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Polymeric carriers play a key role in modern biomedical and nanomedicine applica-
tions. Polymers can be obtained from natural or synthetic sources and have been exploited
given their chemistry to achieve interaction with living tissues and cells. Different types of
carriers can be produced for drug delivery, namely, micelles, nanoparticles, dendrimers,
sponges, hydrogels, and microneedles. With different coatings, appropriate adhesion and
targeting features can be designed. Polymeric carriers allow the incorporation or conju-
gation of both hydrophilic and hydrophobic molecules and have tunable chemical and
physical features that allow effective drug protection from degradation or denaturation.
Other features are noteworthy in polymeric carriers, like their generally good biocompati-
bility and the ability to exhibit a slow and controlled dug release, allowing for the use in
biomedical applications.

This Special Issue provides an encompassing view on the state of the art of polymeric
carriers, showing how current research is dealing with new stimuli-responsive systems
for cancer therapies and biomedical challenges, namely, overcoming the skin barrier. The
published papers cover topics ranging from novel production methods and insights on
hybrid polymers to applications as diverse as nanoparticles, hydrogels, and microneedles
to antifungal skin therapy, peptide and siRNA delivery, enhanced skin absorption of
bioactive molecules, and anticancer therapy. This Special Issue contains one review paper
on modulation of macrophage polarization mediated by carbohydrate-functionalized
polymeric nanoparticles [1]. A couple of polymeric carriers targeting macrophages have
been reviewed in terms of production methods and conjugation approaches. The role
of mannose receptor in the polarization of macrophages is highlighted as strategies for
infectious diseases and cancer therapies as well as prevention actions.

Taking advantage of polysaccharides’ physicochemical features, Pontillo et al. de-
signed new biocompatible and cost-effective carriers for tyrosol, a bioactive natural product
present in olive oil and white wine [2]. A chitosan based nanosystem was obtained using
the ionic gelation method, while for β-cyclodextrin (βCD), the kneading method was em-
ployed. Additionally, coating of the tyrosol–βCD inclusion complex with chitosan led to a
sustained release of tyrosol and slowed down the initial burst effect observed from the inclu-
sion complex. The nanosystems were extensively characterized after optimized production
based on a two- or three-factor, three-level Box–Behnken experimental design. Moreover,
the interaction of tyrosol and the corresponding nanosystems with ctDNA was evaluated.
Data suggest that tyrosol is a ctDNA groove binder, which was confirmed by molecular
modeling studies. The same mode of binding was found only for the tyrosol/βCD and
tyrosol/βCD/chitosan nanosystems. Nanocomposites of chitosan and alginate were ex-
ploited by Sabbagh et al. to deliver metronidazole [3]. Optimization of the formulation was
obtained using a full factorial design to study the effect of chitosan and alginate polymer
concentrations and calcium chloride concentration on drug loading efficiency, particle size,
and zeta potential. These dependent variables were affected by the chitosan, alginate, and
calcium chloride concentrations, while zeta potential depended only on the alginate and
calcium chloride concentrations. The applied mathematical models revealed that the devel-
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oped response surface methodology models were statistically significant and adequate for
all conditions. High correlation values were determined between the experimental data
and predicted ones. The optimized nanocomposites were physiochemically characterized
by X-ray diffraction, Fourier-transform infrared spectroscopy, thermal gravimetric analysis,
scanning electron microscopy, and in vitro drug release studies. Overall, the optimized
nanocomposites could be effective in sustaining the metronidazole release for a prolonged
period. Hybrid nanosystems have been studied by Duskey et al. to increase the appli-
cability of poly(lactic-co-glycolic acid) (PLGA) in drug delivery [4]. A series of unique
PLGA–chitosan hybrid polymers with tailored and tunable physicochemical characteristics
were obtained with two different synthetic methods: solid-phase synthesis on a film or in
solution chemical reaction with polycaprolactone as intermediate. The hybrid polymers
were physiochemically characterized using nuclear magnetic resonance, Fourier-transform
infrared spectroscopy, and dynamic scanning calorimetry. A sodium dodecyl sulfate (SDS)
salting-out reaction led to a chitosan SDS intermediate that is soluble in organic solvents,
and consequently, a new series of PLGA–chitosan copolymers with different molar ratios
were produced. The unique series of PLGA–chitosan hybrids with various molar rapports
and solubilities represent the expansion of the PLGA delivery system for the protection and
delivery of a wide range of previously noncompatible drugs either as nanoparticles formed
through chitosan self-assembly techniques (for those still soluble in acidic solutions) or for
the encapsulation in stable and nontoxic films for long-term controlled release (for those
insoluble in biological solutions).

Shin et al. developed PLGA nanoparticles as siRNA carriers to overcome ROS/oxidative
stress-induced chondrocyte damage in osteoarthritis [5]. A double emulsion technique
allowed the successful incorporation of siRNA p47phox within PLGA nanoparticles. The
nanosystem was physicochemically characterized and evaluated in chondrocytes and in an
osteoarthritis in vivo model. The formulated PLGA nanoparticles provided a sustained
release of siRNA, which could reduce dosing frequency to a weekly regimen. Inhibition of
p47phox by nanoparticles delivered siRNA-attenuated pain behavior, cartilage damage,
and ROS production in knee joints with induced osteoarthritis. The developed polymeric
nanosystem may represent a promising novel therapeutic avenue for the treatment of
osteoarthritis. PLGA nanoparticles were explored for peptide delivery by Lima et al. [6]. A
peptide from the myeloid proteolipid protein (PLP) was encapsulated in PLGA nanoparti-
cles and further incorporated within polymeric microneedle patches for an effective skin
delivery. Trehalose was included to preserve the nanoparticles during the freeze-drying
process. Polydimethylsiloxane molds were used to obtain poly(vinyl alcohol)–poly(vinyl
pyrrolidone) microneedles to carry the freeze-dried PLP-loaded PLGA nanoparticles. Mi-
croneedle patches with 550 μm height and 180 μm diameter allowed the peptide release in
physiological media. The achieved outcomes motivate the exploitation of this strategy as a
new antigen-specific therapy, providing minimally invasive administration of PLP-loaded
nanoparticles into the skin. Struggling with skin drug delivery, Zhang et al. studied the
effect of poly(ethylene glycol) (PEG) 400 and PEG-6-caprylic/capric glycerides on the
dermal absorption of niacinamide [7]. Binary and ternary systems composed of PEGs or
PEG derivatives combined with other solvents were studied for skin delivery of niaci-
namide. Porcine skin permeation assays over 24 hours revealed improved performance of
all designed vehicles in relation to PEG 400. High skin retention was observed for these
vehicles when compared with the neat solvents investigated. Hence, these results indicate
PEG 400 as a useful tool to deliver the bioactive agents to the skin, instead of through
the skin. According to the bioactive agent, skin retention may be more interesting than
skin permeation. Skin retention of terbinafine was investigated by Ghose et al. through
the design of polymeric nanosponge hydrogel. The antifungal agent was incorporated in
Box–Behnken-design-optimized nanosponge formulations [8]. In vitro drug release from
the nanosponge incorporated into the hydrogel was higher than the drug suspension or
the marked formulation. Antifungal activity, nonirritancy, and no erythema or edema
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confirmed the promising application of the developed nanosponge hydrogel for efficient
topical delivery of terbinafine hydrochloride.

Stimuli-responsive nanosystems have been designed to control the release of active
molecules into the intended site of action. Van Gheluwe et al. applied a three-step synthesis
of a redox-responsive blend of poly(ethylene glycol)–block–poly(lactide) (PEG–block–PLA)
and poly(lactide) (PLA) to deliver retinol in the skin [9]. The selection of short-length
polymers to incorporate the lipophilic active molecule allowed for achieving a high loading
and rapid release of retinol. Stimuli responsiveness of the nanosystem was confirmed
in vitro in the presence of L-glutathione. Good biocompatibility of black nanocarriers
was observed in human keratinocytes, and low toxicity was detected in the presence
of retinol. The redox-responsive blend of PEG–block–PLA and PLA were assembled by
nanoprecipitation in smart nanocarriers able deliver other retinoid molecules for the
treatment of skin diseases, like acne, photoaging, psoriasis vulgaris, melisma, and skin
cancers. Cano-Cortes et al. investigated the drug covalent conjugation to the polymeric
nanosystem based on PEGylated polystyrene pH-responsive polymer [10]. Doxorubicin
was selected to evaluate this pH-responsive approach to cancer therapy. An efficient
loading was achieved upon covalent conjugation of doxorubicin to cross-linked polystyrene
nanoparticles, allowing selective drug release under acidic pH values. Breast and lung
cancer cell lines were studied to determine the efficiency of cellular uptake, therapeutic
activity, and genotoxicity effect. The pH-responsive polymeric nanosystems exhibited
better antitumor activity in relation to free doxorubicin. The implemented chemical strategy
could be further applied to other molecules and types of cancer.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.
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Abstract: Exploiting surface endocytosis receptors using carbohydrate-conjugated nanocarriers
brings outstanding approaches to an efficient delivery towards a specific target. Macrophages
are cells of innate immunity found throughout the body. Plasticity of macrophages is evidenced
by alterations in phenotypic polarization in response to stimuli, and is associated with changes
in effector molecules, receptor expression, and cytokine profile. M1-polarized macrophages are
involved in pro-inflammatory responses while M2 macrophages are capable of anti-inflammatory
response and tissue repair. Modulation of macrophages’ activation state is an effective approach for
several disease therapies, mediated by carbohydrate-coated nanocarriers. In this review, polymeric
nanocarriers targeting macrophages are described in terms of production methods and conjugation
strategies, highlighting the role of mannose receptor in the polarization of macrophages, and targeting
approaches for infectious diseases, cancer immunotherapy, and prevention. Translation of this
nanomedicine approach still requires further elucidation of the interaction mechanism between
nanocarriers and macrophages towards clinical applications.

Keywords: glyconanoparticles; immunotherapy; infectious diseases; mannose receptors; nutraceuticals

1. Introduction

Nanomedicine aims to improve health and life welfare with nanosized materials.
Nanoparticles can be designed for drug delivery by modulating surface properties and
composition to improve therapeutic effect and targeting specificity. Active targeting can be
obtained with surface functionalization of the nanoparticles using specific ligands to reach
the target of interest [1]. Taking advantage of this receptor-mediated specificity will reduce
toxicity and side-effects to healthy tissues.

Macrophages are innate immune cells widely present in the body acting to maintain
homeostasis and to resist pathogen invasion [2]. Macrophages are distributed according to
their functions, surface-expressed markers, and secreted cytokines in M1/M2-polarized
phenotypes. However, the simplicity of M1/M2 dichotomy of macrophage activation
is too broad to explain all the actual states of the macrophages as a response to several
stimuli. To have a proper description of the macrophage activation, it is generally accepted
to include information on macrophage source, type of activators, and markers [3]. An
imbalance in the M1/M2 ratio weakens the immune response and leads to inflamma-
tion. Hence, macrophages constitute an important player in the therapeutic strategies
against infections, inflammatory conditions, and cancer. Receptors frequently expressed
on the surface of macrophages constitute a potential target for nanomedicine-based ap-
proaches. Macrophage scavenger receptor, Toll-like receptors, glucan receptor, folate recep-
tor, and mannose receptor are among the most used surface receptors of macrophages [4].

Polymers 2020, 13, 88. https://doi.org/10.3390/polym13010088 https://www.mdpi.com/journal/polymers
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Mannose receptor (MR) is composed by several domains that allows recognition to various
molecules of the carbohydrate family and contributes to receptor-mediated endocytosis.
Upon internalization, nanocarriers can elicit macrophage polarization in vivo. Different
types of polymeric based carriers (e.g., nanoparticles, micelles, dendrimers) are emerging as
macrophage-targeted delivery systems [5]. Nanocarriers can also reset the macrophage ac-
tivation state, as it is the case of the conversion of M2 phenotype to M1 in tumor-associated
macrophages [6]. Understanding the interaction mechanisms between nanoparticles and
macrophages is essential to a successful and effective nanocarrier’s design towards a
therapeutic or prevention strategy.

2. Polymeric Nanoparticles as Biomedical Delivery Devices

Over the past few decades, the development of new strategies that surpasses the prob-
lems associated with conventional diagnosis and therapies have gained great importance
on the scope of nanomedicine. One of the main goals in this field is to design nanoparticles
capable of a targeted delivery and controlled release of bioactive compounds to a specific
site, increasing its therapeutic effect while minimizing its side effects [7,8]. Several types of
nanoparticles can be prepared from different building blocks like lipids, proteins, metals,
and polymers [7–9]. Polymeric nanoparticles have gained great importance as biocompati-
ble drug delivery systems given their simplicity and low-cost production [10]. The use of
polymeric nanoparticles in drug delivery has many advantages over the use of other types
of nanocarriers: a growing choice of biodegradable and biocompatible polymers, higher
encapsulation efficiencies, higher stability in physiological conditions, improved drug
bioavailability, and simpler preparation (for more detailed information on the synthesis
methods see ref. [11]).

The design of drug delivery systems needs to consider several characteristics, namely,
hydrophobicity, size, surface charge, biological interactions/toxicity, and biodegradability.
A wide variety of natural or synthetic polymers are available for the preparation of the
nanoparticles [12,13]. To produce nanoparticles, the most commonly used natural poly-
mers include chitosan, a linear polysaccharide extracted from the exoskeletons of marine
crustaceans [14], alginate that is isolated from brown algae [15], and gelatin obtained by
hydrolyzed collagen [16]. Natural polymers have the advantage of combining biological
properties like mimicking the extracellular matrix, allowing to sustain cell growth in tissue
engineering applications, and tunable mechanical properties like stimuli-responsiveness,
degradation, swelling, and crosslinking capabilities [13–15]. However, the application of
natural polymers is often hampered by contaminants and batch-to-batch variability. Other
constraints involve low hydrophobicity that compromises lipophilic drugs encapsulation,
and a rapid drug release from the matrix [17,18].

Limitations of natural polymers can be overcome with the use of synthetic polymers,
which are more reproducible in manufacture and more stable. Polymeric nanoparticles
obtained with synthetic polymers allow drug-controlled release for a period of days up to
several weeks [18]. Drawbacks associated with these type of nanoparticles involve their
limited aqueous solubility and the need of surfactants to form stable suspensions [19]. The
outcome of the nanoparticle as a drug delivery system can be modulated in the compo-
sition not only in the nature of the polymer, but also in the molecular weight, copolymer
composition, and selected surfactant. To produce a targeted drug release within the body,
the nanoparticles can be considered with additional properties to respond to external or
internal stimuli such as redox state or pH [20]. Polylactic acid (PLA), poly(glycolic acid)
(PGA), and their copolymers (PLGA) represent the most extensively used and studied
synthetic polymers for drug delivery [21–23]. The presence of ester linkages in their back-
bones make these polyesters biodegradable. In fact, in a living organism, these polymers
suffer a hydrolysis, and the resulting products are easily metabolized in the Krebs cycle
and eliminated as carbon dioxide and water [17]. Also widely applied in the production
of nanoparticles is poly-E-caprolactone (PCL) that allows a slow degradation rate in com-
parison with PLA and PLGA, and thus is more adequate for long-term drug delivery.
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Poly(alkylcyanoacrylate) (PACA) is an interesting polymer whose properties can be con-
trolled by the side of the introduced chains, being that the longer the side-chains the longer
the half-life of the nanoparticles [17].

Depending on the preparation method, used polymers and desired application, differ-
ent polymeric nanocarriers can be obtained such as polymer-drug conjugates, polymeric
micelles, polymeric nanogels, and dendrimers [24]. Two types of polymer nanoparti-
cles can be obtained for drug delivery: nanocapsules, composed of a liquid or semisolid
core covered by a polymer membrane; or nanospheres that consist in a solid polymer
matrix [11,12,23–25]. The drugs can be either entrapped in nanoparticles or adsorbed at
the surface. In nanocapsules, the drug can be encapsulated in the inner core, while in
nanospheres it is uniformly dispersed in the polymer matrix (Figure 1). These represent ver-
satile tools for surface modification, as well as shape, size, and even optical characteristics.
In nanomedicine, core–shell polymeric nanoparticles are also interesting, as the polymeric
platform allows a second shell, usually a solid, which may confer smart properties to the
nanoparticle (e.g., pH sensitive, thermo- and enzyme-responsive) [26–28].

Figure 1. Schematic representation of the two types of polymeric nanoparticles: nanocapsules (A) and nanospheres (B).
Nanocapsules comprise an inner cavity, composed of water or a semi solid (oil), and covered with a polymer membrane,
while in nanospheres the entire mass is a polymer matrix. Drug molecules can be entrapped in both types of nanoparticles.

3. Production Methods for Polymeric Nanoparticles and Surface Properties Modifications

Currently, there are several methods developed and well-implemented for the prepa-
ration of polymeric nanoparticles. At first, one needs to ponder on (i) the physicochemical
properties of the bioactive compound to be delivered, (ii) the nature and type of poly-
mer, (iii) the target and biological environment, and (iv) the administration route. Based
on this information it is possible to select the most adequate production method among
emulsification-solvent evaporation, nanoprecipitation, emulsification reverse salting-out,
and emulsification solvent diffusion. These polymerization processes allow production of
nanoparticles with control of physicochemical and biological properties of the nanopar-
ticles that are formed (Figure 2). At least two steps are involved in these conventional
production methods: (i) polymer dissolution in an organic solvent followed by emulsifica-
tion in an aqueous phase, and (ii) solvent evaporation to obtain the nanoparticles [13,29].
Polymeric nanoparticles can also be produced using monomers in an emulsion or as a
micellar suspension by interfacial poly-condensation [13,17].
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Figure 2. Diagram representing the options of production methods to obtain polymeric nanoparticles. Abbreviations:
NMP (nitroxide-mediated polymerization); ATRP (atom transfer radical polymerization); RAFT (reversible addition and
fragmentation transfer chain polymerization).

Hydrophilicity of the drug delivery systems represents an important feature to be
considered for biological application. In fact, upon intravenous administration, hydropho-
bic nanoparticles are taken as foreign and the organism removes them from circulation to
the excretion organs (liver, spleen, and lymph nodes) using the mononuclear phagocytic
system [30]. If the intended treatment targets one of these organs, hydrophobic nanopar-
ticles are the best solution. When aiming different targets, systemic circulation needs to
occur, so the delivery systems reaches the diseased site. In this case, the surface of the
nanoparticles must be modified with hydrophilic polymers to prevent the action of the
mononuclear phagocytic system and phagocytosis. Hydrophilic nanoparticles will have
long circulation times and reduced nonspecific distribution [31,32]. The list of hydrophilic
polymers is long and include polyethylene glycol (PEG), poly-vinyl pyrrolidone (PVP),
pluronics (poly-ethylene oxides), poloxamers, vitamin E TPGS, polysorbate 20, polysorbate
80, and polysaccharides (e.g., dextran) [33]. A protective layer can be obtained at the surface
of the nanoparticles with these hydrophilic compounds, by adsorption or grafting shield
groups. In some cases, PEG can be incorporated as copolymer [30,34,35]. The most used
hydrophilic polymer for nanoparticles’ surface modification is PEG. The nature (flexible
chains) and the physicochemical (hydrophilicity) features of this polymer as well as the
presence of functional groups able to prevent plasma proteins binding are the reasons for
this success [36]. A significant decrease in the opsonization and macrophage internalization
of nanoparticles was observed with PEG coating, which lead to an enhanced long-term
blood circulation. PEGylated nanoparticles promote a higher drug uptake by target tissues
when compared to non-PEGylated ones [37–39].

In sum, a crucial feature of polymeric nanoparticles is their surface modification in
order to improve drug delivery. On the one hand, the addition of a stealth layer (PEG, PVA,
polysorbate) at the surface of nanoparticles allows an increased blood circulation time,
avoiding the binding of opsonins and the rapid clearance from the mononuclear phagocytic
system, and on the other hand, the functionalization at the surface with targeting ligands
(proteins, peptides, antibodies [40–42]) improves the specificity of the treatment [43,44].
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4. Carbohydrate-Functionalized Polymeric Nanoparticles

As stated before, polymeric nanoparticles have excellent features that make them
promising delivery systems for therapeutic applications. A higher specificity of drug
delivery to a certain site of action is achieved when targeting ligands are incorporated in
these nanocarriers. The functionalization of nanoparticles with carbohydrates, also known
as glyconanoparticles, plays a key role in receptor-mediated delivery, as it allows to
establish specific interactions with carbohydrate-binding proteins (lectins) [45,46]. Besides
molecular recognition, sugars can act as colloidal stabilizers [47], reduce toxicity [48] and
immunogenicity [49] and unlike PEG, increase circulation time in the bloodstream without
compromising cellular uptake [50].

Glycopolymers can be prepared either by post-polymerization modification, which
consists in the functionalization of a preformed polymeric backbone, or in the polymer-
ization of glycosylated monomers [51,52] that can be performed by several synthetic
routes that provide controllable architectures, stereochemistry, and molecular weights,
such as free radical polymerization (ring-opening polymerization (ROP)), ionic polymeriza-
tion, controlled radical polymerization (nitroxide-mediated polymerization (NMP), atom
transfer radical polymerization (ATRP), reversible addition fragmentation chain transfer
(RAFT), and enzyme-mediated polymerization [51,53–55]. Here, we will focus on the
post-functionalization of polymeric nanoparticles with carbohydrates, as it allows the at-
tachment of pendant carbohydrate moieties (Figure 3), making it ideal for targeted delivery.

Figure 3. Chemical structure of some carbohydrates commonly used to produce glyconanoparticles.
(A) Galactose; (B) mannose; (C) mannan.

The coupling of a ligand to a nanoparticle can be achieved either by electrostatic
interactions or by covalent conjugation strategies [56,57]. The last requires the presence of
reactive functional groups (amine, carboxyl, sulfhydryl, hydroxyl, azide-reactive groups)
at the surface of nanoparticle that enable conjugation with ligands [58]. A very popular
method used for chemical conjugation is the carbodiimide method, which consists of the
activation of carboxylate functional groups that react with primary amines to form amide
bonds [58,59]. In this case, a direct conjugation is performed, but sometimes linkers are
used. For instance, Kim and collaborators used N,N′-dicyclohexyl carbodiimide (DCC) for
a two-step coupling reaction of a galactose moiety to polymeric nanoparticles composed
of cholic acid and diamine-terminated poly(ethylene glycol) as a linker [60]. Palmioli and
co-workers also described the functionalization of PLGA with sugar entities bearing a 2-(2-
aminoethoxy)ethanol linker through amide bond using N,N′-diisopropylcarbodiimide and
NHS [61].
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Crucho and colleagues produced a polymeric conjugate composed of PLGA modified
with sucrose and cholic acid moieties [62]. The functionalization of the PLGA backbone
was made through esterification using DCC/NHS reactions, and then sucrose and cholic
acid-functionalized PLGA nanoparticles were obtained by nanoprecipitation. Sucrose
addition provided colloidal stability to the nanoparticles, demonstrated by the decrease
of the negative surface charge. Rieger and collaborators reported a simple method for the
preparation of mannose-functionalized PLA NPs [63]. The synthesis approach consisted
in the co-nanoprecipitation evaporation of a mannosylated poly(ethylene oxide)-b-poly(ε-
caprolactone) (PEO-b-PCL) diblock copolymer with PLA. The amphiphilic copolymers
bearing the mannose moieties worked as surface modifiers and were able to specifically
bind to MR.

Freichels and co-workers prepared crosslinked hydroxyethyl starch (HES) nanocap-
sules, which is a hydroxyethylated glucose polymer, functionalized with (oligo)mannose [64].
The preparation of the nanocapsules consisted in interfacial addition of HES with 2,4-
toluene diisocyanate (TDI) in inverse miniemulsion. This procedure leaves an amount of
non-reacted amine groups that were used to perform the functionalization with three types
of mannose molecules: a-D-mannopyranosylphenyl isothiocyanate, 3-O-(a-D-mannopyranosyl)
-D-mannose (di-mannose), and α3,α6-mannotriose (tri-mannose). The amine groups on
the surface of nanocapsules were used to react directly with mannose isothiocyanate while
di- and tri-mannose were coupled through reductive amination. The obtained delivery
systems exhibit a specific binding to agglutinin and the presence of a PEG linker showed to
increase the interaction to the receptor, due to a higher accessibility of the sugar molecule.

Kim et al. developed a siRNA delivery system composed of PEI, PEG, and man-
nose [65]. PEI molecules were used to form the polymer/siRNA polyplex, PEG was used as
a stabilizer, and mannose as a targeting ligand for macrophages. Here, two different func-
tionalization methods were performed: one in which PEG and mannose molecules were
directly linked to PEI backbone (mannose-PEI-PEG), and another in which mannose chains
were conjugated to PEI using a PEG spacer, i.e., mannose was linked to PEG before reaction
of mannose-PEG chains to PEI backbone. In these reactions, like the ones described before,
α-D-mannopyranosylphenyl isothiocyanate was used for mannosylation and PEG was
conjugated to PEI via glutaraldehyde linkage. The researchers also found that the location
in which mannose ligands are conjugated affect the cytotoxicity of nanocarriers. Table 1
resumes examples of glycoproteins produced with electrostatic interactions and covalent
conjugation strategies identifying the ligand and the target defined for the nanocarriers.

Table 1. List of developed carbohydrate-functionalized polymeric nanoparticles.

Polymeric Nanocarrier
Composition

Carbohydrate Ligand Functionalization Strategy Target Tissue/Cells Ref

Cholic acid and PEG Galactose N,N′-dicyclohexyl carbodiimide
reaction Liver-specific delivery [65]

PLGA NPs
Galactose
Glucose

Mannose

N,N′-diisopropylcarbodiimide/NHS
reaction - [61]

PLGA NPs Sucrose
Cholic acid DCC/NHS reactions - [62]

PLA and PEO-b-PCL
diblock copolymer NPs Mannose Nanoprecipitation-evaporation

approach Mannose receptors [63]
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Table 1. Cont.

Polymeric Nanocarrier
Composition

Carbohydrate Ligand Functionalization Strategy Target Tissue/Cells Ref

Hydroxyethyl starch
nanocapsules

MannoseDimannose
Trimannose

Mannose:
-Amine to isothiocyanate group

reaction
Dimannose and trimannose:

-Reductive amination

Agglutinin (mannose
receptor) [64]

PEI-PEG NPs Mannose
Binding of mannose to PEI-PEG

NPsBinding of mannose to PEI NPs
via a PEG spacer

Macrophage cells [65]

PLGA NPs
Mannose
Mannan

Mannoseamine
DCC/NHS/EDA reaction

Macrophages
Leishmania-infected

mice
[66]

6-Amino-6-deoxy-
curdlan Mannose Amine to isothiocyanate group

reaction
Mouse peritoneal

macrophages [67]

5. Macrophages

5.1. Functions and Polarization State

The mononuclear phagocytic system, also designated as the reticuloendothelial system,
is composed of monocytes in the blood and macrophages in the tissues and is part of the
innate immune system. During the hematopoiesis process, mature monocytes circulate for
about 8 h, grow, and end up in specific tissues, as macrophages [68].

Macrophages are present throughout the body resident in tissues and also motile,
known as free or wandering macrophages. They can originate from circulating monocytes,
but also from embryonic hematopoietic stem cells or yolk sac [69]. Macrophages play
relevant roles in the immune response, as they act in tissue development, inflammation
related to pathogens, cancer, and organ transplantation. During phagocytosis, macrophages
engulf pathogens, mediated by receptors on macrophage surface that bind to the fragment
crystallizable (Fc) region of molecule from the pathogen. This process leads to the formation
of a phagosome that merges with the lysosome where the target is digested. Macrophages
act as antigen presenting cells, when displaying foreign material or parts of antigens on
its surface in association with class II major histocompatibility complex (MHC) molecules.
This triggers T-cells, and consequently, the adaptive immunity. Likewise, macrophages can
secrete several cytokines involved in the immune response, homeostasis, and inflammation,
which modulate their function and surface marker expression [70].

Macrophages are polarized to respond to alterations in their environment, being
classified as M1 macrophages and M2 macrophages [71]. Contact with pathogen-associated
molecular patterns (PAMPs), such as bacterial lipopolysaccharide (LPS) from Escherichia coli
(Gram-negative) or peptidoglycan (PGN) from Staphylococcus aureus (Gram-positive) drives
macrophages polarization towards M1 phenotype, with the ability to elicit proinflammatory
response and production of interleukin (IL) 6 (IL-6), IL-12, and tumor necrosis factor-
alpha (TNF-α), all pro-inflammatory cytokines. Alternatively, activated macrophages
are produced in the presence of the Th2 cytokines IL-4 and/or IL-13, which can lead
macrophage polarization to M2, characterized by anti-inflammatory responses and tissue
repair abilities [72].

Regulation of macrophage polarization phenotype is reversible and modulates their
immune function. An important feature in this mechanism is the expression of the cell
surface markers. M1 macrophages overexpress CD80, CD86, and CD16/32, while M2
exhibits more arginase-1 and mannose receptor (CD206).
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5.2. Macrophage Polarization Mediated by Nanocarriers

To date, several nanocarriers were able to induce inflammatory and immune responses
in vitro and in vivo [73–75]. Nanocarriers can be internalized by macrophages inducing
changes at the cell surface as well as secretion of cytokines and chemokines [76]. Under-
standing the mechanism of interaction between nanocarriers and macrophages will con-
tribute to an effective design of nanocarriers for a specific therapeutic strategy. Macrophage-
mediated therapies are emerging as a promising and effective approach towards the treat-
ment of several diseases. In particular, uptake of nanocarriers by macrophages implies
interaction between nanocarriers’ surface and macrophage cell membrane. Therefore, the
formed membrane-bound vesicle will have a size, composition, and internal environment
according to the internalization, resulting in endosomes, phagosomes, or macropinosomes.
In fact, the uptake mechanisms can be described as phagocytosis, micropinocytosis, en-
docytosis mediated by clathrin or by caveolin, or independent from both [77]. Passive
and active targeting approaches can be designed to achieve the intended effect. Size
and surface of the nanocarrier govern passive targeting, while for an active targeting
the surface of the nanocarrier requires functionalization with a specific ligand towards a
particular surface cell receptor. Carbohydrate-coated nanocarriers have been exploited to
target mannose receptors expressed in macrophages and dendritic cells (antigen presenting
cells, APCs) [51].

Conjugation of ligands at the surface of nanocarriers may modulate the immune
system. The use of targeted nanocarriers elicit the maturation of APCs, with alterations
at the surface expression of co-stimulatory molecules and in the secretion of cytokines
that activate T-cell responses [78–80]. Active targeting of nanocarriers towards endocytic
receptors present on macrophage surface can be achieved using C-type lectin receptors
(CLR) or the mannose receptor CD206.

5.3. Mannose Receptor

CD206 or mannose receptor (MR) has the ability to recognize mannosylated or fu-
cosylated glycoproteins and engulf them [81]. This 175 kDa endocytic receptor was first
identified in rabbit alveolar macrophages and is a type I transmembrane receptor com-
posed by an extracellular region containing a cysteine-rich (CR) domain that acts as second
lectin domain, and a fibronectin type II (FNII) domain that is involved in collagen binding,
and multiple C-type lectin-like domains (CTLDs) within a single polypeptide backbone
where the binding of sugars terminated in D-mannose, L-fucose, or N-acetyl glucosamine
occurs [82]. Based on their structure, CLR are grouped as transmembrane CLRs and soluble
CLRs (collectins). Type I transmembrane CLRs include MR and ENDO180 (mannose recep-
tor C type 2), while type II transmembrane CLRs include dendritic cell-specific intracellular
adhesin molecule 3 grabbing non-integrin (DC-SIGN), langerin, and macrophage galactose
type lectin (MGL) receptors [83].

MR expression is not restricted to resident macrophages and dendritic cells. It was also
found on immature monocyte-derived dendritic cells [84], hepatic endothelial cells [85], tra-
cheal smooth muscle cells [86], and kidney mesangial cells, among others [84]. Expression
of this receptor is modulated by cytokines, immunoglobulin receptors, and pathogens [87].
MR synthesis is more rapid in the presence of immunoglobulins IgG2a and IgG2b [88]. Cy-
tokines regulate MR expression as IL-4 [89], IL-13 [90], and IL-10 [91] enhance macrophages
receptors expression, while interferon-G (IFN-G) [92] down-regulate MR expression and
increase macrophage’s activation.

Macrophages cell surface express about 10–30% of MR at steady state and the re-
maining 70–90% have an intracellular location. Early endosomes contain MR internalized
and are able to send these receptors back to the cell surface through the interaction with
the clathrin-mediated endocytic machinery [80]. This mechanism is mediated by small
intracellular vesicles (below 0.2 μm) and drive the MR to be recycled to the macrophage
membrane or delivered into late endosomes, filled with lysosomal hydrolases. Here, under
acidic pH and hydrolase-rich environment, the final degradation of the internalized cargo
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happens. The ability of nanoparticles to modulate the macrophage state through MR was
described for several authors (Table 1). For example, chitin and mannose-coated beads
improved the production of tumor necrosis factor-alfa (TNF-α), IFN-G, and IL-12 by murine
spleen cells in relation to non-coated beads [93].

MR is also expressed in DCs and actively contributes to antigen recognition and pro-
cessing. Evidences confer MR an important part in the antigen-internalization mechanism
in DCs. For example, bovine serum albumin coated with mannose enhanced the uptake
and presentation of this antigen to T cells [94,95].

Macrophages are responsible for the internalization and degradation of pathogens,
acting as pattern recognition receptors, given the highly conserved C-type lectin receptors,
in a calcium dependent manner. Thus, this first line of defense binds to carbohydrate
molecules (e.g., mannose, fucose, and N-acetyl glucosamine) present on the surface of a
wide variety of pathogens, including Candida albicans [81], Leishmania donovani [96], and
Mycobacterium tuberculosis [97].

5.4. Mannose Receptor-Targeted Nanocarriers Interactions with Macrophages

Targeting MR in macrophages using polysaccharides or glycoproteins containing
mannose or fucose residues has been exploited to develop nanocarrier-based macrophage-
mediated therapies [98]. Mannose-based glycopolymers exhibited an increased internaliza-
tion by macrophages in comparison to galactose-containing glycoprolymers [99]. Given
the variability of ligand–target interaction according to the activation and differentiation
state of macrophages, studies should consider various types of carbohydrate moieties. The
design of the nanocarriers should also pay attention to their surface charge, as it affects
macrophage binding affinity. Anionic sialic acid is present on macrophages surface and
enhances phagocytosis of positively charged nanocarriers [100]. Nanocarriers coated with
albumin, folic acid, or cholesterol are easily internalized by caveolin-mediated endocytosis
which prevents lysosomal degradation. However, mechanisms of uptake are interchange-
able and blocking a path may “open” another endocytic path, which poses a challenge in
the design of a nanocarrier (Figure 4) [5,101].

Figure 4. Glyconanoparticle interaction with macrophages through receptor mediated endocytosis mechanism.

5.4.1. Mannose Receptor-Targeting Nanocarriers towards Infection Resolution

Macrophages are host cells of many intra-cellular pathogens (bacteria, parasites, and
virus) causing infectious diseases that could be managed with nanocarriers targeting MR.
Recent examples of carbohydrate-based polymeric nanocarriers towards macrophages are
described and shown in Table 2.

Tuberculosis is the bacterial infection responsible for more deaths worldwide. The
treatment regimen involves oral administration of rifampicin, isoniazid, pyrazinamide, and
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ethambutol for long periods, usually over six months. The completion rate is highly depen-
dent of patient compliance, but interruptions may occur due to adverse side-effects. Hence,
new therapeutic approaches which are more efficient, with less side-effects and shorter
duration of treatment are envisaged [102]. Aminoglycoside antibiotics are used against my-
cobacterial infections, but usually are not highly membrane permeable eliciting adverse side
effects. Chitosan nanoparticles loaded with aminoglycoside were produced with dextran
sulphate as counter ion to shield the positive charge of the antibiotic. In vivo results showed
effective killing of intracellular M. tuberculosis upon oral administration of antibiotic-loaded
nanocarriers [103]. Isoniazid, an anti-tuberculostatic agent, was incorporated in mannosy-
lated gelatin nanoparticles. Macrophages were effectively targeted by these nanoparticles,
as assessed by flow cytometry [104]. For rifampicin, several examples of nanocarriers
have been described. Rifampicin was loaded in dendrimers able to enhance alveolar
macrophage uptake and drug release at pH 5 [105], and also in flower-like polymeric
micelles which surface was modified with hydrolyzed galactomannan [106]. The latter
combined mannose and galactose were both recognized by CLRs. A complex nanocarrier
based on poly(epsilon-caprolactone)-b-poly(ethylene-glycol)-b-poly(epsilon-caprolactone)
flower-like polymeric micelles (PMs) coated with chitosan or GalM-h/chitosan was pro-
duced allowing higher intracellular levels of rifampicin in murine macrophages, relative to
its free and chitosan-loaded forms.

The protozoa Leishmania is the causative agent of several infectious diseases upon
invading macrophages in the liver and spleen (visceral leishmaniasis) or in the skin (cuta-
neous leishmaniasis). Leishmaniasis remains endemic in developing countries and without
proper treatment leads to death. Pentavalent antimonials were the first anti-leishmanial
agents used, but given their toxicity, treatment evolved to amphotericin B, miltefosine,
pentamidine, primaquine, paromomycin, and even natural compounds (e.g., amarogentin
and andrographolide) [107]. Treatment is hampered by the intracellular localization of the
protozoa inside the phagolysosome. The US FDA-approved poly(d,l-lactide-coglycolide)
(PLGA) polymer was functionalized with carbohydrate moieties (mannose, mannan, and
mannosamine) to identity the most effective in targeting macrophages infected with Leish-
mania. In vitro data obtained with murine primary macrophages evidenced the immune-
modulatory properties of the nanocarriers, with activation of macrophages and produc-
tion of pro-inflammatory cytokines, upon clathrin-mediated endocytosis. Amphotericin
B-loaded on mannan-functionalized PLGA nanocarriers confirmed in vivo efficacy in re-
lation to Fungizone© alone, in a visceral leishmaniasis model [66]. MR was targeted by
coating polyanhydride nanoparticles with carbohydrates (galactose and di-mannose) by
Chavez-Santoscoy and co-workers [108]. The designed nanocarriers increased surface
expression of markers in alveolar macrophages, enhanced the expression of MR, and
promoted production of pro-inflammatory cytokines (IL-1b, IL-6, and TNF-a). Curcumin-
loaded mannosylated chitosan nanoparticles improved the drug mean residence time
within infected macrophages [109]. Effective endocytosis mediated by MR lead to better
pharmacokinetic parameters.

Table 2. Mannose receptor-targeting nanocarriers towards infection resolution.

Composition Carbohydrate Cargo Advantages Ref

Chitosan, dextran sulphate - Aminoglycoside
Oral administration allowed

effective killing of intracellular
M. tuberculosis

[103]

Gelatin Mannose Isoniazid Effective targeting of
macrophages [104]

Poly(epsilon-caprolactone)-b-
poly(ethylene-glycol)-b-

poly(epsilon-caprolactone) and
chitosan

Galactomannan Rifampicin
Improved cellular

internalization in murine
macrophages

[106]
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Table 2. Cont.

Composition Carbohydrate Cargo Advantages Ref

PLGA Mannose, mannan and
mannosamine Amphotericin B Improved in vivo efficacy

against visceral leishmaniasis [66]

Polyanhydride Galactose and
di-mannose - Increase production of

pro-inflammatory cytokines [108]

Chitosan Mannose Curcumin
Enhanced the drug residence

time within infected
macrophages

[109]

Gelatin Mannose Didanosine

Improved uptake by alveolar
macrophages, and in vivo
distribution mainly in the

lungs, spleen and lymph nodes

[110]

Stearate-g-chitosan Oligosaccharide Lamiduvine High cellular uptake with low
toxicity in viral infected cells [111]

Sialic acid and
poly(propyleneimine) Mannose Zidovudine

Low cell toxicity and in vivo
biodistribution on the lymph

nodes
[112]

Targeted mannose-coated gelatin nanoparticles were produced to enhance therapeutic
efficacy of didanosine towards human immunodeficiency virus [110]. Higher uptake by
alveolar macrophages was observed with the mannose coating, and in vivo biodistribution
studies revealed the presence of the nanocarriers in the spleen, lymph nodes, and lungs.
Lamiduvine delivery towards HIV was improved with the incorporation in stearate-g-
chitosan oligosaccharide polymeric micelles. The nanocarrier led to high internalization
and low cytotoxicity in viral transfected cells [111]. Another antiretroviral drug, zidovu-
dine, was incorporated within sialic acid and mannose dual-coated poly(propyleneimine)
dendrimer [112]. This nanocarrier produced less cell toxicity and hemolysis, most probably
related to the zidovudine-sustained release and enhanced internalization by macrophages.
In vivo biodistribution revealed targeting to sialo-adhesin and carbohydrate receptors in
the lymph nodes.

