA-co-FA (15,
31,46, 62,77 and 93 ug/mL) or p(NIPAM)-co-5%A A-co-FA-co-Dox (5; 10; 15; 20; 25; 30 uM
of conjugated drug) for 24 h and cell viability was detected by using Cell Counting Kit-8
(CCK-8, Sigma-Aldrich). In particular, water-soluble tetrazolium salt (WST-8) was added
to each sample (1:10 dilution in complete medium) and incubated at 37 °C for 2 h to allow
for its reduction by mitochondrial dehydrogenases of the living cells into soluble formazan
dye that is directly proportional to the number of living cells. Spectrophotometric analysis
[microplate reader DU-730 Life Science spectrophotometer (Beckman Coulter, Milano,
Italy)] at 450 nm was then performed to determine the percentage of viable cells relative to
the negative control (untreated cells). Cells treated with Doxorubicin were considered as a
positive control.

4.11. Specific Targeting Cell Uptake

MDA-MB 231 cells (10° cells per mL) were harvested by centrifugation and the
cell pellet was incubated with 25 mM Molecular Probe CellTrace CFSE fluorescent stain
(CellTrace CFSE Cell Proliferation Kit, Life Technologies, Italy) for 30 min at 37 °C.

For co-culture preparation, pre-labelled MDA-MB 231 and unlabeled HB2 cells were
mixed (ratio 1:1) and seeded with a density of 8 x 10* cells per well into 12-well plates
containing sterile coverslips in complete LG-DMEM for grown 24 h at 37 °C.

In sterile conditions, cells were incubated with 10 uM of p(NIPAM)-co-5%A A-co-FA-
co-Dox microgels for 15 min, 30 min, 1 h, 2 h, and 4 h. At the end of each incubation time,
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the cells were washed with PBS and then fixed with 3.7% formaldehyde (in PBS) for 5 min
at room temperature, followed by three washes with PBS. Nuclei were stained in the dark
with DAPI solution (dilution of 1:10,000 in water) for 15 min at room temperature. Samples
were analyzed by fluorescence microscopy (Leica, Buccinasco (MI), Italy) and confocal
microscope (FLUOVIEW FV10i-LIV, Olympus, Italy).

4.12. Quantitative Uptake by Flow Cytometry

MDA-MB 321 and HB2 cells were grown in 6 well plates until confluent state at 37 °C
in a humidified atmosphere of 5% and then incubated with p(NIPAM)-co-5%A A-co-FA-co-
Dox (final Doxorubicin concentration of 20 uM) for 15 min, 30 min, 1 h,2h,4h, 6 h, 8 h,
and 24 h. Untreated cells were used as the negative control for background fluorescence.
Subsequently, the samples were washed with PBS without Ca?* and Mg?*, detached by
Trypsin-EDTA 1x (Sigma-Aldrich) treatment and collected by centrifugation at 1000 rpm
for 5. The pellets were re-suspended in 500puL of PBS and analyzed by FACS-Canto
cytometer (Germany) detecting the red (Dox) fluorescence emission (585 nm). For each
sample were collected 1 x 10° events investigated by BD FACS Diva software.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/ gels7040203 /51, Figure S1: Folic acid calibration standard curve and calculation of folate
conjugated to p(NIPAM)-co-5%AA [p(NIPAM)-co-5%AA-co-FA]; Figure S2: Doxorubicin calibration
standard curve and calculation of drug conjugated to p(NIPAM)-co-5%AA-co-FA [p(NIPAM)-co-
5%AA-co-FA-co-Dox]; Figure S3: Cooling cycles of p(NIPAM)-co-5%AA, p(NIPAM)-co-5%A A-co-FA
and p(NIPAM)-co-5%A A-co-FA-co-Dox in contrast with cooling cycles shown in Figure 2; Figure S54:
Cooling cycles of p(NIPAM)-co-5%AA, p(NIPAM)-co-5%AA-co-FA and p(NIPAM)-co-5%AA-co-
FA-co-Dox in respect to their electrophoretic mobility in contrast with their heating cycles shown
in Figure 3; Figure S5: Cell viability of HB 2 and MDA-MB 231 cells treated with 0; 12.5; 25; 50
and 100 pg/mL of p(NIPAM)-co-5%AA for 24 h (a) and 48 h (b). Cells incubated with doxorubicin
were used as positive control; Figure S6: Acridine orange assay on MDA-MB 231 cells treated with
12.5 (c) or 100 pug/mL (d) of p(NIPAM)-co-5%AA for 24 h. Untreated cells and cells incubated with
doxorubicin were used as negative (a) and positive (b) control, respectively; Figure S7: Confocal
microscopy of MDA-MB 231 cells treated with 100 ug/mL of p(NIPAM)-co-5%AA-co-LY for 15’
(a-a”); 30" (b-b”); 1 h (c—”); 2 h (d-d”); 4 h (e—e”); 6 h (f-£”); 8 h (g-g”) and 24 h (h-h"). Red:
bromide ethidium (DNA and RNA). Green: p(NIPAM)-co-5%AA-co-LY. Magnification 60 x; Figure S8:
Confocal microscopy of MDA-MB 231 cells treated for 1 h with 100 pg/mL of p(NIPAM)-co-5%A A-co-
LY. Red: bromide ethidium (DNA and RNA). Green: p(NIPAM)-co-5%AA-co-LY. Magnification 160 ;
Figure S9: Fluorescence images of co-culture of HB2 (blue) and MDA-MB231 (blue and green) cells
incubated with Doxorubicin (10 uM) (red) for 30 min (a-d); 1 h (a’-d"); 2h (a”-d”) and 4 h (a”’-d"’).
Blue: nuclei (DAPI); Green: MDA-MB 231 cells (CellTrace CFSE); Red: doxorubicin. Magnification
40x; Figure S10: Cytograms of flow cytometric analysis of HB2 and MDA-MB 231 cells incubated
with 25 uM of doxorubicin conjugated to microgel (p(NIPAM)-co-5%A A-co-FA-co-Dox).
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Abstract: Medicinal plants have been used since ancient times for their various therapeutic activities
and are safer compared to modern medicines, especially when properly identifying and preparing
them and choosing an adequate dose administration. The phytochemical compounds present in
plants are progressively yielding evidence in modern drug delivery systems by treating various
diseases like cancers, coronary heart disease, diabetes, high blood pressure, inflammation, microbial,
viral and parasitic infections, psychotic diseases, spasmodic conditions, ulcers, etc. The phytochemical
requires a rational approach to deliver the compounds to enhance the efficacy and to improve patients’
compatibility. Nanotechnology is emerging as one of the most promising strategies in disease control.
Nano-formulations could target certain parts of the body and control drug release. Different studies
report that phytochemical-loaded nano-formulations have been tested successfully both in vitro and
in vivo for healing of skin wounds. The use of nano systems as drug carriers may reduce the toxicity
and enhance the bioavailability of the incorporated drug. In this review, we focus on various nano-
phytomedicines that have been used in treating skin burn wounds, and how both nanotechnology
and phytochemicals are effective for treating skin burns.

Keywords: burn; injury; phytochemical; nanotechnology; wound healing

1. Introduction

Skin is the largest visible and vulnerable organ of the human body. It protects our
body from environmental changes and dehydration [1,2]. There are certain skin conditions,
such as burns and other substantial loss of the outer layer of the skin (epidermis), which
acts as the barricade that prevents the skin from degeneration and microbial incursion and
balances the fluid levels of the body. In such conditions, both nutritional and electrolytes
constituents get demolished. Hence, skin wounds can drastically impact human health [3].
Various diseases, such as eczema, herpes zoster, rosacea, and psoriasis, can cause harm
to skin; however, burns are the major cause of skin damage [4]. According to the World
Health Organization (WHO), an estimated 180,000 deaths are caused by burns annually [5].
A burn injury may result from hot and cold materials and vulnerability to chemicals and
radiations. Burn wounds are of three types and classified by the profundity: (1) superficial
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(first degree), (2) partial thickness (second degree), and (3) full thickness (third degree) [6,7].
Healing of burn wounds is a complicated process, and it proceeds through various phases,
including inflammation, proliferation, and remodeling. These phases should occur in
the proper order and time sequence for better would healing as changes in any of the
phases may cause a delay in the healing process [8,9]. After epidermal injury, platelet
activation leads to control of blood loss and results in clot formation, which is the first step
in wound healing mechanism [10]. Nanotechnology offers an excellent outlook to fast-track
persistent wound healing by altering the different phases of healing with high payloads
of phytoconstituents [11]. Over the last two centuries, the use of plants extracts in wound
healing has increased due to the presence of active compounds in these extracts [12]. Herbal
medicines are widely accepted because of their efficacy and low level of adverse effects [13].
For skin-related diseases and other disorders, utilization of herbal constituents is accepted
by 80% of population [14]. Using different plant extracts, various studies have been
performed to observe the pharmacological action of constituents on various disease. From
2011 to present day, the use of herbal medicines has increased from $18 million to $26 billion;
it is also estimated that 50% of approved herbal drugs are provided worldwide [15,16].

Nanocarriers with herbal drugs have gathered significant recognition for their poten-
tial and distinctive attributes in numerous domains of human activity [17].

The combination of nanotechnology with natural drugs would be a novel development
for enhancing the medicinal effect of these natural drugs [18]. To increase the acceptability
of these compounds by patients and to prevent the need for repeated administration, the
phytochemical needs an approach that can encourage the delivery of active components
in a sustained release format. Novel drug delivery systems help achieve the required
therapeutic effects with reduced adverse events and enhance the bioavailability of herbal
constituents [19,20].

Comprehensive searches were done on Google Scholar and PubMed databases pertain-
ing to herbal-based pharmaceuticals for burn wound, nano-drug delivery applications in
burn healings, and past to present evolution of nano-phytomedicines for the management
of burn wound healing. We focused mainly on the last 15 years of works in this area,
although some older references were also included to provide validity to the review.

2. Wound Healing Process

Would healing is a complicated process, and it progresses through various phases,
including inflammation, proliferation, and remodeling. Involvement of fibroblasts, leuko-
cytes, and monocytes in the healing process aid in reconstituting the destructed skin
(Figure 1). Vitamins E and C play crucial roles in wound healing as these are key factors in
this process. Vitamin K prevents severe bleeding, carotenoids restore the skin epithelial
layer and tissues, and phytosterols have antimicrobial and anti-inflammatory effects [21].
Would healing also involves the use of biochemical genetic reprogramming to reinstate
the skin health. Recent research has shown that the use of phytochemicals has active
constituents that have the capability to induce wound healing with less side effects [22].
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Figure 1. Different phases of the wound-healing process.