5.4.2. Mannose Receptor-Targeting Nanocarriers towards Tumor-Associated Macrophages

Macrophages accumulate in the tumor microenvironment, being designated as tumor-
associated macrophages (TAM). These represent the major contribution of tumor immune
escape, angiogenesis, growth, and metastasis [113]. Mannosylated nanocarriers can modu-
late macrophage polarization from M2 phenotype to the M1 phenotype enhancing anti-
tumor immunity. Delivery of Toll-like receptor (TLR) agonists reset TAM polarization
towards an antitumor M1 phenotype. Rodell and co-workers produced b-cyclodextrin
nanoparticles containing a TLR7/8 agonist that reprogrammed TAM and, as a consequence,
efficiently controlled tumor growth [114].

MR targeting can also contribute to improve gene delivery efficiency, by improving
transfection and tissue specificity. Reeducation of TAM can be accomplished with delivery
of siRNA, miRNA, or mRNA using mannosylated nanoparticles [115,116]. Likewise, chi-
tosan nanoparticles allowed to deliver therapeutic DNA by MR-mediated endocytosis [117].
Experimental data highlights less cytotoxicity, improved gene transfection, and induction
of IFN-γ production upon IL-12 gene delivery, in comparison to plain chitosan nanocarriers.
IL-12-based gene delivery can be applied for cancer immunotherapy, as it elicits a Th1-type
immunity and also cell-mediated immunity.

Instead of only modulating TAM polarization to control cancer progression, it is also
possible to completely neutralize or kill them, with the delivery of cytotoxic compounds
using TAM-targeted nanoparticles [118].
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Nanoparticle-based immunotherapies represent a promising approach to target tumor
environment, in particular TAM, instead of aiming for the tumor cells, preventing immune-
mediated adverse-effects. Another application could be cancer vaccination by targeting
immune cells in the lymph node.

5.4.3. Mannose Receptor-Targeting Nanocarriers towards Prevention Approaches

Oral delivery is the preferred route for drug/bioactive compounds administration, due
to effects both at a local and systemic level, minimal invasiveness, and cost-effectiveness [119,
120]. However, a question of bioavailability and efficacy emerges when these immunomod-
ulatory compounds are orally administered in its free form. This can be attributed to
compound degradation due to pH variation and enzymatic activity in the gastrointestinal
(GI) tract or poor permeability across intestinal biological membranes [119,121,122]. De-
livery systems such as carbohydrate-functionalized polymeric nanoparticles are able to
provide protection from degradation in the GI tract, increase absorption by the intestinal
epithelium due to its mucoadhesive properties (e.g., PLGA, chitosan, and alginate) and
cell or tissue-targeted delivery and sustained release [121,123–126]. Gentamicin (GM) is an
antibiotic that can only be administered in parenteral form or in topical formulations, and
it cannot be orally administered due to enzymatic degradation and poor bioavailability.
However, when GM was encapsulated in chitosan-functionalized PLGA nanoparticles
and orally given to healthy rabbits, it not only reached the GI tract, as it was able to
cross the membrane entering the blood stream [127]. Based upon these findings the
authors concluded that biodegradable chitosan-functionalized PLGA nanoparticles are
potential candidates for GM oral delivery. Furthermore, these polysaccharide polymers-
based nanoparticles show unique physicochemical properties, namely, biocompatibility,
biodegradability, non-toxicity, and low cost [128,129].

Immunomodulators targeting myeloid cells, particularly macrophages, are a proven
strategy to improve the host immunological status and immune response. Several studies
show that oral immunostimulation with bioactive compounds can be an effective pro-
phylactic strategy to prevent infectious disease or curtail its effects [130–132]. As already
mentioned, macrophages perform critical roles in innate immune response, including
inflammation and tissue repair, pathogen elimination, and coordination of the adaptive
immune response. Cell surface receptors that recognize polysaccharide residues such as
mannose, galactose, or N-acetylglucosamine residues are paramount for macrophage acti-
vation and response. Carriers comprising a matrix of polysaccharide moieties, or surface
ligands composed of carbohydrates, are suitable candidates for macrophage targeting or
stimulation. A chitosan nanoparticle functionalized with a high molecular weight ulvan
polysaccharide, activated Senegalese sole (Solea senegalensis) macrophages and triggered a
stronger immune response than the ulvan extract free form. Ulvan is a complex polysaccha-
ride composed of glucuronic acid and sulphated rhamnose, known to activate and induce
a potent stimulating effect on macrophage oxidative burst [133]. It was hypothesized that
ulvan stimulating properties improved in the chitosan/ulvan nanoparticles possibly due
to particle endocytic uptake by macrophages [134]. Particle size is an important feature
for cell uptake: when comparing microparticles to nanoparticles, the latter is generally
having higher cell internalization rates, and thus can be utilized to target cellular and
intracellular receptors due to their smaller size and mobility [135]. Furthermore, several
studies explored mannose-functionalized nanoparticles recognition by the macrophage
MR as a way to stimulate macrophages [67,136].

The potential to use orally delivered carbohydrate-functionalized polymeric nanopar-
ticles to target macrophages is recognized, mostly because of the unique structural features
of polysaccharides referred above. As research progresses in the field of nutraceuticals,
these glyconanoparticles seem to be a highly suitable delivery system for biologically active
compounds targeting macrophages.
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6. Future Perspectives

Further application of carbohydrate-functionalized polymeric nanoparticles depends
on more efficient production methods and improved selectivity towards macrophages or
other defined targets (Table 3). The design should consider drug release rate to assure rapid
release of the cargo at the target site. The amount of loaded cargo is also crucial, since a
balance needs to be achieved between high capacity and safety of the total administered
dose. Altogether, the product should be scalable and cost-effective to attract investors and
industries. However, not all these requirements are currently met. In fact, the production
methods are hardly reproducible, as the molecular weight, functional groups, and purity
of polymers depends on the source and batch. More knowledge on the mechanism of
interaction between glyconanoparticles and targeted macrophages will certainly allow to
optimize these parameters and obtain a product for further translation. In fact, the potential
of the carbohydrate-functionalized nanoparticles is highlighted by the increasing number
of patents found on the World Intellectual Property Organization and recently discussed
by Patil and Deshpande [73].

Table 3. A resume of the advantages and limitations of mannose receptor-targeting polymeric
nanocarriers.

Advantages Limitations

Surface chemistry can be controlled to reduce
impact in the nanoparticles toxicity,

immunogenicity, and biodistribution
Production of heterogeneous populations

Improved
pharmacokinetics/pharmacodynamics profile

Nanoparticles stability during storage, in
contact with blood and tissues

Effective internalization in targeted cells Scale up and time of production, particularly
for functionalized nanoparticles

Site-specific delivery with reduced side-effects

High binding affinity for targeted cells

7. Conclusions

Carbohydrates play a fundamental role in many aspects of receptor-mediated delivery
and therapies. The insertion of carbohydrates in biodegradable polymeric nanoparticles
enhances their biocompatibility and favors their use for biomedical applications. In this
review, we focused on the preparation methods and use of carbohydrate-functionalized
polymeric nanoparticles for macrophage targeting. The sugar moieties present in these
nanocarriers are able of specifically interacting with receptors at the surface of macrophage
cells and trigger immune responses. The study of this interaction makes the development
of new macrophage-mediated therapies possible, with the mannose receptor binding
being the most exploited, due to its abundant expression in dendritic cells and increased
internalization. Mannose-targeting nanocarriers have shown to be effective in increasing
the production of pro-inflammatory cytokines, in infection resolution, modulate tumor-
associated macrophages’ polarization, and improving nutraceuticals oral administration.
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Abstract: Tyrosol, a natural product present in olive oil and white wine, possesses a wide range of
bioactivity. The aim of this study was to optimize the preparation of nanosystems encapsulating
tyrosol in carbohydrate matrices and the investigation of their ability to bind with DNA. The first
encapsulation matrix of choice was chitosan using the ionic gelation method. The second matrix was
β-cyclodextrin (βCD) using the kneading method. Coating of the tyrosol-βCD ICs with chitosan
resulted in a third nanosystem with very interesting properties. Optimal preparation parameters
of each nanosystem were obtained through two three-factor, three-level Box-Behnken experimental
designs and statistical analysis of the results. Thereafter, the nanoparticles were evaluated for their
physical and thermal characteristics using several techniques (DLS, NMR, FT-IR, DSC, TGA). The
study was completed with the investigation of the impact of the encapsulation on the ability of
tyrosol to bind to calf thymus DNA. The results revealed that tyrosol and all the studied systems
bind to the minor groove of ctDNA. Tyrosol interacts with ctDNA via hydrogen bond formation,
as predicted via molecular modeling studies and corroborated by the experiments. The tyrosol-
chitosan nanosystem does not show any binding to ctDNA whereas the βCD inclusion complex
shows analogous interaction with that of free tyrosol.

Keywords: tyrosol; nanoparticles; Design of Experiment (DoE); chitosan; β cyclodextrin; DNA binding

1. Introduction

Tyrosol (2-(4-Hydroxyphenyl)ethanol) is a biophenol that is found in olive oil, white
wine, beer and vermouth (Figure 1) [1]. Even though tyrosol does not exhibit strong antiox-
idant activity, it contributes to the cellular defences due to intracellular accumulation [2,3].
Moreover, numerous studies affirm that tyrosol offers neuroprotective and cardiopro-
tective effect and enhances the regulation of the human LDL levels [4,5]. However, its
hydrophilic nature impedes its incorporation in lipid substrates and limits its absorption
and bioavailability [6].

Figure 1. Structure of tyrosol.

Nanoencapsulation of bioactive compounds and pharmaceutical agents in suitable
carriers is a very promising technology, as it offers protection and stabilisation of the
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encapsulated compound. Furthermore, the encapsulation of a compound may lead to a
controllable and sustained release, thus enhancing its activity. Therefore, this technology is
incorporated in a broad range of applications in different fields, such as in medicinal and
pharmaceutical science, cosmetics, agrochemical and food industry [7–10].

β-cyclodextrin (βCD) is a truncated cone-shaped oligosaccharide, with a hydrophobic
inner cavity and a hydrophilic outer surface [11]. Small, hydrophobic molecules can be
entrapped in the cavity forming an inclusion complex (IC), increasing their solubility, while
more hydrophilic compounds can be bound on the external surface [12–14].

Chitosan (CS) is a naturally occurring polymer widely used as a nanocarrier. It is
nontoxic, biocompatible and biodegradable and is recognised as Generally Recognised
as Safe (GRAS) by the Food and Drug Administration (FDA) [15,16]. The process of
encapsulation in chitosan nanoparticles (NPs) has been extensively studied and various
techniques have been reported. The nature of the polymer permits the encapsulation of
small or larger molecules, natural products like plant extracts and essential oils, or even
other nanosystems [17–19].

The properties of the particulate system are defined by the selected carrier and prepa-
ration process. Therefore, the ability to design and engineer the experimental process in
order to obtain desirable results is an asset for any application. To that end, experimental
design and statistical analysis are implemented. Box-Behnken design (BBD) is a Response
Surface Methodology (RSM) that enables the multivariate optimisation of a quadratic
model [20–22].

Intercalators and groove binders are a class of compounds that interact with the double-
stranded DNA. Many anticancer drugs, such as anthracyclines, interact with the DNA
through intercalation between adjacent base pairs perpendicularly to the axis of the helix.
Many substituents in the intercalator molecule can greatly influence the binding mechanism,
the geometry of the ligand–DNA complex and the selectivity of the sequence [23,24].

The interactions between the various cyclodextrins and DNA have yet to be com-
pletely identified; however, they are of utmost importance as there are many marketed
formulations that contain cyclodextrins. Modified cationic cyclodextrins are known to
interact with DNA for gene therapy applications while a strong interaction of a βCD
complex was proved to be formed with DNA as the ribose and phosphate groups of the
DNA exert a stabilizing effect by forming H-bonds with the outer surface of CD [25,26].

The aim of this study was to develop and optimize the encapsulation process of tyrosol
in nanosystems using different matrices namely: chitosan (TYR/CS), βCD (TYR-βCD) as
well as in the combined system of βCD/CS (TYR-βCD/CS). The kneading method was
used for the preparation of the inclusion complex of tyrosol with βCD (TYR-βCD) and
ionic gelation for the synthesis of the chitosan nanoparticles. The process optimisation was
performed in both cases using a three-factor three-level BBD. The independent variables
were set as the initial concentration of the polymer, the loading capacity of TYR or the
TYR-βCD inclusion complex and the amount of the cross-linking agent. The examined
range was elicited from literature data and data from preliminary experiments.

Complete characterisation of the systems was performed by various methods and tech-
niques, such as Nuclear Magnetic Resonance Spectroscopy (NMR), Infrared Spectroscopy
(FT-IR), antioxidant activity determination by the DPPH method, Dynamic Light Scattering
(DLS) for the measurement of size, polydispersity index and ζ-potential, Thermogravi-
metric Analysis (TGA) and Scanning Electron Microscopy (SEM). Finally, the effect of the
encapsulation matrix on the ability of tyrosol to interact with Calf-thymus DNA (ctDNA)
was investigated.

2. Materials and Methods

2.1. Materials

Tyrosol was purchased from Fluorochem (Hadfield, Derbyshire, UK), β-Cyclodextrin
in an assay ≥99% (HPLC) was obtained from Fluka (Buchs, Switzerland) and Chitosan
(5–20 mPa·s, 0.5% in 0.5% Acetic Acid at 20 ◦C) from TCI (TCI (Shanghai, China). Tween 80,
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Tris Base, rhodamine B and deoxyribonucleic acid sodium salt, calf thymus were purchased
from Alfa Aesar (Ward Hill, MA, USA) and Sodium Tripolyphosphate from Acros Organics
(Morris Plains, NJ, USA). For all the experiments double-deionised water was used.

2.2. Synthesis of Nanoparticles
2.2.1. Preparation of Inclusion Complexes of Tyrosol with βCD (TYR-βCD)

The kneading method was used for the preparation of the inclusion complex. Briefly,
equimolar quantities of βCD (569 mg) and TYR (70 mg) were mixed in an agate mortar
and pestle with minimum amount of the solvent (H2O:EtOH 7:3 v/v) for 30 min. The paste
was dried to constant weight in a high vacuum pump [27].

2.2.2. Encapsulation of Tyrosol in Chitosan Nanoparticles (TYR/CS)

In a 1% aqueous acetic acid solution, 0.05%, 0.2% or 0.35% CS was fully dissolved.
Then, an equal to CS amount of emulsifier Tween 80 is added and left to stir at room
temperature overnight until complete dissolution. In 5 mL of the occurring solution 2.5, 10
or 17.5 mg of tyrosol was added and the solution was left to stir until total dissolution. Then
1 mL of TPP solution of concentration 0.42, 1.67 or 0.35 mg/mL was added dropwise. The
sample was left under magnetic stirring at 700 rpm, for 10 min at 25 ◦C. The nanoparticles
were centrifuged at 30,000 rpm for 45 min. The sediment was dispersed and washed with
two more consecutive centrifugations. Finally, the nanoparticles were freeze dried and
stored in a desiccator.

2.2.3. Coating of the Tyrosol-βCD Inclusion Complexes with Chitosan (TYR-βCD/CS)

For the synthesis of TYR-βCD/CS nanoparticles, the procedure described in
“Section 2.2.2” was followed, adding TYR-βCD instead of tyrosol. For preparation of
blank chitosan nanoparticles, in 5 mL of 0.2% chitosan, 1 mL of TPP solution 1.67 mg/mL
was added and the solution was left to stir for 10 min.

2.3. Design of Experiments (DoE)

Two experimental designs were conducted to optimize the processes for preparation
of TYR/CS and TYR-βCD/CS nanoparticles. Design-Expert® in trial version (Version 12,
Stat-Ease, Inc., Minneapolis, MN, USA) was used.

Three factors at three levels were selected to control the size (response R1) and ζ-
potential (response R2) of the nanosystem. Factor A was the concentration of the chitosan
solution, factor B was the mg of TPP and factor C the amount of tyrosol for the TYR/CS

nanosystem or of the inclusion complex for the TYR-βCD/CS system.
Factors’ levels and their normalised values are shown in Table 1. Central Point (0, 0, 0)

was repeated three times, and a total of 15 runs were performed for each set.

Table 1. Factors, level and responses of the DoE studies.

Factors
Levels Responses Constrains

−1 0 +1
R1 Size (nm) Minimize

A CS (% w/v) 0.05 0.20 0.35

B TPP (mg) 0.42 1.67 2.92
R2 ζ-potential (mV) Maximize

C (i) TYR (mg)
(ii) TYR-βCD (mg) 2.5 10.0 17.5

The data obtained were analysed with Analysis of Variance (ANOVA). Linear, second-
order and quadratic models were evaluated for all responses and in terms of statistical
significance, R2 values and the deviation of the predicted to the experimentally obtained
results.

The confidence level was set at 95% and p-values ≤ 0.05 to determine statistically
significant factors.
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2.4. Characterisation of the Nanoparticles
2.4.1. Dynamic Light Scattering (DLS)

The measurements for size, polydispersity index (PDI) and ζ-potential were performed
in a Zetasizer Nano ZS, Malvern Instruments Ltd. (Malvern, UK) using a cuvette DTS1070.
The results were analysed with the Zetasizer 7.12, Malvern Instruments Ltd. Software.

For TYR-βCD, 1 mg of the dried sample was dissolved in 4 mL of water and was fully
dispersed with 2 min ultrasound at a 2210 Ultrasonic Bath, Branson. DLS measurements of
the TYR/CS and TYR-βCD/CS samples were conducted by diluting 1 mL of freshly made
sample in 1 mL of water.

2.4.2. Encapsulation Efficiency (EE%) and Loading Capacity (LC%)

After ultracentrifugation, the quantification of free tyrosol in the supernatant was
performed using UV-Vis spectroscopy.

EE% =
Total TYR (mg)− TYR in supernatant (mg)

Total TYR (mg)
× 100 (1)

LC% = [Total encapsulated (mg)/total nanoparticles weight (mg)] × 100 (2)

2.4.3. Release Study

The release profile of tyrosol was investigated by determining the quantity of tyrosol
released form the nanosystem at given time intervals. For that reason, 50 mg of the each
nanosystem were dissolved in a 12 mL solution of aqueous 1% acetic acid (6 mL) and 6 mL
DMSO and were stirred at 37 ◦C at 100 rpm. At specific time intervals, 0.5 mL of sample
was obtained and filtered through a 0.45 μm pore syringe filter and analysed by UV-Vis
spectroscopy. Each time 0.5 mL of fresh solvent was added to the solution

2.4.4. Fourier Transform Infrared Spectroscopy (FTIR)

KBr pellets containing the dried sample were prepared with hydraulic pellet press. The
FT-IR spectra were recorded with a JASCO FT/IR-4200 spectrometer (Japan Spectroscopic
Company, Tokyo, Japan).

2.4.5. Nuclear Magnetic Resonance Spectroscopy (NMR)
1H NMR spectrum of TYR-βCD IC was obtained to determine the host–guest interac-

tions. The spectra were obtained on a Varian V 600 MHz instrument (National Hellenic
Research Foundation, Institute of Chemical Biology, Athens, Greece). The inclusion com-
plex was dissolved in deuterium oxide (D2O).

2.4.6. Thermal Characterisation

Thermal characterisation of the dried samples was performed with Differential Scan-
ning Calorimetry (DSC) with a DSC 1 STARe System device (Mettler Toledo, Columbus,
OH, USA) at temperature range from 20 ◦C to 350 ◦C with heating rate 10 ◦C/min, under
nitrogen gas flow 20 mL/min and Thermogravimetric Analysis (TGA) the TGA/DSC 1
STARe System Thermobalance (Mettler Toledo, Columbus, OH, USA) at 25 ◦C–600 ◦C,
with heating rate 10 ◦C/min, under nitrogen gas flow 10 mL/min.

2.5. Molecular Docking

The study of the interaction mode and binding affinity docking studies has been
performed with the crystal structure of the DNA (PDB ID: 1bna), was obtained from the
RSCB protein Data Bank. The optimisation of the docking parameters was performed
using AutoDock Vina software (The Scripps Research Institute, La Jolla, CA, USA) and
implemented empirical free energy function. Only polar hydrogens were added to the
DNA in AutoDock Tools [28]. Finally, the image has been generated using PyMol software.
The name and the number of nucleotides were designed according to PyMol software.
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2.6. DNA Binding Studies Using UV-Vis Spectroscopy

Lyophilised Calf-thymus DNA (ctDNA) was dissolved in Tris-HCl buffer solution
of concentration 10 mM and pH 7.4, and left overnight at 4 ◦C. Then, 1 mg ctDNA was
dissolved in 1 mL buffer and the concentration was determined from the absorbance at
260 nm using an extinction coefficient of 6600 M−1 cm−1 [29]. Tyrosol, βCD, CS, TYR-βCD,
TYR-βCD/CS, TYR/CS and Rhodamine B were dissolved in the buffer to a concentration of
10 mM for tyrosol or Rhodamine B or 2 mg/mL for the two carriers and all the nanosystems,
which were then used as the stock solution for the preparation of the concentration of
100μM. Afterwards, various concentrations (0–100 μM) of ctDNA were added to the
prepared solutions which were incubated for 5 min and 30 min at 37 ◦C. Absorption spectra
were measured using a JASCO double beam V-770 UV-Vis/NIR spectrophotometer in
range of 230–400 nm.

3. Results

3.1. DoE for the TYR/CS Preparation Process

The measured responses for the TYR/CS nanoparticles are presented in Table 2.

Table 2. Experimental data of TYR/CS nanosystem and obtained results.

No Coded Name

Factors Responses

A B C
R1

Size (nm)
R2

ζ-Potential (mV)

1 TYR/CS 54 1 0 −1 168.8 41.6

2 TYR/CS 52 1 −1 0 574.6 46.4

3 TYR/CS 49 −1 1 0 precipitated 4.3

4 TYR/CS 50 0 −1 −1 679.6 41.7

5 TYR/CS 77 0 0 0 127.2 24.8

6 TYR/CS 57 0 1 −1 139.4 32.0

7 TYR/CS 45 0 −1 1 474.8 36.4

8 TYR/CS 53 1 0 1 199.3 43.3

9 TYR/CS 42 0 0 0 139.8 36.4

10 TYR/CS 51 0 0 0 115.3 35.5

11 TYR/CS 56 0 1 1 148.9 37.5

12 TYR/CS 47 −1 −1 0 393.4 28.6

13 TYR/CS 43 −1 0 −1 precipitated 8.7

14 TYR/CS 46 −1 0 1 precipitated 12.7

15 TYR/CS 55 1 1 0 206.1 37.0

From the table above, it can be observed that the size of the occurring nanoparticles
ranged from 115.3 nm at central point to 679.6 nm except for points (−1, 1, 0), (−1, 0, 1)
and (−1, 0, −1) in which the particles were over 3 μm and precipitated.

ζ-potential was positive in all cases and ranged from 4.3 to 46.4 mV. As chitosan is
a cationic polymer at acidic environments, highly positive ζ-potential is expected, and
is indicative of its stability in dispersion. However, the presence of the polyanion TPP
manages to reduce the value, by interacting with the protonated amino groups.

Particles in the micro scale were observed only in three points in all of which the
concentration of chitosan was at the low level while the concentration of TPP was on
its medium or high level. Hence, it can be deduced that when the ratio of chitosan to
TPP is low, there is accumulation of the cross-linker in the particles surface, which can
also be confirmed by the low ζ-potential. On the other hand, increase in the particles’
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size is also observed when the ratio of chitosan to TPP is high, as it occurs from points
(1, −1, 0), (0, −1, −1) and (0, −1, 1). This could be attributed to an excess of chitosan in
the particles surface resulting in insufficient cross-linking of the polymer and low cross-
linking density between the polymer and the cross-linking agent. The high ζ-potential of
those points confirms the existence of protonated amino groups on the surface of the NPs.
Moreover, increased concentration of chitosan leads in decreased intermolecular distance
and increased intermolecular hydrogen bonding between the polymeric chains [30–34].

3D surface plots of R1 were designed (Figure 2), and statistical analysis of the results
was performed. A Reduced Quadratic Model better described the results (Equation (3)) and
was found to be statistically significant (p-value 0.0012). Factors A, B, AB, A2 were found
to be statistically significant, verifying the observation that the size of the nanoparticles
depends both on the amount of chitosan and the interaction with the crosslinking agent
TPP. The Model F-value was calculated to be 9.43, indicating a significant model.

The coded equation that describes the size response is:

R1= −85.74 − 2666.41 A + 1450.25 B + 162.06 C − 3301.28 AB + 2674.75 A2 + 729.22 B2 (3)

Figure 2. 3D surface plot of response R1 of TYR/CS system (a) CS Vs TPP (tyrosol: 10 mg) (b) CS Vs TYR (TPP: 1.67 mg)
(c) TPP Vs TYR (CS: 0.2%).
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For the ζ-potential response, the linear model (Equation (4)) best described the relation
between the experiment data of R2 and the model F-value was 9.64. The 3D surface plots
of R2 are presented in Figure 3.

Figure 3. 3D surface plot of response R2 of TYR/CS system (a) CS Vs TPP (tyrosol: 10 mg) (b) CS Vs TYR (TPP: 1.67 mg)
(c) TPP Vs TYR (CS: 0.2%).

The coded equation that describes the ζ-potential-response is:

R2 = 30.64 + 14.25 A − 5.29 B + 0.74 C (4)

Table 3 summarises the significance of each factor for the responses R1 and R2 of the
TYR/CS nanosystem.

Optimal preparation conditions for TYR/CS nanoparticles are found to be close to
the Central Point (CP) values of factors B and C and in the range 0.2–0.35% for the CS
concentration.

Those results are in accordance with literature. Shah et al. [31], prepared CS nanopar-
ticles loaded with quetiapine fumarate sized between 140 and 487 nm. The optimal prepa-
ration conditions were CS concentration 0.1% and CS:TPP ratio 4.8:1, with stirring time
15 min at 700 rpm and resulted in nanoparticles of size 131.08 nm with ζ-potential 34.4 mV.
Delan et al. [30] used BBD for the optimisation of the synthesis of chitosan nanoparticles
loaded with the anionic and lipophilic drug simvastatin. It was found that the best CS
concentration was 0.34% and the CS:TPP ratio was 3:1, leading to nanoparticles of size
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106 nm and ζ-potential 43.3 mv. Sharma et al. [34] ran a four-factor, three-level BBD to
assess the process of synthesis of Carvedilol loaded CS nanoparticles. In their research,
optimum CS concentration was found to be 0.262% and the nanoparticle size was measured
with TEM 102.12 nm.

Table 3. Significance of each factor equation model terms of the TYR/CS system.

Factor
p-Value

R1 R2

Model 0.0012 0.0013

A 0.0010 0.0002

B 0.0309 0.0843

C 0.7848 0.7984

AB 0.0024 -

A2 0.0072 -

B2 0.3807 -

R2 0.850 0.6899

Adjusted R2 0.760 0.6184

Adeq Precision 11.385 10.0663

3.2. DoE for TYR-βCD/CS

The aqueous dispersion of the inclusion complex of tyrosol with βCD is formed by
nanoparticles of size 478.1 nm with a negative, almost neutral ζ-potential of −7.18 mV. The
entrapment of the inclusion complex into the chains of chitosan reversed the ζ-potential,
due to the presence of chitosan in the outer layer of the inclusion complexes. Furthermore,
in most of the 15 runs of the experimental design, the obtained particles were significantly
smaller than the inclusion complex. This could be attributed to the strong electrostatic
interaction between the oppositely charged carriers, which could separate agglomerations.

From the data in Table 4, it can be observed that the measured sizes ranged from
132.6 nm to over 3 μm, which precipitate, while the ζ-potential ranged from 4.8 to 46.5 mV.

The lowest result for R1 is at the point (0, +1, −1), but at the CP, the size is also very
close (average is 190.5 nm). In this design, it can also be observed that the chitosan-to-
TPP ratio has a strong impact on the particles’ size and ζ-potential. Therefore, for points
(−1, 1, 0), (−1, 0, −1) and (−1, 0, 1), the particles precipitate, and the ζ-potential is very
low. Moreover, from the 3D surface plot of the response R1 (Figure 4), the size tends to
decrease when the concentration of CS increases.

According to the mathematical analysis, the Reduced Quadratic Model was the most
suitable for describing this response (F = 12.08). The coded equation (Equation (5)) that
describes the system is:

R1 = −185.97 − 3350.14 A + 1093.59 B − 226.53 C − 2506.92 AB + 3392.22 A2 + 906.57 C2, (5)

The ζ-potential values range from 4.8 to 46.5 mV for the TYR-βCD/CS system.
Response R2 is best described by the quadratic model, with F-value = 24.02. The coded

equation (Equation (6)) of the model is as follows:

R2 = 25.04 + 13.11 A − 4.30 B + 2.54 C + 2.18 AB + 1.50 AC − 1.03 BC − 6.72 A2 + 7.21 B2 + 5.98 C2, (6)

The 3D surface plots of R2 are presented in Figure 5.
Table 5 summarises the significance of each factor for the responses R1 and R2 of the

TYR-βCD/CS nanosystem.
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Table 4. Experimental data of TYR-βCD/CS nanosystem and obtained results.

Run Coded Name
Factors Responses

A B C R1 R2

1 TYR-βCD/CS 67 0 −1 −1 364.8 36.9

2 TYR-βCD/CS 78 0 0 0 159.0 28.7

3 TYR-βCD/CS 66 −1 +1 0 precipitated 4.8

4 TYR-βCD/CS 73 0 +1 +1 142.2 37.5

5 TYR-βCD/CS 70 +1 0 +1 231.0 39.9

6 TYR-βCD/CS 68 0 0 0 162.5 21.2

7 TYR-βCD/CS 71 +1 0 −1 190.3 34.3

8 TYR-βCD/CS 64 −1 −1 0 276.7 19.4

9 TYR-βCD/CS 72 +1 +1 0 221.3 36.0

10 TYR-βCD/CS 69 +1 −1 0 595.0 41.9

11 TYR-βCD/CS 79 0 0 0 141.5 27.8

12 TYR-βCD/CS 62 0 −1 +1 441.5 46.5

13 TYR-βCD/CS 61 −1 0 −1 precipitated 11.7

14 TYR-βCD/CS 63 −1 0 +1 precipitated 11.3

15 TYR-βCD/CS 74 0 +1 −1 132.6 32.0

Table 5. Significance of each factor equation model terms of the TYR-βCD/CS system.

Factor
p-Value

R1 R2

Model 0.0028 0.0016

A 0.0006 <0.0001

B 0.1131 0.0130

C 0.7221 0.0766

AB 0.0204 0.2353

AC - 0.3950

BC - 0.5530

A2 0.0046 0.0080

B2 - 0.0100

C2 0.2881 0.0213

R2 0.8773 0.9760

Adjusted R2 0.7853 0.9327

Adeq Precision 9.8620 15.2455

For this system, the optimal preparation formula was found to be the CP, giving the
smallest nanoparticles and a ζ-potential of 25.9 mV. This point was chosen for further
experiments.
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Figure 4. 3D surface plot of response R1 of TYR-βCD/CS system (a) CS Vs TPP (TYR-βCD: 10 mg) (b) CS Vs TYR-βCD
(TPP: 1.67 mg) (c) TPP Vs TYR-βCD (CS: 0.2%).

Comparing the experimental results, the lowest size values were given at the point
(0, +1, −1) and the CP. In both cases, the ζ-potential was highly positive; hence, the central
point was chosen for comparative reasons. This result is in accordance with the software’s
predictions of the optimal points.

Comparing the two nanosystems, many similarities can be observed. First, the initial
concentration of chitosan in the nanoparticle-forming solution plays a significant role in the
properties of the particles. Increased concentration of chitosan results in the agglomeration
of particles and a very high ζ-potential, attributed to the presence of many protonated
amino groups. On the other hand, chitosan to TPP ratio is also important and strongly
affects both responses. Moreover, the range of both responses does not differ significantly
for the two systems, suggesting that the polymeric chains form a matrix entrapping the
molecule or the inclusion complex and form the nanoparticles.

The main difference between the two systems is the impact of the TYR-βCD to
the ζ-potential. The reason for this difference could be that the inclusion complex is
negatively charged and that a strong electrostatic interaction between the oligosaccharide
and chitosan exists.
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Figure 5. 3D surface plot of response R2 of the TYR-βCD/CS system (a) CS Vs TPP (TYR-βCD: 10 mg) (b) CS Vs TYR-βCD
(TPP: 1.67 mg) (c) TPP Vs TYR-βCD (CS: 0.2%).

3.3. Encapsulation Efficiency and Loading Capacity Calculation

After identifying the optimal conditions for obtaining nanoparticles, the encapsulation
efficiency (EE%) and loading capacities (LC%) were determined for the three nanosystems.

For the inclusion complex of tyrosol with the βCD, it was found that the EE% was 98%.
The high encapsulation efficiency is expected for this system, as the kneading technique
was implemented, and no washing of the tyrosol was performed. The structure of βCd is
presented in Figure 6.

Figure 6. The glucose monomer in βCD.
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For the TYR/CS nanosystem, the EE% was found to be 46% and the LC 12%, while for
the TYR-βCD/CS nanosystem, the corresponding values were 12 and 4.2%, respectively.

3.4. Structural Identification of TYR-βCD Using 1H NMR Spectroscopy

The analysis of the 1H NMR spectrum of the inclusion complexes with βCD provides
important evidence regarding the host–guest interactions. The 1H NMR spectrum of
TYR-βCD, as well as those of tyrosol and βCD, are presented in Figure 7. In Table 6, the
chemical shift changes of 1H-NMR signals of the protons of βCD before and after the
formation of the TYR-βCD inclusion complexes are shown.

Table 6. Chemical shift changes of 1H-NMR signals of βCD before and after the formation of the
TYR-βCD IC.

Proton
Chemical Shifts (δ1) of
βCD Protons (ppm)

Chemical Shifts (δ2) of
βCD Protons (ppm) in

TYR-βCD IC
Δδ = (δ2 − δ1) ppm

1 5.081 5.077 −0.004

2 3.661 3.658 −0.003

3 3.975 3.945 −0.030

4 3.596 3.595 −0.001

5
3.867–3.913

3.813 −0.100

6a,b 3.874 −0.039

Figure 7. Cont.

34



Polymers 2021, 13, 87

Figure 7. 1H NMR spectrum (600MHz, D2O) of (a) TYR-βCD and expansion of the region 3.4–4.1 ppm, (b) βCD, and (c) tyrosol.

The peaks of the H-3 and H-5 protons of βCD (which are located inside the cavity)
present significant upfield shift (−0.030 and −0.100 ppm, respectively), indicative of strong
hydrophobic interactions between tyrosol and βCD inside the cavity. The upfield shift
of the H-6 (−0.039 ppm), which lie at the primary face of the cyclodextrin cone, implies
that there is also a strong interaction with tyrosol, probably between the aliphatic OH
of the tyrosol molecule and the 6-OH of βCD. These results lead us to believe that the
tyrosol molecule enters the cyclodextrin cone in such a way that the aromatic ring lies well
inside the hydrophobic cavity whereas the aliphatic hydroxyethyl moiety points towards
the primary face of the cone and strong hydrogen bonds are formed between the OH
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groups. These observations are in accordance with the results of Rescifina et al. [35] and
Lopez-Garcia et al. [36], who studied the structure of the inclusion complexes of tyrosol
and hydroxytyrosol with βCD.

3.5. FT-IR Analysis of the TYR-β-CD IC

The analysis of the FT-IR spectra of pure βCD, tyrosol and the inclusion complex can
serve as further proof of the formation of the inclusion complex. The most characteristic
peaks in the FT-IR spectra of the above-mentioned compounds are shown in Table 7 and
the spectra in Figure 8.

Table 7. Characteristic FT-IR absorption bands of β-CD, tyrosol and the tyrosol-β-CD inclusion com-
plex.

Characteristic Absorption Bands (cm−1)

βCD Tyrosol Inclusion Complex

OH stretching 3382 3389 3376

C–H stretching (aromatic compounds) - 3148 -

C–H stretching 2925 - 2924

C–H asymmetric stretching (CH2) 1643 - 1643

C=C stretching (Aromatic compounds) - 1512 1541

O-H bending (alcohol) 1415 1452 1423

C–O stretching (secondary alcohols) 1029 - 1029

C–H stretching (aromatic, para substituted) - 818 -

Figure 8. FT-IR spectra of β-CD (red), tyrosol (green) and tyrosol-β-CD inclusion complex (blue).

The FT-IR spectrum of the inclusion complex of tyrosol with βCD (TYR-βCD) shows
a broad absorption band at 3376 cm−1 owed to the OH stretching vibration. This band is
shifted compared to the corresponding band at the spectra of pure βCD (3382 cm−1) and
tyrosol (3389 cm−1). This shift is indicative of strong interactive forces between the host
and guest in the inclusion complex. The band at 1543 cm−1 present in the FT-IR spectrum of
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the inclusion complex is attributed to the C=C stretching vibration in aromatic compounds
and is shifted by 29 cm−1 from the value of the same band at the spectrum of pure tyrosol.
This large shift is further evidence of the efficient inclusion of tyrosol in the cyclodextrin
cone with the aromatic part of the molecule lying inside the cone, as concluded also by the
NMR spectra. The absorption band of the OH bending vibration appears at 1423 cm−1 in
the spectrum of the inclusion complex and is shifted from the value of the same absorbance
at the spectra of β-CD and tyrosol by 9 cm−1 and 29 cm−1, respectively. Again, these shifts
corroborate the strong interaction between tyrosol and β-CD.

3.6. Differential Scanning Calorimetry Analysis (DSC)

The DSC thermograms of tyrosol, the two carbohydrate carriers and the corresponding
nanosystems are presented in Figure 9.

Figure 9. DSC thermograms of tyrosol (black), β-cyclodextrin (cyan), chitosan (blue), TYR-βCD
inclusion complex (magenta), TYR/CS (red), TYR-βCD/CS (green).

In the DSC thermogram of tyrosol, the sharp endothermic process at 85–113 ◦C with
peak at 95 ◦C, corresponds to the melting point of the compound [6]. In the chitosan DSC
thermogram, in the studied range, only the loss of water is observed at the temperature
range 85–107 ◦C, with a peak at 94 ◦C corresponding to the loss of water. The loss of
water from cyclodextrin occurs in the range 98–155 ◦C with an endothermic peak at
131 ◦C [37–39].

The DSC thermogram of the inclusion complex undergoes an endothermic thermal
transition from 87 to 133 ◦C with peak observed at 116 ◦C, ascribed to the water loss. The
melting of tyrosol cannot be observed in this curve, yet the decrease of the temperature
of water loss, compared to the one of the pure βCD, may be evidence of the protection
that the carrier offers to the molecule. This is in accordance with what has previously been
reported when encapsulating a molecule in βCD [37,39].

In the TYR/CS nanosystem, water loss occurs at 60 ◦C. Similarly, in the TYR-βCD/CS

nanosystem, the water loss is observed with an endothermic peak at 61 ◦C. Moreover, in
this system a second endothermic process takes place at the temperature range 75–87 ◦C
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with peak at 79 ◦C and could correspond to the loss of the water bound inside the cavity of
the βCD.

The endothermic peak owed to the melting of tyrosol is not present in any of the
nanosystems studied, and can be considered as further evidence of the successful encapsu-
lation of the compound in the different matrices.

3.7. Thermogravimetric Analysis (TGA)

The thermal stability of the samples can be determined using TGA. As can be seen in
Figure 10, the degradation temperature (Td) of TYR is 220 ◦C.

Figure 10. The TGA thermogram of tyrosol.

The thermal degradation of chitosan (Figure 11) occurs in two stages: water loss
occurs at 92 ◦C, resulting in an 8% mass loss; whereas the decomposition temperature is
300 ◦C. The residue of the polymer at 500 ◦C is approximately 44%.

Figure 11. TGA thermograms of (a) β-cyclodextrin and TYR-βCD and (b) chitosan, TYR/CS and TYR-βCD.
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For the TYR/CS nanosystem, the TGA profile presents three stages of degradation
((Figure 11). First, there is the water loss of at 67 ◦C then there is a mass loss of 5.0% at
187 ◦C that could be ascribed to tyrosol and, finally, the decomposition of chitosan occurs
at 270 ◦C, leaving a residue of 52% at 500 ◦C. The slight decrease in the Td of chitosan
is attributed to the formation of nanoparticles through anionic gelation and, hence, the
synthesis of a new material [40].

In the TG curve of βCD, first there is the loss of water molecules, externally and
internally bound, at 103 ◦C, resulting in a decrease of 11% of the total mass [41]. The
decomposition of βCD happens at 323.8 ◦C and the mass loss is 72.4%. The degradation
profile of TYR-βCD presents three stages: the water loss at 105 ◦C with 4.7% mass loss,
then the decomposition of tyrosol at 266 ◦C, resulting in further mass loss of 9.5%, and
finally, at 316 ◦C, the decomposition of the βCD. The decomposition of tyrosol happens at
a significantly higher temperature compared to the decomposition of the free molecule,
confirming that the formation of the inclusion complex protects it from thermal degradation.
The residue of the inclusion complex at 500 ◦C is 11%.