2.1. Inflammatory Phase

The inflammatory phase starts 4-5 days after the skin damage has already occurred.
Once injury occurs, intravascular platelets mediate homeostasis, which is responsible for
clot formation over the wound to stop further bleeding [23]. Post-homeostasis, thrombin
activates platelets, which releases multiple growth factors, such as epidermal growth factor
(EGF), insulin growth factor-1 (IGF-1), platelet derived growth factor (PDGF), fibroblast
growth factor (FGF), and transforming growth factor (EGF, IGF-1, PDGF, FGEF, and TGE,
respectively) [24,25]. These growth factors activate neutrophils, monocytes, leukocytes,
and macrophages, which act as a shield for skin to prevent further damage and initiate the
wound healing process [26,27].

2.2. The Proliferative Phase

The proliferative phase involves cell proliferation and migration and takes 3-15 days
to activate [28]. Once PDGF is released by platelets during the inflammatory phase, forma-
tion of new blood vessels and capillaries occurs [29]. Following this step, angiogenesis and
migration of fibroblasts takes place to form granulation tissues [30]. Once the fibroblasts
process is complete, a new extracellular matrix (ECM) consisting of collagen and proteogly-
cans is produced. Some fibroblasts undergo fission into myofibroblasts, which helps with
the contraction of the wounded area [31]. Following this step, activation of keratinocytes,
which migrate to the injured area and completes the last step, that of re-epithelialization,
occurs [32].

2.3. Re-Modeling Stage

The re-modeling stage continues to change over the first several weeks to several years
after the wound occurs. Collagen I replace collagen III, which consists of newly synthesized
ECM, and the fresh collagen fibers develop into an assembled lattice composition that
enhances the intensity of healed tissues [33,34].
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3. The Impact of Antibiotics and Antioxidant Properties of Plants

Since ancient times, various plants have been used for treatment of different dis-
eases and are currently in use worldwide. Due to their antimicrobial activities, nat-
ural constituents, such as aminoglycosides [35], beta-lactams [36], glycopeptides [37],
quinolones [38], sulfonamides [39], and tetracyclines [40] have been utilized for wound
healing treatment. For wound therapy, the benefits of plant extracts or phytochemical have
been recognized as has the existence of antioxidants in numerous plants extracts. The pres-
ence of oxygen free radicals causes disruption in the wound healing process. Stress caused
by oxidation slows down the healing process and causes additional damage to tissues.
An antioxidant confers protection from oxygen free radicals by reducing their effects; this
process assists in the wound healing process. Active compounds possessing antimicrobial
effects play an important role as they neutralize free oxygen radicals and enhance the
wound healing process [41,42]. Antioxidants have been used to hasten healing activity
by extending antioxidant effects throughout the healing process. It seems the existence
of antioxidants is essential to facilitate recuperation from persistent skin injury; Table 1
shows plants with both antimicrobial and antioxidant properties [43]. Natural metabolites
influence the wound healing process by introducing various growth factors, such as EGF
and FGF, which affect cellular movement [44]. Animal studies have indicated that herbal
compounds encourage anti-inflammatory and antimicrobial activities for wound treatment
by promoting regeneration of skin cells and displacing connective tissues [45]. Table 1
shows the names of natural compounds having antioxidant and antibiotic activities toward
wound healing.

The efficacy of Centella asiatica has been studied broadly in animal models. This herb
helps heal the incision-induced injuries. In one study, it was concluded that the level
of antioxidants increases extensively in the presence of this herb, leading to improved
healing activity [46]. Asiaticoside is extracted from Centella asiatica and produces a better
capacity for injury healing process in both chronic and immediate healing as it has fibroblast
proliferating activity [47].

Leaf extracts from Chromolaena odorata contain flavonoids and this herb has been
used widely in the wound healing activity due to the free radical approach, which has
shown a conclusive promotion in healing activity [48]. This extract was shown to cause
improvement in the fibroblast proliferation and keratinocyte and endothelial cell activity,
and to stimulate keratinocyte migration [48].

Quercus infectoria Olivier possesses anti-inflammatory, anti-bacterial, and antioxidant
properties. The ethanolic extract of gallic acid, ellagic acid, and syringic acid form the
active constituents of tannins, which might be the reason for antioxidant effects resulting
in enhanced healing activity. In this study, the incision wound animal model showed
better healing activity after stimulation with antioxidants, which caused enhancement of
the superoxide dismutase and catalase levels, both of which are influential antioxidant
enzymes [49].

Wounds, burns, and internal and external ulcers can be treated by Buddleja globasa
(common name: orange bell Buddleja). This herb is also used traditionally in Chile for the
treatment of ulcers and burns. This herb was tested for its capability to stimulate fibroblast
growth and antioxidant activity in vitro. Testing was specific as the effect of the aqueous
solution of B. globasa on these two processes is considered as the first stage in the tissue
repair cycle [50]. It was proven that the damage caused by oxygen free radical causes a
delay in the healing process; thus, an antioxidant was needed to reverse this delay [51].
This process was achieved because of the presence of flavonoids and caffeic acid in the
extract. Buddleja leaves have other applications in the skin layer formation that is part of
wound healing [52].
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Curcumin is a derivative of Curucuma longa, which is also known as turmeric and
Haldi. C. longa has numerous biological properties, which consist of antioxidant, initiation
of enzyme detoxification, and prevention of degenerative diseases [53]. Dermal application
of these substances to patients resulted in enhanced wound healing activity and provided

tissue defense from oxidation-induced damage [54].

Table 1. Phytochemicals having antibiotic, antimicrobial, and antioxidants activity on wound healing.

Medicinal Plants Family Active Ingredients Activities Reference
Acacia Senegal L. Leguminosae Saponins, alkaloids, and malic acid AnhmlcrObla.l' a.ntl-mflafn'matory, and [55]
antioxidant activity
Acalypha indica L. Euphorbiaceae Flavanoids, alkaloids, saponins Antioxidant and antimicrobial activity [55]
Allophylus rubifolius L. Sapindaceae ; Antioxidant, antibacterial, and [55]
anti-inflammatory activity
Anagallis arvensis L. Primulaceae ﬂavonc:}ds, saponins, gly§051des, Antlox1dar}t, 'anh—lpﬂam'mfatory, and [56]
alkaloids, and anthraquinones antimicrobial activity
Anogeissus dhofarica L. Combretaceae - Antioxidant and antimicrobial activity [41]
Aloevera L. Liliacae Saponins, acemannan, Antimicrobial activity [57]
and anthraquinone
Anethum graveolens L. Umbelliferae - Anh—‘mﬂam'm atotty a nd [58]
antibacterial activity
Aristolochia bracteolate L. Aristolochiaceae - Antimicrobial and antioxidant activity [59]
Alternanthera brasiliana L. Amaranthaceae - Antimicrobial activity [60]
Isovaleric acid, salicylic acid,
Achillea millefolium L. Asteraceae sterols, flavonoids, tannins, Antimicrobial activity [15]
and coumarins
Tannins, flavonoids, saponins, Anti-inflammatory and
Acanthus polystachyus L. Acanthaceae polyphenols, terpenoids, . Y [61]
; . antioxidant activity
glycosides, and anthraquinones
Becium dhofarense L. Lamiaceae - Antioxidant activity [55]
Bridelia ferruginea L. Phyllanthaceae Flavonoids, tanmnsf saponins, Antioxidant and antibacterial activity [62]
and terpenoids
Buddleja globosa L. Scrophulariaceae - Antioxidant activity [50]
Centella asiatica L. Araliaceae Flavonoids Antioxidant activity [46,63,64]
Alkaloids, flavonoids, flavanone, L. . ..
N N . Antimicrobial, antioxidant, and )
Chromolaena odorata L. Asteraceae essential oils, phenolics, saponins, .. . [48]
. . anti-inflammatory activity
tannins, and terpenoids
Clerodendrum infortunatum L. Lamiaceae Flavonoids Antioxidant and antimicrobial activity [65]
Combretum smeathmanii L. Combretaceae Alkalmlds, coumatins, flavonoids, Antioxidant and antimicrobial activity [66]
saponins, terpenes, and sterols
Cordia perrottettii L. Boraginaceae - Antioxidant activity [55]
Curcuma longa L. Zingiberaceae Glycosides, tmlns’ Antl—mﬂammatgry 4 aman robial, and [53,54,67]
and flavonoids antioxidant activity
Crassocephalum crepidioides L. Asteraceae Phenolic, ﬂayonolld, and Antl—}nﬂa atory and [68]
essential oil antioxidant activity
Cinnamomum verum L. Lauraceae Tannins Antl—mﬂammatgry 4 aman robial, and [69]
antioxidant activity
Dendrophthoe falcata L. Loranthaceae - Antioxidant and antimicrobial activity [70]
Alkaloids, flavonoids, saponin,
Eucalyptus globulus L. Myrtaceae tannin, carbohydrates, and Anti-inflammatory activity [71]
glycosides etc.
Ficus asperifolia L. Moraceae Flavonoids, phenolics, alkaloids, Antioxidant and antimicrobial activity [72]

and tannins
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Table 1. Cont.

Medicinal Plants Family Active Ingredients Activities Reference
Alkaloids, phenolic compounds,
Gossypium arboreum L. Malvaceae terpen@ds, tanr}lns, saponns Antioxidant and antimicrobial activity [72]
flavonoids, cardiac glycosides,
and protein
Alkaloids, ellagic acids, flavonoids,
Gunnera perpensa L. G eraceae phenols, beqzc?qumongs, Ant1-1nﬂammat0ry antl'ox'ldant, and 73]
proanthocyanidins, tannins, antibacterial activity
and minerals
Flavonoids, tannins, triterpenes,

. . glycerides of palmitic, stearic, oleic ~ Anti-inflammatory, antimicrobial, and )
Hippophae rhamnoides 1. Elacagnaceae acids, vitamins (C, E, K), and antioxidant activity (74]
amino acids

Terpenoids, saponins, tannins, .. . .
Holoptelea integrifolia L. Ulmaceae phenols, alkaloids, flavonoids, Antl—mﬂaml}nat‘ory, antlbacterlal, and [75]
. A antioxidant activity
glycosides, and quinines
Memecylon edule L. Melastomataceae - Anti-inflammatory activity [76]
Moringa peregrina L. Moringaceae Protelr}s, Vlt?mlnS, beta—carj:)tene, Antl—mﬂamr'nat‘ory, antlm{croblal and 153,771
amino acid, and phenolics antioxidant activity
Flavonoids, iridoids, secoiridoids,
Olea europaea L. Oleaceae flavanones, biophenols, Antioxidant activity [53,78]
triterpenes, benzoic acid
Isoquercitrin, rutin, astragalin, Anti-inflammatory and
Phyllanthus muellerianus L. Phyllanthaceae phaselic acid, gallic acid, caffeic . Y [71]
. antioxidant activity
acid, methylgallate
Plagiochasma appendiculatum L. Aytoniaceae - Antioxidant and antimicrobial activity [79]
Pluchea Arabica L. Asteraceae Anthocyfmms, phenolic a§1ds, Antioxidant activity [53]
flavonoids, and carotenoids
Quercus infectoria L. Fagaceae Tannin Anti-inflammatory and antibacterial [49]
Rhizophora mangle L. Rhizophoraceae Trlterpgnes, tannins and Antimicrobial and antioxidant activity [80]
their glycosides
Secamone afzelii L. Apocynaceae alkalo@s, tannins, car:fhac Antioxidant activity [50]
glycosides and saponins
Carbohydrates, proteins, .
Trigonella foenum L. Papilionaceae lipids, fibers, flavonoids, alkaloids, Anth-inflammatory and [81]