For the double-encapsulation system TYR-βCD/CS, TGA reveals an improved ther-
mal stability of the system. This system degrades in two stages: at 64 ◦C, the dehydration
of the sample happens, losing approximately 14% of the mass, and at the temperature
range 161–438 ◦C, there is another mass loss of 37%, which corresponds to the degradation
of the nanosystem. The residue of the sample at 500 ◦C is 44%.

Therefore, it seems that tyrosol is better protected in the double encapsulated system
than in the chitosan matrix.

3.8. Molecular Docking

In Figure 12, the binding architecture of tyrosol in the crystal structure of DNA
(source: PDB:1bna) is presented, depicting its stabilisation in the binding cavity of minor
groove of DNA. The docked complex between tyrosol and DNA is illustrated as cartoon
(Figure 12a,c,d) and in the form of spheres (Figure 12b) showing the interaction of tyrosol
in the binding cavity of minor groove of DNA. The minor groove is smaller in size than the
major groove and has the benefit that it is available for attack from small molecules such
as tyrosol. Most of the anticancer and antibiotic drugs that have been reported are small
molecules, so the minor groove is important as their main binding site.

The stabilisation of the complex is achieved by the formation of hydrogen bond
(Figure 12), polar and hydrophobic interactions. From the five hydrogen bonds between
DC-11, DG-10, DG-14 and DG-16 nucleotides, three hydrogen bonds are formed between
the aliphatic hydroxyl group of tyrosol and the purines of DG-10 and DG-16 base pairs.
One more hydrogen bond is formed between the hydroxyl group and the pentose of DG-11
nucleotide and another hydrogen bond between the phenolic hydroxyl group of tyrosol
and the purines of DG-14 base pair.

In addition, Table 8 illustrates the nucleotides, the number of hydrogen bonds, and
the binding energy that are formed with tyrosol.

Table 8. Binding scores of the docked tyrosol on the active site of DNA.

Ligand
Binding Energy

(kcal/mol)
No. of Hydrogen

Bonds
Nucleotides

−5.0 5 DC-11, DG-10, DG-14,
DG-16

The above results are in accordance with the results obtained from the DNA-binding
studies using UV spectroscopy, which indicated an external interaction between TYR
and ctDNA.
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Figure 12. Binding architecture of tyrosol in the crystal structure of CT DNA (PDB:1bna) depicting its stabilisation in the
binding cavity of minor groove of DNA. (a) DNA structure and tyrosol are illustrated as cartoons, (b) DNA structure and
tyrosol are formed as spheres, (c) The docking pose from a view above the axis of the helix, (d) Nucleotides are rendered in
line mode and the yellow dotted lines indicate hydrogen bonds between the docked molecule and the nucleotides of the
binding pocket in the minor groove of DNA.

3.9. DNA Binding Studies with ctDNA Using UV Spectroscopy

The interaction of the compounds and nanosystems with ctDNA was studied by
UV spectroscopy to obtain information on the existence of any interaction and to further
calculate the DNA-binding constants of the compounds (kb). An interaction between
a chemical entity and DNA can disrupt the ctDNA band located at 260–280 nm in the
presence of increasing amounts of ctDNA.

In absorption spectroscopy, hyperchromism and hypochromism are significant spec-
tral features to study the changes of the double helical structure of DNA. Due to the strong
interactions between a molecule and DNA bases, a change in absorption is observed,
showing the proximity of the molecule to the DNA bases. On the basis of the interaction of
compounds with DNA, the binding constant kb for ligand–DNA binding was determined
in the present work, using the Benesi–Hildebrand plot [42]. For the sake of comparison, the
binding of a well-known xanthene dye, namely Rhodamine B, which has been shown to
have a nonintercalative ctDNA binding in the DNA minor groove [43,44], was also studied.
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It is worth noting that, in the present work, no ctDNA binding was observed for any
of the nanosystems at 5 min; thus, the measurements were repeated after 30 min. This
phenomenon is attributed to the nature of the nanosystems: at 5 min, no significant amount
of tyrosol was released from the matrix of the nanosystem; whereas after 30 min, the
released tyrosol was able to bind to ctDNA. On the other hand, the binding of rhodamine B
and tyrosol to ctDNA at 5 min and 30 min did not show specific change. The UV-Vis data
are summarised in Table 9.

Table 9. UV-Vis absorption data for rhodamine B, tyrosol and nanosystems in the absence and presence of ctDNA.

Compound or
Nanosystem

λmax Absent
(nm)

λmax Present
(nm)

Δλ (nm)
Hypochromicity

(%)
Hyperchromicity *

(%)
Kb 104 (M−1)

Rhodamine B 554 554 0 26.90 - 10.92 ± 0.20

Tyrosol 275.8 274 1.8 - 43.44 2.09 ± 0.07

βCD 261 259.2 1.8 - 93.43 0.78 ± 0.05

TYR-βCD 276.4 272.6 3.8 - 76.61 2.40 ± 0.16

TYR-βCD/CS 260.2 258.8 1.4 - 92.97 1.30 ± 0.08

* Hyperchromicity for complexes formed by compounds and nanosystems and 100 μM of ctDNA in comparison to free ligands.

As shown in Figure 13a, TYR (100 μM, pH = 7.4) showed absorption maxima at
275.8 nm. With incremental addition of ctDNA to the solution of TYR, an increase in the
absorption intensity at 275.8 nm was observed with concomitant blue shift of the λmax at
274 nm. This hyperchromism suggests that TYR binds to ctDNA by groove binding mode.
The binding constant (k) of TYR was calculated from the ratio of the intercept to the slope
and was found to be k = 2.09 ± 0.07 × 104 M−1. The results indicate the binding of TYR in
the minor groove of ctDNA, as predicted by the molecular modeling studies.

Figure 13. Absorption spectra of (a) TYR and (b) βCD (100 μM, pH 7.4) in Tris-HCl buffer with increasing concentrations of
ctDNA (0–100 μM). Arrows ( ) and ( ) refer to hyperchromic and hypochromic (blue shift) effects, respectively.

CDs are known to interact with nucleic acids. Recently, it was reported that when a
complex with βCD is formed, the deoxyribose or ribose and the phosphate groups stabilize
the docked complex by hydrogen bonds with the outer rim of the CD molecules [26,45]. In
this context, the interaction of β-CD and the TYR-β-CD inclusion complex with ctDNA
was investigated.

As shown in Figure 13b, βCD showed absorption maxima at 261 nm. With incremental
addition of ctDNA to the βCD solution, an increase in the absorption intensity at 261 nm
was observed with concomitant shift of the λmax at 259.2 nm (blue shift). The binding
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constant (k) of βCD was calculated from the ratio of the intercept to the slope and was
found to be k = 0.78 ± 0.05 × 104 M−1. Therefore, it seems that βCD binds to ctDNA in a
non-intercalative mode, yet much less strongly than tyrosol.

As shown in Figure 14 the complex TYR-βCD showed absorption maxima at 276.4 nm.
With incremental addition of ctDNA to the solution of TYR-βCD, an increase in the
absorption intensity at 276.4 nm was observed with a blue shift at λmax 272.6 nm. The
binding constant was found to be k = 2.40 ± 0.16 × 104 M−1. The complex TYR-βCD

showed enhanced interaction with ctDNA in comparison to the free tyrosol, which could
be explained by the enhanced aqueous solubility of the inclusion complex and by the mode
of insertion of tyrosol in the βCD cavity. As previously mentioned, if the aromatic ring lies
well inside the hydrophobic cavity, while the aliphatic hydroxyethyl group points towards
the primary face of the cone, it means that hydrogen bonds can be formed and stabilize the
interaction between the complex and ctDNA.

Figure 14. Absorption spectra of (a) TYR-βCD and (b) TYR-βCD/CS (100 μM, pH 7.4) in Tris-HCl buffer with increasing
concentrations of ctDNA (0–100 μM). Arrows ( ) and ( ) refer to hyperchromic and hypsochromic (blue shift) effects
respectively.

The complex TYR-βCD/CS showed absorption maxima at 260.2 nm (Figure 14). With
incremental addition of ctDNA to the solution of TYR-βCD/CS, an increase in the absorp-
tion intensity at 260.2 nm was observed, with a blue shift of the λmax 258.8 nm. The binding
constant was found to be k = 1.30 ± 0.08 × 104 M−1.

Rhodamine B showed a hypochromic behaviour and the binding constant was deter-
mined to be 10.92 ± 0.20 × 104 M−1 (Figure 15). This is consistent with the minor groove
binding of Rhodamine B in ctDNA, in accordance with the work of Islam et al. [44].

All the tested compounds and nanosystems, with the exception of Rhodamine B,
showed hyperchromism and a blue-shift upon increasing DNA concentration, indicating
that they all interact with the DNA helix. However, as no significant changes in the spectra
could be observed, the results indicate a nonintercalative mode of binding. CS and TYR/CS

were also studied, but no binding with ctDNA was observed.
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Figure 15. UV-Vis spectra of Rhodamine B with increasing concentrations of ctDNA (0–100 μM). Arrow refers to
hypochromic effect.

3.10. Release Profiles

The release profile of tyrosol was investigated for all nanosystems prepared, and the
results are presented in Figure 16. For all systems, the release study was carried out for
45 h in a solution of pH 3.4.

Figure 16. The release profile of tyrosol from TYR-βCD (blue line), TYR/CS (black line) and TYR-βCD/CS (red line).
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All nanosystems showed a “burst release” of tyrosol during the first hour. For the
TYR-βCD system, approximately 77% of the encapsulated tyrosol was released during
that time. Thereafter, the release rate significantly slowed down, reaching 93% after 18 h.

On the other hand, the release profile of tyrosol from the TYR/CS system was signifi-
cantly different. During the first hour of the study, 13% of tyrosol was released reaching
the maximum release after 23 h (26%).

For the TYR-βCD/CS system, 37% of the encapsulated tyrosol was released during
the first hour, reaching the 99% after 45 h. The slower rate presented by this system as
compared to the TYR-βCD system can be attributed to the existence of chitosan as a coating
and provides proof that this “double” encapsulation system can offer a more sustained
release than the TYR/βCD by slowing down the initial burst effect observed in the case of
the inclusion complex.

4. Discussion

The comparative study of the optimisation of the encapsulation parameters of tyrosol
and the inclusion complex of β-cyclodextrin:tyrosol in chitosan revealed that the concen-
tration of chitosan plays a significant role on the properties of the particles that are formed.
Moreover, the ratio between the polymer and the cross-linking agent or the molecule to be
encapsulated also affects the responses of the particulate system. In both systems studied,
it was observed that the smaller sized particles presented a good ζ-potential, which is
indicative of a very stable formulation.

The interaction of tyrosol, the inclusion complex of tyrosol with βCD and the inclu-
sion complex coated with chitosan with ctDNA was studied in an effort to elucidate the
potential of the prepared nanosystems to be exploited as pharmacologically active agents.
Tyrosol and all the examined nanosystems showed a nonintercalative mode of binding to
ctDNA. The complexation of tyrosol with cyclodextrin resulted in slightly better interaction
with ctDNA as compared to the interaction exhibited by the TYR-βCD/CS system. This
difference is attributed to the small, yet existent, interaction of the oligosaccharide with
ctDNA whereas the polysaccharide chitosan did not interact with ctDNA in the performed
experiments. Moreover, from the NMR analysis of the inclusion complex, it was deduced
that the aromatic ring of the molecule lies inside the cavity, while the aliphatic hydrox-
yethyl moiety points towards the primary face of the cone. Therefore, it could be suggested
that βCD carries the molecule close to ctDNA and an interaction can be observed. On
the other hand, no interaction was observed when tyrosol was encapsulated in chitosan
nanoparticles, presumably due to the strong positive charge on the surface of the TYR/CS

nanosystem which impedes it from approaching DNA.
Finally, the release profile of tyrosol is different for each nanosystem. A burst effect is

observed for all systems. The release of tyrosol from the inclusion complex formed with
βCD is completed in approximately 20 h hours, but when chitosan coating is added, the
release rate is delayed significantly. On the other hand, when tyrosol is encapsulated into
chitosan nanoparticles, the release of only the 26% of encapsulated tyrosol occurs during
the same time.

5. Conclusions

In the present study, the impact of two different carriers for the encapsulation of tyrosol
is investigated: the oligosaccharide β-cyclodextrin and the polysaccharide chitosan. The
effect of coating the tyrosol-βCD inclusion complex with chitosan was also investigated as
a potential tool to modify the release profile of the bioactive compound. We were gratified
to find that this was true for the systems studied in this work: the coating resulted in a
sustained release of tyrosol and slowed down the initial burst effect observed from the
inclusion complex.

For the formation of the tyrosol-βCD inclusion complex a well-known methodology
was implemented, whereas for the two chitosan-containing systems, the formation of the
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nanoparticles was succeeded via the ionic gelation method with sodium tripolyphosphate.
The latter processes were optimised using experimental design.

Moreover, the interaction of tyrosol and the corresponding nanosystems with ctDNA
was investigated. The results show that tyrosol is a ctDNA groove binder and this was
confirmed by molecular modeling studies. The same mode of binding was found for the
TYR/βCD and TYR/βCD/CS nanosystems.
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Abstract: The goal of this study was to develop and statistically optimize the metronidazole (MET),
chitosan (CS) and alginate (Alg) nanoparticles (NP) nanocomposites (MET-CS-AlgNPs) using a
(21 × 31 × 21) × 3 = 36 full factorial design (FFD) to investigate the effect of chitosan and alginate
polymer concentrations and calcium chloride (CaCl2) concentration ondrug loading efficiency(LE),
particle size and zeta potential. The concentration of CS, Alg and CaCl2 were taken as independent
variables, while drug loading, particle size and zeta potential were taken as dependent variables.
The study showed that the loading efficiency and particle size depend on the CS, Alg and CaCl2
concentrations, whereas zeta potential depends only on the Alg and CaCl2 concentrations. The
MET-CS-AlgNPs nanocomposites were characterized by X-ray diffraction (XRD), Fourier-transform
infrared spectroscopy (FTIR), thermal gravimetric analysis (TGA), scanning electron microscopy
(SEM) and in vitro drug release studies. XRD datashowed that the crystalline properties of MET
changed to an amorphous-like pattern when the nanocomposites were formed.The XRD pattern
of MET-CS-AlgNPs showed reflections at 2θ = 14.2◦ and 22.1◦, indicating that the formation of the
nanocompositesprepared at the optimum conditions havea mean diameter of (165±20) nm, with a
MET loading of (46.0 ± 2.1)% and a zeta potential of (−9.2 ± 0.5) mV.The FTIR data of MET-CS-AlgNPs
showed some bands of MET, such as 3283, 1585 and 1413 cm−1, confirming the presence of the drug
in the MET-CS-AlgNPs nanocomposites. The TGA for the optimized sample of MET-CS-AlgNPs
showed a 70.2% weight loss compared to 55.3% for CS-AlgNPs, and the difference is due to the
incorporation of MET in the CS-AlgNPs for the formation of MET-CS-AlgNPs nanocomposites. The
release of MET from the nanocomposite showed sustained-release properties, indicating the presence
of an interaction between MET and the polymer. The nanocomposite shows a smooth surface and
spherical shape. The release profile of MET from its MET-CS-AlgNPs nanocomposites was found
to be governed by the second kinetic model (R2 between 0.956–0.990) with more than 90% release
during the first 50 h, which suggests that the release of the MET drug can be extended or prolonged
via the nanocomposite formulation.

Keywords: full factorial design; optimization; metronidazole; nanocomposites; sodium
alginate; chitosan
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1. Introduction

Design of experiment (DE) is a systematic method in research used to determine the relationship
between independent variables and response variables [1,2]. There are different types of DE, which
include factorial designs [3–5], fractional factorial designs [6,7], full factorial designs (FFD) [8,9],
Plackett–Burman designs [10,11], central composite designs (Box–Wilson designs) [12,13], Box–Behnken
designs (BBD) [14,15], Taguchi designs (TD) [16,17] and response surface designs (RSD) [18,19].

In pharmacy, the term optimization can be defined as the process of discovering the best way of
using the existing resources while taking into account all the parameters that influence the decisions of
any experiment [20]. Modern pharmaceutical optimization involves a systematic design of experiments
to improve drug formulation. The process begins with predicting and evaluating the independent
variables that affect the formulation response and selecting the best response values. With optimization,
the formulation steps and preparation that fulfill the desired characteristics of the final product could
be minimized.

Polynomial is one form of regression analysis. It is a non-linear analysis that correlates between
the independent variable (x) and the dependent variable (y) as an nth degree polynomial in x. Different
ways can be used in the fitting of the regression analysis for establishing approximate mathematical
models. One of these fitting methods is called the stepwise method [21,22].It involves choosing the
predictive variables by an automatic procedure [23,24]. In each step, a variable is added to or subtracted
from the set of explanatory variables based on some pre-specified criteria.

After decades of basic nanosciences research, nanotechnology applications offer a wide range of
opportunities in the fields of agriculture [24,25], food [26], environment [27,28] and drug delivery [29–31].
Nano-formulation technology has produced many new innovative drug delivery systems. Smart drug
delivery, as well as polymeric nano-formulation as solid colloidal particles with diameters ranging from
1 to 1000 nm, preserves drugs against chemical decomposition and modifies drug release profiles in a
controlled manner [25,26]. Polymeric nanoparticles are one example of nano-formulation. Research on
polymeric nanoparticles has been especially focused on their role in drug delivery and drug targeting
owing to their particle size and long circulation in the blood [27,28].They can be used therapeutically in
vaccines, or as drug carriers, in which the drug can be encapsulated, entrapped, chemically attached,
adsorbed or dissolved [29].

Chitosan and alginate, which are polymeric materials, were widely used in the development
of nano-formulation products [30]. Both are non-toxic, stable hydrophilic polymers [31,32].
Chitosan-alginate has been used as a sustained release polymer matrix in different dosage
forms [30,31,33,34]. Drug side effects may occur when administered in large quantities and sustained
release formulations in nanocomposites by a single dose might be a suitable way to decrease drug
complications due to its high concentration and increased patient compliance [35–38].

The drug used in this research, metronidazole (MET), is an antibiotic drug usually used to treat
bacterial infections of the vagina, stomach or intestines, liver, skin, joints, brain, heart and respiratory
tract. However, it is ineffective for viral infections (such as the common cold and flu).

There have been many attempts by researchers to load MET using nano-formulations such as
nanostructure lipid carriers (NLCs) [39], nano-emulsions [40], MET loaded into niosomes and then
coated on dental implants using a layer-by-layer dip-coating technique with poly(lactic acid) (PLA) [41]
and magnetic nanocomposites [42].

In the present study, the incorporation of MET into polymer nanoparticles was achieved. To the best
of our knowledge, this work is reported for the first time, where MET as a guest drug was encapsulated
into CS for the formation of CS-Algnanoparticleswith optimized preparation parameters.Traditionally,
optimization is done by evaluating each factor independently. However, in a single-factor experiment,
the interactions between important parameters are ignored. Response surface methodology (RSM)
can be used to analyze the interactions between the different variables. The experimental data is
input as a quadratic equation and the response is predicted. Stepwise regression analysis is one of the
methodsthat can derive the best equation that can describe the data via surface or contour plots. Thus,
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in this work, Minitab softwareversion 18.1 and full factorial design were used to examine the effect
of three independent variables (concentration of CS, Alg, and CaCl2) on three dependent variables
(loading efficiency, particle size and zeta potential) for the synthesis of CS-Alg nanoparticles.

2. Materials and Methods

2.1. Materials

The chemicals used in this study are metronidazole (C6H9N3O3 (99% purity), Sigma-Aldrich,
Taufkirchen, Germany), low molecular weight chitosan (10–120 kDa, 90% deacetylation, Sigma-Aldrich),
and low viscosity sodium alginate (10–100 kDa, AZ Chem., Sigma Aldrich). All HPLCsolutions were
used from VWR (West Chester, PA, USA). All other chemicals, including acetic acid and calcium
chloride, were purchased from Chem CO (Port Louis, Mauritius).

2.2. Preparation of CS-Alg Nanoparticles and MET-CS-AlgNPs Nanocomposites

The method used was a modification of what is called the ionotropic pregelation method [43,44].
Solutions of CS, Alg and CaCl2 were first prepared. The pH of the CS and Alg solutions was adjusted
to 5.5 and 5.0, respectively. The first step was the formation of the AlgNPs pre-gel, which was achieved
by adding 6 mL of different concentrations of aqueous CaCl2 solution to 10 mL of Alg, followed by
30 min of stirring. The second step was the addition of 4 mL of CS solution to the AlgNPs pre-gel with
stirring for another 30 min. The resultant solution was stirred overnight at room temperature to form
uniform nanoparticles. The same procedure was used to form MET-CS-AlgNPs nanocomposites using
only 100 milligrams of MET mixed with the Alg solution.

2.3. Methodology

First, the modeling of the responses (loading efficiency, particle size and zeta potential) was
presented. Secondly, the FFD was built to perform the experiments. This was followed by the use of
multiple regressions to develop the loading efficiency, particle size and zeta potential model responses.
Finally, the analysis of concentration variance was used to analyze the experimental data to predict the
effects and contribution of parameters on responses.

2.3.1. Modeling of Different Responses

The loading efficiency percentis the first response, which was taken as a parameter and was
defined as the amount of total entrapped drug divided by the total weight of the nanoparticles. The
second and third responses measured were particle size and zeta potential. Table 1 shows the three
independent parameters and their levels.

Table 1. Independent parameters and their levels.

Parameter
Levels (mg)

Low Medium High

A Alg 200 - 400

B CS 50 100 200

C CaCl2 30 - 60

2.3.2. Full Factorial Design

Full factorial design (FFD) is a method used by researchersto design experiments that consist of
several factors with separate possible levels. With FFD, the experiment takes all possible combinations
of the levels across all such factors. FFD allows researchers to study the effect of each factor, as well
as their interactions, on the response variable [45]. In this study, the FFDwas used to conduct the
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experiments. Therefore, (21 × 31 × 21) × 3 = 36 combinations were used, corresponding to n = 3
parameters or factors (CS, Alg and CaCl2) (Table 2).

Table 2. Composition of formulations.

Std Order Run Order Sample Code Alg CS CaCl2

17 1 MAC1 200 200 30
24 2 MAC2 400 200 60
10 3 MAC3 400 100 60
2 4 MAC4 200 50 60
35 5 MAC5 400 200 30
20 6 MAC6 400 50 60
32 7 MAC7 400 50 60
6 8 MAC8 200 200 60
22 9 MAC9 400 100 60
29 10 MAC10 200 200 30
36 11 MAC11 400 200 60
14 12 MAC12 200 50 60
25 13 MAC13 200 50 30
5 14 MAC14 200 200 30
9 15 MAC15 400 100 30
1 16 MAC16 200 50 30
31 17 MAC17 400 50 30
26 18 MAC18 200 50 60
3 19 MAC19 200 100 30
7 20 MAC20 400 50 30
16 21 MAC21 200 100 60
11 22 MAC22 400 200 30
28 23 MAC23 200 100 60
27 24 MAC24 200 100 30
13 25 MAC25 200 50 30
23 26 MAC26 400 200 30
30 27 MAC27 200 200 60
15 28 MAC28 200 100 30
34 29 MAC29 400 100 60
18 30 MAC30 200 200 60
12 31 MAC31 400 200 60
19 32 MAC32 400 50 30
4 33 MAC33 200 100 60
8 34 MAC34 400 50 60
33 35 MAC35 400 100 30
21 36 MAC36 400 100 30

2.4. MET Loading Efficiency

High-speed centrifugation was used to determine the loading efficiency (LE) of MET in the
prepared nanocomposites, in which 2.0 mL of suspension were centrifuged (Hettich Universal 30 RF) at
10,000 rpm for 10 min, and the drug loading was measured by high-performance liquid chromatography
(HPLC, Shimadzu, Japan), using a Venusil C18 column (4.6 mm × 250 mm, 5 μm) at 25◦C. The UV
detection wavelength was 323 nm, and the mobile phase was prepared by mixing acetonitrile/0.1%
with phosphoric acid (5:95, v/v). The flow rate was 1.0 mL/min. The LE was calculated as follows:

% Loading Effciency (LE) =
Tp − Tf

mass of nanoparticles
× 100 (1)

where Tp is the total mass of MET used to prepare the nanocomposites, and Tf is the free mass of MET
in the supernatant.
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2.5. Particle Size and Zeta Potential of Nanocomposites

Particle size and zeta potential of the nanocompositeswere analyzed through a dynamic light
scattering (DLS) method using a Zetasizer Nano S (Malvern, UK) at the Arab Pharmaceutical
Manufacturing. The analysis was performed in triplicates at a temperature of 25 ◦C.

For the particle size analysis, the samples were dispersed in distilled water, the cells were filled
and capped and checked for the absence of any bubbles.

The samples were prepared for zeta potential analysis by dispersing themin the distilled water
and measuring the zeta values at 25 ◦C.

2.6. Controlled Release Study of the MET from the Nanocomposites

The in vitro release of MET from the nanocomposites wasdetermined in a solution at pH 1.2,
using a Perkin Elmer UV–Vis spectrophotometer with λmax of 323 nm. A suitable amount of each
nanocomposite was added to 2 mL of the media. The cumulative amount of drug released into the
solution was measured at preset time intervals at corresponding λmax.

The percentage release of MET into the release media was calculated according to the formula:

%Release =
Concentration of MET at time t (ppm)

Concentration corresponding to 100% release of MET (ppm)
× 100 (2)

The concentration corresponding to 100% release was obtained by adding a known amount of the
nanocomposites into 2 mL HCl followed by sonicating and heating the nanocomposites at 37 ◦C.

2.7. Instrumentation

Powder X-ray diffraction (XRD) patterns were used to determine the crystal structure of the
samples in the range of 2–70 degrees on an XRD-6000 diffractometer (Shimadzu, Tokyo, Japan)
using CuKα radiation (λ=1.5406 Å) at 30 kV and 30 mA at Universiti Putra Malaysia. Fourier
transform infrared spectroscopy (FTIR) spectra of the materials were recorded over the range of
400–4000 cm−1 on a Perkin Elmer (model Smart UAIR-two). The thermogravimetric analysis was
carried out using a Metter-Toledo 851e instrument (Switzerland) with a heating rate of 10 ◦C min−1,
in 150 μL alumina crucibles and in the range of 30–900 ◦C. The zeta potential was measured at 25 ◦C by
the dynamic light scattering (DLS) method using a Malvern Zetasizer Nano ZS (Malvern Instruments,
Malvern, UK). UV–Vis spectra were measured to determine the release profiles using a Shimadzu
UV-1601 spectrophotometer.

3. Results and Discussion

3.1. MultipleLinear Regression Analysis

Multiple regression analysis is a statistical method that is used to estimate the correlation between
dependent and independent variables. The term correlation coefficient (R2) indicates how well the
data fit the multiple regression models. It provides a measure of how well-observed outcomes are
replicated by the model, as the proportion of total variation of outcomes explained by the model. An
R2 close to 1 indicates that the regression model perfectly fits the data; the higher the R2, the more the
dependent variations are explained by input variables and therefore the better the model.

However, the demerit with R2 is that it will stay the same or increase with the addition of more
variables, even if they do not have any relationship with the output variables. This can be solved by
using the “adjusted R square”, which is sensitive for adding variables that do not improve the model.

The linear (CS, Alg, and CaCl2), linear-square (CS*CS, Alg*Alg, and CaCl2*CaCl2) and
linear-interaction equations (CS*Alg, CS*CaCl2 and Alg*CaCl2) have been fitted using a Minitab
software for LE, particle size and zeta potential variables. The data was analyzed using stepwise
regression which is a way to build a model by adding or removing independent variables, usually
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via a series of F-tests or T-tests. The variables to be added or removed are chosen based on the test
statistics of the estimated coefficients.

Table 3 shows the ANOVA values for LE, particle size and zeta potential given in the suggested
models. The P-value is less than 0.05, showing the model which is significant at a 95% confidence
level. These LE, particle size and zeta potential models show that lack-of-fit error value is insignificant
(0.283, 0.821 and 0.432, respectively) indicating that the fitted model is accurate enough to predict
the response. The mathematical models were developed to determine the optimal values of the
MET-CS-AlgNPs formulation conditions leading to maximum values of LE, minimumvalues of particle
size and a negative value (~20 mV) of zeta potential.

Table 3. ANOVA values for loading efficiency (LE), particle size and zeta potential.

LE model

DF Adj SS Adj MS F value Coef T Value VIF P value

Model 7 9585.39 1369.34 337.95 47.908 67.86 - 0.000

Alg 1 1771.00 1771.00 437.07 −7.385 −20.91 1.04 0.000

CS 1 431.85 431.85 106.58 4.361 10.32 1.04 0.000

CaCl2 1 208.24 208.24 51.39 −2.532 −7.17 1.04 0.000

CS*CS 1 2.09 2.09 0.51 −0.605 −0.72 1.03 0.480

Alg*CS 1 236.52 136.52 9.01 1.252 3.00 1.04 0.006

Alg*CaCl2 1 6545.51 6545.51 1615.40 −13.998 −40.19 1.01 0.000

CS*CaCl2 1 22.71 22.71 5.60 0.987 2.37 1.04 0.026

Lack-of-fit 4 20.77 5.19 1.35 - - - 0.283

Particle size model

Model 7 141548 20221.1 202.86 185.00 51.90 - 0.000

Alg 1 45889 45889.3 460.35 −43.50 −21.46 1.10 0.000

CS 1 30270 30270 303.67 44.42 17.43 1.12 0.000

CaCl2 1 19575 19574.9 196.37 −28.53 −14.01 1.12 0.000

CS*CS 1 6104 6103.7 61.23 −36.54 −7.83 1.13 0.000

Alg*CS 1 1963 1962.6 19.69 11.64 4.44 1.19 0.000

Alg*CaCl2 1 700 700.2 7.02 −5.43 −2.65 1.06 0.016

CS*CaCl2 1 11146 11145.6 111.81 −27.64 −10.57 1.17 0.000

Lack-of-fit 4 173 43.4 0.38 - - - 0.821

Zeta potential model

Model 7 399.875 57.125 303.51 −10.501 −44.19 - 0.000

Alg 1 85.093 85.093 452.11 2.119 21.26 1.07 0.000

CS 1 0.256 0.256 1.36 0.133 1.17 1.19 0.263

CaCl2 1 191.991 191.991 1020.07 3.308 31.94 1.25 0.000

CS*CS 1 30.172 30.172 160.31 3.347 12.66 1.13 0.000

Alg*CS 1 0.404 0.404 2.15 0.164 1.47 1.17 0.165

Alg*CaCl2 1 181.922 181.922 966.57 -3.182 -31.09 1.22 0.000

CS*CaCl2 1 1.855 1.855 9.85 0.344 3.14 1.05 0.007

Lack-of-fit 3 0.562 0.187 0.99 - - - 0.432

DF: degrees of freedom, SS: sum of squares, F: F-test value and P: error variance.
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The equations can be given in terms of the coded values of the independent variables as shown in
the following Table 4.

Table 4. Regression model for dependent variables.

Regression Model R-sq (%) R-sq (adj)%

LE= −46.07 + 0.3252Alg − 0.0045 CS +2.5210CaCl2 0.000108
CS*CS+0.000167Alg*CS − 0.009332Alg*CaCl2+ 0.000878 CS*CaCl2

98.91 98.62

Size= 96.7 − 0.4660Alg + 2.856CS + 2.256CaCl2 − 0.006495CS*CS +
0.001552Alg*CS − 0.00362 Alg*CaCl2 − 0.02457CS*CaCl2 98.68 98.19

Potential= −43.80 + 0.11391Alg − 0.1673CS + 0.8187CaCl2 +
0.000595CS*CS + 0.000022Alg*CS − 0.002121Alg*CaCl2 +

0.000305CS*CaCl2
99.35 99.02

Table 4 shows the regression model for three dependent variables for LE, particle size and
zeta potential. The LE model showed that R-square values were found to be 98.91%, 98.68% and
99.35%, respectively. Moreover, the Adj-R-square values were found to be 98.62%, 98.19% and
99.02%, respectively.

3.2. Evaluation of the Models

3.2.1. Pareto Chart of Responses of Standardized Effects and Normal Plot of the Standardized Effects

A Pareto chart (Figure 1) is a graphical overview of the process factors and/orinteractions
of influence, in ranking order from the most influencialto theleast influencial. A threshold line
(P-value 0.05) indicates the minimum magnitude of statistically significant effects, considering the
statistical significance of 95%.

Figure 1. Pareto Chart of the standardized effects toward LE (A), particle size (B) and zeta potential (C).
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Figure 1A indicates that the effect of BB i.e., CS × CS is statistically insignificant toward LE. The
effect of AC (Alg × CaCl2) has the highest standardized effect on the LE followed by A, B, C, AB and
BC. Hence, the term BB should not be considered for the empirical relation. The insignificance of
BB can also be reasserted from the normal plot (Figure 1A), in which the points that do not fall near
the fitted line are important. The factors having a negligible effect on the output response tend to be
smaller and are centeredaround zero.

Figure 1B represents the effect of different parameters on particle size. The results indicate that all
the effects are statistically significant. Factor A (Alg) has the highest standardized effect on the particle
size followed by B, C, BC, BB, AB and AC. The significance of factors can be shown in the normal plot
(Figure 1B).

Figure 1C shows the effect of different factors on the zeta potential response. The main factors
(A, and C), square factors (B*B) and 2-way interaction (A*C and B*C) have a statistically significant
effect on the response. C (CaCl2) has the highest standardized effect on the zeta potential followed by
AC, A, BB, and BC. Hence, the terms AB and B should not be considered for the empirical relation.

3.2.2. Contour Plot and Surface Plot of LE, Particle Size and Zeta Potential Against Selected
Independent Variables

The effect of the formulation and process variables on LE responsecan be evaluated by studying
thecontour and response surface plots. Figure 2A-1,A-2 shows the response plots of LE as a function
of CS and Alg concentrations, and it is seen to display a stationary ridge pattern. As the color gets
darker, the LE response increases. The stationary ridge has a flat shape. Increasing the concentration of
CS and decreasing the Alg can afford more space for LE (>55%). In Figure 2B-1,B-2, the contour and
response surface plots show minimax patterns, with the stationary point (saddle point) being near the
center of the design. From the stationary point (saddle point), increasing CaCl2 concentration while
decreasing the Alg concentrationled to an increase in the LE response. Figure 2C-1,C-2 showsa flat
shaped stationary ridge, and increasing the concentration of CS while decreasing CaCl2 concentration
led to an increase of the LE by more than 52%.

Figure 3A-1,A-2 shows a rising ridge pattern. As the color gets lighter, the particle size decreases.
The minimum particle size was achieved using high concentrations of Alg and the lowest concentration
of CS. From Figure 3A-2 it can be seen that the particle size below 50 nm can be prepared using 50 mg
of CS and 400 mg of Alg. Figure 3B-1,B-2 shows that the particle size below 120 nm can be prepared by
using 400 mg of Alg and 60 mg of CaCl2. In the case of CS and CaCl2 variables in Figure 3C-1,C-2,
rising ridge pattern can also be seen. The particle size lower than 120 nm can be obtained using CS
concentrations of 200 mg and CaCl2 concentrations ranging between 30 and 60 mg.

Figure 4 shows the3Dresponse surface and contourplots of the combined effect of CS, Alg and
CaCl2on the zeta potential charge. The plots show that all the variables affect the zeta potential with
rising ridge patterns. Figure 4A-1,A-2 shows the combined effect of Alg and CS concentrations; when
the color gets lighter, the zeta potential becomesgreater than −12.5 mV, whereas when the color gets
darker, the zeta potential becomesless than −5.0 mV. The zeta potential was higher than −5.0 mV
when the Alg concentration was higherthan 300 mg and CS concentration was between 50–75 mg and
160–200 mg, whereas the zeta potential was lower than −12.5 mV when the concentration of Alg was
less than 300 mg and the CS concentration was between 60–185 mg.

Figure 4B-1,B-2 shows the contour plots of the effect of Alg and CaCl2 on the zeta potential. The
zeta potential was between −8 and −18 mV; it was around −18 mV at low concentrations of both Alg
and CaCl2, and around −8 mV at Alg concentrations between 200–350 mg with concentrations of CaCl2
between 55–60 mg.

Figure 4C-1,C-2 shows that the 3D surface and contour plots represent a rising ridge pattern. As the
color gets darker, the zeta potential response reaches −4 mV; this occurs at high concentrations of CaCl2
of 55–60 mg and CS concentrations below 50 mg and higher than 200 mg. The zeta potential response
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at −4 mV can be achieved at a low concentration of CaCl2 of below 30 mg and a CS concentration
between 75–175 mg.

3.2.3. Main effects plot for LE, particle size and zeta potential

Figure 5 shows a plot of the main effects (CS, Alg and CaCl2) used to examine differences between
level means for LE, particle size and zeta potential factors. All factors seem to affect the LE, particle
size and zeta potential because the line is not horizontal. Figure 5A shows that Alg at a concentration
of 200 mg gave a higher LE (55%) compared to400 mg (40%). A CaCl2 concentration of 30 mg had a
higher LE mean (50%) than the one at 60 mg (45%). The CS also affected the LE, with 200 mg of CS
having had a higher LE mean (51%) than at 60 mg (43%). It is evident from Figure 5B that particle size
is minimal (≈150 nm) at the highest level of Alg (400 mg)and CaCl2 (60 mg). In addition, the minimal
particle size of approximately 100 nm can be obtained with the lowest level of CS (60 mg).

Figure 2. The contour plot and response surface of the LE with variances of CaCl2, Alg and
CS concentrations.
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Figure 3. The contour plot and response surface of the particle size with variances of CaCl2, Alg and
CS concentrations.
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Figure 4. The contour plot and response surface of the zeta potential with variances of CaCl2, Alg and
CS concentrations.

Based on the main effect plots in Figure 5C, the zeta potential was found to be the lowest at
all of the highest values of Alg, CS and CaCl2 parameters tested. Both the parameters of Alg and
CaCl2 concentrations show a linear potential pattern with an increase in their levels. However, CS
concentration shows otherwise; although the highest level of CS concentration tested resulted in −7 mV
potential, its mid-point shows a downward curvature in its response. The −11, −10 and −14 mV values
of the mean zeta potential are observed at 200 mg of Alg, 120 mg of CS and 30 mg of CaCl2. From our
studies, based on their potential data, the prepared nanocomposites were stable.
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Figure 5. Main effects plot for LE, particle size and zeta potential.

3.2.4. The Interaction between the Factors thatAffects the LE, Particle Size and Zeta Potential

The interaction plots in Figures 6–8 show how the relationship between one independent factor
and a continuous response depends on the value of the second independent factor. The plot displays
mean values for the levels of one factor on the x-axis and a separate line for each level of the other factor.
The parallel lines in the interaction indicate that there is no relationship between the variables. When
an interaction occurs, the lines are less parallel, and the strength of the interaction becomes greater.

 

Figure 6. Interaction effects of factors on the loading efficiency.
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Figure 7. Interaction effects of factors on the particle size.

 

Figure 8. Interaction effects of factors on the zeta potential.

In this interaction plot, the lines in Figure 6A are parallel, which indicates that there is a relationship
between the variables. The interaction in Figure 6B has a nonparallel line, indicating that the relationship
between Alg and LE depends on the value of CaCl2. For example, if 300 mg of Alg is used, then 30, 45
and 60 mg of CaCl2 are associated with the 50 % LE means, similar to that in Figure 6C.

Figure 7 shows that there is an interaction between the Alg*CS (Figure 7A) and CS*CaCl2
(Figure 7C). Figure 7A shows that there is a significant interaction between Alg and CS. The green and
redlines (200 and 125 mg CS, respectively) show that the mean size response decreases when the Alg
factor level is low, while in Figure 7C, the green, red and blue lines, which correspond to 60, 45 and
30 mg CaCl2, respectively, show that the particle size mean response decreases when the CS factor
level is low.

The interaction plotsshown in Figure 8A,B show the lines are not parallel, indicating that the
relationship between Alg concentration and zeta potential depends on the value of CS (Figure 8A)
and CaCl2 (Figure 8B). For example, when Algwas used at concentrations of 200 mg, then CaCl2 at
30 mg was associated with the −20 mV mean zeta potential (Figure 8B). However, when Alg with
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concentrationsof 200 mg was used, then CS at 50 and 125 mg was associated with −10 mV mean zeta
potential (Figure 8A).

The Normal Plot of the Standardized effects, Normal probability plots, Residuals versus fitted
value and Residuals versus observation toward LE, Particle Size and Zeta Potential (Figures S1–S4 in
Supplementary Materials).

3.3. Optimization of LE, Particle Size and Zeta Potential

In this study, the data was used to build a mathematical model such as linear, linear interaction,
linear square and second-order model. Table 5 shows the selected mathematical model used to
optimize the conditions of 46.05% for LE, minimizing the particle size to a 164 nm value and achieving
a −9.25 mV zeta potential, using 350 mg Alg, 150 mg CS and 40 mg CaCl2 (Figure 9).

Table 5. Response optimization plot for different responses.

Value
Alg

(350 mg)
CS

(150 mg)
CaCl2

(40 mg)

Optimization Responses
LE 46.0 ± 2.1%

Minimum Size 164.71 ± 20.03 nm
Zeta potential −9.25 ± 0.51 mV

 

Figure 9. The optimization plot for metronidazole (MET), chitosan (CS) and alginate (Alg) nanoparticles
(NP) (MET-CS-AlgNPs) nanocomposites.

3.4. Validation Test for Building Model

The comparison of experimental results with predicted values is shown in Table 6. From the
table, the theoretical values for response were close to the experimentally obtained values. This
result indicates that the mathematical models can be successfully used to predict the LE, particle
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size and zeta potential values for any combination of the Alg, CS and CaCl2 within the range of the
performed experimentation.

Table 6. Response optimization for LE, particle size and zeta potential.

No. Alg CS CaCl2
%LE Particle Size (nm) Zeta Potential (mV)

Exp Theo
Error

%
Exp Theo

Error
%

Exp Theo
Error

%

1 300 100 50 45.0 43.0 4.7 115 126 8.7 −9.5 −8.9 6.7

2 200 200 30 43.3 45.5 4.8 285 277 2.9 −14.5 −16.2 10.5

3 350 150 40 48.8 46.0 6.1 150 165 9.1 −10.8 −11.5 6.1

3.5. X-Ray Diffraction of MET-CS-AlgNPs Nanocomposites

From the literature, the XRD diffractogram of CS shows crystalline properties with an intense
peak at 2θ = 19.7◦. At the same time, the XRD diffractogram of Alg shows semi-crystalline properties
with a peak at 2θ = 13.6◦ [46].

XRD patterns of pure MET, CS-AlgNPs and MET-CS-AlgNPs nanocomposite formulations are
illustrated in Figure 10A–C. The MET powder shows two sharp single peaks at 2θ = 11.0◦ and
22.3◦,whereas the blank CS-AlgNPs nanoparticles gave a peak at 2θ = 14.9◦ and 21.6◦, which indicates
there is an amorphous pattern. The intensity of the diffraction peak of the CS-AlgNPs nanoparticles at
21.6◦ 2θ decreased after loading of MET and the peak for MET at 2θ = 11.0 and 22.3◦ disappeared in
the MET-CS-AlgNPs nanocomposite. This might be due to the loading of MET inside the amorphous
region of the nanocomposite matrix.

 

Figure 10. XRD diffraction spectra of MET (A), CS-AlgNPs (B) and MET-CS-AlgNPs (C).
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3.6. FTIR Spectroscopic Analysis of CS-AlgNPs and MET-CS-AlgNPs

FTIR spectra of MET, CS-AlgNPs and MET-CS-AlgNPs are presented in Figure 11A–C. The FTIR
spectra of pure MET (Figure 11A) show characteristic peaks at 3457 cm−1 (Hydroxyl –OH), 3100 cm−1

(C–C stretching), 1534 and 1366 cm−1)nitroso N–O stretch), and 1075, 875 cm−1 (C–N stretch) [47].

 
Figure 11. FTIR spectra of MET (A), CS-AlgNPs (B) and MET-CS-AlgNPs (C).

For CS-AlgNPs (Figure 11B), a band at 3296 cm−1 was observed due to O–H and N–H stretching.
Absorptions due to vibration asymmetry CH2 and symmetry CH2 were located at 2930 and 2850 cm−1,
respectively. A strong band near 1589 cm−1 corresponds to the C=O, C–N and N–H bending of amide
I. Asymmetric stretching band of the COO− group was centered near to 1420 cm−1 [48].

For MET-CS-AlgNPs (Figure 11C), some bands were downshifted; for example, from 3296to
3283 cm−1, from 1589 to 1585 cm−1 and from 1408 to 1413 cm−1. This can be explained due to the
interaction between MET and CS-AlgNPs.

3.7. Thermogravimetric Analysis of MET-CS-AlgNPs Nanocomposites

The thermal decomposition process of MET-CS-AlgNPs nanocomposites and its pure counterpart
CS-AlgNPs was evaluated by TGA/DTG analyses. These analysis curves give thepercentage weight
loss due to the thermal decomposition (Figure 12). The results show that a pure MET sample undergoes
a one-stage thermal degradation process, whileCS-AlgNPs and MET-CS-AlgNPs samples are degraded
in a three-stage process. For the MET sample, the decomposition process occurred between 137–288 ◦C
and with a mineral residue of 0.9% [49], which was due to the vaporization of volatile components [50].
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Figure 12. TGA curves of MET, CS-AlgNPs and MET-CS-AlgNPs nanocomposites.

The CS-AlgNPs show three main thermal stages; the first stage of the decomposition process
occurred between 60–200 ◦C, which was due to the vaporization of volatile components, such as water
molecules immobilized between chitosan chains during the coating process [51]. Based on the structure
of CS and Alg, H2O molecules can be bounded by the hydroxyl group [52].

The second stage of weight loss, which occurred between 200–520 ◦C, is due to the release of
water bound to the functional groups of CS and Alg polymers, which was not completely removed in
the first step of the dehydration, and to the degradation of both polymers.

A third inflection point occurred between 520–800 ◦C, which may be associated with the
decomposition of functional groups of both polymers which were not completely removed by
the previous stages.

The TGA of MET-CS-AlgNPs (Figure 12) also shows three weight loss steps similar to CS-AlgNPs.
The MET-CS-AlgNPs shows 70.2% weight loss compared to 55.3% for CS-AlgNPs. The extra weight
loss is due to the incorporation of MET in the CS-AlgNPs.

3.8. Scanning Electron Microscopy

The CS-AlgNPs and MET-CS-AlgNPs were morphologically characterized using the SEM
(Figure 13). The micrographs of CS-AlgNPs (Figure 13A) show that the nanoparticles have a smooth
surface with a spherical shape which is in agreement with previous studies [53]. Figure 13B shows that
MET-CS-AlgNPsnanocomposites also have a spherical shape.

Figure 13. SEM micrographs of CS-AlgNPs (A) and MET-CS-AlgNPs (B) (100,000×).
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3.9. Transmission Electron Microscopy

The MET-CS-AlgNPs nanocomposites were also examined using the transmission electron
microscope (TEM), and the structure is as shown in Figure 14. From the Figure, it can be seen that the
nanocomposites have irregular spherical shapes with agglomerate behaviors. The size of the main
individual nanocomposites is around 80–110 nm.

Figure 14. TEM images of MET-CS-AlgNPs (A) and their particle size distribution (B).

3.10. Interactions between Chemical Components of MET-CS-AlgNPs Nanocomposites

Possible interaction between the components of the nanocomposites is shown in Figure 15. From
the Figure, it can be seen that CS and Alg chains polymers are electrostatically held between positive
charges of CS (protonated by acetic acid) and negative charges of Alg [54]. Moreover, calcium cations
interact with negative charges of Alg. The structure of MET contains hydroxide (OH–) and nitro (NO2–)
groups, which led to the formation of different hydrogen bonds with CS and Alg polymers (Figure 15).
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Figure 15. Possible interactions between components of MET-CS-AlgNPs nanocomposites.

3.11. Release Properties of MET from MET-CS-AlgNPs Nanocomposites

The release profiles of MET-loaded CS-AlgNPs were obtained at 0.1M HCl (pH 1.2, to simulate
physiological environments in the stomach). As shown in Figure 16, free MET was initially released
very rapidly and almost 95% was released within 3.3 h for MAC 5 nanocomposite. This phenomenon
is called the burst effect, and it may be due to the presence of the free drug in the nanocomposite.
The MET release process from MAC 8, MAC 21 and MAC 19 nanocomposites was observed in two
stages with sustained release properties. After 23 h, 90% of the MET was released from the MAC 19,
whereas, after 40 hours, 90%, of the MET was released from the MAC 8 and MAC 21. The MAC 8
nanocomposite reached 97% release after 63 h. The MET release at 0.1M HCl could be explained by the
enhanced solubility of CS at lower pH (1.2),which in turn promoted the diffusion of the MET through
the pores of the AlgNPs matrix into the media [55,56]. These results suggest that the MET-CS-AlgNPs
nanocomposites can be used in oral or intravenous administration.

 

Figure 16. In vitrorelease behaviors of MET from MET-CS-AlgNPs nanocomposites in the 0.1 M
HCl solutions.
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The release kinetics of MET from MAC 8, MAC 21, MAC 19, and MAC 5 nanocomposites in
0.1M HCl were evaluated by fitting the data to various kinetic models (Table 7). Based on the highest
adjusted R2, the best fitted model for all MAC 8, MAC 21, MAC 19, and MAC 5 nanocomposites was
the second kinetic model with R2 values of 0.988, 0.956, 0.990 and 0.977, respectively.

Table 7. The correlation coefficients (R2) obtained by fitting the MET release data from MET-CS-AlgNPs
nanocomposites in aqueous solutions at 0.1M HCl [57–59].

Samples
R2

Pseudo-First
Order

Pseudo-Second
Order

Hixson-Crowell
Model

Korsmeyer-Peppas
Model

MAC 8 0.917 0.988 0.781 0.877

MAC 21 0.903 0.956 0.734 0.882

MAC 19 0.930 0.990 0.822 0.891

MAC 5 0.664 0.977 0.787 0.856

Equation ln(qe − qt) = lnqe −
k1t t/qt = 1/k2qe2 + t/qe

3√Mo − 3
√

qt = Kt qt
q∞

= Ktn

qe is the quantity released at equilibrium, qt is the quantity released at the time (t), Mo is
the initial quantity of drug in the nanocomposite, q∞ is the release at the infinite time
and k is the rate constant of the release kinetics

4. Conclusions

For the multiple linear regression analysis, the mathematical models for LE, particle size and zeta
potential were developed using the responsesurface methodology to formulate the input parameters,
which were Alg, CS and CaCl2 concentrations. Selected mathematical models showed that the
developed response surface methodology models werestatistically significant and suitable for all
conditions to have higher R2 and adjusted R2 values. High correlation values were determined between
the experimental data and predicted ones.The concentrations of Alg, CS and CaCl2 with values of 350,
150 and 40 mg, respectively, were determined as the optimum conditions, resulting in the maximum
LE (46.04%), the minimum particle size (164 nm) and the optimum zeta potential (−9.25 mV). The
verification experiment was carried out to check the validity of the developed mathematical model
that predicted LE, particle size and zeta potential within the range of 10% error limit and the prepared
nanocomposites were generally stable.

In vitro MET release study of selected formulations; MAC 8, MAC 21, MAC 19, and MAC 5
showed 97%, 90%, 90% and 99% release in 60, 40, 20 and 10h, respectively. These results indicate that
the nanocomposites could be effective in sustaining the MET release for a prolonged period.
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Normal probability plots for LE (A), particles size (B), and zeta potential (C); Figure S3: Residuals versus fitted
value for LE (A), particles size (B), and zeta potential (C); Figure S4: Residuals versus observation order for LE (A),
particles size (B) and zeta potential (C).
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Abstract: Discovering new materials to aid in the therapeutic delivery of drugs is in high demand.
PLGA, a FDA approved polymer, is well known in the literature to form films or nanoparticles that
can load, protect, and deliver drug molecules; however, its incompatibility with certain drugs (due to
hydrophilicity or charge repulsion interactions) limits its use. Combining PLGA or other polymers
such as polycaprolactone with other safe and positively-charged molecules, such as chitosan, has been
sought after to make hybrid systems that are more flexible in terms of loading ability, but often the
reactions for polymer coupling use harsh conditions, films, unpurified products, or create a single
unoptimized product. In this work, we aimed to investigate possible innovative improvements
regarding two synthetic procedures. Two methods were attempted and analytically compared using
nuclear magnetic resonance (NMR), fourier-transform infrared spectroscopy (FT-IR), and dynamic
scanning calorimetry (DSC) to furnish pure, homogenous, and tunable PLGA-chitosan hybrid
polymers. These were fully characterized by analytical methods. A series of hybrids was produced
that could be used to increase the suitability of PLGA with previously non-compatible drug molecules.

Keywords: PLGA; chitosan; hybrid polymers; chitosan-PLGA polymer; NMR; DSC; FT-IR

1. Introduction

The discovery of effective therapeutic drugs is becoming increasingly difficult as seen by the
drastic decline of new therapeutics accepted for public use each year. This is seen even with advances
in structure activity relationship (SAR) studies [1], computer simulations of target structures (specific
binding sequences and shape elucidation) [2], and high throughput screening methodology [3]. Novel
surfaces and delivery nanosystems have taken the spotlight as the leading hope to advance new drugs
from research into and beyond clinical studies by overcoming factors such as: lack of solubility, poor
stability, poor biodistribution, immune response activation, off-target affects, and poor accumulation at
the target site. Polymeric and lipid formulations have been taken advantage of to create fine-tuned
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systems to include targeting [4–6], triggerable activation (heat, light, reactive oxygen species (ROS),
pH) [7–9], and varied uptake mechanisms to deliver pharmaceutics against numerous diseases [10–12].

In this respect, poly(lactic-co-glycolic acid) (PLGA) is of high interest due to the fact that it
is: (1) FDA approved; (2) chemico-physically tunable to match biodistribution or loading needs;
(3) capable of producing both nanosystems or polymeric scaffolds; (4) chemically modifiable to include
stealthing moieties (polyethylene glycol, PEG) and/or targeting ligands. All of these aspects have been
widely exploited in production of PLGA nanoparticles (NPs) for the possible cure of a plethora of
diseases [13–18].

While PLGA NPs display many advantages in drug formulation, in comparison with cationic
bio/polymers, they can suffer poor encapsulation efficiency when loading negatively-charged molecules.
For example, while cationic bio/polymers (i.e., chitosan, cationic lipids, poly-ethylenimine, etc.) [19] can
ionically bind negatively-charged DNA and form polyplexes, repulsion between the negatively-charged
gene material and PLGA leads to negligible loading efficiencies. In this view, production of a co-polymer
including chemical features needed for controlled release, absence of charge repulsion, and stable
loading within the protective hybrid polymer assembly could be the correct answer to these limitations.

Previously, attempts to overcome these limitations were investigated in various ways. First,
by surface engineering negatively-charged NPs (such as PLGA) with cationic molecules in order to
allow DNA absorption onto the surface [20–23]. While this approach could improve theoretical loading
of gene material or other positively-charged molecules onto polymeric NPs, the stability of the exposed
drugs in a biological environment and control of their release are still lacking. Secondly, a synthesis of
chitosan on a PLGA film for adsorption of hydrophilic molecules of chitosan for protein loading [24].
While in this study loading was improved, the reaction was only monitored based on time and the film
remained intact throughout all analysis and the presence of absorbed but not reacted chitosan could
be present. By creating a controlled synthesis of hybrid polymers, it would be possible to include
improved encapsulation of drugs into PLGA assemblies, improving encapsulation of the molecule as
well as protecting it within the structure from desorption in the blood and degradation. Furthermore,
systematically synthesizing series of hybrid polymers could allow for tunability to include controlled
release kinetics and degradation kinetics of the molecules as well.

Therefore, in this research we attempt two different synthetic methods to create a pure hybrid
PLGA-chitosan polymer series: solid phase synthesis on a film (adapted from Li et al. [24]), or in
solution chemical reaction (adopted from a reaction to react chitosan to polycaprolactone [25]). This will
allow for the synthesize of a unique series of PLGA-chitosan hybrid polymers with tailored and tunable
physico-chemical characteristics that could be used to expand the use of PLGA delivery systems of
currently incompatible drugs or environments and in a variety of drug delivery assemblies to treat a
larger range of disease states.

2. Materials and Methods

2.1. Materials

Poly (d,l-lactide-co-glycolide) acid [PLGA RG-503H 50:50, inherent viscosity in 0.1% (w/v)
chloroform (CHCl3) at 25 ◦C = 0.38 dLg−1] was used as received from the manufacturer
(Boehringer-Ingelheim, Ingelheim am Rhein, Germany). According to the experimental titration
results of the carboxylic end of the polymers (4.94 mg potassium hydroxide (KOH)/g polymer) the
molecular weight of RG-503H was calculated to be 11,000 Da. Low Molecular Weight chitosan,
(mw 14,000) was purchased from Sigma Aldrich (Sigma Aldrich, Milano, Italy). All the solvents were
of analytical grade, and all other chemicals and media were used as received from the manufacturers,
and unless otherwise indicated, obtained from Sigma-Aldrich (Sigma Aldrich, Milano, Italy).
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2.2. Solid Phase Synthesis of PLGA-Chitosan Co-Polymer

The solid phase reaction of PLGA and chitosan was performed following the method of Ai.D.
Li et al. with minor modifications (Scheme 1) [24]. Briefly, a PLGA solution (50 mg) was weighed
into a round bottom flask and solubilized in 5 mL dicloromethane (DCM) and dried by rotary
evaporation to create a thin film. The film was then washed for 1 h with 5 mL 6 w/v% NaOH (sodium
hydroxide). This solution was discarded and the film was gently washed three times with 10 mL
dilute HCl (hydrochloric acid 10%) followed by three more times with distilled water. The film was
then completely covered in a solution containing N-Hydroxysuccinimide (NHS, 10 mgmL−1) and
1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC, 10 mgmL−1) and reacted for another 6 h at
room temperature in order to activate the acid group of PLGA with the NHS ester to promote the amide
coupling with the amine of chitosan. This solution was discarded and the film was ultimately covered
by a solution of 80 mL (reaction in round bottom flask) chitosan of 25 mgmL−1 (pH 3.5). Remarkably,
to achieve this pH value in which the chitosan becomes more soluble with decreasing pH it becomes
highly viscous, HCl (1N) was added dropwise and stirred vigorously for several minutes between
each additional drop. Therefore, rigorous stirring for several minutes is needed in order to ensure the
added HCl is dispersed uniformly throughout the solution and to avoid pockets of extreme acidity.
After reacting for 48 h, the chitosan solution became much more transparent and less dense. The same
procedure up to this point was also performed on a film on the surface of a glass petri dish (diameter
10 cm) with the following changes: the PLGA (150 mg) in 9 mL DCM evenly dispersed over the surface
of the petri dish was left to evaporate at room temperature under a chemical hood overnight instead
of on a rotary evaporator. The volumes required to cover the film with ~1 cm of each solution were
decreased: NaOH 15 mL, EDC 15 mL (10 mgmL−1), NHS (15 mL 15 mL (10 mgmL−1), chitosan 15 mL
(25 mgmL−1, pH 3.5). This decrease in volume was possible because unlike in the round bottom flask
where a large volume is needed to fill in the 3D spherical space, on a flat surface the volume needed
to cover the film is a much smaller cylindrical cross-section of the round bottom flask (1 cm thick
cylinder). All material from the round bottom or petri dish was poured into a separation funnel and
the reaction vessel was washed 3 ×with water followed by 3 ×with DCM (10 mL each), in order to
remove products and starting material that are soluble in aqueous or organic solvents, and added to
the separatory funnel. After allowing the extraction to separate for 1 h at room temperature in the
separation funnel, three distinct layers formed during separation: a clear DCM layer, a middle white
emulsion, and the yellow chitosan solution. The three layers were separated into separate containers
and lyophilized to calculate a percent yield and further characterization.

 

Scheme 1. Solid phase reaction of PLGA film with chitosan.

2.3. Characterization Protocols of PLGA-Chitosan Co-Polymer in Solid-Phase.

Characterization of chitosan-PLGA co-polymer was achieved by analysis in FTIR, and by NMR. The
FT-IR spectra were recorded by a Vertex 70 (Bruker Optics, Ettlingen, Germany) FT-IR spectrophotometer,
equipped with a deuterium triglycine sulphate (DTGS) detector (Bruker Optics, Ettlingen, Germany).
Setting parameters are: resolution 4 cm−1; apodization weak. The spectral range was 4000–600 cm−1

with 32 scans for each spectrum. The ATR spectra were recorded using the Golden-Gate accessory
(Golden Gate™ Single Reflection Diamond ATR Series MkII).
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1H NMR and 13C samples of the solid phase reactions were run on a Bruker 600 mHz NMR (Bruker,
Milano, Italy). Simply, 4 mg of sample were dissolved in deuterated water with 1% v/v deuterated acetic
acid added (Chitosan, 700 uL), or deuterated dimethylsulfoxide (DMSO) (PLGA-chitosan product,
700 uL), scanned 40 (1H) or 3000 (13C) times and analyzed by Bruker Top Spin software (Bruker,
Milano, Italy).

2.4. Reaction of Chitosan and PLGA in Solution

To perform the conjugation between chitosan and PLGA in organic solution, an organic soluble
SDS-chitosan salt was formed (Scheme 2). In particular, adapting a protocol published by Cai et al. [25],
a solution of chitosan (200 mg) in 2% v/v) acetic acid was precipitated with SDS (Sodium dodecyl
sulfate 560 mg) in a rapport of 1:100 for 2 h. The reaction was centrifuged for 10 min at 10,000 rpm in an
ALC PK121 multispeed centrifuge (Concordia, Modena, Italy), the supernatant was discarded, and the
precipitate was dried in a desiccator under negative pressure overnight. Simultaneously, PLGA was
activated for reaction with chitosan by means of NHS-DDC technology. The covalent binding between
the carboxy terminus of the polymer PLGA RG503H and the terminal amine of the peptide has been
formed by standard methods, namely the activation of the carboxy group of PLGA by means of an
ester with N-hydroxysuccinimide in the presence of dicyclohexylcarbodiimide, and the subsequent
formation of an amidic linkage with the N-terminus of the unprotected peptide. Thus, to a solution
of PLGA RG503H (1.00 g, 88 μmol) in anhydrous dioxane (5 mL), DCC (dicyclohexylcarbodiimide.
19.0 mg, 93 μmol) and N-hydroxysuccinimide (NHS, 11.0 mg, 93 μmol) were added, and the mixture
was stirred for 4 h at 20 ◦C. After, the dicyclohexylurea was filtered away and the solution was decanted
into cold anhydrous diethyl ether. The insoluble polymer was collected and purified by dissolution in
DCM, followed by precipitation by the addition of anhydrous diethyl ether, then dried under reduced
pressure. The content of NHS groups reacted with PLGA RG503H was determined by 1H-NMR
spectroscopy (DPX 200; Bruker, Rheinstetten, Germany) in DMSO-d6, from the relative peak area of
the multiplet at 2.95 ppm and of the multiplet at 1.80–1.60 ppm, corresponding to the protons of the
N-succinimide and those of the methyl groups of the polymer, respectively, and resulted to be 49 μmol
NHS/g of polymer. After having obtained both polymers, a fixed amount (50 mg) of the chitosan
salt was then solubilized in anhydrous dimethylformamide (DMF, 10 mL) and reacted with different
amounts (10, 50, or 240 mg) of activated PLGA-NHS (corresponding to ratio 1:5, 1:1, 5:1 chitosan:
PLGA, respectively) and reacted for 48 h.

 

Scheme 2. Solution Phase Reaction using DMF soluble chitosan-SDS salt.
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All the products were purified and isolated by means of centrifugation at 12,000 rpm for
10 min to remove any precipitated material during the reaction. The supernatant was then dried by
rotoevaporation to yield a white/yellow powder containing the PLGA-chitosan/SDS salt conjugate.
The SDS was then removed from the conjugate, which led to a precipitation of the final product by
incubation in 50 mL 15% TRIS pH 8.0 for 48 h. The precipitate was then centrifuged at 12,000 rpm with
an ALC PK121 multispeed centrifuge and the supernatant was decanted away. The final product was
then dried by lyophilization and stored in a desiccator at room temperature until analysis. Solubility of
the samples was tested by weighing 1 mg of each product and testing its ability to dissolve in DMSO
or acetic acid (2% v/v) of concentrations of 200 ugmL−1.

2.5. Characterization Protocols of PLGA-Chitosan Co-Polymer in Solution

FTIR was described as previously described. The FT-IR spectra were recorded by a Vertex 70
(Bruker Optics, Ettlingen, Germany) FT-IR spectrophotometer, equipped with a deuterium triglycine
sulphate (DTGS) detector. Setting parameters are: resolution 4 cm−1; apodization weak. The spectral
range was 4000–600 cm−1 with 32 scans for each spectrum. The ATR spectra were recorded using the
Golden-Gate accessory (Golden Gate™ Single Reflection Diamond ATR Series MkII).

After purification, NMR spectra were acquired at 300 K using an AVANCE III HD 600 Bruker
spectrometer, equipped with a 2.5 mm H/X CPMAS probe operating at 600.13 and 150.90 MHz for 1H
and 13C, respectively (Bruker, Milano, Italy). Samples were packed into 2.5 mm zirconia rotors and
spun at the magic angle. 13C NMR spectra were obtained using a standard pulse sequence for cross
polarization (CP), at 16 kHz magic angle spinning (MAS) rate. The relevant acquisition parameters for
CP-MAS 13C NMR spectra were: 45 kHz spectral width, 10 s relaxation delay, 2.5 μs 1H 90◦ pulse,
62.5 kHz radio frequency field strength for Hartmann−Hahn match, 2k data points, and 2k scans.
All chemical shifts were referenced by adjusting the spectrometer field to the value corresponding to
38.48 ppm chemical shift for the deshielded line of the adamantane 13C NMR spectrum.

Dynamic scanning Calorimetry of DSC was performed on a Netzsch Phox DSC 200 PC using
the Netzsch Proteus analysis software (NETZSCH-Gerätebau GmbH, Selb, Germany). Samples were
precisely weighed between 2–4 mg each into NETZSCH DSC-crucibles (Al; 25 uL) and sealed with
their appropriate lids. An empty crucible was used as the reference sample. Samples were analyzed
with the following thermometric gradient: 2 min isothermal gradient to standardize the starting point
at 15 ◦C, 15–320 ◦C over 38 min increasing at 10 ◦C per minute, with a 2 min isothermal section.

3. Results

The most direct method of conjugating PLGA and chitosan is an amid bond formation between
the amine on chitosan and the carboxylic acid of PLGA (Scheme 1). Functionally however, this reaction
is complicated due to the extreme difference in solubility between the two molecules. Previous
attempts reacted chitosan in solution with a PLGA film to create a positively-charged surface aiming
to create nanofibers without the need for purification [24]. Another researcher produced the hybrid
PLGA-chitosan polymer for the creation of nanoparticles, but it required harsh conditions (concentrated
nitric acid) [26]. Therefore, to create a pure, reproducible, and controllable hybrid polymer that could
be used in solution for NP formation, a reaction was performed under milder conditions on a PLGA
film created by evaporating PLGA on a surface activating it with EDC and NHS and reacting it with a
large excess of chitosan. After 48 h, the chitosan solution was removed and the product was purified
in a biphasic solution of 0.1% acetic acid (PLGA-chitosan product) and DCM (non-reacted PLGA).
Initial reactions were performed in a round bottom flask; however, to make the reaction greener by
decreasing the ratio of surface area:volume (to decrease amount of solvent and reactants needed to
cover the PLGA film), reactions were performed in a flat petri dish. This simple change not only
decreased reaction volume (80 mL to 10 mL), but it also increased the % yield from ~25% to 50%.

Characterization of the product was performed by FTIR spectroscopy (a common technique for
investigating interactions between polymers) and NMR. General FTIR points of interest for the reaction
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arise in the broad band between 3450 and 3200 cm−1 (νOH + νNH) and two weak peaks at 2940 cm−1

and 2890 cm−1 (νCH2) (Figure S1, top panel). More critical for the identification of the conjugation
of PLGA to chitosan are the major characteristic absorption bands at around 1648 and 1588 cm−1,
corresponding to amide I (νC=O) and amide II (δNH + νCN) of the residual N-acetyl groups. Under
the band centered at 1585 cm−1, the contribution of δNH2 is also hidden, which overlaps the amide II
peak [27]. Pure PLGA exhibits the strong characteristic adsorption peaks at 1170 and 1090 cm−1 (νCOC,
ether), 1130 cm−1 (ρCH3), 1452, 1390, and 745 cm−1 (δCH), and peaks 3020 and 2930 cm−1, which were
attributed to νCH2 from glycolic acid portion, and νCH3 from the lactic acid portion. The most notable
peak to discern the presence of PLGA arises at 1749 cm−1 (νC=O, ester) (Figure S1, bottom panel) [28].
FTIR analysis of the product showed that the mild acetic acid conditions did not result in the covalent
linkage between PLGA and chitosan (Figure 1). While a shift in the amid bonds at 1648 and 1588 cm−1

were observed, the new peaks did not correspond to further amid bond creation, but instead showed
the resemblance of the formation of a chitosan salt [29] with bands further downfield at 1627 and
1517 cm−1. Also, only a small emergence of a peak indicating the presence of the C=O of PLGA at
1748 cm−1, but instead a peak at 1703 cm−1 indicating the appearance of an acid was observed.

Figure 1. FT-IR/ATR spectra of unmodified poly lactic-co-glycolic acid (red), unmodified chitosan
(blue), and PLGA-chitosan product (green).

NMR analysis confirms the poor reaction results. 1H NMR of the product and the chitosan control
show little to no difference with the H2 peak at 3 ppm and the H3-6 peaks as a broad series of peaks
at 3.5–4 ppm. These peaks corresponded to the literature precedence of the 13C NMR peaks of the
main carbon ring at ~C1 (100 ppm), C3-5 (73–85 ppm), and C2,6 (55–60 ppm). However, the normal
peaks expected for the PLGA C=O (170 ppm) or CH3 (1.5 ppm and 15 ppm 13C) or its degradation
products (glycolic and lactic acid) are not present (Figure 2). Only small fragment peaks that do not
cross correlate upon 2D analysis (Figure S2). Degradation of the PLGA into small fragments during
the reaction would explain the FTIR results showing the formation of a small acid peak. It also could
explain the amid bond shifts to that of the salt formation as small negatively-charged acidic degradation
products could lead to a salt formation with the free amine of chitosan.

78



Polymers 2020, 12, 823

Figure 2. 600 MHz NMR Proton (left panel) and Carbon (Right Panel) analysis. Numbers indicate the
Carbons (C1-6) of the chitosan ring structure or their respective hydrogens as depicted in the structure
(Top right).

While the reaction of PLGA and chitosan is found in the literature, it is often performed with
harsh conditions on gels or without purification. Using a solid phase reaction with mild reaction
conditions did not prove successful. This ruled out this method as a viable option to create a controlled
series of hybrid polymer variants for further characterization; therefore, more stable and controllable
methodology was pursued.

The mild reaction conditions led to a lack of product formation. To overcome this, an alternate
method was adapted in which chitosan is precipitated as an SDS salt in order to improve its solubility
in organic solutions (DMSO, choloroform, and DMF) [25].

This intermediate was then conjugated to PLGA-NHS in anhydrous DMF. To test the flexibility of
the reaction, and to analyze the physical characteristics of various PLGA-chitosan hybrid polymers,
a series of three reactions was performed: (1) an excess of chitosan in a 5:1 molar ration, (2) 1:1
chitosan: PLGA and (3) 1 chitosan: 5 PLGA (Table 1). The latter corresponds to an average of one PLGA
being available for each sugar unit of chitosan. After reacting activated PLGA with chitosan-SDS for
48 h, the salt was dissociated in Tris 15% pH 8 for 48 h. The percent yield of the reactions increased
proportionally with the increasing rapport of PLGA: chitosan in the reaction as shown in Table I (55%,
75%, and 82%). The solubility of the products also suggested an increased PLGA attachment due to
the decreasing solubility in 2% acetic acid (v/v).

Table 1. Solution phase reaction conditions of PLGA and Chitosan-SDS.

Reaction
Chitosan-SDS
(mg Chitosan)

PLGA-NHS
(mg)

Recovery (%)
PLGA:Chitosan in

Initial Reaction
Solution (mol)

Solubility in
Acetic Acid a

1 50 10 55 1:5 soluble
2 50 50 75 1:1 semi soluble
3 50 240 82 5:1 Not soluble

a. 200 ug/mL 2% v/v.

The conjugation of PLGA to chitosan again was analyzed by FTIR, and 13C NMR in solid state (due
to the differences in solubility between the products). The PLGA and chitosan starting materials were
identical to as described previously (Figure 1, Figure S1). In a PLGA concentration dependent manner,
the progressive appearance and intensification of the band at 1755 cm−1, indicating the presence
of PLGA (ester C=O stretching), can be observed (Figure 3). Unlike the solid-state reaction, bands
indicating a chitosan salt formation were not observed (including the presence of the chitosan-SDS salt
formation (1624 and 1523 cm−1)) (Figure S3). Instead, there was a clear and concentration dependent
(based on initial PLGA amounts), shift indicating amid bond formation (Figure 3). This was confirmed
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by observing the amide I and II peaks (1650 and 1585 cm−1) shift to 1633 cm−1 (amide I) and 1548 cm−1

(amide II) (Figure 3). As compared with pure chitosan, the δNH contribution of the primary amine
for the band at 1580 cm−1 decreases or even disappears, because of a change of primary amine in
the chitosan chain into amide groups, as already attested in the literature [30]. The displacement of
the band from 1586 cm−1 (chitosan) to 1549 cm−1 (PLGA-chitosan) suggests that the grafting reaction
occurred mainly by the reaction between the −NH2 chitosan groups and −COOH PLGA groups.
Furthermore, the band at 3184 cm−1 progressively increases, associated with NH stretching of the
secondary amide (Figure 3 inset).

Figure 3. FTIR scan of PLGA-chitosan hybrid products of the reactions synthesized with different
molar rapport of PLGA:chitosan of reaction (1) 1:5. black (2) 1:1. blue (3) 5:1. green, and (4) pure
chitosan (red inset).

NMR analysis was used to support the FTIR findings (Figure 4). The solid-state NMR of pure
chitosan showed the characteristic broad singlet at 100 ppm (carbon 1) along with two broad multiplet
peaks between 50 pp, (carbon 2–5) and 90 ppm (carbon 6) in accordance with literature precedence
(Figure 4 purple box) [31]. The pure PLGA exhibits the CH and CH2 peaks at 70 and 60 ppm, respectively,
as well as the CH3 peak at 15 ppm and C=O peak at 170 ppm (Figure 4, orange boxes). In all reactions,
the iconic peaks of the chitosan can be seen. In all three reactions, the PLGA peak corresponding to the
CH2 is hidden under the chitosan (purple box) and residual TRIS salt (blue box) peaks from 50–75 ppm,
but the emergence of the CH peak at 70 ppm is observed (Figure 4, Figure S4). More evident however;
is that by increasing the initial amount of PLGA in the reaction, the peak corresponding to C=O at
170 ppm (indicated by a star) as well as that of the CH3 group (indicated by an @) are seen to directly
increase in intensity (Figure 4 orange boxes). It is important to note that SDS, and Chitosan-SDS salt
(peaks 20–40 ppm) are not present in any of the samples indicating full removal of the salt back to the
original chitosan structure in the product (Figure S4, red box). NMR analysis showed constant and
equal NMR spectra across multiple product samples indicating the homogeneity and controllability of
each product.
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Figure 4. Solid state 13C NMR analysis with highlighted peaks of interest: chitosan (purple), PLGA
(orange), TRIS salt (blue). Numbers indicate the Carbons (C1-6) of the chitosan ring structure or their
respective hydrogens as depicted in the structure (Top left), * indicates the carbon of the PLGA carbonyl
peak, and @ indicating the PLGA methyl group.

To further validate the conjugation of PLGA to chitosan, DSC analysis was performed (Figure 5).
The transitional peak of PLGA was seen at 50 ◦C along with an endothermic transition during its
degradation between 280–380 ◦C. The chitosan control shows the liberation of the water entrapped
between the chitosan chains at 115 ◦C along with an exothermic transition at approximately 300 ◦C
reasoned to be the degradation of the chitosan ring structures permitting 3-D rotation. Analysis of the
polymer samples showed a shift in all transitional states dependent on the concentration of PLGA in the
initial reaction solution. With increasing amounts of PLGA, the transitional phase at 50 ◦C disappeared
due to the loss of the glass transition when bound to chitosan. In a physical mixture of PLGA and
chitosan however this transition was still observed (Figure S5). Secondly, a shift to higher temperatures
of the water loss from 120 ◦C to 150 ◦C in sample 3 (with the most PLGA) exhibiting numerous peaks
in this range. The energy required to remove the water associated with the chitosan chains is increased
by the increased encumbrance of PLGA. Finally, the disappearance of the transition peak at around
290 ◦C caused by the bulky PLGA sterically hindering the free rotation of the chitosan chains as well as
cancellation of the endothermic (PLGA) and exothermic (Chitosan) energies were observed supporting
the FTIR and NMR data of the presence of increasing amounts of PLGA chemically linked to the
chitosan chain. To ensure these changes were not caused by the presence of the chitosan-sds salt,
a sample was also analyzed showing none of the characteristics of the polymer products (Figure S5).
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Figure 5. Dynamic scanning calorimetry analysi: PLGA (black crosses), chitosan (black line), and the
three PLGA-chitosan reaction products based on PLGA:chitosan molar rapport: (1) 1:5 (red) (2) 1:1
(blue) and (3) 5:1 (green).

These three series of analysis not only demonstrate the formation of the hybrid polymer series using
mild reaction conditions, but also show the versatility of the reaction in its ability to be stoichiometric
controlled to create a uniform product unlike that seen by the solid-state reaction. The formation
of the chitosan-SDS made it optimal for the reaction in organic solvents with PLGA. By varying the
ration of PLGA in the reaction conditions from a 1:5 excess of chitosan, to 1:1, and finally to 5:1 excess
of PLGA, it was possible to create a variation of hybrid polymers. The hybrid series was not only
verified by the analytical characterizations, but also by the difference of solubility of the product.
Controlling the reaction in a stoichiometric controlled manner to create such clean and reproducible
product, hybrid polymers greatly increases the translatability and feasible uses of these polymers in
drug delivery purposes.

4. Discussion and Conclusions

Finding new materials to stabilize molecules with poor stability, solubility, or biocompatibility
properties is necessary to continue advancing new disease treatment methods with “critical” but
non-compatible drugs. PLGA offers a very promising base material as it is FDA approved and has
been used extensively to specifically target drugs to diseases as NPs or as site specific delivery agents
inserted as a film but is limited in loading positively-charged molecules.

Creating new co-polymers in a constant and controlled manner offers an increasing utility of PLGA
assemblies for a broader range of potential drug candidates in which it is currently non-compatible.
To this end, two reaction methods were attempted to conjugate negatively-charged PLGA to the
positively-charged chitosan to form a series of novel co-polymers. Previous works have attempted
to make chitosan hybrid polymers using harsh reaction conditions (nitric acid), PLGA films, or in
solution (to make polycaprolactone hybrid polymers) in a non-purified and uncontrollable manner.
To truly benefit from these types of hybrid polymers, the reaction must be reproducible, controllable,
create a series of pure homogenous products that can be selected dependent on the therapeutic need.

Data indicated that solid-phase synthesis using a PLGA film and mild reaction conditions
was insufficient to create PLGA-chitosan hybrid polymers, but instead led to a salt formation with
degradation products in solution. However, by utilizing an SDS salting out reaction to create a chitosan
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SDS intermediate that is soluble in organic solvents, a series of PLGA-chitosan co-polymers with
different molar ratios were produced.

Remarkably, this reaction was able to furnish a unique series of pure and reproducible
PLGA-chitosan hybrids with various molar rapport and solubilities. This controlled synthesis
method makes these hybrids prime candidates for protection and delivery of a wide range of previously
non-combatable drugs either as NPs formed through chitosan self-assembly techniques (for those
still soluble in acidic solutions) or for the encapsulation in stable and non-toxic films for long-term
controlled release (for those insoluble in biological solutions).

These preliminary results could pave the way to further advances in the application of PLGA-based
nanotherapeutics, expanding the tunability of the core polymer structure to be better suited for a wider
range of drugs candidates to be loaded, protected, and delivered to diseased cells improving their
potency and efficacy.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/12/4/823/s1,
Figure S1: Full FTIR Scan of PLGA and chitosan polymers, Figure S2: 2D NMR correlation analysis of the 1H
and 13C PLGA-chitosan reaction product, Figure S3: FTIR analysis of chitosan control (Red), chitosan-SDS salt
(green) and SDS salt (blue), Figure S4: Solid state 13C NMR analysis with highlighted peaks of interest: chitosan
(purple), SDS (red), TRIS salt (blue), Figure S5: Dynamic scanning calorimetry analysis: chitosan-SDS salt (black
line), chitosan: PLGA 1:1.5 physical mixture (green line).
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Abstract: Osteoarthritis (OA) is the most common joint disorder that has had an increasing prevalence
due to the aging of the population. Recent studies have concluded that OA progression is related
to oxidative stress and reactive oxygen species (ROS). ROS are produced at low levels in articular
chondrocytes, mainly by the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, and
ROS production and oxidative stress have been found to be elevated in patients with OA. The
cartilage of OA-affected rat exhibits a significant induction of p47phox, a cytosolic subunit of the
NADPH oxidase, similarly to human osteoarthritis cartilage. Therefore, this study tested whether
siRNA p47phox that is introduced with poly (D,L-lactic-co-glycolic acid) (PLGA) nanoparticles
(p47phox si_NPs) can alleviate chondrocyte cell death by reducing ROS production. Here, we confirm
that p47phox si_NPs significantly attenuated oxidative stress and decreased cartilage damage in
mono-iodoacetate (MIA)-induced OA. In conclusion, these data suggest that p47phox si_NPs may be
of therapeutic value in the treatment of osteoarthritis.