and saponins

antioxidant activity

4. Nanotechnology Involvement in Wound Healing Enhancement

Nano-drug delivery systems enormously influence the potential of drugs’” medicinal
effects and also protect the drugs from deterioration. Wound healing and skin re-formation
involves various nano-delivery systems, such as those contained in organic nanoparticles,
lipid nanoparticles, liposomes, polymeric nanoparticles, nanohydrogels, and nanofibers.
These nano-systems show better efficacy compared to conventional systems (Figure 2).

In the past decades, a steady increase in the filing of patents based on herbal nano-
formulations has been recorded. The key factor behind this increase is the capability
of nano-formulations to overcome solubility drawbacks and bioavailability problems
faced by conventional systems. One of most frequently filed patents is for curcumin, the
multifunctional phytoceutical, extensively used in the treatment of tumors, cancers, and
skin disorders. Other herbal based nano-formulations patents include carotenoids (nano-
particles), silymarin (nano-particles), Panax ginseng (liquid mixture), Syzygium cumini,
Tinospora cordifolia, Trigonella foenum-graecum, Withania somnifera (nano-emulsion, nanoen-
capsulation, nano-dispersion, or synergistic liquid mixture), and Arbutin (emulsified
nanoparticles) [82].
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4.1. Nanofibers

Nanofibers are formed by unbreakable polymer chains of natural and synthetic com-
pounds, which act as a sheet of nanofibers when placed on the skin to improve the tis-
sues [83]. Nanofibers imitate collagen fibrils in the ECM, which can be formed from the
synthetic or natural compounds and have numerous qualities that provide benefits to the
wound healing process [83]. Nanofibers are beneficial for wound healing because they
have a permeable construction and great orifice connection. Nanofibers have the capability
to keep moisture at a suitable level. The synthesis of nanofibers with phytochemicals in
nanofibrous materials has yielded tremendous results in the area of wound healing as
these fibers have the capability to reduce the incision mark because of their porosity, which
allows movement of oxygen [84]. Emodin (1,3,8-trihydroxy-6-methyl-anthraquinone) is
an anthraquinone derivative that is found in the roots of Rheum officinale L. and is used
extensively for wound healing as it has antimicrobial and anti-inflammatory activities.
It produced a positive result when used for acute skin injuries [85]. The nanofibers of
emodin in polyvinylpyrrolidone were harmless, anti-allergenic, bioactive, and dissolved
at a rapid rate when compared to the pure compound. Re-epitheliazation was shown to
have occurred at the wounded area, which hastened the healing process [86]. To increase
the composition of collagen in human cells to 100%, emodin was incorporated in cellulose
acetate nanostructure fibers [87]. The development of herbal constituents in cellulose ac-
etate nanofibers promotes wound healing by using biomaterials as an interactive dressing
material. Asiaticoside is extracted from C. asiatica, and the incorporation of trisachharide
triterpene into cellulose acetate nanofibers produces an antioxidative effect during the early
stages of the injury healing [88]. Increases in types I and III pro-collagen mRNAs were
shown to enhance skin fibroblasts by elevating the protein levels [89]. Curcumin incorpo-
rated into cellulose acetate caused an improvement in fibroblast proliferation, enhanced
collagen synthesis, and protected the dermal fibroblast cells from oxidative stress caused
by hydrogen peroxide (H,O;) [90].
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The active constituent of turmeric curcumin (1,7-bis (4-hydroxy-3-methoxyphenyl)-
1,6-heptadiene-3,5-dione) is a polyphenolic compound, which is obtained from C. longa L.
Curcumin is an active ingredient and its use is widely accepted for wound healing because
it possesses various properties, such as anti-inflammatory, antibacterial, and antioxidant
ones [91]. For epidermal injury healing, curcumin has been used in various in-vivo animal
models [92]. Re-epithelization occurs during the early stages and enhances coagulation
synthesis because it releases TGFB1, which leads to increases in the number of blood vessels
and cell granulation [93]. Liakos et al. [94] suggested that essential oils, such as cinnamon,
lemongrass, and peppermint, can be used as antimicrobial agents. These electro-spun
cellulose-based nanofibrous dressings were shown to prevent the Escherichia coli growth
and required lesser quantities of oils. These dressings did not show any kind of cytotoxic
effects and appears to be safe to use.

It has been reported that the curcumin loaded poly(e-caprolactone)/gum tragacanth
(PCL/GT) led to an improvement in the mechanical properties and tensile strengths of
nanofibers and had a positive impact on collagen content for the treatment of diabetic
wounds. By 15 days after injury, this moiety led to rapid wound healing by causing
regeneration of the epithelial layer [95]. Bromelain-loaded chitosan nanofibers produced
favorable wound healing results. It was observed for the second degree burn and has
positive impact. The chitosan 2% w/v bromelain showed better physiochemical results
compared to chitosan 4% w/v bromelain and was effective in reducing burn-induced
injuries [96]. Bixin-loaded polycaprolactone (PCL) nanofibers maintained and accelerated
wound healing activity in excisional wounds and effectively reduced the scar tissue area
on the diabetic mice [97]. Alfalfa nanofibers yielded better results with respect to skin
regeneration as these nanofibers possess antibacterial activity and bioactive phytoestrogens
that work as a building block for the dressings for regenerative wounds [98].