Keywords: osteoarthritis; monosodium iodoacetate; p47phox; PLGA nanoparticles; reactive
oxygen species

1. Introduction

Osteoarthritis (OA) is the most prevalent form of joint disease, a hallmark of which is cartilage
loss [1]. However, OA also affects various tissues and ultimately triggers articular chondrocyte
degeneration, chondrocyte clustering, synovial inflammation, osteophyte formation, and subchondral
bone remodeling in affected articular cartilage [2–4]. Patients with degenerative arthritis exhibit
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varying degrees of oxidative stress and cartilage destruction [5]. Additionally, reactive oxygen species
(ROS) (in particular chondrocytes) are produced at low levels, mainly by the nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase, where they act as integral mediators of intracellular
signaling mechanisms that contribute to the maintenance of cartilage homeostasis [6]. ROS production
and oxidative stress are elevated in patients with OA; compared to normal cartilage, OA cartilage has
a significantly greater degree of ROS-induced DNA damage, which is mediated by interleukin-1 [7].
In contrast, the levels of antioxidant enzymes (e.g., superoxide dismutase, catalase, and glutathione
peroxidase) are lower in patients with OA, which indicates that oxidative stress plays a role in OA
pathogenesis [8,9].

The NOX family of NADPH oxidases is a major source of ROS production under various
pathological conditions. Currently, this family is known to include seven members that utilize various
combinations of subunits to form active enzyme complexes: NOX1, NOX2, NOX3, NOX4, NOX5, dual
oxidase 1 (DUOX1), and DUOX2 [10–12]. Of these combinations, the NOX2 complex is composed
of two membrane-bound subunits (p22phox and gp91phox), various cytosolic proteins (p40phox,
p47phox, and p67phox), and an Rac1 GTPase; these components assemble at membrane sites upon
cell activation. Recently, phagocyte-type NADPH oxidases have been identified in other cell types
(e.g., adventitial fibroblasts, vascular smooth muscle cells, endothelial cells, and renal mesangial cells),
where this enzyme is thought to serve a signaling function [13].

Upon exposure to cytokines, synovial NOX is known to produce superoxide anions that activate
multiple signaling pathways and lead to the expression of inflammatory genes in rheumatoid
arthritis synovial fibroblasts [14–16]. Many studies have suggested that excessive levels of
NOX-mediated ROS generation appear to be a major mediator of the pathogenesis of OA. For
example, NOX4/p22phox-induced ROS production plays an essential role in the chondrocytes of
patients with OA [17–20]. Moreover, a recent study showed that, compared to a control group, patients
with knee OA exhibited 4.8- and 8.4-fold increases in the protein contents of prolidase and NOX2,
respectively, while xanthine oxidase levels tended to increase, and a 5.4-fold increase was observed in
NALP3 inflammasomes [21]. The van Dan Bosch group reported that NOX2-derived ROS enhance
joint destruction during collagenase-induced OA [22], while another study showed that NOX2 is
involved in the production of superoxides in synovial cells that were obtained from patients with
rheumatoid arthritis and patients with OA [23]. Furthermore, NOX2-generated ROS are involved in
chondrocyte death that is induced by interleukin-1β and the loss of the extracellular matrix due to the
activation of hyaluronidase via acidification [24–26]. However, to the best of our knowledge, the role
of p47phox, an NADPH oxidase subunit that is the major NOX that is involved in OA pathogenesis,
has not yet been fully elucidated. It is known that p47phox plays a pivotal role in neutrophil NOX2
activation by providing domains for physical binding to cytochrome b558 (a complex that is associated
with gp91phox and p22phox) and p67phox [27,28].

Local treatment via intra-articular injection is an appropriate strategy due to the fact that OA only
affects the joints. When small molecular drugs have been introduced into intra-articular space, they
have been easily and quickly removed by blood vessels and lymphatics [29]. Therefore, a suitable
drug delivery system, such as biodegradable and bioeliminable material nanoparticles, is required for
these drugs to increase their solubility and prolong their retention time in the articular cavity. In this
study, we adopted poly (D,L-lactic-co-glycolic acid) (PLGA) polymers as a carrier system, because they
have shown the ability to protect the loaded drug or siRNA from inactivation, reduce unwanted side
effects, and enhance the efficacy of the active pharmaceutical ingredient due to improved solubility
and bioavailability. Notably, only nanoparticles (NPs) with a size of less than 200 nm have the
ability to easily permeate through mucus without being immobilized by the natural size-filtering
mechanism [30].

Thus, the present study investigated the roles of p47phox in ROS production and cartilage damage
in an OA model by using NPs.
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2. Materials and Methods

2.1. Animals and Osteoarthritis Model

Male Sprague–Dawley rats weighing 120–140 g at the time of OA induction were used. Under
brief isoflurane anesthesia, the animals were intra-articularly injected in the left knee with 2 mg of
mono-iodoacetate (MIA; #I2512; Sigma-Aldrich, St. Louis, MI, USA) that was dissolved in 20 μL saline;
controls received saline only (day 0). MIA was delivered through the left patellar tendon by using a
30-G needle.

2.2. Human Chondrocyte

We used a scalpel to excise cartilage from the femoral condyles and posterior patellar surfaces
of OA patients that were treated at Chungnam National University Hospital (CNUH) (approval no.
IRB-2016-06-007). The cartilage was cut into 2 mm thick pieces, and the digested suspension was
passed through a 40 μM pore-size cell strainer to isolate individual chondrocytes. Cells were counted
by using a cell counter. Cells (5 × 106) were seeded into 10 mm diameter dishes and cultured for 10
days in Dulbecco’s minimal essential medium (DMEM) supplemented with 10% (v/v) fetal bovine
serum (FBS). The medium was changed every 2 days [31].

2.3. Hematoxylin and Eosin Staining

Cartilage from humans with OA was frozen, sectioned to a 4-μm thickness, and fixed in 4%
paraformaldehyde (PFA). MIA-injected knees were fixed in 4% (v/v) paraformaldehyde for 2 days,
decalcified in a Calci-Clear solution (catalog no. HS-105; National Diagnostics, Atlanta, GA, USA) for 2
days, sectioned in the coronal plane (4 μm thickness), embedded in paraffin wax, and used to prepare
slides after staining with hematoxylin. Then, the slides were sequentially dehydrated in 70%, 80%,
90%, and 100% ethanol. Finally, sections were cleared in xylene. A light microscope and a digital
camera were used to capture and evaluate the histopathological features of the articular cartilage.

2.4. Behavior Test

Mechanical paw withdrawal thresholds were measured via up–down von Frey testing [32]. Rats
were placed on an elevated metal grid. Fifty percent withdraw threshold values were determined
by using the up–down method. Briefly, mechanical allodynia was assessed by measuring foot
withdrawal thresholds in response to mechanical stimuli to the hind paw. The withdrawal threshold
was determined by using the up–down method with a set of von Frey filaments from 0.008 to 1.4 g
(0.008, 0.02, 0.04, 0.07, 0.16, 0.4, 0.6, 1, and 1.4 g).

2.5. Immunohistochemistry

After incubating the tissues with a blocking buffer (5% normal serum/0.3% Triton X-100, Bio-Rad,
Irvine, CA, USA) for 1 h to prevent nonspecific binding, the sections were incubated with primary
antibodies (p47phox, #sc-17844, 1:200, SantaCruz, Dallas, TX, USA) and diluted in a blocking buffer.
Immunostaining was performed by using the avidin–biotin peroxidase complex (ABC) method,
as reported previously [33,34]. The sections were mounted with Vectashield (Vector Laboratories,
Burlingame, CA, USA), and images were obtained with a confocal microscope. The immunodensities
in the graphs were quantified by the Image J program software.

2.6. DHE Staining

Superoxide anion levels in the spinal cord were determined by using dihydroethidium (DHE;
Thermo Fisher Scientific), as described previously [34]. Cartilage sections were incubated with DHE (1
μM) at room temperature for 5 min and mounted on slides.
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2.7. Cytotoxicity Assay

An MTT assay was performed in order to test the cell viability caused by siRNA-encapsulated
PLGA nanoparticles as per the manufacturer’s instructions. Detailed procedures can also be found in
previous reports [35].

2.8. Preparation of siRNA-Encapsulated PLGA Nanoparticles

p47phox siRNA-encapsulated PLGA NPs were prepared from a PLGA nanoparticle synthesis
service from the Nanoglia company (Daejeon, Republic of Korea) with minor modifications, as reported
previously [33,35]. A copolymer of DL-lactic and glycolide in a 50/50 molar ratio and with an inherent
viscosity midpoint of 0.2 dL/g was used. To produce p47phox siRNA-encapsulated PLGA NPs, 200 μL
of 200 μM siRNA of a TE 8.0 buffer was added in drops to 800 μL of dichloromethane (DCM) that
contained 25 mg of PLGA (Corbion, Amsterdam, the Netherlands) and then emulsified by sonication
(50 W, 1 min; Vibra-Cell™ VCX 130; Sonics, Newtown, CT, USA) into a primary W1/O emulsion. Later,
2 mL of 1% PVA1500 (w/v; Thermo Fisher Scientific, Waltham, MA, USA) was directly added into the
primary emulsion and further emulsified by sonication for 1 min to form a W1/O/W2 double emulsion.
The resulting product was then diluted with 6 mL of 1% PVA1500 (w/v) and stirred magnetically for 3
h at room temperature to evaporate the DCM in a fume hood. Finally, the PLGA NPs were collected by
centrifugation at 15,000× g for 15 min at 4 ◦C, washed twice with deionized water, and freeze-dried
with 10 vials.

2.9. Colloidal Characterization of Nanoparticles

Two milligrams of lyophilized particles were dispersed in 1 mL of deionized water to determine
the size distribution, zeta potential and polydispersity index (PDI) with the Zetasizer Nano ZS (Malvern
Instruments, Malvern, UK), and the diameter and shape were determined with scanning electron
microscopy (SEM; SNE-4500 M; SEC Co., Ltd., Suwon, Korea). The each 20 μM of siRNA-encapsulated
PLGA nanoparticles, were collected and incubated in a Eppendorf tube with 250 μL of PBS, incubated
at 37 ◦C for 48 h. At the designated time, 200 μL of the released medium was taken and replaced by the
same amount of a fresh buffer. The amount of the p47phox siRNA was measured in the released buffer
by using NanoDrop (Thermo Fisher Scientific). The accumulated release percentage of the p47phox
siRNA and the entrapment efficiency were evaluated according to a previous report [36].

2.10. Statistical Analysis

The data are expressed as mean ± standard error of mean (SEM). The statistical significance
between multiple groups was compared by a one-way analysis of variance (ANOVA) followed by an
appropriate multiple comparison test. p-values of less than 0.05 were considered statistically significant.
All statistical analyses were performed by using GraphPad Prism 6 (GraphPad Software Inc., San
Diego, CA, USA).

3. Results

3.1. p47phox and ROS Were Highly Expressed in Chondrocyte Clusters in Human OA Tissues

Chondrocyte clustering is a histological sign of late-stage OA [1,37]; this type of clustering and its
associated morphological abnormalities are particularly evident in the superficial zones of OA tissues.
To explore whether p47phox was associated with ROS production and cartilage damage, samples of
degenerating articular cartilage from patients with OA were assessed. In osteoarthritic joint cartilage,
cluster cell numbers exceeded eight in affected lacunae, but this did not occur in non-affected lacunae
(Figure 1A,B); DHE staining revealed an increased ROS production at injured sites, relative to the less
involved areas (Figure 1A,B). Immunohistochemistry analyses of p47phox also revealed high levels
of p47phox expression in chondrocytes in joint cartilage samples with clusters (Figure 1C,D). Taken
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together, these results indicated that increased levels of ROS production and p47phox were associated
with cartilage degeneration in patients with OA.

Figure 1. Reactive oxygen species (ROS) production and p47phox expression increased in the articular
cartilage of human osteoarthritis (OA) knee joints. (A) Representative images of ROS-dependent
dihydroethidium (DHE) fluorescence in human OA knee joints. (B) DHE staining density measured
by using ImageJ software. (C) p47phox exhibited prominent expression at lesional sites, compared
to non-lesional sites; immunohistochemical analyses show the expression levels of p47phox in knee
cartilage at different sites. (D) p47phox immunostaining density quantified by ImageJ software; scale
bar = 50 μm.

3.2. p47phox Was Highly Expressed in the Chondrocytes of MIA-Induced OA Rats

The progression of OA is significantly related to oxidative stress and ROS [7]. The major sites
of ROS generation include the mitochondria (via oxidative phosphorylation), the non-mitochondrial
membrane-bound NADPH oxidase, and the xanthine oxidase [38]. To verify the effects of the NADPH
oxidase on OA progression, the present study examined the expression levels of five components of
the NADPH oxidase: three cytosolic fractions (p40phox, p47phox, and p67phox) and two membrane
fractions (p22phox and gp91phox). As proof-of-concept, monosodium iodoacetate (MIA) was injected
into the knees of rats to assess changes in the levels of NADPH oxidase components in an animal
model of toxin-induced OA.
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The most common experimental OA model features intra-articular injections of MIA, which is
a metabolic inhibitor, into the knee joints of rats [39]. This process results in the progressive loss of
articular cartilage and the development of subchondral bone lesions; these closely resemble clinical
findings in patients with OA. In the present study, a preliminary experiment was conducted by using
a 2 mg/20 μL dose of MIA, which revealed that articular cartilage loss from the extracellular matrix
was more pronounced on day 3 (data not shown). These results showed that MIA induced significant
cartilage damage in the medial tibial plateau and femoral condyle at day 3 after intra-articular injection.
Additionally, mechanical hypersensitivity was observed after approximately seven days and persisted
at 14 days in the MIA-treated group (Figure 2B).

Figure 2. Monosodium iodoacetate (MIA)-induced expression of p47phox and the production of
cellular ROS. (A) Prior to MIA injection, the rats were subjected to a von Frey filament test; only those
that met a predefined threshold were selected for MIA injections. (B) The von Frey test was repeated
on days 3, 7, 10, and 14 after injection; all data are presented as the mean ± standard error of the
mean. (C) Rat knee tissues were immunostained with an anti-p47phox antibody at 3 days after MIA
injection; scale bar = 50 μm. (D) The density of p47phox expression in the knee was measured by
using ImageJ software; all data are presented as the mean ± standard error of the mean. (E) DHE
fluorescence imaging of the knee in the OA rat model; white lines indicate cartilage in the tissue. (F)
Quantification of DHE fluorescence; all data represent the mean ± standard error of the mean (error
bars) of three experiments.
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Because the cartilage damage that was caused by MIA was associated with ROS production, the
expression levels of p47phox were measured. Animals injected with 2 mg of MIA exhibited an increased
expression of p47phox by day 3 (Figure 2C,D). Next, the effects of MIA on ROS levels in chondrocytes
were investigated; ROS production significantly increased in the cartilage of the MIA-treated group
(Figure 2E,F). Taken together, these data suggested that the upregulation of p47phox in cartilage was
associated with articular cartilage loss and ROS production.

3.3. Colloidal Characterization of p47phox siRNA-Encapsulated PLGA NPs

The present study also assessed whether the inhibition of p47phox would affect cartilage damage
in the rat model of MIA-induced OA. The efficient delivery of p47phox siRNA into the joints by using
a gene delivery system requires the consideration of several factors. Thus, the present study employed
poly(D,L-lactic-co-glycolic acid) (PLGA) copolymers; these are biodegradable in and biocompatible
with humans, and some products from PLGA are widely used in many Food and Drug Administration
(FDA)-approved drugs. There are currently 15 FDA-approved PLA/PLGA-based drug products that
are available on the US market [40].

Our research group previously demonstrated that p38 MAPK siRNA that is encapsulated in
PLGA NPs attenuates spinal nerve ligation-induced neuropathic pain [35]. Moreover, our group
reported that Foxp3 plasmid-loaded PLGA NPs can effectively relieve neuropathic pain in animals by
reducing microglia activity and subsequently modulating neuroinflammation [33]. For the present
study, p47phox siRNA-loaded PLGA NPs (p47phox si_PLGA NPs) were prepared via sonication
by using the double emulsion (W/O/W) method. To prepare PLGA nanoparticles, 200 μL of 20 μM
siRNA or scrambled siRNA in a TE7.5 buffer was added to 800 μL of dichloromethane (DCM) that
contained 25 mg of PLGA. The average size and zeta potential of siRNA p47phox NPs were 126 ±
55 nm and −23 ± 2 mV, respectively (Figure 3A,B), and those of scrambled siRNA-encapsulated NPs
were 117 ± 52 nm and −20 ± 2 mV, respectively, when measured with a Zetasizer ZS90 (Figure 3C,D).
In addition, Zetasizer measurements revealed the formation of monodisperse particles (PDI ≤ 0.2)
within the desired size range on scrambled or siRNA encapsulation. It should be noted that although
PDI values smaller than 0.3 are considered acceptable for drug delivery applications, more specific
standards and guidelines have yet to be established by regulatory authorities [30,41]. Furthermore,
the uniformity and morphology of the NPs were confirmed by using scanning electron microscopy
(Figure 3E). Prior to the in vivo administration of p47phox NPs to the MIA-induced OA rats, the present
study assessed whether PLGA NPs would preferentially localize to articular cartilage. To accomplish
this, PLGA NPs that encapsulated plasmid-expressing mCherry (pAAV-EF1a-MCS-T2A-mCherry)
were administered into the knee joints of rats [33]; on post-injection day 3, mCherry was observed in
the cartilage (Figure 3F).

Next, the p47phox siRNA release profiles from p47phox si_NPs were analyzed by using a
cumulative percentage approach. The results showed that p47phox si_NPs gradually released siRNA;
this cumulative release peaked at 48 h after injection. After an initial burst of release (53.2%) at 24 h, the
release of siRNA was consequently observed in a sustained manner at different times. The percentage
of encapsulation efficiency was calculated as the amount of siRNA released from the lyophilized PLGA
NPs/the amount of siRNA initially taken to prepare the NPs × 100. Encapsulation efficiency was 36.4
± 0.17% (Figure 3G). We set up the in vivo administration of p47phox si_NPs in the OA model via
intra-articular injections at three days after MIA treatment (Figure 3H).
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Figure 3. Characterization of p47phox siRNA-loaded poly (D,L-lactic-co-glycolic acid) (PLGA)
nanoparticles (NPs). siRNA p47phox-encapsulated PLGA nanoparticles were dissolved in water and
measured in terms of (A,C) size and (B,D) zeta potential by using a Zetasizer ZS90. (E) Suspended NPs
were also assessed by using scanning electron microscopy; scale bar = 200 nm. (F) After 3 days, normal
rat knees received intra-articular injections of AAV-mCherry expression vector-loaded PLGA NPs, and
they were then were examined under a fluorescent microscope to assess uptake; scale bar = 50 μm. (G)
In vitro cumulative siRNA release of PLGA NPs over 48 h. (H) Experimental schematic of the present
study that used an MIA-induced OA animal model.

3.4. Inhibition of p47phox by NP-Delivered siRNA Attenuated Pain Behaviors, Cartilage Damage, and ROS
Production in Knee Joints with MIA-Induced OA

To address the question whether siRNA-encapsulated nanoparticles could work in cartilage, the
determination of the effective dose was firstly performed. Different doses of siRNA p47phox NPs—0.2,
0.4, and 0.8 μM—were applied to the MIA-induced OA (Supplementary Figure S1A). The mechanical
thresholds were reduced in all dose dependent groups. As the lowest dose of 0.2 μM could reduce pain
hypersensitivity, we used it for next investigations. Next, PLGA NPs that contained scrambled siRNA
or p47phox siRNA were delivered to the cartilage via intra-articular injections. Because subchondral
changes are closely associated with pain and are predictive of the severity of cartilage damage in
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OA [42], the present study assessed whether p47phox si_NPs could attenuate OA-related pain behavior
by using the von Frey filament test. Compared to saline controls, MIA injections (2 mg/20 μL) induced
mechanical allodynia in the ipsilateral paw. However, injections of p47phox si_PLGA NPs alleviated
mechanical allodynia in MIA rats for up to 14 days after injection (Figure 4A).

 
Figure 4. p47phox siRNA-encapsulated PLGA NPs reduced chondrocyte cell death by decreasing ROS
production in OA rats. (A) On day 3 after MIA-induced OA, p47phox siRNA-loaded NPs were directly
administered to the knee via intra-articular injections, and von Frey filament tests were performed
on days 7, 10, and 14 after injection; all data are presented as the mean ± standard error of the mean.
(B) Representative hematoxylin-stained sections of knee joints from rats with MIA-induced OA after
14 days, scale bar = 50 μm. (C) Cell viability over time in human primary chondrocytes following
MIA injection. (D) DHE fluorescence imaging of knees in the OA rat model at 1 week after injection of
PLGA NPs; white lines indicate cartilage in the tissue, scale bar = 50 μm. (E) Density of fluorescence
intensity showing ROS production; all data represent the mean ± standard error of the mean (error
bars) of three experiments.

Next, the present study investigated whether p47phox si_NPs could attenuate the loss of
proteoglycan and calcification of articular cartilage on day 3 after MIA injection. Compared to scrambled
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siRNA-loaded NPs, treatment with p47phox si_NPs reduced the thickness of the subchondral bone
plate and attenuated the loss of cartilage lacunae (Figure 4B). To observe whether MIA treatment
affected cell viability, the human primary chondrocyte cells were incubated alone or in the presence of 5
μM MIA for 6 or 24 h. Following treatment, the viability of the cells was decreased to approximately 30%
of their pre-treatment levels (Figure 4C). These results further support the idea that MIA-mediated OA
could increase chondrocytic cell death in OA, and ROS production was examined in the MIA-injected
joints of rats that received p47phox si_NPs. DHE staining revealed that administration of p47phox
si_NPs attenuated ROS production in cartilage (Figure 4D,E). Taken together, these findings suggested
that the inhibition of p47phox attenuated pain behaviors, cartilage damage, and ROS production in
knee joints with MIA-induced OA.

4. Discussion

The signaling pathways by which ROS contribute to the pathophysiology of OA are complex and
require further investigation. In general, antioxidant therapies are inefficient treatments for the relief of
OA symptoms, whereas antioxidant drugs have shown promising in vitro results; thus, further human
studies are required.

In the present study, MIA-induced OA chondrocytes produced ROS, a result that is consistent
with findings from MIA-treated human chondrocytes. Excessive ROS production causes apoptotic cell
death in OA chondrocytes; once induced, ROS are synthesized at a constant rate for a substantial period
of time. The present results demonstrated a marked increase in the release of ROS in MIA-induced OA
chondrocytes. Excessive levels of intracellular ROS are due to oxidative stress and enhanced levels of
oxidative markers, which are the primary causes of cell damage and death. Thus, the inhibition of
ROS-mediated injuries can reduce oxidative stress, protect chondrocytes, and treat OA. The present
results demonstrated that the suppression of MIA-mediated injuries attenuated oxidative stress and
protected chondrocytes. Therefore, the present findings contribute to the expanding understanding of
proteins that are involved in the regulation of p47phox activation, and they also provide further insights
regarding possible mechanisms that are involved in the regulation of cellular fates following OA.

The permeability transition pore is generally regarded as the major ROS target inside
mitochondria [43]. The oxidative modification of mitochondrial permeability transition pore proteins
has a significant impact on mitochondrial anion fluxes. For example, in response to pro-apoptotic stimuli,
including ROS overload, mitochondrial permeability transition pores assume a high-conductance
state that allows for the deregulated entry of small solutes into the mitochondrial matrix along their
electrochemical gradients. The redox regulation of proteins by moderate levels of ROS has been
observed in various signaling pathways, including the autophagy pathway, which is a catabolic
pathway for the degradation of intracellular proteins and organelles via lysosomes. Some studies have
shown that autophagy and cartilage damage are increased in MIA-induced OA models [44], while
others have shown that OA chondrocytes exhibit reduced mitochondrial membrane potentials. Thus,
the present study aimed to further clarify that these findings were not due to the blockage of autophagy.

The activation and regulation of the NADPH oxidase are controlled by the phosphorylation of its
cytosolic component (p47phox) on serine subunits that are located between Ser303 and Ser379 [45].
Notably, the stimulation of neutrophils by high concentrations of the chemotactic peptide n-formyl
methionyl-leucyl-phenylalanine, due to the protein kinase C agonist (phorbol 12-myristate 13-acetate),
induces the complete phosphorylation of p47phox, which is required for the activation of the NADPH
oxidase [46]. The present study showed that p47phox phosphorylation was required for MIA-induced
OA. During the activation of the NADPH oxidase, approximately 10%–20% of p47phox proteins migrate
to the plasma membrane, whereas 80%–90% remain in the cytosol. During activation, p47phox is
presumed to bind to gp91phox/NOX2 and p22phox, because the translocation of p47phox to the plasma
membranes impairs neutrophils from gp91phox- or p22phox-deficient patients. Though gp91phox is
the central docking site for cytosolic components that translocate to the plasma membrane, p47phox is
the subunit that is responsible for transporting the whole cytosolic complex to the docking site during
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the activation of the NADPH oxidase. Thus, p47phox is regarded as the organizer subunit because it
coordinates the interactions of different NADPH oxidase subunits and allows for the formation of an
active complex.

OA is a systemic inflammatory disorder that most commonly targets the joints. The synovial fluid
in patients with OA contains large numbers of neutrophils and macrophages, which suggests that
these factors may contribute to tissue injury. NADPH oxidase activity and the phosphorylation of
p47phox are markedly increased in neutrophils from patients with OA. This upregulation could be due
to the actions of pro-inflammatory cytokines, such as TNF-α, which is found in high concentrations in
the synovial fluids of these patients [45].

Our study presented, for the first time, that p47phox siRNA-encapsulated PLGA NPs could have
therapeutic effects on OA patients, leading to reduced chondrocytic cell death and cartilage damages.
Additionally, the administration of NPs to the knees of patients with OA may influence their in vivo
efficacy. However, these considerations are beyond the scope of this study and will be investigated in
future work from our research group.

5. Conclusions

In the present study, the successful encapsulation of siRNA into PLGA NPs resulted in
near-monodispersed and spherical particles with a low polydispersity index, and these particles
maintained their effects for an extended duration. Furthermore, the present study demonstrated that
the p47phox siRNA-encapsulated PLGA NPs acted synergistically to reduce ROS production in an
animal model of OA; the formulated PLGA NPs provided a sustained release of siRNA. Additionally,
the capability of the manufactured NPs to permit sustained release suggests the potential for a delivery
system that could reduce dosing frequency to a weekly regimen. Therefore, p47phox siRNA PLGA
NPs may represent a promising novel therapeutic avenue for the treatment of OA.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/12/2/443/s1,
Figure S1: Intra-articular injection of siRNA p47phox-encapsulated PLGA nanoparticles into the cartilage alleviates
mechanical allodynia following MIA-induced OA pain in a dose-dependent manner.
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Abstract: The administration of specific antigens is being explored as a mean to re-establish
immunological tolerance, namely in the context of multiple sclerosis (MS). PLP139-151 is a peptide
of the myelin’s most abundant protein, proteolipid protein (PLP), which has been identified as
a potent tolerogenic molecule in MS. This work explored the encapsulation of the peptide into
poly(lactide-co-glycolide) nanoparticles and its subsequent incorporation into polymeric microneedle
patches to achieve efficient delivery of the nanoparticles and the peptide into the skin, a highly
immune-active organ. Different poly(d,l-lactide-co-glycolide) (PLGA) formulations were tested and
found to be stable and to sustain a freeze-drying process. The presence of trehalose in the nanoparticle
suspension limited the increase in nanoparticle size after freeze-drying. It was shown that rhodamine
can be loaded in PLGA nanoparticles and these into poly(vinyl alcohol)–poly(vinyl pyrrolidone)
microneedles, yielding fluorescently labelled structures. The incorporation of PLP into the PLGA
nanoparticles resulted in nanoparticles in a size range of 200 μm and an encapsulation efficiency
above 20%. The release of PLP from the nanoparticles occurred in the first hours after incubation
in physiological media. When loading the nanoparticles into microneedle patches, structures were
obtained with 550 μm height and 180μm diameter. The release of PLP was detected in PLP–PLGA.H20
nanoparticles when in physiological media. Overall, the results show that this strategy can be explored
to integrate a new antigen-specific therapy in the context of multiple sclerosis, providing minimally
invasive administration of PLP-loaded nanoparticles into the skin.

Keywords: dissolving microneedles; multiple sclerosis; PLP; transdermal delivery; PLGA

1. Introduction

The use of antigen-specific therapies has been explored for the treatment of autoimmune diseases.
The premise is to selectively disarm autoimmune responses without suppressing global immunity [1].
Multiple sclerosis (MS) is an autoimmune and demyelinating disease characterized by the presence of
inflammatory infiltrates (T cells, B cells, macrophages) within the central nervous system (CNS) that
leads to immune-mediated myelin and axonal damage. In the case of MS, peptides from the three
major myelin proteins—myelin basic protein (MBP), myelin oligodendrocyte glycoprotein (MOG),
and proteolipid protein (PLP)—have been identified to be related to autoimmunity. The use of
peptides from myelin proteins to restore immunological tolerance has been extensively investigated,
showing positive results in experimental autoimmune encephalomyelitis (EAE) animal models and
also in clinical trials.

In the early studies, peptides such as PLP139-151 were chemically crosslinked at the surface
of syngeneic splenic leukocytes using ethylene carbodiimide. The infusion of these modified cells
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induced antigen-specific immune tolerance, overcoming drawbacks in trials directly related to the
delivery of soluble peptides or antibodies [2]. However, the direct administration of engineered cells
involves limitations and relevant costs for cell isolation under good manufacturing practice (GMP)
conditions. In this context, and to translate the technology into the clinical practice, the delivery
of antigen crosslinked micro- and nanoparticles was explored. Additionally, the use of nano- and
microparticles takes advantage of the intrinsic properties of biomaterials and nanoparticulate systems,
which can enhance delivery and cell targeting, namely toward dendritic cells, which play a critical role
in the immune response [3].

The intravenous administration of poly(d,l-lactide-co-glycolide) (PLGA) microparticles crosslinked
with a PLP139-151 peptide (the immunodominant T cell myelin epitope in SJL mice from the myelin’s
most abundant protein, PLP) demonstrated an ability not only to reduce the clinical score when
administrated prophylactically, but also to treat the disease [4]. Interestingly, the same peptide
administered in the form of colloidal hydrogel was effective only if administered before disease
onset [5]. The incorporation of poly(ethylene-co-maleic acid) (PEMA) as a surfactant in a PLGA
formulation allowed the preparation of smaller nanoparticles, providing a reliable platform for
different antigen crosslinking, as demonstrated by the relevant results in the induction of immunological
tolerance both in the context of EAE [6] and in a transplantation model [7]. Alternatively to antigen
crosslinking, nanoparticles can be loaded with an antigen of interest. This concept can be extended to the
development of multifunctional systems that combine the delivery of antigens with the encapsulation
of other molecules/drugs as a means to make the immune response more specific and/or more effective.
Relevant results were obtained by Yeste et al., loading gold nanoparticles with the antigen (MOG35-55)
along with a tolerogenic molecule, ITE (2-(1′H-indole-3′-carbonyl)-thiazole-4-carboxylic acid methyl
ester). The authors showed that the combination could achieve functional regulatory T cells in an EAE
animal model more efficiently than MOG-loaded particles [8]. A different study reported treatment
with PLGA nanoparticles containing MOG35-55 and interleukin-10 (IL-10). Although the results
in terms of regulatory T cell expansion were not as impressive as those obtained for crosslinked
nanoparticles, the nanoparticles caused a reduction in the severity of the disease via subcutaneous
administration [9].

Microneedles have been investigated for the minimally invasive delivery of drugs through the
skin, overcoming the stratum corneum barrier [10–12]. Early reports showed improved immunogenicity
of molecules when administered via microneedle devices [13]. This promising result was considered
to be related to delivery at the epidermal and intradermal layers of the skin, which is highly rich in
immunologically active antigen-presenting cells (APCs). These cells deliver antigens to the proximal
lymph nodes where T and B cells are activated, triggering an immune response [14]. Additionally, in the
skin (particularly in the epidermis and the epithelium from the hair follicles), monocytes and Langerhans
cells are abundant Langerhans cells display intrinsic tolerogenic properties in vivo [15].

To take advantage of skin immunogenicity, the use of microneedle patches is presented
as an interesting minimally invasive means to deliver molecules that target the immune
system [11,13]. In previous work, we designed and prepared dissolvable microneedles for the
transdermal administration of molecules [16,17]. We showed the incorporation of the PLP139-151
peptide and its release at therapeutic doses after 3 days in physiological media [16]. As means to
improve peptide stability and add a second layer of control to the release of the molecules, in the
present work, we explore the encapsulation of the PLP peptide in PLGA nanoparticles and subsequent
incorporation into microneedles.

2. Materials and Methods

2.1. Materials

Poly(d,l-lactide-co-glycolide) (PLGA) and acid terminated PLGA (PLGA.H) (50:50) were kindly
offered from PURASORB (Corbion, Amsterdam, The Netherlands). Ethyl acetate 99.8%, poly(vinyl
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alcohol) (PVA, Mowiol 18–88, Mw ~130000), poly(vinyl pyrrolidone) (PVP, Mw ~10000), rhodamine
6G, and trehalose were purchased from Sigma-Aldrich (Saint Louis, MO, USA). The PLP139-151
peptide with the sequence HSLGKWLGHPDKF (purity >95%) was purchased from Primm Biotech
(Cambridge, MA, USA) and stored at −80 ◦C in a 50 mg.ml−1 stock solution in water.

2.2. PLGA Nanoparticle Preparation

PLGA nanoparticles were prepared by double emulsion based on a previously described
procedure [18]. Briefly, PLGA (PLGA20: 20 mg; PLGA60: 60 mg) was dissolved in 2 mL of ethyl
acetate and sonicated for 15 s (70% amplitude) using an ultrasonic homogenizer (Branson Digital
Sonicator, Saint Louis, MO, USA), resulting in a w/o emulsion. An equal volume of PVA solution
(7% (w/v) in water) was added and sonicated for an additional 30 s (70% amplitude), resulting
in a w/o/w double emulsion. The organic solvent was evaporated in a Savant SPD121P vacuum
centrifuge (Thermo Fisher Scientific, Waltham, MA, USA) at 10,000 rpm for approximately 1 h at
40 ◦C. Fluorescent nanoparticles were prepared, adding rhodamine (0.5 mg·mL−1, 1 mg) to the organic
solution. To prepare peptide-loaded nanoparticles, 400 μg of PLP139-151 was added to the PLGA
organic solution. The prepared nanoparticle suspensions were stored at 4 ◦C until further use.

2.3. Nanoparticle Freeze-Drying, Stability, and Storage

The nanoparticle suspensions were freeze-dried as follows. To remove debris and
non-encapsulated materials, the nanoparticle suspensions were diluted and subsequently centrifuged
at 15,000 rpm at 4 ◦C for 1 h. The precipitated nanoparticles were resuspended in the same volume of
water or trehalose 10% (w/v) solution before freeze-drying for 24 h (LyoQuest, Telstar, Terrassa, Spain).

The nanoparticle suspensions prepared to load in the microneedle patches were frozen without
dilution. In brief, 1 mL of nanoparticle suspension was added to 0.5 mL of trehalose 10% (w/v) and
subsequently freeze-dried.

2.4. Characterization of Nanoparticles by Dynamic Light Scattering (DLS)

PLGA nanoparticles were characterized in terms of size and zeta potential by dynamic
light scattering (DLS) using an SZ–100 nanoparticle analyzer series from Horiba Scientific.
Measurements were performed using diluted nanoparticle suspensions (20×) at 25 ◦C. Size
measurements were performed at 90◦ and assessed in triplicate. Zeta-potential measurements
were also performed in triplicate.

2.5. Polymeric Microneedle Preparation

Polydimethylsiloxane (PDMS) molds were obtained from silicon masters, as previously
described [16]. The 3 cm × 3 cm masters contained 33 × 33 needles with a 600 μm tip-to-tip
distance, a height of approximately 600 μm, and a diameter of 200 μm.

To prepare the polymeric microneedles, mixtures of PVA and PVP were prepared. The PVA
(10% (w/v) in water) and PVP (15% (w/v) in phosphate buffer 0.1 M, pH 7.4) solutions were mixed at
a 3:2 (v:v) ratio [16]. The mixture was then poured in the central part of the mold. After applying
a vacuum for 20 min and drying about 1 h, more PVA:PVP mix was added, covering all the mold
(including the borders to facilitate handling). After eliminating all the air bubbles, the polymeric
patches were allowed to dry at room temperature for 24 h. The MN patches were peeled off and
observed under optical microscopy (Nikon Eclipse Ni-E, Isaza, Portugal). Polymeric microneedle size
was assessed from the optical microscopy images of at least 15 needles from three independent patches.

For the preparation of patches loaded with nanoparticles, freeze-dried nanoparticles were
resuspended in 0.7 mL of a PVA:PVP mixture and, after overnight under-rotation at 4 ◦C, were then
added to the PDMS mold, as described above.
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2.6. Rhodamine Loading and Release

The association efficiency of rhodamine 6G in PLGA nanoparticles was determined by quantifying
the free molecule in the supernatant after centrifugation at 15,000 rpm for 1 h at 4 ◦C (MIKRO 200R,
Hettich, Kirchlengern, Germany). The fluorescence was assessed at λex = 570 nm and λem = 595 nm
using a microplate reader (Synergy H1MFD box, Biotek, Shoreline, WA, USA). The nanoparticles were
incubated for 24 h in a phosphate buffer (0.1 M, pH 7.4) at 37 ◦C, and the released rhodamine was
again determined after a centrifugation step.

2.7. PLP Quantification–Loading and Release

To quantify the PLP139-151 peptide, a high-performance liquid chromatography (HPLC) analysis
was conducted using a 1260 Infinity II LC System (Agilent Technologies, Madrid, Spain) with
diode-array detection (DAD) detection. The separation was performed in a PEPTIDE XB-C18 column
(3.6 μm, 150 mm × 21 mm, Aeris, Phenomenex, Alcobendas, Spain). The mobile phase consisted of
a mixture of acetonitrile with 0.1% trifluoroacetic acid (TFA; A) and water containing 0.1% TFA (B).
Gradient elution was performed at a constant 0.3 mL/min−1 flow rate from 100% A to 35% during
20 min, followed by isocratic elution at 75% B for 3 min. A post-run of 5 min was conducted to
equilibrate the column at the initial mobile phase composition. PLP was detected at 220 nm after a
50 μL sample injection.

PLP loading in the nanoparticles was calculated after the quantification of the PLP detected in the
supernatant of centrifuged nanoparticles (15,000 rpm, 1 h, 4 ◦C).

To assess the release of PLP from the microneedle patches under physiological conditions,
the patches were dialyzed (3 kDa Membrane, Orange Scientific, Braine-l’Alleud, Belgium) against a
phosphate buffer (0.1 M, pH 7.4) at 37 ◦C. The medium was collected and refreshed at different time
points (4, 24, and 48 h). The collected samples were filtered (0.45 μm) and stored at −20 ◦C until further
analysis. The amount of PLP in the polymeric patches and PLGA nanoparticles was interpolated from
a calibration curve of the purified peptide, ranging from 50 to 0.1 μg·mL−1.

2.8. Statistical Analysis

Statistical analysis was performed using the software Graphpad Prism version 8.0 (GraphPad, San
Diego, CA, USA). Statistical differences were calculated using one-way ANOVA followed by Dunnett’s
tests for multiple comparisons. A p < 0.05 was considered statistically significant and is denoted by
“*”, whereas p < 0.001 is denoted by “**”.

3. Results and Discussion

3.1. PLGA Nanoparticles

In the development of new drug delivery systems for antigen-specific therapies, different
strategies using nanoparticles have shown promising results due to the properties of the systems.
However, incorporating these strategies into macro drug delivery systems that can assure a
painless administration of these nanoparticles and antigens brings a novelty to the real-world drug
administration scene that surpasses the novelty of the nano. To achieve this goal, we herein prepared
and characterized PLGA nanoparticles, subsequently loaded with the PLP139–151 peptide, to an
immunodominant T cell myelin epitope found in multiple sclerosis.

In the literature, one can find different procedures for the preparation of PLGA nanoparticles and
also different outcomes of the synthesis [19]. Particles can be prepared with a large diameter range
from 50 nm to 1000 nm, depending on the fabrication process and the publication [19,20]. In this work,
we opted for a double emulsion technique, based on previous reports [18,21]. Under the experimental
conditions set, the PLGA nanoparticles showed an average diameter of around 200 nm (PLGA20:
201.6 ± 19.0 nm; PLGA.H20: 210.4 ± 7.0 nm; PLGA60: 225.6 ± 14.8 nm) (Figure 1). When increasing
the amount of PLGA in the formulation (PLGA60), the particles tended to increase their average size
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(~220 nm) over what is seen in the literature [18,21]. The average polydispersity index was found to
be below 0.17, showing the homogeneity of the particles (Figure 1). The prepared nanoparticles held
a negative surface charge in the range of −20 mV for all formulations, as measured by assessing the
zeta potential. The results are in accordance with the nature of the used materials, as PLGA holds
carboxylic acid terminal groups, which are expected not to be protonated in the media, and a residual
charge can also be provided by PVA acetate groups.

Figure 1. Characterization of poly(lactide-co-glycolide) (PLGA) nanoparticles by average diameter and
polydispersity index (PDI) (n = 3, measured in triplicate).

Foreseeing incorporation of the particles into polymeric microneedle patches, it became interesting
to study the stability of the particles to a freeze–thaw cycle. Freeze-drying is a technique that allows
nanoparticle formulations to be stored in solid form and, consequently, to increase their storage
stability [22]. In this process, the presence of cryoprotectants, such as sucrose, trehalose, mannitol,
among others, has been explored in diversified types of samples, including polymer nanoparticles,
liposomes, and drugs [22–25]. We tested two formulations: PLGA20 and the acid form of the polymer,
PLGA.H20, also exploring the presence of a cryoprotectant, trehalose 10% (w/v) [25]. Trehalose was
recently shown to be more efficient in preserving protein structure for long-term storage [26]. In general,
after freeze-drying, the nanoparticles presented an increased average diameter. This increase was
reversed when the process occurred in the presence of trehalose for the PLGA.H nanoparticles
(Figure 2A), whereas the same effect was not detected in the PLGA20 formulation (Figure 2B).
The particles presented good stability after resuspension, making it possible to consider its inclusion in
a polymeric microneedle matrix.

3.2. Fluorescent PLGA Nanoparticles into Microneedles

To assess the feasibility of nanoparticle incorporation into polymeric, dissolvable microneedle
patches, tests were first performed using fluorescent nanoparticles. Initial attempts were
performed with fluorescein, but interestingly, we found that the microneedle composition, namely
PVP, reduced fluorescein fluorescence, forming nonfluorescent complexes, as reported in [27].
Alternatively, we explored the incorporation of rhodamine into PLGA nanoparticles.

The characterization of the nanoparticles in terms of size and PDI yielded similar results to
the empty nanoparticles. Average nanoparticle diameter was around 200 μm (Figure 3A). It was
observed that there is a tendency to increase the polydispersity index when loading rhodamine in the
nanoparticles; this difference was found to be nonstatistical, however.
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Figure 2. Characterization of the (A) PLGA20 and (B) PLGA.H20 nanoparticles after freeze-drying
with or without trehalose (n = 3, assessed in triplicate).

Figure 3. Characterization of PLGA–rhodamine nanoparticles. (A) Average diameter of PLGA20 and
PLGA.H20 nanoparticles loaded with rhodamine. (B) Rhodamine-loading capacity of the PLGA and
PLGA.H20 nanoparticles. (C) Fluorescence microscopy image of polymer microneedles loaded with
PLGA–rhodamine nanoparticles (exposure = 10 ms).

When analyzing the loading capacity of the nanoparticles, it was found to be 57.8 ± 23.1% in the
PLGA20 formulation and slightly higher, 68.4± 18.8%, in the case of PLGA.H20 nanoparticles (Figure 3B).
Others report rhodamine loading capacity in PLGA nanoparticles to be around 40–50% [28,29].

The rhodamine-loaded nanoparticles were incorporated into microneedle patches. To do so,
the nanoparticles were first freeze-dried and subsequently resuspended into the polymeric matrix.
This solution was then applied into the microneedle molds and, after drying, peeled off. As the
nanoparticles were fluorescently labeled, it was possible to localize them inside the needle patch
structure. Interestingly, the results suggest that nanoparticles might be preferentially located closer to
the needle tip, as there was more fluorescence found in that part of the structure (Figure 3C). Particles
cannot be distinguished in the structure, and, in fact, it cannot be excluded that free rhodamine was
present in the needles. Fluorescence signal in other fluorescence channels can only be obtained with
higher exposures, pointing out the specificity of rhodamine detection.

3.3. Microneedle Loaded with PLP–PLGA Nanoparticles

The analysis of the physical properties of the PLP–PLGA nanoparticles showed that loading PLP
does not significantly change the size of the nanoparticles in comparison with the empty nanoparticle
formulation (Figure 4A). A slight increase of about 20 μm in the average size could be pinpointed,
but the increase was not statistically significant. Results in Figure 4A also denote that PLGA.H20
(195.1 ± 10.1 nm) showed a significantly smaller size as compared with PLGA60 (238.7 ± 13.6 nm).
This same tendency was detected in unloaded PLGA nanoparticles, as discussed above.
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Figure 4. Characterization of PLGA nanoparticles loaded with proteolipid protein (PLP). (A) Average
diameter and polydispersity index (PDI) of nanoparticles loaded with PLP. (n = 3, in triplicate)
(B) loading efficiency of the different nanoparticle formulations. (n = 3) (C) Release of the PLP peptide
into physiological media, as determined by HPLC (representative experiment out of 2).

The loading of the peptide was found to be on average above 20% for all the formulations tested
(Figure 4B). Interestingly, rhodamine loading was significantly higher than for PLP, probably due to the
larger size and hydrophobicity of rhodamine that may improve interactions with PLGA. The percentage
of peptide PLP encapsulated on PLGA nano- and microparticles was not disclosed in some of the
reference publications [6,30]. A higher association efficiency in PLGA particles was described for larger
peptides, such as glucagon-like peptide-1 (GLP-1) (67%) [21] or LL37, in which 70% efficiency was
achieved in particles above 300 nm [31].

Figure 4C shows the release of PLP from the nanoparticles. The release is very fast, occurring in
the first hours/minutes of incubation at 37 ◦C. Figure 4C represents the initial point at which over 60%
of the peptide was not incorporated in the nanoparticles, and, from this point on, the complete release
was detected. Release in the first hours of incubation at physiological conditions is also reported in the
literature [21,32].

With the final goal to develop a system that allows minimally invasive administration,
we incorporated the PLP-loaded nanoparticles into polymeric microneedles. Other systems are
reported in the literature, such as exploring the use of microneedles coated with nanoparticles [29,32,33]
or incorporating them in a dissolvable structure for the delivery of DNA [34].

The images (Figure 5A,B) show that the incorporation of nanoparticles does not affect the
morphology of the microneedles. The prepared patches contained microneedles similar to the ones
reported in our previous work [16], being an average height of below 550 μm and a diameter of
around 180 μm (Figure 5C). Interestingly, when placed in physiological media, the release of the
peptide was likely to occur in a more sustained way (Figure 5D) when compared with the release
from the nanoparticles. A burst release was observed in the first period of incubation due to the
peptide not being encapsulated or being loosely bound at the surface. The detection of the peptide
was challenging due to the presence of large amounts of polymer from the microneedles’ dissolution.
To assess the release of the peptide, the patches were maintained in a dialysis bag in physiological
media. This procedure aimed to reduce the amount of polymer from the patch that was also released
to the media. However, smaller polymer chains can cross the dialysis membrane making it more
difficult to detect small amounts of peptide. Thus, in these experiments, the PLP signal in the
HPLC chromatogram was possible to isolate only for the microneedle patches containing PLGA.H20
nanoparticles. The amount of PLP quantified was below 1 μg, representing about 2% of the theoretical
amount of PLP expected in the sample. If on one side, the graph (Figure 5D) suggests that the release
is in its increasing phase, further experiments using higher amounts of loaded nanoparticles and,
consequently, of the peptide could help to isolate and quantify the PLP within the polymer mixture.
Still, the presented results show that the incorporation of PLGA nanoparticles loaded with PLP onto
dissolvable microneedles could bring a new approach to the delivery of antigen-specific therapies.
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Figure 5. Polymer microneedles loaded with PLGA.H20 nanoparticles. (A,B) Optical microscopy images
of microneedles loaded with (A) plain or (B) PLP-loaded PLGA.H20 nanoparticles. (C) Characterization
of the prepared polymer microneedles in terms of diameter and height. (D) Quantification of the PLP
released from the polymeric system when immersed in PBS a 37 ◦C, as quantified by HPLC.

4. Conclusions

This study presented the development of a dissolvable microneedle patch in which PLGA
nanoparticles containing PLP were loaded. The nanoparticles showed good stability and the PLP
peptide was successfully incorporated.

Although the dose of PLP detected in the microneedle patches was still beyond the therapeutic
doses described in the literature, this strategy brings novelty to the administration of antigen-specific
therapies, namely in the context of multiple sclerosis.
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Abstract: Polyethylene glycols (PEGs) and PEG derivatives are used in a range of cosmetic and
pharmaceutical products. However, few studies have investigated the influence of PEGs and their
related derivatives on skin permeation, especially when combined with other solvents. Previously,
we reported niacinamide (NIA) skin permeation from a range of neat solvents including propylene
glycol (PG), Transcutol® P (TC), dimethyl isosorbide (DMI), PEG 400 and PEG 600. In the present
work, binary and ternary systems composed of PEGs or PEG derivatives combined with other solvents
were investigated for skin delivery of NIA. In vitro finite dose studies were conducted (5 μL/cm2) in
porcine skin over 24 h. Higher skin permeation of NIA was observed for all vehicles compared to
PEG 400. However, overall permeation for the binary and ternary systems was comparatively low
compared with results for PG, TC and DMI. Interestingly, values for percentage skin retention of
NIA for PEG 400:DMI and PEG 400:TC were significantly higher than values for DMI, TC and PG
(p < 0.05). The findings suggest that PEG 400 may be a useful component of formulations for the
delivery of actives to the skin rather than through the skin. Future studies will expand the range of
vehicles investigated and also look at skin absorption and residence time of PEG 400 compared to
other solvents.

Keywords: niacinamide; polyethene glycol (PEG) 400; solvent; dermal delivery; finite dose;
porcine skin

1. Introduction

The skin is the largest organ of the human body and serves as a unique interface between
humans and the environment. This membrane is a formidable barrier, preventing the egress of
water, the ingress of toxins and offers protection against ultraviolet (UV) radiation [1,2]. However,
skin also serves as a route for the administration of therapeutic molecules for both local and systemic
effects [3]. The primary challenge in the skin penetration process is the passage of molecules through the
outermost layer, the stratum corneum (SC). The SC consists of eight to sixteen layers of [4] keratinized
corneocytes embedded in a lipid domain. To improve the efficacy of topical and transdermal delivery,
various formulation components have been investigated for their potential to facilitate permeation of
actives through the SC.

Polyethylene glycols (PEGs) are synthetic polymers of condensed ethylene oxide (EO) and
water [5]. These polymers and their derivatives have numerous applications in the food industry and
the pharmaceutical and biomedical fields [6,7]. With reference to skin formulations, PEGs and their
derivatives are primarily used as solvents, surfactants or stabilizers. Surprisingly, few publications
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have examined the mechanistic effects of PEGs on the permeation of actives. Sarpotdar and colleagues
investigated the effect of PEG 400/water mixtures on the penetration of oxaprozin and guanabenz
in cadaver skin using in vitro diffusion cell studies [8]. The flux values of both drugs were found
to drop linearly as the concentration of PEG 400 increased in the formulations. Suwanpidokkul
et al. compared the penetration of zidovudine in porcine skin from PEG 400/water vehicles with
ethanol/water, isopropyl alcohol/water and ethanol/isopropyl myristate (IPM) vehicles. Flux values
for the PEG 400/water vehicle were comparable to those for ethanol/water and isopropanol/water,
namely 15.52 ± 0.60, 9.96 ± 0.63 and 10.35 ± 0.67 μg/cm2/h, respectively. However, both of these
studies used infinite dose conditions; therefore, it is difficult to extrapolate the findings for typical
“in use” conditions for topical preparations. Aside from the very limited evaluation of PEGs on the
skin delivery of actives, comparative studies have not been reported for PEG derivatives, either as neat
solvents or as components of simple binary or ternary systems.

Niacinamide (NIA) is the water-soluble form of vitamin B3 and the amide form of nicotinic
acid [9]. In 1976, Comaish et al. [10] first reported NIA as an efficient treatment for pellagra, a vitamin
deficiency disease with dermatitis symptoms. Since then, topical application of NIA has been
shown to improve various skin conditions in humans. The beneficial effects include skin barrier
enhancement [9], reduction of hyperpigmentation [11], anti-inflammation [12] and prevention of
UV-induced immunosuppression [13]. Favorable compatibility with the active is a crucial criterion
when selecting formulation components for dermal delivery of NIA. All solvents investigated in this
study have good safety profiles and widespread applications in pharmaceutical and consumer products.
Propylene glycol (PG) is the most commonly used glycol in topical and transdermal formulations [2].
Data from both clinical and nonclinical studies support the use of PG as a nontoxic and well-tolerated
material [14]. Transcutol® P (TC) and dimethyl isosorbide (DMI) are commonly used vehicles in skin
preparations with GRAS status [15,16]. PEG 400 is an FDA approved polymer for use in drug delivery
systems because of its safety and tolerance when administered to the body by different routes [17].
PEG-6-CCG was selected as it is currently the most widely used PEG alkyl glyceride derivate in
personal care products [18]. According to the 2014 FDA Voluntary Cosmetic Registration Program
(VCRP) data, PEG-6-CCG was used in 548 formulations, and the CIR Expert Panel confirmed the GRAS
status of the compound [18]. Previously, we reported the dermal delivery of NIA using porcine skin
in vitro, from a range of simple solvents for both infinite and finite dose conditions [19]. The vehicles
examined included propylene glycol (PG), Transcutol® P (TC), dimethyl isosorbide (DMI), t-butyl
alcohol (T-BA) and PEGs 400 and 600. For finite dose studies, the percentage permeation of NIA was
ranked as follows: T-BA> DMI > TC > PG; no NIA permeation was observed for PEGs 400 or 600.
Corresponding mass balance studies confirmed that NIA was largely deposited on the skin surface
with the PEG vehicles. We hypothesized that by combining PEG 400 with neat solvents effective
in promoting NIA skin permeation, NIA skin penetration might be enhanced when compared with
PEG 400. Thus, the aims of the present study were to (i) design binary and ternary systems of PEG
400 and/or the PEG derivative PEG-6-caprylic/capric glycerides (PEG-6-CCG) and (ii) investigate any
synergistic effects of these systems on the permeation of NIA in porcine skin, compared with the neat
solvents studied previously.

2. Materials and Methods

2.1. Materials

NIA, PG, PEG 400, high-performance liquid chromatography (HPLC) grade water and methanol
were purchased from Sigma-Aldrich, Dorset, UK. TC was a gift from Gattefossé, St. Priest, France,
and Croda Ltd., Goole, UK, supplied the DMI. PEG-6-caprylic/capric glycerides (PEG-6-CCG) was a
gift from Avon, Suffern, NY, USA. Phosphate buffered saline (PBS) tablets (pH 7.3 ± 0.2 at 25 ◦C) were
purchased from Oxoid, Cheshire, UK.
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2.2. Determination of Solubility, Solubility Parameters and HPLC Analytical Method

The method for determining solubility of NIA in PG, TC, DMI, PEG 400, PEG 600 at 32 ± 1 ◦C has
been reported previously [19]. The solubility of NIA in PEG-6-CCG under the same conditions was
evaluated by adding an excess amount of NIA to a known volume of PEG-6-CCG. The mixture was
continuously stirred with a Teflon coated magnetic bar for 48 h at 32 ± 1 ◦C. After 48 h, samples were
centrifuged (13,200 rpm) for 15 min, and the supernatant was collected and diluted with methanol–water
(50:50). All solubility values were reported as % w/v.

The van Krevelen Hoftyzer solubility parameters (δ) for NIA and solvent systems were calculated
using Molecular Modeling Pro® (ChemSW Inc., Fairfield, CA, USA). For the binary and ternary
systems, as shown in Equations (1) and (2), the solubility parameters (δBinary/Ternary) were calculated
according to the respective mole fractions (Φ1, Φ2 . . . ) for the solvents and their respective solubility
parameters (δ1, δ2 . . . ) [20].

δBinary =
δ1Φ1 + δ2Φ2

Φ1 + Φ2
(1)

δTernary =
δ1Φ1 + δ2Φ2 + δ3Φ3

Φ1 + Φ2 + Φ3
(2)

Samples of NIA were analyzed using HPLC [19]. A Kinetex 5 μm Phenyl-Hexyl 250 × 4.6 mm
reverse phase column (Phenomenex, Macclesfield, UK) packed with a SecurityGuard™ cartridge
(Phenomenex, UK) was used to achieve separation. The column temperature was set at 30 ◦C.
The mobile phase was water–methanol (80:20) with a flow rate of 1 mL/min. The injection volume
was set to 10 μL, and the UV detection wavelength was 263 nm. The HPLC method was validated
previously according to ICH guidelines (2005) [21], including accuracy, precision, detection limit,
quantitation limit, linearity and robustness.

2.3. Dynamic Vapor Sorption (DVS) Studies

To study the evaporation or hydration of NIA solutions, a Q5000 SA sorption analyzer (TA
Instruments, New Castle, DE, USA) was used to examine the mass variation over 24 h (1440 min)
following the procedure reported by Iliopoulos et al. [22]. Nitrogen was used as the carrier gas
(200 mL/min). To monitor mass differences, 15 mm quartz glass pans connected to a microbalance
accurate to 0.00001 mg were employed. Then, 5 μL solutions of 5% NIA (w/v) were added to the
pans, and data were recorded using a Universal Analysis 2000 (TA Instrument, New Castle, DE, USA).
Temperature and relative humidity (RH) were maintained over the course of the studies at 32 ± 1 ◦C
and 50 ± 2% RH, respectively.

2.4. Permeation Studies and Mass Balance Studies

Binary and ternary solvent systems were prepared for the in vitro permeation studies, namely
PEG 400:TC (50:50), PEG 400:PG (50:50), PEG 400:DMI (50:50), PEG 400:PEG-6-CCG (50:50) and PEG
400:PG:DMI (50:25:25). The concentration of NIA typically used in personal care products ranges from
2% to 5% [23]. To be consistent with previous studies, a concentration of 5% (w/v) NIA was therefore
selected in the present work.

In vitro permeation studies were performed using Franz diffusion cells [24,25]. Full thickness
porcine ear skin has been proposed as an appropriate surrogate for human skin [26]. The in vitro
skin permeation procedure was designed based on current Organisation for Economic Co-operation
and Development (OECD) guidelines [27]. Porcine tissue was obtained from a local abattoir and
prepared on the same day of collection. The skin was surgically separated from the cartilage following
a standardized procedure [28]. After preparation, the porcine skin was mounted on aluminum foil and
stored at −20 ◦C until required. Skin integrity was confirmed by assessing electrical resistance before
experiments [18,29]. A 2.5 mL degassed freshly prepared PBS solution (pH 7.30 ± 0.20) was used as
the receptor medium. To mimic clinically relevant conditions, 5 μL of the NIA solution was applied
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over a diffusion area of ~1 cm2 after the skin temperature had equilibrated to 32 ± 1 ◦C. The effective
diffusion area was measured accurately using a Vernier Caliper (Fisher Scientist, Loughborough, UK).
At each sampling point, 200 μL of the receptor medium was withdrawn and refilled with an equal
volume of fresh PBS solution for up to 24 h. At the end of the permeation studies, after removing the
receptor medium, mass balance studies were performed to determine the total distribution of NIA
following a validated procedure [24]. The details of the mass balance method are provided in the
Supplementary Materials section of this paper.

2.5. Statistical Analysis

All data are presented as the mean ± standard deviation (SD). The statistical analysis was
performed using SPSS® Statistics version 24 (IBM, Feltham, UK). The normality of data was examined
using the Shapiro–Wilk test, and the homogeneity of variance was examined using Levene’s test.
An independent t-test or one-way ANOVA with a post hoc Tukey test was performed for data that met
the assumption of normality and homogeneity of variance. The Kruskal–Wallis H test was used for
nonparametric data. A p-value lower than 0.05 (p < 0.05) was considered a significant difference.

3. Results and Discussion

3.1. Solubility Studies

The solubility parameters of the various vehicles investigated, and corresponding NIA solubility
values, are shown in Table 1. The solubility parameters for PEG-6-CCG and the binary systems
composed of PEG-6-CCG were not calculated, as this solvent is a mixture of polyethylene glycol
derivatives of a range of caprylic/capric glyceride acids [30]. The solubility parameter of NIA was
reported as 13.9 (cal/cm3)1/2, and the solubility values for NIA in DMI, TC, PEG 400 and PG were
previously reported [19]. The NIA solubility value for PEG 400:PG (50:50) was 25.6 ± 1.1% (w/v).
This value was significantly higher (Table 1) than the results obtained for PEG 400:PEG-6-CCG (50:50),
PEG 400:DMI (50:50), PEG 400:TC (50:50) and PEG 400:PG:DMI (50:25:25), (p < 0.05).

Table 1. Solubility of niacinamide (NIA) in tested single, binary and ternary solvent systems at 32 ± 1 ◦C
(mean ± SD, n = 3). The solubility parameter of NIA was reported as 13.9 (cal/cm3)1/2. Statistical
analysis is highlighted in the table (*, p < 0.05).

Solvent Systems
(v/v)

Solubility Parameter (cal/cm3 )1/2 Solubility of NIA
((%, g/100 mL)

PEG-6-CCG - 5.6 ± 0.3 * 

8.0 ± 0.6 

13.7 ± 0.4 

18.7 ± 0.9       *  *  * 
28.4 ± 0.9* 

15.0 ± 1.0 

17.6 ± 1.2 

23.5 ± 0.1 

25.4 ± 0.1 

DMI 10.0

TC 10.6

PEG 400 11.7

PG 14.1

PEG 400:PEG-6-CCG (50:50) -

PEG 400:DMI (50:50) 10.9

PEG 400:TC (50:50) 11.2

PG:PEG-6-CCG (50:50) -

PEG 400:PG (50:50) 12.8 25.6 ± 1.1

PEG400:PG:DMI (50:25:25) 11.9 21.9 ± 0.8

The NIA solubility values in neat PEG-6-CCG and the binary and ternary systems evaluated here
have not previously been reported. The solubility of NIA in PEG-6-CCG was found to be 5.6 ± 0.3%,
which was lower than the solubility in neat DMI, PEG 400, TC and PG (p < 0.05). For the various binary
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solvent systems, the NIA solubility ranged from 15.0 to 25.6%. Compared to neat DMI, NIA had a
higher solubility in the binary PEG 400:DMI system, determined as 17.6 ± 1.2% (p < 0.05). Furthermore,
the solubility of NIA in PEG 400:TC (50:50), 23.5 ± 0.1%, was significantly greater compared to the
solubility in neat PEG 400 and TC (p < 0.05). NIA solubility values in PEG 400:PEG-6-CCG (50:50) and
PG:PEG-6-CCG (50:50) were determined as 15.0 ± 1.0 and 25.4 ± 0.1%, respectively. Both values were
significantly higher than the result obtained for NIA solubility in neat PEG-6-CCG (p < 0.05).

3.2. DVS Studies

Figure 1 shows the DVS results for the various NIA systems over a 24 h period at 32 ± 1 ◦C and
50 ± 2% RH. Similar trends were observed for NIA in PG, TC and DMI. The initial increase in mass
for NIA in PG, TC and DMI reflects the hygroscopic nature of these solvents. After 1 h, the mass
of the PG, TC and DMI solutions started to decrease as a result of solvent evaporation. At 24 h,
44.6 ± 0.02, 17.6 ± 0.5 and 76.3 ± 0.1% of the applied weights of the PG, TC and DMI solutions were
recovered, respectively. These results are similar to the findings for the evaporation of neat PG and
TC reported by Haque et al. [31], and the mass loss for the DMI solution is also consistent with the
findings of Iliopoulos et al. [22]. For PEG 400 and PEG-6-CCG, the mass increase likely reflects water
retention by these solvents with 110.7 ± 1.2 and 103.3 ± 0.4% recovered at 24 h, respectively. Statistical
differences were evident between the percentage recovery values determined at 24 h for the PEG 400
and the PEG-6-CCG formulations (p < 0.05). To our knowledge, DVS has not been previously used to
characterize the behavior of PEG-6-CCG under controlled conditions of temperature and humidity.

Figure 1B shows the DVS results for the binary and ternary systems of NIA over 24 h. As for
the results observed for neat PEG 400 and PEG-6-CCG, an initial increase in weight was evident for
all binary and ternary systems, again reflecting the hygroscopic nature of PEG 400 and PEG-6-CCG.
For the ternary PEG 400:PG:DMI system, 76.5 ± 1.0% of the initial applied mass was recovered at 24 h.
This value was significantly higher than the results for neat PG (p < 0.05). As expected, after the initial
increase in weight at the start of the experiment, no further mass changes were observed for the PEG
400:PEG-6-CCG NIA system. For the remaining binary systems composed of PG, TC or DMI, the mass
decreased after 1 h, resulting from evaporation of these solvents. At 24 h, 58.1 ± 0.8 and 71.1 ± 1.5% of
the applied amounts of PG:PEG-6-CCG (50:50) and PEG 400:PG (50:50) NIA solutions were recovered,
respectively. These values were higher than the corresponding results for neat PG (p < 0.05). At 24 h,
69.1 ± 1.0 and 91.4 ± 0.8% of the applied PEG 400:TC (50:50) and PEG 400:DMI (50:50) mass were
recovered, respectively, and these values were also significantly higher than the values for neat TC or
DMI (p < 0.05).

3.3. In Vitro Permeation Studies

The permeation profiles for all vehicles are shown in Figure 2. All experiments were performed
using Franz diffusion cells and porcine skin under finite dose conditions. For the binary PG:PEG-6-CCG
(50:50) system, permeation of NIA was not evident until the 8 h sampling point; for all other systems,
NIA was only detected at the end of the permeation study. At 24 h, NIA permeation from PG:PEG-6-CCG
(50:50) and PEG 400:TC (50:50) was determined as 8.0 ± 3.7 and 5.8 ± 3.4 μg/cm2. The corresponding
values for PEG 400:PEG-6-CCG (50:50), PEG 400:DMI (50:50), PEG 400:PG (50:50) and PEG 400:PG:DMI
(50:25:25) were 3.0 ± 0.3, 2.3 ± 0.7, 1.9 ± 0.5 and 1.3 ± 0.4 μg/cm2, respectively. Statistical analysis
confirmed a significant difference between NIA permeation for PG:PEG-6-CCG and PEG 400:PG:DMI
(p < 0.05). As reported previously, the corresponding cumulative permeation values of NIA for neat
PG, DMI and TC solutions were 46.0, 103.6 and 95.1 μg/cm2 at 24 h, respectively; no permeation of
NIA was observed for neat PEG 400 [19].
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Figure 1. Dynamic Vapor Sorption (DVS) studies of NIA (5%) in propylene glycol (PG), Transcutol®P
(TC), dimethyl isosorbide (DMI) and PEG400 and PEG-6-CCG solutions (A) and PEG:PEG-6-CCG (50:50),
PEG400:DMI (50:50), PEG400:PG (50:50), PEG400:TC (50:50), PG:PEG-6-CCG and PEG400:PG:DMI
(50:25:25) (B) over 24 h at 32 ± 1 ◦C and 50 ± 2% RH (n = 3, mean ± SD).
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Figure 2. In vitro permeation of NIA from binary and ternary solvent systems under finite dose
conditions (5 μL/cm2) (n = 4, mean ± SD). The permeation profiles of NIA from single solvents (DMI,
TC and PG) were adopted from Zhang et al. [19].

The results of the mass balance studies are summarized in Figure 3A–C. The corresponding
percentage values determined for neat PEG 400, PG, TC and DMI, reported previously [19], are also
included in the figures for comparison. For the binary and ternary vehicles, the values for total recovery
of NIA were within the recommended ranges as published in the Scientific Committee on Consumer
Safety (SCCS) guidelines for dermal absorption studies (85–115%) [32]. For the binary and ternary
systems, 0.6 to 2.7% of the applied NIA penetrated through the skin membrane after 24 h permeation.
Lower NIA permeation percentage values were still evident for the binary/ternary systems compared
to neat PG, TC and DMI (p < 0.05).
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Figure 3. Mass balance results of the applied NIA from binary and ternary systems after 24 h
permeation studies (n = 4, mean ± SD). (A) summarizes the mass balance results from PEG400:PG
(50:50), PEG400:PEG-6-CCG (50:50), PG:PEG-6-CCG (50:50) and neat PG; (B) summarizes the results
from PEG400:PG:DMI (50:25:25), PEG400:DMI (50:50), PEG400 and DMI; (C) summarizes the results
from PEG400:TC (50::50), TC and PEG400. The mass balance results of NIA from neat TC, PG, PEG
400 and DMI were adopted from Zhang et al. [19]. Statistical analysis was highlighted in the figure
(*, p < 0.05).
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The percentage of the applied dose extracted from the skin membrane ranged from 2 to 33% for
all assessed binary vehicles. The percentage retention of NIA was 32.6 ± 16.9% for PEG 400:TC (50:50),
followed by PEG 400:DMI (50:50) and PG:PEG-6-CCG (50:50), with corresponding values of 28.9 ± 4.7
and 27.4 ± 4.6%, respectively. In comparison to neat PG, a higher NIA skin retention was evident
for PG:PEG-6-CCG (50:50) (p < 0.05) (Figure 3A). Previously, we reported skin retention of NIA as
16.7 ± 6.3% for neat DMI [19]. Hence, the binary PEG 400-DMI system also significantly improved
NIA skin retention compared with neat DMI (p < 0.05) (Figure 3B). The percentage of NIA extracted
from skin for PEG 400:TC was 32.6 ± 16.9%, but no significant difference was evident in comparison to
neat TC (16.4 ± 5.8%, p > 0.05) (Figure 3C).

PG has been used in a range of topical and transdermal formulations [2]. Hoelgaard et al. [33]
reported a “carrier-solvent” effect for PG enhancement of metronidazole permeation. Haque et al. [31]
investigated the skin delivery of anthramycin from a PG solution and noted that anthramycin
appeared to “track” the permeation of PG. The authors suggested that PG might enhance skin
permeability by increasing the partition or solubility of the drug in skin. Recently, Kung et al. [34]
investigated the skin penetration of methadone from binary systems composed of PG and other
solvents. Increased permeation of methadone corresponded to high skin uptake of PG. These works
suggest that PG may interact with skin lipids and influence the barrier function of the SC. The results
reported here indicate that combining PG with PEG 400 does not promote enhanced permeation or
skin retention compared with PG. However, the combination of PG with PEG-6-CCG improved the
percent skin retention of NIA compared to PG alone (p < 0.05). NIA skin retention was comparable for
PEG 400:PG (p > 0.05) and neat PG (p < 0.05). As the solubility values for NIA in PG, PEG 400:PG and
PG:PEG-6-CCG are comparable (Table 1), other properties of the solvents appear to influence the skin
permeation of NIA.

Reports in the literature suggest that TC might increase percutaneous absorption by changing
the solubility of drugs in the skin rather than disrupting skin lipids [35]. The comparatively rapid
skin permeation of TC compared with PG, 1,3-butanediol and dipropylene glycol was reported by
Haque et al. [31]. The solubility of NIA in TC was previously reported as 8.0 ± 0.6% [19]. In the present
work of combining PEG 400 with TC, significantly higher solubility values for NIA were evident
compared with those for neat TC or PEG 400 (p < 0.05). Combining DMI with PEG 400 resulted in a
two-fold increase in NIA solubility. As for the PG results, high solubility in the binary DMI and TC
vehicles did not promote skin permeation of NIA compared to TC or DMI alone.

4. Conclusions

PEGs and their derivatives are commonly used in topical and transdermal formulations. Previously,
we reported no permeation or skin retention of NIA from a neat PEG 400 solution in porcine skin.
The present work examined NIA skin delivery from vehicles composed of PEG 400 and the PEG
derivative PEG-6-CCG. Permeation of NIA was increased for the PEG 400 binary systems compared
to PEG 400 alone, but overall, very low permeation of NIA was observed. On the other hand,
high skin retention was observed for these vehicles when compared with the neat solvents investigated.
Depending on the active of interest, skin retention rather than permeation may be more desirable.
An assessment of the residence time of PEGs on and in the skin should also allow for a better
understanding of how PEGs can be utilized when targeting actives to the skin. This will be the focus of
future work, as well as an investigation of the influence of other PEGs and their derivatives on skin
delivery of actives.
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Abstract: Terbinafine hydrochloride, although one of the prominent antifungal agents, suffers from
low drug permeation owing to its hydrophobic nature. The approach of nanosponge formulation
may thus help to resolve this concern. Thus, the present research was envisioned to fabricate the
nanosponge hydrogel of terbinafine hydrochloride for topical delivery since nanosponge augments
the skin retentivity of the drug. The optimized formulation was obtained using Box Behnken Design.
The dependent and independent process parameters were also determined wherein polyvinyl
alcohol (%), ethylcellulose (%), and tween 80 (%) were taken as independent process parameters
and particle size, polydispersity index (PDI), and entrapment efficiency (EE) were the dependent
parameters. The nanosponge was then incorporated into the hydrogel and characterized. In-vitro
drug release from the hydrogel was 90.20 ± 0.1% which was higher than the drug suspension and
marketed formulation. In vitro permeation potential of the developed formulation through rat skin
showed a flux of 0.594 ± 0.22 μg/cm2/h while the permeability coefficient was 0.059 ± 0.022 cm/s.
Nanosponge hydrogel was evaluated for non-irritancy and antifungal activity against C. albicans and
T. rubrum confirming the substantial outcome. Tape stripping studies exhibited ten times stripping off
the skin quantified 85.6 ± 0.21 μg/cm2. The confocal analysis justified the permeation potential of the
prepared hydrogel. The mean erythemal score was 0.0, confirming that the prepared hydrogel did not
cause erythema or oedema. Therefore, based on results obtained, nanosponge hydrogel formulation
is a potential carrier for efficient topical delivery of terbinafine hydrochloride.

Keywords: nanosponge; hydrogel; Box–Behnken design; pharmacokinetic; terbinafine hydrogel

1. Introduction

Fungal infections currently account for about the fourth common disease in the world that affects
millions of people every year, about 25% of the world’s population, mostly adults. The enhanced
manifestation of the infections has led to increased cases of immunocompromised patients suffering
from malignancies, HIV, and diseases of the similar sought [1–3].
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The skin serves as a defence system for the human body when exposed to ultraviolet radiation
that induces oxidative stress. Oxidative stress may lead to lipid peroxidation and DNA breakage on
some occasion. However, there are certain self-defence mechanisms, such as superoxide dismutase,
available for protection [4,5]. Furthermore, in the current scenario, skin and specifically stratum
corneum are commonly used for drug delivery. The stratum corneum is considered as the target
organ for the delivery of antimycotic drugs because the desirous concentration of drugs to render the
therapeutic effect could be easily achieved post topical delivery. However, to achieve the same peroral
effect, a higher dose is needed, resulting in a higher incidence of adverse effects [6,7].

Topical drug delivery systems have established a reputation for themselves and have the potential
for efficient drug delivery due to the vehicles used in their preparation that ultimately affect the rate
of drug permeation across the skin [6]. Topical delivery provides great advantages such as patient
compliance due to ease of applicability and non-invasive design, on-site delivery minimizing systemic
side effects and effective targeting ability. Certain drawbacks are associated with the conventional
formulations. Therefore, to overcome the lacunas, hydrogels are tailored and widely used for topical
application. The fact that they are widely gaining impetus is attributable to their swelling property in
association with their adhesiveness and potential to modulate the drug release [8].

Nanosponges (NS) are a novel formulation, a sponge-like structure used to encapsulate
nanoparticles with a non-collapsible and porous structure. It is primarily used for pharmaceutical
and cosmeceutical approaches, as it blends the advantages of microsponges and nanosized vesicular
structure. The porous structure not only enables us to entrap a wide range of active ingredients but
also modulates the release pattern. NS, if incorporated in hydrogel offers remarkable perks, the most
important being improved skin retention [9,10]. NS offers remarkable advantages including higher
entrapment efficiency, improving the drug profile, economical method of preparation, and ease of
drug release owing to three-dimensional porous structures. Different preparation methods are used:
solvent method, ultra-assisted synthesis, emulsion solvent diffusion method, and melting method to
formulate stable NS in different categories. Software-based optimization techniques are employed to
derive optimized product of superior attributes and quality. Moreover, 3D printing techniques are
now being considered to ease the production of NS. Different routes and modes of drug administration
e.g., aerosols, capsules, parenteral, tablets, topicals are now being exhausted for NS delivery [11].

Terbinafine hydrochloride (TH) is the fungicidal allylamine drug that kills the fungal organisms.
It acts as a non-competitive inhibitor of squalene epoxidase lodging within the fungi cell membrane.
Furthermore, it plays an active role in diminishing the level of ergosterol along with the lowering of the
intracellular buildup of squalene which leads to fungal cell death. Fungi often infect the skin surface and
eventually invade the stratum corneum, and desquamation from the skin surface is not possible [12].
The drug is hydrophobic thus exhibiting poor drug permeation. Hence to overcome the drawbacks of
the conventional topical formulations, a novel approach has been envisaged to demonstrated promising
results. Cerebi et al. and Vagashiya et al. developed TH microemulsion-based hydrogel and solid
lipid nanoparticles, which were instrumental in reducing the fungal load [8,13]. Barot and colleagues
developed the microemulsion of TH. The cumulative amount of drug permeation was enhanced 3-folds
when compared with conventionally available cream [14]. Mahaparale and colleagues fabricated TH
polymeric microsponge using a quasi emulsion solvent diffusion method. The studies established
that the sustained release mechanism was followed by the developed formulation. Satisfactory drug
deposition was also deduced [15]. Amer et al. showed the importance of developing TH nanosponge
that exhibited 90% of drug release within 8 h. Furthermore, the highest in vivo skin deposition and
antifungal activity were also demonstrated in the developed formulation [16]. However, the study
conducted on NS of TH was not exhaustive enough and lacked an in-depth analysis and discussion
section. Thus, the authors intended to conduct extensive analysis, thereby, providing a novelty quotient
to the research envisaged.
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The purpose of the research undertaken is to formulate and optimize NS of TH and further
incorporate it into the hydrogel. This step would be superseded by the in vitro release and permeation
studies followed by an antifungal activity. This aids in determining the in vivo prospect of TH.

2. Experimental Methodologies

2.1. Materials and Animals Used

2.1.1. Materials

Terbinafine Hydrochloride (TH) was received from A.S Lifesciences, (Haryana, India).
Other ingredients used were Polyvinyl Alcohol (PVA) (GS Chemical Testing & Chemical Industries,
New Delhi, India); Ethyl Cellulose (EC) (Titan biotech Ltd., Rajasthan, India); Dichloromethane,
Tween 80, Carbopol 940, and Ethanol (S.D. Fine Chemicals Ltd., Mumbai, India); Triethanolamine
(Loba Chemie, Mumbai; India). Analytical grade reagents were used for the research.

2.1.2. Animals

Albino Wistar rats (weighing 200–250 g) were chosen as the animal model which was
obtained by Central Animal House, Jamia Hamdard, New Delhi upon approval from the IAEC,
Jamia Hamdard (173/GO/Re/S/2000/CPCSEA)(Protocol Number: 1404) and CPCSEA (Registration
number 173/CPCSEA), Government of India.

2.2. Development and Characterization of TH-NS

2.2.1. Optimization of TH-NS

Significant endeavours were made for the fabrication of the optimal NS for which the quality
target product profile (QTPP) was determined. This step was instrumental in establishing the plausible
attributes of the end product. Thus, it is a vital stage that needs to be emphasized to deduce the
finished product of high standards concerning quality, safety, and efficacy. Nevertheless, this could be
accomplished only by focusing on critical process parameters (CPP) and critical material attributes
(CMA) that might, in turn, affect the CQA (critical quality attributes) [17]. The different essentials
of QTPP with their validation for the fabrication of TH-NS are mentioned in Table 1. These QTPP
have specific targets that need to be addressed for the research. For instance, the product developed
should have optimal features to allow the route of administration to be topical. The Ishikawa plot as
represented in Figure 1 elaborates on the various risk factors, conditions required, along with CQA in
the development process.

Table 1. QTPP with its target and justification for the fabrication of TH-NS.

QTPP Target Justification

Drug delivery system NS The system offers augmented skin retentivity in
comparison to other nanosystems

Dosage type Controlled release This will enable amplified drug absorption profile

Route of administration Topical They offer ease of applicability, non-invasive
nature, and on-site delivery

Drug release (%) More than 80% It is a pre-requisite for optimal therapeutic and
pharmacological activity
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Figure 1. Ishikawa diagram used as a visualization tool for the fabrication of TH-NS.