4.2. Polymeric Nanoparticles (PNPs)

Polymeric nanoparticles are biocompatible colloidal systems that have risen in im-
portance for both biomedical and bioengineering applications [99]. They are generally
integrated by charged polymers and connected by interactivity of cationic and anionic
chains of groups [100]. When drugs are incorporated into polymeric systems, this pro-
cess prevents the deterioration caused by proteases found in the injury and delivered
in stages to lower the frequency of administration [101]. Polymeric nanomaterials are
widely utilized because of their antibacterial and wound healing activities [102]. For re-
generation of skin injury, keratinocyte growth factor (KGF) is an impressive and potent
growth factor [103]. It was observed that the KGF consists of self-assembled nanovesicles
that enhances healing of the injured tissue cells of the skin by enhancing epithelization and
skin re-modeling [104,105]. Recently, PNPs have been formulated by poly-lactic-co-glycolic
acid (PLGA) and some of the other combinations in polymeric systems, including alginate,
gelatin, and chitosan [106]. PLGA is approved by the Food and Drug Administration
(FDA) for use in PNPs. The size of the PGLA NPS is 1-200 nm, which provides the bene-
fits of biodegradability, biocompatibility, and being innocuous [107]. PLGA particles are
generally formulated by emulsification of lipophilic compounds utilizing numerous surfac-
tants and organic solvents [108]. The development of EGF-loaded nanoparticles for injury
healing using PGLA yielded a positive response with respect to fibroblast proliferation
and enhancement of the healing activity in the full thickness wounded skin. EGF plays
an importance role in mediating the de-differentiation of keratinocytes into an epithelial
linage and to reestablishing the epithelial barrier [109]. One of the studies also suggested
that PGLA might produce a biocompatible system for growth factor delivery. To reduce
lactate levels and enhance wound healing activity, the peptide defense host, known as
LL37, was incorporated into PGLA nanoparticles [110]. Natural polymers, such as chi-
tosan, have been chiefly considered for wound healing activity because of antibacterial and
biocompatibility activities [111]. Chitosan is cationic in nature and has been utilized for the
inhibition of microbial-induced infections [112]. Chitosan nanovesicles (150-300 nm) are
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generally formulated utilizing the method of ionic gelation [113]. Nowadays, chitosan is
widely accepted in wound treatment, and it can also be utilized as a prophylactic agent
to inhibit the infection development and enhance healing activity [114,115]. Studies have
shown that polylactic acid-loaded chitosan magnetic eugenol nanospheres had improved
prevention and development of biofilm compared to pure chitosan, whilst performing
endothelial proliferation [116]. Most of the studies concerning this topic have reported that
nanovesicles containing chitosan and analogs might enhance healing activity by improving
inflammatory cell function and restoring fibroblasts and osteoblast functions [117]. In two
different studies, it was observed that chitosan-loaded nanovesicles improved the coagula-
tion by binding to red blood cells (RBC) and ameliorating the function of inflammatory
cells. In another study, the chitosan nanovesicles were used as the compounds in bandages
outlined for the skin wound and, hence, enhanced healing activity in both humans and
animals [115,118].

4.3. Dendrimers

Dendrimers are nanoscale (1-10 nm) systems with homogeneous structures that are
monodispersed in polymer macromolecule that can be used for both therapeutic and diag-
nostic purposes. Subunits of phenyl acetylene were used to develop dendrimers [119,120].
In addition, functional groups present on the surface of dendrimers can operate as an-
tibacterial agents. Dendrimers cause detachment of contaminated tissues and may ex-
tend the phase of inflammation and slow injury diminution in addition to promoting
re-epithelization and better wound healing activity [121]. The interaction between posi-
tively and negatively charged groups present on dendrimers and on the bacterial cell wall
would lead to the bacterial structure disturbance [121]. In another study, silver-loaded
dendrimer NSs were observed to show anti-inflammatory and anti-microbial activities
in a synergistic manner. These properties were also shown to prevent inflammation and
enhance healing activity [122].

4.4. Metallic Nanoparticles

Metal-based nanoparticles are widely utilized as they produce antibacterial, antimi-
crobial, and anti-inflammatory effects. The chemical and physical structures of nanopar-
ticles are important for determining the propensity of a nanoparticle to enter and/or
bind to target cells with the capacity to interact with their biological machinery and
elicit a response. The metal-based nanoparticles are widely accepted in medicine, and
the most acceptable metallic nanoparticles are silver- and gold-based nanostructures.
Herbal plants are widely accepted in the development of metallic nanoparticles because
of their low levels of side effects and more therapeutic effects as compared to the conven-
tional dosage form [123]. Most of the herbal extracts, such as Cladophora fascicularis [124],
Aerva lanata [125], Hippophae rhamnoides [126], Eucommia ulmoides [127], Black tea leaf [128],
Awverrhoa bilimbi [129], Salicornia brachiate [130], Abelmoschus esculentus [131], olive leaf [132],
Ipomoea carnea [133], geranium [134], and Cissus arnotiana [135] have been incorporated into
metallic nanoparticles