2.2.2. Fabrication of TH-NS

The NS was developed by the emulsion diffusion method using different proportions of excipients
i.e., EC, PVA, and Tween-80. The continuous phase comprised of 17.5 mL aqueous solution of PVA
in different ratios, with varying amounts of surfactant, and the dispersed phase consisting of TH
(100 mg) and in 2 mL of dichloromethane optimum quantity of EC is dissolved. The organic phase was
incorporated in the aqueous phase maintaining the requisite conditions (temperature: 35 ◦C, 1000 rpm
for 2 h). The resultant NS was collected and dried at 40 ◦C for 24 h [18].

The optimization process was carried out using a Box–Behnken design wherein PVA (%), EC (%),
and Tween 80 (%) were taken as independent process parameters. The dependent parameters selected
for the optimization process were particle size, polydispersity index (PDI), and entrapment efficiency
(EE) [19]. The relation between variables and expected goals is depicted in Table 2. The various
independent and dependent variables are demonstrated in Table 2. The levels of independent variables
are also mentioned. The three-factor 3-level design employed led to 17 experimental runs, yielding a
quadratic equation defining the model, as shown in the equation below.

Y = b0 + b1x1 + b2x2 + b3x3 + b4x4 + b12x1x2 + b13x1x3 + b23x2x3 + b11x2
1 + b22x2

2 + b33x2
3 (1)

Table 2. Dependent and independent variables of Box-Behnken Design with their respective levels
and goals.

Variables Levels of Variables

Independent variables Low High
PVA (%) 1 3
EC (%) 1 3
T80 (%) 1 5

Dependent variables Goals
Particle mean size (nm) Minimize

PDI Minimize
EE (%) Maximize
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Y: effect observed from the combination of different levels of process parameters; b0: intercept,
b1–b3: regression coefficients; x1–x3: independent variables taken for study; b12, b13, b23: interaction
coefficients; b11, b22, b33: quadratic coefficients of the experiment conducted.

2.2.3. Characterization of Prepared TH-NS

Particle size, polydispersity index (PDI), and entrapment efficiency (EE).
The particle size and PDI were measured using Malvern zeta sizer (Malvern Instruments Ltd.,

Worcestershire, UK). Sample dilution was performed using distilled water at 25 ◦C to yield dispersion
of sufficient scattering intensity, and analysis was performed at 372.0 (kcps) for 20 s.

TH-NS was weighted and centrifuged at 10,000 rpm for 30 min. It was diluted in 10 mL methanol.
This step is envisaged to break the aggregates if formed. The mixture was sonicated for 5 min. It was
filtered and analyzed at 223 nm by UV spectrophotometric technique [1].

% Drug entrapmentefficiency =
W(encapsulatedNS) × 100

W(totaldrug)

Again, the particle size determination was further validated using transmission electron
microscopy (TEM). The sample for analysis was diluted 10 folds. It was then placed on the copper grid
immersed within a copper film. This step was then followed by staining with phosphotungstic acid
(1%) to provide a negative charge. Finally, the preparation was air-dried before viewing [20].

The pure drug and TH-NS (5 mg each) were utilized for carrying out DSC analysis wherein
Perkin Elmer differential scanning calorimeter was used. The requisite conditions were maintained
(heating rate: 10 ◦C/min, temperature: 30–400 ◦C, and nitrogen flow: 60 mL/min) [20].

2.3. Fabrication of Topical Hydrogel Integrating TH-NS

The TH-NS was dispersed in 1% w/w Carbopol 940 to fabricate hydrogel (HG). Various TH
concentrations were measured at 0.2, 0.5, 0.8, 1 and 1.5% w/w. The 2-h polymer dispersion in water
allowed it to act as a gel-forming agent. The external force was employed by agitating the established
system at 600 rpm, followed by a 15-min stagnation process. This move is critical in removing trapped
air. Additionally, 2% v/v of aqueous triethanolamine was added to the prepared formulation by holding
it at 100 rpm.

2.4. Characterisation of TH-NS HG

2.4.1. Visual Observation

The prepared HG was inspected visually for its colour, homogeneity, grittiness, and syneresis [21].

2.4.2. Viscosity Determination

The prepared gel viscosity was determined using a programmable Viscometer. The HG prepared
was taken in a beaker wherein the T-bar spindle (spindle-C, S-96) was immersed at 90◦ such that
the spindle and the base of the beaker are not in contact. The speed of rotation of the spindle was
maintained at 50 rpm. The evaluation is made after a duration of 30 s post which the HG system
prepared is stabilized [12,22].

2.4.3. pH Determination

The pH meter was used to determine the formulation pH. In a known quantity of distilled water
(100 mL), the prepared HG (1 g) was dissolved and kept for 2 h. The electrode was then immersed in
the mixture produced and observed at room temperature in triplicate [21].
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2.4.4. Spreadability

Spreadability (g·cm/s) is referred to the time in sec required by two slides to slip over the HG
placed between them upon the influence of external stimuli. The glass slides of 7.5 cm in length were
employed along with the load on the upper plate being 20 g [23]. Spreadability was evaluated using
the formula below mentioned:

Spreadability =
Weight (g) × Lenght (cm)

Time (s)

2.4.5. Texture Analysis

The mechanical property of HG was evaluated with the help of software-texture analyzer TA
(XT Plus Stable Micro System, UK equipped with 5 kg load cell). The sample weighing 100 mg was
placed in the beaker cautiously to avoid air bubbles in it. The speed of the probe for analysis was fixed
at 1.0 mm/s for pre-test, 2.0 mm/s for the test, and 10.0 mm/s for post-test analysis.

The probe was immersed with a load cell capacity of 5.0 g and a distance of 10.0 mm.
Data interpretation was undertaken using the Texture Exponent software installed within the equipment.
The resultant force-time plot gave the values of different mechanical parameters [24,25].

2.4.6. Determination of Drug Content

The prepared HG (50 mg) was dissolved in 100 mL phosphate buffer pH 5.5 and shaken for 2 h.
This move is intended to ensure optimum drug solubility during mechanical shaking. The solution
was purified and spectrophotometrically quantified at 223 nm [6,21].

2.5. In Vitro Release Study

The in vitro drug release study of TH from the drug suspension (DS), TH-NS, HG, and the
marketed formulation was determined using an activated dialysis bag in a dissolution chamber
where the system was maintained at 100 rpm and 37 ± 0.5 ◦C. The release profile was determined
in phosphate buffer pH 5.5 (pH of normal skin) and phosphate buffer pH 7.4 (physiological pH)
respectively. Sample equivalent to 3 mL was removed at specified time intervals and an equal quantity
of fresh dissolution media was replenished in the assembly to maintain sink condition. Filtered and
quantitatively determined at 223 nm. The data obtained were fitted to different kinetic models to
interpret drug release mechanisms and kinetics [12,26].

2.6. In Vitro Permeation Studies

The rat’s skin was excised, washed using distilled water before mounting on the Franz diffusion
cell. The skin was so positioned that the donor compartment faced the stratum corneum (SC) and the
dermis side faced the receptor. The HG was taken as necessary and put on the skin surface. The receptor
compartment consisted of phosphate buffer pH 5.5, taken as the diffusion media. The appropriate
condition was maintained at 37 ± 1 ◦C along with constant aeration. Sample (1 mL) was removed at a
predetermined time and reloaded with fresh media. The cumulative amount of drug permeation as a
function of time along with flux (J) was statistically determined using HPLC analysis [1,6,27].

2.7. Confocal Laser Microscopy

Confocal microscopic examination is essential to the drug’s in vivo prospects. The HG prepared
by labelling it with Rhodamine 123 dye, applied to Albino Wistar rats’ dorsal skin and allowed for 8 h.
Then the animal was slaughtered, skin excised and washed with phosphate buffer pH 5.5. Prepared skin
section was placed on a slide and analyzed microscopically using CLSM (Leica microsystems).
For rhodamine 123 operation, optical excitation was performed with a laser beam of 488 nm and
fluorescence emission was detected above 560 nm [22,28].
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2.8. Tape Stripping Technique

Post conducting the in vitro permeation investigation, the surplus quantity of the developed
formulation was scrapped off from the skin surface. It was then washed thrice with the phosphate
buffer (pH 5.5) and dried gently using a cotton swab. The final process envisaged the use of a
serial tape-stripping method whereby, the removal of 15 strips using adhesive tape was undertaken.
Each tape was carefully weighed before and after the procedure. The adhesive tapes were collected
using a methanol-water mixture (95:5 v/v) and further analyzed using the HPLC technique [28,29].

2.9. Skin Irritation Study

The test of skin irritation potential was carried out with the HG prepared in comparison to placebo
HG and performed by the Draize patch test. The animals were divided into the following groups (n = 3)

• Group I: Control (no drug treatment);
• Group II: DS;
• Group III: Placebo HG;
• Group IV: TH-NS HG.

The animal’s dorsal side was shaved 24 h before drug application. HG (0.5 g) was applied evenly
and homogenously to hair-free rat skin covering 4 cm2. Any visual improvement was monitored
on rat skin after 24, 48, and 72 h post HG applicability. The mean erythema scores of the different
formulations were graded from 0 to 4 [10,30].

2.10. Antifungal Activity Study (Cylinder Plate Method)

Trichophyton rubrum and Candida albicans species were used to determine HG antifungal inhibitory
activity. For the analysis of antifungal potential, the cylinder plate method was selected using
sabouraud dextrose media (Himedia, India). The requisite conditions are 25 ◦C for 7 days and 30 ◦C
for 2 days for Trichophyton rubrum and Candida albicans respectively. The spores were then harvested
and suspended into the media of amount 20 mL. The inoculated media (1 mL) was incorporated into
100 mL of sabouraud dextrose agar at 37 ± 1 ◦C. From the mixture thus obtained, 10 mL was inserted
in the petri dish in solidified agar media. Four wells were bored in a media-containing petri dish and
filled with 0.1 g HG, placebo HG, advertised formulation and control (distilled water). Different Petri
dishes contained different microbial strains from which zone of inhibition was determined using a
hemocytometer [6,14].

2.11. Statistical Analysis

The results obtained in different studies were statistically analyzed. The experiments were
conducted in triplicate and expressed in the form of mean ± SD. One-way analysis of variance
(ANOVA) (GraphPad Software Inc., San Diego, CA, USA) was employed for the determination.

3. Results and Discussion

3.1. Optimization of TH-NS

The primary target was to tailor TH-NS with enhanced skin retentivity. The prime concept behind
predefining the QTPP was to get a patient-centric formulation of the utmost quality that would offer
maximum therapeutic outcome. Therefore, the attributes, i.e., particle size, EE, and PDI, were selected
as CQA which offers its respective advantages towards the developed systems.

The determination of process parameters in the optimization process is of prime concern to yield
effective and economical outcome. The conventional “one-factor-at-a-time approach” is time-consuming
along with avoidance of interactions between independent variables, thereby paving way for novel
optimization techniques. Response surface methodology (RSM) is a potential optimization tool wherein,
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multiple factors and their interactions could be ascertained with a minimal number of experimental
runs. In this method, the response of interactions of statistically designed combinations coupled with
the determination of the coefficients of the best fit model has endeavoured to predict the adequacy of the
model [31]. The outcome of the trails was accessed using Design-Expert software which validated the
substantial use of statistical design methodology. The independent process attributes chosen were PVA,
EC concentration, and Tween80 concentration for which the dependent parameters were particle size
(nm), PDI, and EE (%). Polynomial quadratic equations along with respective correlations were derived
based on the interactions of the dependent and independent variables. The contour plots thereby
obtained from the analysis demonstrated the qualitative effect of each variable on each response.

On applying the design, 17 runs were obtained. The result obtained is shown in Table 3 and the
contour plots are shown in Figure 2. The result obtained from the experimental runs as evident from
Table 3 reveals that the particle size of the different formulations was in the range of 425.7–571.4 nm.
The PDI was in the range of 0.30–0.564 while EE lies between 50.5% and 85.45%.

Table 3. Experimental runs of BBD with obtained results.

Formulation
Code

PVA Conc
(X1)

EC Conc
(X2)

T-80 Conc
(X3)

Particle Size
(nm) (Y1)

PDI (Y2) EE (Y3)

N1 3 2 1 448.4 0.3 85.45
N2 1 3 3 440.7 0.425 50.5
N3 2 1 5 520.4 0.47 73.6
N4 2 1 1 560.8 0.509 65.9
N5 1 1 3 425.7 0.42 54.72
N6 1 2 1 476.89 0.411 58.2
N7 1 2 5 490.1 0.48 59.6
N8 2 3 5 530.25 0.48 81.4
N9 2 2 3 571.4 0.482 77.2

N10 2 2 3 573.7 0.501 77.9
N11 3 3 3 360.9 0.41 80.1
N12 2 3 1 452.62 0.32 83.77
N13 3 2 5 555.2 0.564 76
N14 2 2 3 571.4 0.501 77.2
N15 3 1 3 509.12 0.51 78.61
N16 1 2 3 500.2 0.43 72.21
N17 3 1 1 489.12 0.5 75.67

Figure 2. (A) Contour plot depicting size based on the concentration of PVA and EC% (B) Contour plot
depicting PDI based on the concentration of PVA and EC% (C) Contour plot depicting entrapment
efficiency based on the concentration of PVA and EC%.

The second-order polynomial equation relating the response of particle size (Y1), PDI (Y2),
and EE% (Y3) respectively are given below:

Y1 = 28.94B + 19.66C − 40.80AB + 29.51BC
Y2 = 0.0060A − 0.0340B + 0.0570C + 0.0262AB + 0.0502AC + 0.0487BC
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Y3 = 71.96A + 12.14B + 2.87C
The positive sign in the quadratic relation depicts a synergism while on the contrary, the negative

sign shows an antagonistic relation. A backward elimination process was adopted to allow the data
to fit within the quadratic model obtained. It could be observed that PVA concentration had a major
effect on particle size followed by PDI while the minimum effect on EE [10].

3.2. Characterisation of Optimised TH-NS

3.2.1. Particle Size Determination, Polydispersity Index, Entrapment Efficiency

The particle size of prepared TH-NS was 448.4 ± 12.6 nm, while PDI was 0.3 ± 0.04. The findings
observed were based on earlier literature [12]. The entrapment efficiency of the TH-NS was found
to be 85.45 ± 3.7% which was further corroborated from the given literature of loaded NS [10,18].
TEM image showed that the prepared TH-NS morphology was spherical with a size of 440 nm as
shown in Figure 3. The result obtained was consistent with the zeta sizer analysis [10,12].

Figure 3. TEM image of TH-NS.

3.2.2. Thermoanalytical Technique (DSC)

Pure TH gives a sharp endothermic peak at 214 ◦C evaluated by DSC spectra as depicted in
Figure 4. However, when the DSC spectra of TH loaded NS formulated was compared with spectra
of pure drug, it showed the difference in absence of peak formations at the temperature as depicted
in Figure 4. The absence of peak demonstrated that the TH loaded NS has been developed which
leads to the reduction in crystallinity of the drug. The change in the structure from crystalline to
amorphous established the fact that NS has been developed [1]. The molecularly dispersed phase of
TH within the NS structure leads to the broadening of the peak. The process seems to be following
the Gibbs-Thompson equation [32]. The amorphous structure of the TH-NS established by the result
obtained is desirable for enhanced drug entrapment within the NS structure [33].

131



Polymers 2020, 12, 2903

Figure 4. DSC thermogram of pure drug and TH-NS.

3.3. Preparation and Evaluation of TH-NS HG

Preliminary tests were conducted to determine the best formulation to prepare the optimum gel.
Table 4 indicates a different HG composition. The Carbopol 90 composition ranged from 0.2% to 1.5% w/w.
However, the compositions of other constituents remained constant at a fixed concentration. The effects
of the compositions on the following parameters were tested. These properties are instrumental in
establishing the physical stability of the prepared hydrogel [8]. The purpose of following such objectives
was to optimize the formulation on the basis of experimental demonstrations. Table 5 demonstrates
the results obtained for different HG preparations.

Table 4. Composition amount of HG preparation.

Compositions
(% w/w)

Formulation Code

G1 G2 G3 G4 G5 G6

Carbopol 940 0.2 0.5 0.8 1 1.2 1.5

TH-loaded NS 2 2 2 2 2 2

Ethanol (95% v/v) 10 10 10 10 10 10

TEA (2%) 2 2 2 2 2 2

Distilled water q.s q.s q.s q.s q.s q.s
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3.3.1. Visual Examination

The prepared HGs were white, uniform, and clear homogeneity, missing lumps and syneresis,
and showed no signs of gritty. The HGs had a glossy appearance except for the G6 formulation
showing lumps in it. G5′s formulation was also slightly clumpy. Table 5 shows the result.

3.3.2. Viscosity

Viscosity was testified as an important rheological physical parameter for topical formulations,
whichever affects the rate of drug release into the skin. The prepared hydrogels had a viscosity of
0.84–2.99 centipoise. The lowest viscosity was observed in a lower polymer containing hydrogel.
The shear rate increases with the decrease in viscosity suggesting the shear-thinning pseudoplastic
nature of the formulation. The finding was corroborated with previous literature [6].

3.3.3. pH Determination

The pH value of the prepared HG was found to be 5–6, i.e., within the appropriate limits, and does
not cause skin irritation upon application. Additionally, the pH values of different formulations did
not change significantly in time.

3.3.4. Spreadability

Spreadability is the degree to which a gel spreads upon application. It was founded that therapeutic
effectiveness depends largely on any hydrogel’s spreading value. The result showed spreadability
within 0.4–2.0 g·cm/sec. Good spreadability is a requirement for ideal gel formulation. The result
verified that increased polymer concentration reduces HG’s spreadability.

3.3.5. Texture Analysis

Texture can be considered as an index for the product’s rheological attribute. For topical delivery
systems, the key criteria controlling therapeutic outcome are minimum firmness and maximum
adhesiveness. Firmness addresses the product removal from the container and ease of applicability
while, on the contrary, adhesiveness pertains to bioadhesion. Hardness was found to lie between
198.10–286.66, adhesiveness between 210.233–286.66, elasticity between 0.372–0.824 and cohesiveness
between 0.563–0.802. The results obtained validate that the formed HG has the property of adhering
firmly but gently to the skin surface because they have low firmness and high adhesivity.

3.3.6. Drug Content

The percentage of drug content for the prepared HGs were ranging from 82% to 86.5%.
Thus, indicating the drug was uniformly distributed throughout the gel.

According to previous studies, the hardness and compressibility of prepared gel should be strong
should be low. Furthermore, high cohesiveness is a desirous attribute. Therefore, based on the results
obtained from the above-performed studies it could be concluded that G4 with 1% Carbopol is the
optimized formulation.

3.4. In Vitro Release Study

The cumulative % drug release was found to be 83.92% ± 0.22%, 63.06% ± 0.2%, 90.20% ± 0.1%,
and 82.83% ± 0.29% respectively in DS, TH-NS, HG, and marketed formulation (Phyte gel) at pH 5.5
(as shown in Figure 5) The difference between the cumulative % drug release in DS and the marketed
formulation was not found to be statistically significant. However, statistical significance (p < 0.001)
was observed when the result obtained for TH-NS was compared with that of DS, HG, and marketed
formulation. It was evident that Korsmeyer Peppas kinetic model was followed with R2 0.995, 0.998,
0.998, and 0.989 respectively indicating an anomalous diffusion. The result could be due to the matrix’s
relatively slow diffusion of the trapped drug. It was apparent that HG showed up superior sustained
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release potential. As hydrophilic polyacrylic acid polymer, i.e., Carbopol 940 has carboxyl functional
groups that get ionized after reaction with TEA. This develops a gel-like structure attributable to the
electrostatic repulsion among charged polymer chains. This step leads to an increase in the pH of the
HG developed rendering it appropriate for skin applicability. There was no time lag observed in the
drug release from the gel observed. The result obtained was following the previously established
literature [8,26].

Figure 5. % cumulative in vitro drug release.

3.5. In Vitro Permeation Studies

Permeation study is the passive diffusional study where the drug permeates the entire excised
skin (Moreno et al., 2019). The Flux (μg/cm2/h) of DS, HG and marketed gel was found to be 0.10 ± 0.12,
0.594 ± 0.22 and 0.334 ± 0.23 while permeability coefficient (cm/s) was 0.01 ± 0.012, 0.059 ± 0.022 and
0.033 ± 0.023 respectively. There was statistical significance (p < 0.05) when the flux and permeability
coefficient of HG was compared with that of DS and marketed formulation. The permeation curve was
non-linear followed by a controlled release profile (Figure 6). However, an initial faster release where
approximately 20% of the drug was released from the HG in the first 2 h of the experiment. The result
was consistent with Malakar and colleagues’ analysis [34]. There was an enhanced drug permeation
compared to DS and marketed gel due to TH-NS encapsulation in HG. Another related reason for
retaining HG on the skin surface may be TH’s gradual release pattern over time. Additionally, due to
the loose gel structure, the drug release was increased [6,18,35].
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Figure 6. Cumulative amount of drug permeated vs. time profile.

3.6. Confocal Study

CLSM analysis was used to confirm HG’s permeation potential and drug deposition on the skin
for topical application. The skin was examined microscopically after the in vitro permeation of HG
and the control solutions. Figure 7 demonstrates the CLSM photomicrographs where Figure 7A is
the photomicrographs of cross-sections of hairless viable rat skin, sectioned 0.5 mm. (as standard for
comparison), Figure 7B is the skin treated with HG, and Figure 7C is the skin treated with marketed
gel 1%. The skin surface was referred to as the brightest autofluorescence of the imaging plane
with characteristic morphology of the SC surface. In the images of the SC surface, the corneocyte
groups form distinct “island-like” structures forming dark furrows. Increased fluorescence intensity
was exhibited by HG. Furthermore, the fluorescence persisted on the upper layers of the skin while
diminished rapidly with the depth. The increased fluorescence on the upper layer of the skin due to the
retention of hydrogels. It was established that the dye probe distribution was dramatically increased
in the topmost dermal layer from the prepared formulations. This might be due to the matrix-forming
potential of NS upon integration in hydrogel and probable fusion with the skin membrane [36].

Figure 7. (A) CLSM photomicrographs of cross-sections of hairless viable rat skin, sectioned 0.5 mm
(as standard for comparison) (B) Skin treated with HG (C) Skin treated with TH marketed gel 1%.

136



Polymers 2020, 12, 2903

3.7. Tape Stripping Study

The tape stripping method is a dermatokinetic method to evaluate the distribution of formulation
on the skin and in the stratum corneum segregating them into different layers when stripped off.
As reported by Morena and colleagues, the concentration of drugs decreases from upper to lower
layers. Furthermore, in the tape stripping method, there were chances of the drug being accumulated
on the subsequent layers upon an administration which was stripped off leading to a decrease in the
drug concentration in the subsequent layers [37,38].

On conducting the method of tape stripping for 10 times after 12 h, it was observed that HG
collected in tape stripping was highest 85.6 ± 0.21 μg/cm2. In the case of TH-NS and marketed gel,
it was 6.54 ± 0.42 μg/cm2 and 24.83 ± 0.1 μg/cm2 respectively. Further by 15 times stripping observed
HG was reduced to amount 20.64 ± 0.32 μg/cm2 in comparison to 10 times while TH-NS and marketed
were 2.75 ± 0.31 μg/cm2 and 9.89 ± 0.18 μg/cm2 respectively (Figure 8A). The result obtained for HG
in the tape stripping method was statistically significant (p < 0.001) when compared with TH-NS
and marketed formulation after 10 times stripping. However, after 15 times stripping, the statistical
significance (p < 0.05) was observed when the HG result was compared to TH-NS and marketed
formulation (Figure 8A). The outcome obtained further validated that enhanced drug level could
be achieved on the subcutaneous layer with lesser penetration into deeper skin layers from the HG
developed, a prerequisite for topical drug delivery system. Here, the subcutaneous layer acts as
a reservoir to deliver drug progressively to the viable dermis layer. The slower penetration of the
developed formulation will also lead to reduced systemic toxicity [33,35]. The study finding that the
drug resides on the top of the dermal layer confirmed an enhanced therapeutic drug profile to treat
fungal infection [39,40]. The HG demonstrated better results compared to the marketed formulation in
both the studies, i.e., the permeation study and the tape stripping study.

Figure 8. (A) Comparative amount retained by tape stripping (10 and 15 strips) and (B) Comparison
of the zone of inhibition for the microorganisms of three different groups TH solution, TH-NS gel,
and marketed gel.
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3.8. Skin Irritation Study

A control group to which no drug was administered was used in the experiment. The experiment
was performed according to the study reported by Iqbal et al., 2018 [41]. The erythemal scores were
recorded for all rats at different time intervals of 24, 48, and 72 h. The TH-NS tailored demonstrated the
mean erythemal score of 0.00 confirming no erythema or edema on the shaved rat skin, thereby exhibiting
minimized skin irritation. However, the drug suspension had a score of 1 at 24 h and post that. As per
the degree of erythema, different grades have been allocated no erythema = 0; slight erythema = 1;
moderate = 2; more severe = 3; and most severe = 4. The commercially available convention treatments
have a considerable drawback as they cause skin irritation, hence the prepared formulation provides
an advantage over the conventionally available preparations. The result agreed with the previous
literature [3,27].

3.9. Antifungal Studies

The cylinder plate method was used for the antifungal potential screening wherein the result
demonstrated a slight difference in the zone of inhibition between TH-NS, HG, and marketed gel.
The diameter of zone of inhibition shown in C. albicans and T. ruburum were 13 ± 0.42 and 8 ± 0.31 mm
by TH-NS, 25.01 ± 0.21 and 22.2 ± 0.32 mm by HG while that from the marketed gel was 22 ± 0.1 and
19.5 ± 0.18 mm respectively. The result obtained for the antifungal study is exhibited in Figure 8B.
The result obtained for the zone of inhibition for HG and marketed formulation was found to be
statistically insignificant. Although, the result for TH-NS was statistically significant (p < 0.05) when
compared with HG and the marketed formulation. The HG prepared demonstrated proximity towards
the killing of fungal pathogens and demonstrates acceptable susceptibility values against C. albicans
and T. ruburum. Because of the low viscosity of the prepared hydrogel, its penetration was increased
compared to the drug solution and marketed formulation [6,42]. Therefore, the TH-NS formulation
showed better fungal burden results.

4. Conclusions

The research undertaken establishes the successful incorporation of TH-NS into hydrogel which
was further optimized by the QbD approach (Box–Behnken statistical design). On further in vitro
and in vivo study, the prepared formulation provided considerable results, revealing enhanced
drug permeability after topical administration. Thus, based on the experimental results obtained,
the hydrogel approach is a potential carrier to deliver TH. However, it warrants further elaborate
evaluation for commercial applicability.
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Delivery of Terbinafine Hydrochloride with Chitosan Hydrogels. AAPS PharmSciTech 2009, 10, 1024–1031.
[CrossRef]

7. Kahraman, E.; Güngör, S.; Ozsoy, Y. Potential enhancement and targeting strategies of polymeric and
lipid-based nanocarriers in dermal drug delivery. Ther. Deliv. 2017, 8, 967–985. [CrossRef]
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Abstract: Smart polymeric nanocarriers have been developed to deliver therapeutic agents directly to the
intended site of action, with superior efficacy. Herein, a mixture of poly(lactide) (PLA) and redox-responsive
poly(ethylene glycol)–block–poly(lactide) (PEG–block–PLA) containing a disulfide bond was synthesized
in three steps. The nanoprecipitation method was used to prepare an aqueous suspension of polymeric
nanocarriers with a hydrodynamic diameter close to 100 nm. Retinol, an anti-aging agent very common
in cosmetics, was loaded into these smart nanocarriers as a model to measure their capacity to encapsulate
and to protect a lipophilic active molecule. Retinol was encapsulated with a high efficiency with final
loading close to 10% w/w. The stimuli-responsive behavior of these nanocarriers was demonstrated
in vitro, in the presence of l-Glutathione, susceptible to break of disulfide bond. The toxicity was low
on human keratinocytes in vitro and was mainly related to the active molecule. Those results show
that it is not necessary to use 100% of smart copolymer in a nanosystem to obtain a triggered release of
their content.

Keywords: redox responsive PEG-block-PLA; nanocarriers; disulfide bond; controlled release; retinol

1. Introduction

Stimuli-responsive nanocarriers (NCs) have been designed to control the release of active molecules
into the intended site of action. The contents of the nanoparticle is released only if a biological
or a physical stimulus occurs. The stimulus has to be adapted to the application. For example,
light-responsive, ultrasound-responsive, temperature-responsive, pH-responsive or redox-responsive
nanosystems can be found in the literature [1].

Lately, a lot of efforts have been focused on the development of redox-responsive nanosystems.
They could be of major interest in the treatment of cancer, as the reduction potential of cancer cells
is higher than the reduction potential of healthy cells [2]. The release is then triggered in the tumor,
minimizing the side effects. It is the observed case in certain skin cancers, such as melanoma [3,4].
Moreover, when skin is exposed to UV light, cells react first by activating antioxidant mechanisms:
the level of glutathione (GSH) and its accompanying enzymes is dramatically increased to counteract
the appearance of reactive oxygen species [5]. The increased GSH activity could favor the nanocarriers’
material cleavage and thus enhance the release of hydrophobic drugs [6,7].

Different NCs engineered with redox sensitive mechanisms for drug or gene delivery have
been developed already like liposomes, polymer nanoparticles, micelles, or prodrug-based delivery
systems [8,9]. The disulfide bond is the most used reduction-sensitive linker to prepare redox-responsive
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nanocarriers [10]. The disulfide bond can be localized in different places: it can make the link between
two copolymers to form a stimulus-sensitive copolymer [11,12], it can make the link between the polymer
and the drug to synthesize a redox-responsive conjugate [13], or it can be located in each repeating
unit of a polymer [14,15]. In recent decades, significant efforts have been made in the development
of stimuli-responsive polymers [16,17] to prepare efficient triggered release. Indeed, compared to
conjugation, the synthesis of redox-responsive diblock or triblock copolymers is interesting as numerous
active molecules can be encapsulated without developing a specific synthesis path for each one.
Under the action of a stimulus, the copolymer disassembles into two or three parts, destabilizing the
nanocarriers and leading to the release of the contents. Among the redox-responsive copolymers, the
poly(ethylene glycol)–block–poly(lactide) (PEG–block–PLA) copolymer associated with a disulfide bond
seems to still be the preferred iteration [6,7,18]. Indeed, both polymers PLA and PEG are approved by
the pharmaceutical and cosmetic regulatory authorities. PLA is a synthetic linear aliphatic polyester
that has proven its interest in the encapsulation of hydrophobic drugs [19,20]. Being biodegradable and
biocompatible, it is used in various biomedical applications. PEG is a biocompatible polymer known
for its hydrophilicity, flexibility, and non-toxicity. PEG confers to PEG–block–PLA-based nanocarriers
a good stability in aqueous suspensions thanks to its hydrophilicity and sterical hindrance, and most
of the time no adjunction of surfactant is necessary [21]. Moreover, PEG seems to play a positive role
in the penetration of PLA-based nanosystems into the skin [22].

PEG–block–PLA-based nanocarriers have already proven their efficacy in the encapsulation of
siRNA, active pharmaceutical or cosmetic ingredients [23–25], among which is retinol. Retinol is a low
molecular weight anti-ageing agent very common in cosmetics [26]. It is highly sensitive to water,
heat, oxygen and light [27–30]. Many authors work on its encapsulation to protect its integrity and
increase its penetration into the skin [31–34]. NCs made of PEG–block–PLA copolymer showed very
interesting performances for retinol delivery to the skin [34,35]. Retinol loaded PEG–block–PLA-based NCs
displayed a significantly higher absorption into skin compared to PEG–block–PCL NCs, surfactant micelles,
or oil solution [34]. As a powerful antioxidant molecule, it could benefit from an encapsulation
in a redox-sensitive PEG–block–PLA to confer a triggered release in case of skin photooxidation.

Unfortunately, the syntheses of redox-responsive PEG–block–PLA described in the literature are
multi-stage, with drastic anhydrous conditions, and time-consuming purification steps requiring
specific equipment [7,18,36,37]. These constraints limit the potential interest of such delivery systems.
Moreover, PEG–block–PLA nanocarriers are usually nanomicelles showing low physical stability in
suspension and showing a low resistance to dilution, which is not compatible with the introduction into
skin dedicated products like creams or gels. The stability can be increased by mixing it with another
polymer that will reinforce the hydrophobic core of the nanocarriers, for example PEG–block–PLA
mixed with PLA. In this case, both polymers are usually synthesized independently [22,38].

The objective of the present study was to prepare redox-responsive nanocarriers made of a blend of
PLA and a PEG–block–PLA copolymer linked with a disulfide bond. Such nanocarriers should be stable
in aqueous suspension but release their contents rapidly in skin undergoing oxidative stress. In order to
attain this goal, the steps were (1) to prepare in as few steps as possible a redox-responsive blend
of PEG–block–PLA and PLA; (2) to formulate retinol nanocarriers via a simple and efficient protocol.
For the synthesis of the redox-responsive PEG–block–PLA copolymers blended with PLA, a new strategy
in only three steps was developed. At the end, a redox-responsive blend of PEG–block–PLA and PLA
was obtained and used directly, without further purification. It was chosen to work with short PLA
chains in order to facilitate the release of retinol, which could be long in long-chain PLA nanocarriers
despite the redox-responsive link, because of an increased affinity of retinol for the polymer [39].
To formulate the nanocarriers encapsulating retinol, the nanoprecipitation method was chosen because
it is well known, fast and easy to scale up. This method is the simplest preparation method of
nanocarriers as it takes place in only one step, with no need of surfactants or chlorinated solvents [40].
It leads to a narrowly dispersed particle size. The impact of GSH levels on redox-responsive release was
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investigated in vitro. Finally, cytotoxicity of the nanocarriers on human keratinocytes was evaluated to
ensure that they could be safely used in dermatological or cosmetic applications.

2. Materials and Methods

2.1. Chemicals

2-mercaptoethanol, 2,2′-dithiobis(5-nitropyridine), anhydrous acetic acid, methanol, O-[2-(3-
mercaptopropionylamino) ethyl]-O′-methylpolyethylene glycol (PEG-thiol, 5 kDa), 3,6-dimethyl-1,
4-dioxane-2, 5-dione (d,l-lactide), stannous 2-ethylhexanoate, dichloromethane, anhydrous toluene,
tetrahydrofuran (THF), Nile red, retinol and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) were obtained from Sigma-Aldrich (St Quentin-Fallavier, France). Dialysis membrane
(molecular weight cut-off (MWCO) 2 kDa, regenerated cellulose) was purchased from BioValley
(Marne La Vallée, France). l-Glutathione reduced (GSH), Dulbecco’s modified Eagle medium (DMEM),
foetal bovine serum (SVF), dimethyl sulfoxide (DMSO) and penicillin/streptomycin solution were
provided by Fisher Scientific (Illkirch, France). Ultrapure water was produced using a Milli-Q system,
Millipore (Paris, France).

2.2. Synthesis and Characterization of Redox-Responsive (PEG–block–PLA)-Blend-(PLA)

2.2.1. Step 1: Synthesis of Ethanol, 2-[(5-Nitro-2-pyridinyl)dithio]-(Abbreviated as Compound 1)

In a three-necked flask equipped with a stir bar, under a nitrogen atmosphere and at room
temperature, 1.2 g of 2,2′-dithiobis(5-nitropyridine) (310.31 g/mol, 3.87 mmol) were solubilized in
18 mL of dichloromethane. A solution of 2-mercaptoethanol was prepared in 1.5 mL of methanol
(275 μL, 78.13 g/mol, 3.87 mmol) and added to the mixture. Finally, 25 μL of anhydrous acetic acid
was added. The solution turned yellow and was stirred for 24 h. The solvent was then removed
under vacuum and flash chromatography (silica: 60, 0.04–0.063 mm) was carried out using 30% ethyl
acetate and 70% cyclohexane to give the compound 1 (232.28 g/mol, 468.5 mg, 2.02 mmol, 52.2% yield)
as a yellow solid. 1H NMR (300 MHz, CDCl3, ppm): δ 9.34 (d, J = 2.1 Hz, 1H), 8.38 (dd, J = 8.8, 2.6 Hz,
1H), 7.69 (d, J = 8.8 Hz, 1H), 3.80 (t, 2H), 3.25 (s, 1H), 3.02 (t, 2H).

2.2.2. Step 2: Synthesis of Disulfide PEG (Abbreviated as P1)

In a three-necked flask equipped with a stirring bar, under a nitrogen atmosphere and at room
temperature, 500 mg of PEG-thiol (5 kDa, 0.1 mmol), 71.3 mg of compound 1 (232.28 g/mol, 0.3 mmol)
and 15 μL of anhydrous acetic acid were solubilized in 23 mL of methanol. The solution turned
yellow and was stirred for at least 30 h. The progress of the reaction was followed with a UV-Visible
spectrophotometer (Genesys 10S, Thermo Scientific, France) with the release of thionitropyridine in
the reaction medium (385 nm). The solvent was then removed under vacuum and the residue was
dissolved in distilled water and dialysis was performed against distilled water (regenerated cellulose,
MWCO = 2 kDa). Finally, the product was freeze-dried for two days to obtain a white powder stocked
at −20 ◦C. 1H NMR (300 MHz, CDCl3, ppm): δ 3.87 (t, 2H, J = 4.9 Hz), 3.64 (m, 4H), 3.46 (t, 2H),
3.40 (t, 2H, J = 4.9 Hz), 3.37 (s, 3H), 3.00 (t, 2H, J = 7.0 Hz), 2.87 (t, 2H, J = 5.7 Hz), 2.64 (t, 2H, J = 7.0 Hz).

2.2.3. Step 3: Synthesis of Redox-Responsive Copolymer (Abbreviated as P2)

Appropriate amounts of pure d,l-lactide and P1 were placed in a two-neck flask with anhydrous
toluene (4.5 mL) and the mixture was degassed by bubbling nitrogen for 20 min. Under a nitrogen
atmosphere, the stannous 2-ethyl-hexanoate (10 mg) was added and the reaction mixture was refluxed
in an oil bath (120 ◦C) for 1 h. During the reaction period, the condenser was cold enough to prevent
the volatilization of toluene. The toluene was then removed under reduced pressure and the residue
was solubilized in a minimum of tetrahydrofuran (THF) to perform purification by size exclusion
chromatography (Sephadex LH-20, THF). The purification of the polymers P2 produced from the
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residual lactide monomer was followed by infrared spectroscopy (Bruker Vector 22, ATR mode).
After the collection and concentration of polymers under vacuum, it is solubilized in a minimum of
THF and precipitated in cold water. After THF removal, freeze-drying was performed for 3 days
to obtain a white powder stocked at −20 ◦C. 1H NMR (300 MHz, CDCl3, ppm): δ 5.18 (m, 1H),
4.38 (t, 2H, J = 6.6 Hz), 4.35 (q, 1H, J= 7.0 Hz), 3.87 (t, 2H, J= 4.9 Hz), 3.64 (m, 4H), 3.40 (t, 2H, J = 4.9 Hz),
3.37 (s, 3H), 2.97 (t, 2H, J = 7.1 Hz), 2.89 (t, 2H, J = 6.7 Hz), 2.58 (t, 2H, J = 7.2 Hz), 1.57 (m, 3H).

2.2.4. Characterizations

For each step, 1H NMR spectra were recorded with a Bruker 300 MHz NMR spectrometer at
25 ◦C with CDCl3 as solvent. MALDI-TOF mass spectra were acquired on a 4700 Proteomics Analyzer
(Applied Biosystems). Dithranol (DT; 1,8-dihydroxy-9,10-dihydroanthracen-9-one) was used as the
matrix for the ionization. Laser (YAG, 355 nm) power was adapted to obtain a significant signal-to-noise
ratio and a good resolution of the mass peaks.

2.3. Preparation of Polymer Nanocarriers

Polymer nanocarriers were prepared by the nanoprecipitation method, in triplicate. Briefly, 0.6 mL
of a solution of the redox-responsive blends of polymers in acetone (10 mg/mL) was added dropwise
to 2 mL deionized water using a syringe pump (KR Analytical, UK) with a flow rate of 0.3 mL/min
and under moderate stirring. The nanocarriers were formed instantly, and the organic solvent was
evaporated overnight under stirring at room temperature. Blank nanoparticles labelled with Nile
red as well as retinol-loaded nanocarriers were prepared by the same method after dissolving Nile
red (13 μg/mL) or retinol (1.2 mg/mL), respectively, in the polymer acetone solution. The resulting
suspensions were filtered through a 0.45 μm polyether sulfone membrane filter to remove unloaded
Nile red or retinol. All the procedures were performed under dark conditions to preserve the integrity
of the molecules.

2.4. Characterization of Copolymer-Based Nanocarriers

The morphological examination of nanocarriers was conducted by transmission electron
microscopy (TEM). The nanocarriers’ aqueous suspension was deposited onto a carbon coated
grid and was negatively stained using uranyl acetate (3% w/v). Excess water was removed by filter
paper and the sample was scanned in a JEOL 1011 TEM (Peabody, MA, USA).