Silver nanoparticles are widely used as they possess antimicrobial, antibacterial, and
anti-inflammatory properties [136]. The solubility and bioactivity of the silver particles
at the wounded area depend on the size of silver particles; the smaller the size is, the
stronger the contact with the will skin be. Silver nanoparticle vesicle sizes range from
1 to 100 nm. In one study, the silver—silver chloride nanoparticles combined with lower
grapheme oxide nanovesicles induced an escalation of the healing process because it
generated a higher number of oxygen free radicals rather than free the silver ions. A
positive impact on the antibacterial activity on both Gram-negative and -positive bacteria
has been shown, and, hence, these particles can enhance wound healing activity as shown
in in-vivo studies in mice [137]. ACTICOAT is an alternate form of silver antimicrobial
barrier wound dressing, which prevents the complication of prior agents. It slows down the
bacterial activity, which leads to a reduction in inflammation and causes an improvement
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in the healing process [138]. The plant-based bio-prepared nanoparticles reveal potential
for wound remedy and bacterial infection prevention [139]. Different methods for the
preparation of silver nanoparticles are used. Photochemical and chemical reduction are the
two most widely used methods [140]. Different plant extracts have been incorporated into
silver nanoparticles for wound healing containing alkaloids, glycoside, corticosteroids and
essential oils [141]. Cassia roxburghii prepared silver nanoparticles show the potential for
wound healing enhancement as these particles have significant antibacterial and antifungal
activities [142].

The active constituent of Drosera binata is naphthoquinones, primarily plumbagin.
D. binata silver nanoparticles show better antibacterial activity against Staphylococcus aureus
without affecting human keratinocytes. It was also inconclusive as to whether it is D. binata
extract or its pure form (3-chloroplumbagin) that would have effective results for antibiotics
and, hence, enhance wound healing [143]. Extracts of grape pomace were also combined
with silver nitrate, and grape-silver nanoparticle-stabilized liposomes were developed by
Castangia et al. The resulting nano-formulation showed potential to offer a significant
shield of keratinocytes and fibroblasts to combat oxidative stress, thus, avoiding cell
damage and death [144]. The other highly acceptable nanoparticles in different applications,
such as wound treatment, re-epithelization, and particularly drug delivery, include gold
nanoparticles [145].

Their chemical stability and capability to absorb near-infrared (NIR) light combined
with their positive impact and antibacterial activity will strengthen the wound healing
process [146]. Gold nanoparticles have the potential to penetrate bacterial tissues and cause
alterations in the cell membrane, which causes inhibition of bacterial activity [147], and
also prevents bacteria from developing reactive oxygen species [148].

Gold nanoparticles are synthesized with collagen, gelatin, and chitosan to yield effec-
tive injury recovery activity and also helps to achieve the biocompatibility [149]. Chitosan-
loaded gold nanoparticles showed enhanced results in the healing process as these particles
increase free radical scavenging and improve biocompatibility; in the model, these particles
enhance the formation of cells and lead to an improvement in hemostasis by increasing
the healing activity in comparison to pure chitosan [150]. The resulting metabolites from
Indigofera aspalathoides Vahl. (Papilionaceae), which is also known as Shivanarvembu, are
extracted from plants and used for wound healing. The histopathology results demon-
strate that the I. aspalathoides silver nanoparticles have a better effect on wound healing in
mice. When treated with plant extract, the granulation tissue which possesses fibroblasts,
collagen fibers, minimal edema, and newly developed blood vessels were noted [151]. The
other forms of metallic nanoparticles are gold and copper oxide nanovesicles that improve
wound healing, which leads to fast injury healing and slows down the infection develop-
ment. Both silver and gold nanoparticles are formed by incorporating Coleous forskohlii
root extracts. These particles exhibit antimicrobial activity and antioxidant activities and
have a positive effect on re-epithelization at the site of wound, which enhances connective
tissue formation and causes an increase in proliferation and remodeling rates of dermal
cells [152]. The development of both titanium dioxide and copper oxide nanoparticles of
Moringa oleifera and Ficus religiosa leaf extracts, respectively, were shown to enhance wound
healing and decrease the removal wound site in rats [153].

4.5. Nanohydrogels

For wound treatment, nanohydrogels are considered to be effective carriers as they
possess three-dimensional polymeric networks. Due to their permeable network, they have
the capability to absorb the liquid, which helps the wound to keep hydrated and enhance
the wound healing process by keeping the proper oxygen level. Due to their effectiveness,
compatibility, and showing beneficial results on skin revitalization, nanohydrogels have
become widely accepted [154].
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To improve wound healing activity, the gellan cholesterol nanohydrogel is immersed
in baicalin. The baicalin-loaded nanohydrogels manifest ideal efficacy for skin repair
and also act as inflammation inhibitors when applied to an epidermal inflammation mice
model in in-vivo studies [155]. The freshly developed nanocrystal bacterial cellulose
hydrogels instantly stick to fibroblasts, support human dermal fibroblast morphology,
restrict the relocation of cells, enhance the proliferation of cells, and influence the nine
expressions of genes connected to healing of injury. These genes include interleukins 6
and 10, granulocyte-macrophage colony-stimulating factor, matrix metalloproteinase 2
(IL-6 and -10, GM-CSF, MMP-2, respectively), and TGF-f; hence, nanohydrogels play an
important role in skin regeneration [156].

4.6. Liposomes

Liposomes appear to be an important vehicle for topical delivery; they are harmless
and environmentally safe and possess high drug loading efficiency, long-term stability,
biological acceptability with skin in addition to having the capability to incorporate both
hydrophobic and hydrophilic drugs in water and bilayer cavities [157]. Liposomes success-
fully shield the injury site and build a humid habitat at the site of injury, which is beneficial
for the healing of the wounded skin. Taking all these characteristics into consideration,
liposomes have become widely accepted in skin regeneration and injury treatment [158]. A
study on propylene glycol liposome nanocarriers demonstrated numerous merits in com-
parison to other nano-systems. This system showed the tendency to enhance the stability,
retention, and permeation in the tissues of skin [159]. It surmised that propylene glycol
ameliorate the elasticity of vesicle containing bilayer of phospholipids. Hence, it improved
the permeation into the skin. Moreover, the particles size of liposomes should be 150 nm
for better drug perforation into the skin layers [160]. Liposomes with silk fibroin hydrogels
were prepared to stabilize the basic fibroblast growth factor (bFGF) that maintained the
activity of proliferation of cells on wound fluids; it also enhances the healing process by
inspiring angiogenesis [161]. Rabelo et al. assessed the gelatin-membrane consisting of
usnic acid-loaded liposomes and obtained encouraging results for wound healing. These
results showed that the membrane of liposomes prominently manages the second-grade
infection on porcine model [162]. Furthermore, with improved collagen, accumulation on
cellularized granulation tissue was discovered in the treated group of liposomal membrane,
which when compared to one of the commercial products improved the granulation tissue
maturation and repaired the scars [163]. Argan-liposomes and argan-hyalurosomes have
been successfully developed by incorporating neem oil into them. These formulations were
extremely biocompatible and could protect skin cells from oxidative stress effectively with
improved efficacy of oil. Moreover, formulations stimulate wound closure substantially
more effectively than oil dispersion [164]. The efficacy of mangiferin (employed in cure
of skin lesions) was enhanced by modifying transferosomes with propylene glycol and
glycerol. Improved deposition of mangiferin was observed in epidermal and dermal layer
and fibroblasts were protected from oxidative stress and intensified their propagation [165].

4.7. Inorganic Nanoparticles

Inorganic nanoparticles are those derived from the inorganic materials and include
carbon-, metal-, and ceramic-based nanovesicles that accelerate tissue repair and re-
modeling. These particles deliver assistance in the region of medicines, counting cancer,
imaging, and drug delivery; however, their utilization in tissue regulation and skin re-
modeling is new, it also provides adhesion in tissue and enhanced antimicrobial activity in
injury healing [166].
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4.8. Lipid Nanoparticles

Lipid nanoparticles were designed to overcome the stability limitation of liposomes
due to the lipid bilayer. Lipid nanovesicles consist of two types: (1) solid lipid nanoparticles
(SLNs) and (2) nanostructured lipid carriers (NLCs). The preparation of lipid nanovesi-
cles amid lipids molecules does not include the use of any potentially harmful biotic
solvents [167]. In a study, both SLN- and NLC-loaded rh-EGF (epidermal growth factor)
for chronic injury treatment were formulated by the emulsification followed by an ultra-
sonication method; however, the NLC process included no organic solvent and showed
better entrapment efficiency. The results of both formulations show capabilities to en-
hance cell proliferation when compared with free rh-EGF and considerably enhance the
healing activity for wound closure, re-establish the process of inflammation, and facilitate
re-epithelization [168].

In another study, development of SLNs with the elastase inhibitor serpin Al and
antimicrobial peptide LL37 had a synergistic impact on injury healing. SLNs promoted
the closure of injury in cells of fibroblasts and keratinocytes. Moreover, it also led to
improvement in the activity of antibacterial against S. aureus and E. coli when compared
with the LL37- and Al-treated groups [169].

5. Future Perspective and Conclusions

The main aim of this review article was to describe the advantages of using nano-
systems for use in the wound healing process. The distinctive physiochemical properties of
nano-systems make them a perfect candidate for the application of wound healing process.
The wound therapy process by nanotechnological systems demonstrates better therapeutic
effect compared to the conventional therapy for wound healing. Nanotechnological systems
can change one or more than one phase of wound healing during the process, as it possesses
antibacterial, anti-inflammatory, and anti-proliferation activities. Worldwide, the research
has been conducted on natural and herbal compounds due to their more therapeutic effects
and lesser side effects. There is a need for the development of improved systems for the
delivery of drugs at the target site with a dose that does not alter the existing treatment of
disease. The herbal compounds have great potential and, hence, a better future, especially
when incorporated into the nanocarriers for chronic wound treatment as they have shown
promising results. Herbal medicine-based novel drug delivery systems have acknowledged
the approaches in the field of pharmaceuticals, which will improve the health of the people.
It is also concluded that the incorporation of herbal compound in the nano-vehicle will
aggrandize the magnitude of the existing delivery system. Anyhow, various approaches
have been employed for the privileged application of nanocarriers in wound healing
therapy. The main concerns for the nano-vehicles are toxicity because they may cause
possible side effects in the human body. Hence, this requires to be rectified at the starting
point for further progression of wound healing therapies in clinical trials. In in vivo models,
there is slighter comprehension regarding non-material mediated wound healing processes
and this is one of the problems observed. The studies of non-material-wound healing
processes are based on in-vitro studies or mainly depend on single aim bacteria. The in-vivo
wound healing application is required for the in-depth studies utilizing both Gram-positive
and -negative bacterial strains. Subsequently, the main focus should be on improving and
enhancing target efficiency for more efficacious wound healing. Therefore, the investigators
should target producing a nanomaterial that is biocompatible and biodegradable and has
the capability to correct all the phases of the wound healing process.
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