The mean hydrodynamic diameter (DH) and the polydispersity index (PdI) of the nanocarriers in
aqueous suspensions were measured by the dynamic light scattering (DLS) technique, using a Nanosizer
apparatus (Zetasizer®, Malvern Panalytical, UK) equipped with a He-Ne laser (633 nm, scatter angle
173◦). Herein, the DLS method measures nanoparticle diameter by intensity. The same instrument was
also used for zeta potential measurements, but the samples were put in dedicated micro-electrophoresis
cells. Each sample was diluted 1:10 with deionized water and the measurement was performed three
times at a temperature of 25 ◦C.

2.5. Redox-Responsivity of Copolymer-Based Nanocarriers

The redox-mediated response to reduced glutathione (GSH) was evaluated by in vitro tests,
using blank nanocarriers labelled with environment-sensitive fluorescent dye Nile red (NR-NCs)
or retinol-loaded nanocarriers (R-NCs). Typically, the nanocarriers’ suspension was diluted 1:10
with deionized water. Then, 0.5 mL of diluted suspension was mixed with 0.5 mL of GSH solution
(0.04 or 20 mM) or 0.5 mL of diluted nitric acid solution to ensure the same pH. Each tube was shaken
at 37 ◦C and Nile red (NR) or retinol (R) fluorescence was measured at predetermined time intervals
(0 h, 2 h, 4 h, 8 h, and 24 h) using a spectrofluorometer (A Hitachi F-4500). The fluorescence excitation
wavelength was fixed to 535 nm (NR) or 327 nm (R), and the emission fluorescence to 555–700 nm (NR)
or 350–650 (R); the range was monitored. Emission and excitation slits were adjusted as function of
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fluorescence intensity of the solution at t0. To study the NR/R release as a function of time after GSH
treatment, the following formula was used:

% of content released at t =
Fluorescence intensity t0 − Fluorescence intensity t

Fluorescence intensity t0
× 100 (1)

The encapsulation efficiency of retinol was measured using its absorbance (A) at 327 nm,
after dissolution of the NCs in THF. Appropriate dilution of retinol-loaded nanocarriers’ suspension
was performed in THF and the solution was vortexed for 1 min to break down the particles and
dissolve retinol. The absorbance of the resulting solution was measured in a 1 cm quartz cell placed in
a Genesys 10 S (Thermo Scientific, France) UV-Vis spectrophotometer. From the absorbance values,
retinol concentration was determined according to a standard calibration curve within the linear range.
The encapsulation efficiency of retinol was calculated according to the following equation:

Encapsulation Efficiency (%) =
Amount of retinol in the nanocarriers

Feeding amount of retinol
× 100 (2)

The theoretical loading was calculated by Equation (3):

Molecule load (%) =
Determined weight of retinol
Initial weight of copolymer

× 100 (3)

Aqueous suspensions are divided into two samples and transferred into glass vials immediately
after preparation and stored at 4 ◦C or room temperature. The chemical stability was monitored up to
1 month by drug content determination. Periodically, samples were taken and diluted with THF and
analyzed with the UV-Vis spectrophotometer for residual retinol.

2.6. In Vitro Cytotoxicity Studies of Retinol-Loaded Nanocarriers

In vitro cytotoxicity of blank and retinol-loaded nanocarriers was evaluated by the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) assay on the HaCaT cell line (human
keratinocytes, a kind gift from Pr. G. Weber, U1069 N2C, Tours) [41]. Cells were cultured in DMEM
completed with 10% of SVF and 1% of a penicillin–streptomycin mixture. For the cytotoxicity study,
cells were seeded in 96-well plates (10,000 cells/well) and incubated 24 h at 37 ◦C in a humidified atmosphere
with 5% CO2. Cells were then treated with increasing concentrations of blank or retinol-loaded nanocarriers
(1.64 × 10−7 to 1.64 × 10−2 mg/mL in retinol) during 24 h at 37 ◦C. MTT solution was added to each well
(0.5 mg/mL) and the cells were incubated for further 4 h at 37 ◦C. Then, the supernatant was discarded
and DMSO was added in each well to dissolve the formazan crystals. The absorbance A at 540 nm was
measured with a microplate reader (Bio-tek EL800 plate reader). Results were expressed as viability
percentages as function of the retinol concentration, and compared with Student’s t-test.

3. Results and Discussion

3.1. Synthesis and Characterization of Redox-Responsive PEG–block–PLA

The redox-responsive PEG–block–PLA was synthesized in three steps, as described in Figure 1.
Unable to avoid the presence of traces of water after purification of P1, two compounds are

expected at the end of step 3: redox-responsive PEG–block–PLA (P2a) and PLA (P2b).
The first step consists of producing an intermediate product, called compound 1, with a disulfide

linkage. Its composition and structure were confirmed by 1H NMR as shown in Figure 2.
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Figure 1. Synthesis of the amphiphilic redox-responsive poly(ethylene glycol)–block–poly(lactide)
(PEG–block–PLA) in three steps.

Figure 2. 1H NMR spectrum of compound 1 (step 1, CDCl3, 25 ◦C).

The solvent peak of CDCl3 was found at 7.26 ppm. Peaks at 2.87 and 3.90 ppm result from the
oxidation of 2-mercaptoethanol to 2-Hydroethyldisulfide. Peaks at 3.8 and 3.02 ppm were assignable
to the methylene (–CH2–) protons of –CH2–OH (e) and –S–CH2– (d), respectively.

The second step consists of thiol–disulfide exchange between compound 1 and PEG-thiol
in order to obtain the polymer P1. The reaction yield was established by following the release
of thionitropyridine from compound 1 in the reaction medium with a UV-Vis spectrophotometer
(λmax = 385 nm). After approximately 30 h of reaction, the yield was close to 100%. At this stage,
the elimination of the remaining quantity of compound 1 is crucial because the next step is the
polymerization of PLA, possible from a hydroxyl group. To purify the hydrophilic polymer P1,
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a common laboratory technique was used, the dialysis method. This method is vulnerable to the
emergence of traces of water in the reaction medium that would initiate the synthesis of PLA.
The composition and the structure of the purified P1 product were investigated with NMR and
MALDI-TOF mass spectrometry. Figure 3 shows 1H NMR spectrum of the modified PEG produced.

Figure 3. 1H NMR spectrum of the modified polymer P1 (step 2, CDCl3, 25 ◦C).

In NMR investigation, the signal at 3.68 ppm was assigned to the methylene protons of PEG
units (–O–CH2–, b). The signal at 3.37 ppm can be assigned to the three chemically equivalent
hydrogen atoms of the terminal methoxy group (–OCH3, a) of the mPEG block. The triplet peaks
at 3.87, 3.40, 3.00 and 2.64 ppm were attributed to the methylene protons (–CH2–) of the PEG5K-SH
(c, d, f and e, respectively). Finally, peaks at 3.46 and 2.87 ppm were assignable to the insertion of the
methylene (–CH2–) protons of compound 1: –CH2–OH (h) and –S–CH2– (g), respectively. As expected,
water traces are observed.

Mass spectrometry was used as a complementary method to conclude if the disulfide linkage was
intact. Figure 4 shows the MALDI-TOF mass spectrum of the purified product of step 2.

Figure 4. (a) Full MALDI-TOF mass spectrum from mass/charge (m/z) 2000 to 10,050 of P1.
(b) Magnification of the mass range region from m/z 4204 to 5949.
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The MALDI-TOF mass spectrum was well-resolved and the peaks were separated by 44 mass units,
which corresponds to the molecular weight of the ethylene oxide (EO) unit of PEG. Two populations
were observed in the mass range region from m/z 4204 to 5949 (Figure 4b). The major population
corresponds to the modified PEG P1 and the minor population corresponds to the unmodified
mPEG-thiol, which has not reacted with compound 1. Thanks to mass spectrometry analysis,
the integrity of the disulfide linkage of P1 was confirmed.

The last step consists in producing the copolymer PEG–block–PLA (P2a) by ring-opening
polymerization (ROP). The hydroxyl functional group at the end of the modified PEG P1 allows the
ROP of d,l-lactide using stannous octoate (SnOct2) as the catalyst [6,7,42]. Even after freeze-drying of
the modified PEG, traces of water persist and are susceptible to participate in the polymerization of
PLA (P2b). The copolymer composition was confirmed by 1H NMR as shown in Figure 5. The peaks
at 1.57 and 5.18 ppm belong to methyl (–CH3, j) and methine (–CH, i) protons of the lactate unit of
PLA, respectively. The signal at 3.68 ppm (b) was assigned to the methylene protons of PEG units.
The methylene protons signal (–CH2–, h) of P1, linked to the hydroxyl group, shifts from 3.46 to 4.4 ppm
after polymerization. This signal is superimposed with that corresponding to the PLA end-group
methide proton (–CH, k). If the final product corresponded to only P2a copolymer, the integration
at 4.4 ppm was then supposed to be three (=3H). Herein, the integration was 4.86 corresponding
to 2H of methylene protons (–CH2–, h) and 2.86H associated to PLA end-group methide protons.
The assumption is as follows: among the 2.86 protons, 1H corresponds to the PLA end-group methide
proton of P2a and 1.86H corresponds to the PLA end-group methide protons of PLA polymerized
with water traces (P2b). The NMR investigation could be interpreted as follows: we have a blend of
copolymer P2a and polymer P2b with an approximate ratio of 1:2. According to the initial amount
of polymer P1 involved in the reaction (~200 mg), the amount of water traces was evaluated as
~8.3 × 10−5 moles.

Figure 5. 1H NMR spectrum of P2 copolymer (step 3, CDCl3, 25 ◦C).

Usually, integrations of PEG and PLA protons are used to determine the molecular weight
of the copolymer. Being in the presence of a blend, a MALDI-TOF mass spectrum was recorded
as a complementary method to properly study the composition of the final product (Figure 6).
The population below 5.5 kDa corresponds to the PLA polymer with an increment of 144 m/z
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corresponding to the lactate unit of PLA. This population is associated to the PLA polymerized from
water traces with a molecular weight MnPLA = 3637 Da (PLA4K). The population observed above
5.5 kDa corresponds to the copolymer PEG–block–PLA P2a with a molecular weight close to 8 kDa
corresponding to a PEG of approximately 5 kDa and a PLA of approximately 3 kDa.

 
Figure 6. MALDI-TOF mass spectrum of purified product of step 3 (m/z 1007 to 12,665).

To conclude, thanks to NMR and mass investigations, the blend of polymers was characterized,
and it is composed of the copolymer PEG–block–PLA (P2a) and the polymer PLA (P2b)
with an approximate ratio 1:2. No further purification was performed to explore directly the interest of
the mixture for nanocarrier development, minimizing steps for industrial manufacturing. This polymer
will be referred to (PEG–block–PLA)-blend-(PLA) in the rest of the document.

3.2. Nanocarriers Characteristics

The nanoprecipitation method was used to produce (PEG–block–PLA)-blend-(PLA) nanocarriers [43].
This method allows a spontaneous particle formation with no surfactant and with low energy
consumption [40,44]. The miscibility of PLA and PEG, added to the fact that both polymers possess a
PLA chain, should ensure the coprecipitation of the polymer in mixed nanospheres [45]. The nanocarriers
prepared from (PEG–block–PLA)-blend-(PLA) were stable in aqueous suspension without the addition of
surfactant. This stability is in favor of a core-shell structure where the PLA blocks make up the inner core
while the majority of the hydrophilic PEG blocks make up the outer hydrophilic shell [22,40]. Nevertheless,
the nanoprecipitation method, compared to the emulsion/solvent evaporation or emulsion/solvent diffusion
used to prepare nanosystems, may lead to less organized systems. Blank nanoparticles were labeled with Nile
red (~0.1% w/w) in order to be able to follow their behavior in a reducing medium.

As can be seen in TEM images (Figure 7), Nile red labelled and retinol-loaded nanocarriers (NR-NCs
and R-NCs, respectively) have similar spherical morphologies and sizes. The particle size distribution
shows only one population of nanocarriers with narrow distribution, suggesting a monodispersed
population of particles. This monodispersity is in line with the hypothesis that both polymers coprecipitate
to form composite nanospheres and not two separate populations: one made of redox sensitive
PEG-block-PLA and one made of PLA.

151



Polymers 2020, 12, 2350

(a) 

 

(b) 

 

Figure 7. Typical TEM images and representative particle size distribution plots of (a) Nile red-labelled
and (b) retinol-loaded (PEG–block–PLA)-blend-(PLA) nanocarriers.

The physicochemical characteristics of the labelled and retinol-loaded nanocarriers are compiled in
Table 1. Depending on the copolymer composition, method and experimental conditions of formulation,
the size of the PEG–block–PLA nanocarriers described in the literature may vary from 50 to 300 nm [46].
In this study, the hydrodynamic diameter of blank nanocarriers labelled with Nile red or loaded with
retinol was close to 100 nm, which can be considered suitable for skin administration [47]. As expected,
DH values obtained from DLS measurements were higher than NP diameters observed in TEM images:
the former includes hydrated layers of PEG shell, while the latter may not reveal PEG, because of its
low electronic contrast.

Table 1. Characteristics of nanocarriers (mean values ± SD, n = 3).

Characteristics
Nile Red-Labelled

Nanocarriers
Retinol-Loaded

Nanocarriers

Day 1

Hydrodynamic diameter (nm) 100.5 ± 2.7 98.7 ± 2.2
Polydispersity Index 0.126 ± 0.013 0.101 ± 0.011
Zeta potential (mV) −25.7 ± 2.3 −21.6 ± 1.6

Retinol (mg/mL) - 0.28 ± 0.04

1 month 4 ◦C

Hydrodynamic diameter (nm) 98.0 ± 2.4 94.1 ± 1.6
Polydispersity Index 0.115 ± 0.017 0.093 ± 0.010
Zeta potential (mV) −27.8 ± 3.1 −20.7 ± 3.6

Retinol (mg/mL) - 0.12 ± 0.01

NCs’ aqueous suspensions exhibit low PdI values (<0.2) indicative of populations of rather
narrow size distribution. They show high negative zeta potentials (−22 to −28 mV), similar to those
of PEG–block–PLA-based nanosystems already described [48,49]. These surface charges suggest that
electrostatic repulsion of NCs should significantly favor their colloidal stability and reinforce PEG
steric hindrance.

As the particle size is linked to the size of the droplets generated during the nanoprecipitation,
it is not surprising that blank and retinol-loaded NCs show similar sizes. Nevertheless, their internal
structure is in all likelihood different. Indeed, R-NCs show a high loading of ~9.2% w/w of
retinol. The introduction of nearly 10% of hydrophobic chains could lead to a different stability
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or release kinetics of blank and loaded NCs. The chosen length of the PLA chains, deliberately
short, led to an effective retinol encapsulation. The encapsulation efficiency (EE) of retinol was of
76.9 ± 11.6% w/w, which is satisfactory compared to the literature data on retinol nanocarriers such as
(PEG–block–PLA)-based NCs (PLA of ≈15 kDa, EE = 100% [34]), chitosan nanocarriers (EE = 76%, [32]),
silicone and silica particles (EE = 85% [31] and 31% [33], respectively), and solid lipid nanocarriers
(EE = 74% or up to 97% depending on formulation conditions [50,51]). The nanoprecipitation method
and experimental conditions described in this study allow a high encapsulation efficiency of retinol
into (PEG–block–PLA)-blend-(PLA) nanocarriers, with a final retinol concentration in water of 28% w/v
(Table 1).

The size, PdI and zeta potential of the nanocarriers do not vary significantly over one month,
showing the physical stability of such a suspension of nanocarriers. Since retinol is known to be
chemically unstable, the stability of retinol is one of the most important factors during storage [27–29].
Retinol-loaded nanocarrier suspensions were stored in darkness at room temperature (RT) or 4 ◦C for
1 month. The chemical stability of retinol is reported in Figure 8.

Figure 8. Chemical stability at room temperature (white) and 4 ◦C (black) of retinol incorporated
into nanocarriers.

Stabilizers are usually required to improve the long-term stability of retinol, such as butyl
hydroxy toluene (BHT), an antioxidant which protects retinol from chemical degradation [52]. Herein,
no stabilizer was added and, after one month in darkness at room temperature or 4 ◦C, there remained
~40% of non-degraded retinol. These results are encouraging compared to the literature. Indeed,
several formulations of retinol have been developed with variable chemical stabilities specific to
nanocarriers and development conditions. For example, retinol was encapsulated with BHT in
silicone particles for topical delivery and after 14 days in darkness at 45 ◦C, there remained ~25%
of non-degraded retinol [31]. Retinol was also encapsulated in silica particles where the amount
of preserved retinol depended on the concentration of surfactants and PEG polymer. With 13
and 1.3% w/w of Span®80 and Tween®80, respectively, there remained ~85% of intact retinol after
6 days [33]. Solid lipid nanocarriers (SLNs) showed almost 100% of residual retinol after 4 weeks,
at room temperature (shade) or 4 ◦C [50]. In another study, 43% of retinol remained intact in SLNs
after 12 h at room temperature (shade). However, the instability of retinol could be overcome by
co-loading of antioxidants such as BHT in SLNs [51]. Furthermore, the protection of retinol in R-NCs
could be enhanced by the inclusion of stabilizers like BHT or retinol-palmitate in the organic phase
before nanoprecipitation.

3.3. Nanocarriers Behaviour in a Reductive Medium

Glutathione (GSH) is a physiological detoxification molecule showing a highly reactive thiol
function. It has been reported that, in the cytosol and nuclei, the concentration of GSH can reach
10 mM, while outside the cell the concentration is about 2–20 μM [53–55]. The insertion of the disulfide
linkage into the copolymer-based nanocarriers is supposed to accelerate the release of the cargo
in a GSH-rich environment [6]. Nile red-labelled blank NCs and retinol loaded NCs were used to
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investigate their redox response in vitro. Fluorescence spectra (λex = 535 nm for NR and 327 nm for
retinol) were recorded from diluted aqueous suspensions, exposed or not to GSH treatment, at different
incubation times, at 37 ◦C. NR fluorescence is strongly influenced by its molecular environment.
If NR is released from the hydrophobic environment of nanocarriers in the surrounding hydrophilic
environment, its fluorescence yield dramatically decreases [56]. In addition, when retinol is released
from the hydrophobic environment of nanocarriers, it is very quickly degraded and loses its fluorescence
properties in the measurement conditions described in the Materials and Methods section. Indeed,
the UV-visible spectrum of free retinol displays a band shift from 327 nm to 282 nm after a few
minutes in water, revealing the disappearance of highly conjugated structures (See Figure S1 in
Supplementary Materials). This phenomenon is not disrupted by the presence of GSH. It allowed
us to track, by fluorescence, the relative amount of retinol still encapsulated. The NR or R fraction
released from (PEG–block–PLA)-blend-(PLA) was estimated as described in the Experimental section
and release kinetics curves were established (Figure 9). These curves show a spontaneous release
of encapsulated molecules from the particles with a basal concentration of GSH, but this release is
accelerated by the presence of high a concentration of GSH. During the first 2 h of incubation, the NR
or R release was similar to the GSH basal level or with GSH activation level. The release seems thus
independent of the response to a stimulus over the first 2 h. It is supposed that fluorescent molecules
present near the surface of the nanocarriers might be released at early stages. Nevertheless, this release
is progressive and cannot be qualified as burst release. From 4 h of incubation, the cumulative release
of NR or retinol was higher in GSH-enriched environment compared to the control. This difference
becomes even more significant after 24 h: 89 ± 3% vs. 36 ± 2% for Nile red and 91 ± 2% vs. 63 ± 0.1%
for retinol. Retinol is released faster than Nile red, which could be explained by the difference in initial
content and in NCs’ internal structures. Indeed, retinol being more widely present in nanocarriers,
their polymeric structure may be degraded more rapidly or the structure more easily destabilized than
blank nanoparticles comprised of 99% polymer.

Figure 9. In vitro release of Nile red (dashes) and retinol (full line) from (PEG–block–PLA)-blend-(PLA)
nanocarriers at 37 ◦C with glutathione (GSH basal level (0.02 mM) and GSH activation level (10 mM).

The release profile of retinol from (PEG-block-PLA)-based nanocarriers has not yet been reported
in the literature, certainly because of retinol instability. However, (PEG–block–PLA)-based nanocarriers
have been described for the protection and release of all-trans retinoic acid (atRA, log P ~ 5) [48,49].
The atRA cumulative release depends on hydrophobic and hydrophilic chain lengths. In Tiwari et al.’s
study, atRA-loaded (PEG–block–PLA)-based nanocarriers produced by the nanoprecipitation method
reached a size close to 150 nm. The atRA cumulative release reached ~7.5% after 24 h [49]. In fact,
the strategy described in this paper could be applied to retinoids in general to achieve an accelerated
release. Even if those studies are not directly comparable, the GSH-enhanced release of hydrophobic
content is consistent with the supposed mechanism of the NC degradation via disulfide bonds
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cleavage [57,58]. The more plausible explanation according to the literature is that the PEG hydrophilic
chains are then detached from the hydrophobic PLA core causing the destabilization of the NCs
leading to the higher release of the contents [6]. This destabilization is even more efficient if the
structure of the nanocarriers includes residual PEG chains in the core of the NCs. TEM images
of R-NCs degraded after GSH treatment are shown as supplementary information (Figure S2 in
Supplementary Materials) and are consistent with this hypothesis. Those results show that a ratio 1:2
between (PEG–block–PLA) and PLA permits to prepare stimuli-responsive nanosystems.

3.4. In Vitro Cytotoxicity Studies of Retinol-Loaded Nanocarriers

Cytotoxicity of (PEG–block–PLA)-blend-(PLA) nanocarriers towards skin cells is a key index
for their topical use. The results on cell viability of human keratinocytes (HaCaT cells) exposed to
increasing concentrations of blank and R-NCs (see Figure 10).

Figure 10. Cell viability of human keratinocytes (HaCaT) exposed to increasing concentrations of blank
nanocarriers (open bars) and retinol-loaded nanocarriers (filled bars). Mean ± SD, n = 6. * p < 0.05.

According to the literature, blank and retinol-loaded nanocarriers suspensions can be considered
non-toxic to human keratinocytes up to a corresponding retinol concentration of 1.64 × 10−3 mg/mL
(viability > 70%) [59]. At higher retinol concentrations (1.64 × 10−2 mg/mL), human keratinocyte
viability decreased to 83% for blank nanocarriers and 63% for retinol-loaded nanocarriers. It is not
surprising because retinol is often described as toxic depending on the concentration, generating skin
irritation [31].

To conclude, retinol-loaded (PEG–block–PLA)-blend-(PLA) nanocarriers show a satisfactory
biocompatibility for their skin application. Nonetheless, the toxicity can be increased by the
encapsulation of active molecules with intrinsic toxicities.

4. Conclusions

Thanks to the simplified synthesis described in this study, it was possible to prepare
a redox-responsive blend of PEG–block–PLA and PLA with a 1:2 ratio. Smart nanocarriers were
formulated by the nanoprecipitation method. Retinol, a hydrophobic and unstable anti-ageing
agent, was used as a model active molecule. The strategy to deliberately choose short-length
polymers to encapsulate retinol permitted the reaching of high loading and rapid release in
a reducing medium in vitro. Nevertheless, the co-encapsulation of stabilizers could increase
the chemical stability of the system. Blank NCs showed a good biocompatibility with respect
to human keratinocytes, but (PEG–block–PLA)-blend-(PLA) NCs can become toxic as function
of the concentration of encapsulated molecule, depending on the toxicity of the molecule itself.
These nanocarriers could be used to deliver other retinoids for treatment of skin diseases like
acne, photoageing, psoriasis vulgaris, melisma or skin cancers [60,61]. In a more general manner,
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such redox-responsive nanocarriers could have a high interest for biologically controlled delivery
of hydrophobic active molecules in dermatological or cosmetic applications. This study shows that
it is not necessary to work in drastic anhydrous conditions and to purify the redox-responsive
polymer to obtain a triggered release of disulfide-linked (PEG–block–PLA)-blend-(PLA)-based
nanocarriers. This simplified copolymer synthesis coupled to nanoprecipitation offers perspective to
the industrialization of stimuli-responsive nanosystems.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/12/10/2350/s1,
Figure S1: Absorbance spectra of retinol-loaded copolymer-based nanoparticles (black); retinol in THF (violet),
retinol in distilled water (blue, full line) and retinol in distilled water containing glutathione, 10 mM (blue, dashes);
Figure S2. Typical TEM images of retinol-loaded nanocarriers incubated 24 h at 37 ◦C (a) without and (b) with GSH
treatment (10 mM).
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Abstract: Despite the large number of polymeric nanodelivery systems that have been recently
developed, there is still room for improvement in terms of therapeutic efficiency. Most reported
nanodevices for controlled release are based on drug encapsulation, which can lead to undesired drug
leakage with a consequent reduction in efficacy and an increase in systemic toxicity. Herein, we present
a strategy for covalent drug conjugation to the nanodevice to overcome this drawback. In particular,
we characterize and evaluate an effective therapeutic polymeric PEGylated nanosystem for controlled
pH-sensitive drug release on a breast cancer (MDA-MB-231) and two lung cancer (A549 and H520)
cell lines. A significant reduction in the required drug dose to reach its half maximal inhibitory
concentration (IC50 value) was achieved by conjugation of the drug to the nanoparticles, which
leads to an improvement in the therapeutic index by increasing the efficiency. The genotoxic effect of
this nanodevice in cancer cells was confirmed by nucleus histone H2AX specific immunostaining.
In summary, we successfully characterized and validated a pH responsive therapeutic polymeric
nanodevice in vitro for controlled anticancer drug release.

Keywords: covalent drug conjugation; therapeutic nanodevice; polymeric nanoparticles;
cancer therapy; controlled drug delivery

1. Introduction

Nanomedicine for cancer therapy has become a promising therapeutic approach to overcome
the various limitations of conventional small molecule chemotherapeutics by improving drug
internalization and selective intracellular accumulation in cancer cells, easing the toxicity to normal
tissues [1,2]. Polymeric nanoparticles possess remarkable properties when compared to other
colloidal systems such as (i) higher stability, particularly in body fluids; (ii) a larger contact
area between the nanoparticle and the biological target; and (iii) a rapid adsorption rate and
accumulation in the tumor cellular interstices due to the enhanced permeability and retention (EPR)
effect [3,4]. Moreover, polymeric nanoparticle–drug conjugates present advantages when compared to
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polymer–drug conjugates, such as tunability and high and predefined drug loading based on efficient
conjugation of the active agents to polymeric nanocarriers [5].

One of the main advantages offered by nanoparticles (NPs) is their ability to release drugs in a
controlled manner [6]. This controlled release can be achieved by implementing a stimulus-sensitive
approach involving a two-step process: first, the nanosystem is preferentially accumulated at the
target site through the EPR effect; then, the drug-loaded nanoparticles are directly activated by
an external (light, temperature, etc.) or internal (pH, enzymatic, redox, etc.) stimulus to produce
the local release of the drug [7,8]. In particular, pH has been used for a long time as a critical
feature for the differentiation between healthy tissues and abnormal tissues. Although fluctuations
may occur, the pH in most solid tumors is between 6 and 7 [9]. This pH difference opened a new
pathway for the release of tumor-specific drugs in tumors and simultaneously reduces undesirable
effects in healthy tissues. Several examples of pH-sensitive nanodevices such as amorphous calcium
carbonate–silica nanoparticles (core/shell), N- (2-hydroxypropyl) ethacrylamide (HPMA), dendrimers,
and gold nanoparticles have been reported [10–14].

The chemotherapeutic drug doxorubicin (DOX) has been widely used in clinic settings for the
treatment of different types of cancer. However, its toxicity to healthy tissue with effects such as
cardiotoxicity and the development of resistance to multiple drugs during prolonged treatment have
limited its therapeutic use [15]. Doxil®, the first nanopharmaceutical approved by the U.S. Food and
Drug Administration (FDA) in 1995, takes advantage of the EPR effect and moves passively to the
tumors where the encapsulated doxorubicin is released [16]. Recently, many nanotechnology-based
drug delivery systems have been reported for the selective release of doxorubicin [17–19].

However, there is still room for improvement in terms of the therapeutic efficiency, as compared
with free doxorubicin. Most of these nanodevices are based on drug encapsulation, which can lead
to undesired drug leakage, causing loss of efficiency and systemic toxicity. This drawback can be
overcome by covalent conjugation of the drug to the nanoparticle.

We have previously reported the use of polystyrene-based nanoparticles for the efficient
conjugation of bioactive molecules of different types, such as sensors, proteins, and nucleic
acids. In addition, polystyrene nanoparticles have been implemented for imaging, biosensing,
tracking cellular proliferation using fluorescent nanoparticles, metallofluorescent nanoparticles for
multimodal applications, and in cellulo proteomics using drug-loaded fluorescent nanoparticles [20–22].
These polymeric particles are inherently attractive as a delivery system due to certain advantages,
such as being easy to handle and robust, with a defined drug loading capacity, tunebility, and lack of
toxicity. These nanosystems can achieve efficient delivery through a passive but rapid mechanism,
without significant alterations involving cellular gene profiling or proteomics [23,24]. To overcome the
limitations of current encapsulation-based polymeric nanodevices, we developed an efficient loading
strategy based on the covalent conjugation of doxorubicin to cross-linked polystyrene nanoparticles
for selective drug release. Herein, we characterize this PEGylated polystyrene nanodevice loaded
covalently with doxorubicin in a pH labile linker controlled manner, and evaluate the therapeutic
efficiency in several cancer cell lines in vitro.

2. Materials and Methods

2.1. Materials

All solvents and chemicals were purchased from Sigma-Aldrich (Haverhill, United Kingdom).
Dulbecco’s modified Eagle’s medium (DMEM), Roswell Park Memorial Institute medium (RPMI),
L-glutamine, 1% penicillin/streptomycin, trypsin-EDTA, and fetal bovine serum (FBS) were purchased
from Gibco (Thermo Fisher Scientific, Allschwil, Switzerland).
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2.2. Synthesis of Aminomethyl Polystyrene Nanoparticles (NPs)

Aminomethyl NPs (NAKED-NPs (1)) were prepared by dispersion polymerization as previously
described [25]. Briefly, polyvinylpyrrolidone (PVP) (Mw 29000) was dissolved in ethanol/water
(86:14) and deoxygenated via argon bubbling. Azobisisobutyronitrile (AIBN) was dissolved in styrene
(freshly washed) with 4-vinylbenzylamine hydrochloride (VBAH) and 2% divinylbenzene (DVB).
The dispersion was deoxygenated via argon bubbling before addition to the PVP/ethanol solution.
The mixture was stirred under argon for 30 min before heating to 65 ◦C for 15 h. Nanoparticles were
obtained by centrifugation and washed with methanol (2×) and water (2×). Finally, the nanoparticles
were stored in water at 4 ◦C. Particle size distribution: 460 nm (PDI = 0.042); amino quantification:
0.057 mmol g−1 of amino groups; Nº of particles per gram: 1.96 × 1013; solid content (SC): 2%.

2.3. PEGylation of NPs

A double PEGylation of aminomethyl NPs (1) was carried out. Briefly, aminomethyl NPs
(1) were conditioned in N,N-Dimethylformamide (DMF). Separately, an Fmoc-4, 7, 10-trioxa-1,
13-tridecanediamine succinamic acid (Fmoc-PEG-COOH) spacer (MW = 542 g/mol) (15 eq) was
dissolved in DMF, then Oxyma (15 eq) and N,N′-Diisopropylcarbodiimide (DIC) (15 eq) was added
and mixed for 10 min at room temperature. Then, this mixture solution was added to NPs and mixed
for 2 h at 60 ◦C. Subsequently, the NPs were washed by centrifugation (13,400 rpm, 3–10 min) with
DMF, methanol, and water to obtain Fmoc-PEGylated NPs (2) (100% yield, 0.054 mmol g−1 of amino
groups). Next, Fmoc deprotection was achieved by treating nanoparticles with 20% piperidine/DMF
(3 × 20 min). PEGylated NPs (3) were obtained by centrifugation and subsequently washed with DMF,
MeOH, and deionized water. Next, a second PEGylation and deprotection step was carried out to
obtain the double-PEGylated NPs (4) (100% yield, 0.053 mmol g−1 of amino groups).

2.4. Preparation of pH Responsive Therapeutic Polymeric Nanodevice: DOX-NPs (7)

A solution of succinic anhydride (15 eq) and DIPEA (15 eq) in DMF was added to the double
PEGylated NPs (4), sonicated, and mixed for 2 h at 60 ◦C. Then, carboxyl functionalized NPs (5) were
activated with Oxyme (15 eq) and DIC (15 eq) for 4 h. Then, they were centrifuged and a solution of
55% v/v hydrazine (15 eq) in DMF was added and mixed at 25 ◦C for 15 h. Next, hydrazide-NPs (6)
were washed and conditioned in PBS. Finally, doxorubicin (1 eq) was dissolved in pH 6 PBS and added
to hydrazine-NPs (6) and mixed at 50 ◦C for 15 h to yield DOX-NPs (7) (CE = 97%, 5.2 × 10−9 nmol
DOX per NP).

2.5. Characterization of DOX-NPs (7)

2.5.1. Nanoparticle Size Distribution, Zeta Potential, and Morphology

Particle mean size, size distribution, and zeta potential of DOX-NPs (7) were determined
by dynamic light scattering (DLS) and were measured on a Zetasizer Nano ZS ZEN 3500
(NanoMalvern Panalytical, UK) in biological grade water in a disposable cuvette for size measurements
or in a transparent disposable cuvette for zeta potential measurements. The shape and morphology of
the NPs were observed using a LIBRA 120 PLUS de Carl Zeiss SMT transmission electron microscopy
(TEM, Oberkochen, Germany). The conjugation of DOX to NPs was checked by flow cytometry using
FACSCanto II (Becton Dickinson & Co., New Yersey, USA) and Flowjo® 10 software for data analysis.

2.5.2. Determination of Nanoparticle Concentration by Spectrophotometry

The concentration of nanoparticles per microliter (NPs/μL) was determined by a standard
spectrophotometric method described previously by our group [26]. Briefly, a measurement of the
turbidity optical density at 600 nm was performed for each of the preparations based on nephelometric
principals. In this way, a calibration standard curve was obtained for aminomethyl NPs (1) using a
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set of concentrations (Supplementary Figure S1, see Supplementary Material). Calibration curves
fitted linear regression models by which the number of NPs/μL corresponding to one unit of OD600
for each size could be determined. Thus, these curves using known concentrations of aminomethyl
NPs (1) allowed us to estimate the number of NPs in the final batches, even after multiple handling
procedures, by OD600 measurements of 1 μL of each preparation (Supplementary Figure S2, see
Supplementary Material). This spectrophotometric method was used to calculate number of NPs/μL
in all the preparations used in this study.

2.5.3. Amino Quantification of Nanoparticles

To determine the capacity of conjugation of each batch of nanoparticles, the amount of reactive
amino groups on the nanoparticle surface was calculated by the conjugation of a glycine with amino
group protected with 9H-fluoren-9-yl-methoxycarbonyl (Fmoc) (Fmoc-Gly-OH) and quantification
using the Fmoc test. The amount of released piperidine-dibenzofulvene adduct was quantified
spectrophotometrically by measuring the absorbance of the solution at 302 nm using UV–vis light [27].

The amino quantification of the nanoparticles was calculated according to the equation

Amino quantification (μmol×g −1) =
(A 302 ×V)

(ε 302 ×m × d)
× 1 × 106 (1)

where A302 is the absorbance of the supernatant measured at 302 nm, V is the volume of the measured
solution (mL), ε302 is the molar extinction coefficient at 302 nm (7800 M−1 cm−1), d is the diameter of
the cuvette (1 cm), and m is the mass of the NPs analyzed (mg).

2.5.4. Evaluation of Drug-Loading Efficiency

To determine the amount of DOX loaded on the nanoparticle surface (loading capacity, LC) and to
evaluate the efficiency of the conjugation process (conjugation efficiency, CE), the concentration of free
DOX in the supernatant obtained after the centrifugation of NPs was measured by UV spectroscopy
at 480 nm. A calibration curve, with the lineal ratio between the optic density of DOX and its
concentration, was generated (Supplementary Figure S3, see Supplementary Material). Then, the DOX
loading capacity (LC) and DOX conjugation efficiency (CE %) were calculated according to the
following formulas

LC =
[DOX conjugated on surface of nanoparticle]

Number of NPs
×NA (2)

where NA is Avogadro’s number.

CE(%) =
[DOX conjugated on surface of nanoparticle]

Total concentration of DOX added
× 100 (3)

2.5.5. Drug Release Profile

The drug release profile of the NPs was determined by analyzing the efficiency of the hydrolysis
of the hydrazone bond of the DOX-NPs (7) samples at acidic pH. Briefly, 4.80 × 1010 DOX-NPs (7)
were incubated in a phosphate solution at pH 6 and at pH 7.4 for 168 h (7 days) in an incubator
at 37 ◦C. The supernatants were collected by centrifuging each sample at t = 1, 3, 6, 24, 48,
72, and 168 h, and they were analyzed using high performance liquid chromatography (HPLC)
(Agilent 1200 series HPLC system). A calibration curve of Doxorubicin was generated using standard
samples (Supplementary Figure S4, see Supplementary Material). Cumulative release was determined
using the equation

(%) =
Dt

DT
× 100 (4)
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where Dt is the concentration of DOX released from the DOX-NPs (7) at time t and DT is the concentration
of DOX-loaded onto the DOX-NPs (7).

2.6. Cell Cultures

Cell lines were provided by the cell bank of the CIC of the University of Granada. Three different
cell lines were used in this study. The non-small cell lung cancer cell line H520 was cultured in
RPMI supplemented with 10% (v/v) FBS, 1% L-Glutamine, and 1% penicillin/Streptomycin. The A549
(lung cancer) cell line and MDA MB 231 (human breast cancer) cell line were cultured in DMEM
supplemented with 10% (v/v) FBS, 1% L-Glutamine, and 1% Penicillin/Streptomycin. All cell lines
were grown in a humidified incubator at 5% CO2 and 37 ◦C. All cell lines tested negative for
mycoplasma infection.

2.7. Nanofection of Cancer Cell Lines

A549, H520, and MDA MB 231 cell lines were incubated with DOX-NPs (7) (NPs/cells) for the
established incubation times in a humidified incubator at 5% CO2 and 37 ◦C. Untreated cells and cells
treated with NAKED-NPs (1) were used as control. After the incubation time, cells were detached
and washed with PBS 1×. Then, samples were fixed in 2% paraformaldehyde and analyzed via flow
cytometry using a FACSCanto II flow cytometer and confocal microscopy (see details of the nanofection
protocol in Supplementary Material).

2.8. Cell Viability

The cellular cytotoxicity of the DOX-NPs (7) was determined using the resazurin cell viability
assay (Sigma Aldrich). This quantitative fluorometric method is based on the ability of living cells
to convert resazurin (a redox dye) into a fluorescent end product, which is measured at 570 nm
directly from 96-well plates. The cells were seeded in a 96-well plate at pre-optimized concentrations,
depending on the assay performed. The results were evaluated according to the manufacturer’s
protocol, and the amount of fluorescence obtained was proportional to the number of viable cells.
Viability was expressed with respect to the percentage of untreated cells (100%). Control wells were
included in each plate to measure the fluorescence of the culture medium with nanoparticles added in
the absence of cells.

2.9. Determination of DNA Damage in Cancer Cells by Immunostaining of Phospho-H2A.X Foci

A549, H520, and MDA MB 231 cells were cultured in DMEM supplemented with 10% FBS,
L-glutamine, and penicillin/streptomycin on coverslips in 24-well plates. Cells were incubated with
5000 DOX-NPs (7) per cell. After 24 h of incubation, the media was replaced with fresh full DMEM.
One hour after the change of the medium, the cells were fixed with 4% PFA for 10 min at room
temperature. After fixation, the cells were washed with PBS and incubated with blocking buffer
containing 5% BSA and 0.3% Triton X-100 in PBS for 1 h at room temperature. Then, cells were incubated
with a 1:500 solution of primary antiphospho-H2A.X antibodies in blocking buffer (Cell Signaling,
20E3, 1:500) at +4 ◦C overnight (300 μL/well). The next day, cells were washed with PBS and stained
with a 1:1000 solution of secondary Alexa Fluor 488 conjugated antibodies (Invitrogen, A-11034) for
1 h at room temperature. After washing with PBS, the preparations were mounted with mounting
medium including antifade and DAPI (Invitrogen) [28].

2.10. Statistical Analysis

The data are presented as the mean ± the standard deviation in the error bars. The sample size (n)
indicates the experimental repeats of a single representative experiment (3, unless otherwise specified).
The results of the experiments were validated by independent repetitions. Graphs and statistical
difference data were made with GraphPad Prism 6.0 (GraphPad Software Inc.). Statistical significance
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was determined using Student’s t-test in paired groups of samples with a known median and two-way
analysis of variance (ANOVA,), and with a Bonferroni’s post-hoc test when comparing more than two
groups of samples. A p-value of ≤0.05 was considered significant.

3. Results and Discussion

3.1. Preparation of DOX-NPs (7)

Following a previously described protocol, a 500 nm monodisperse population of polystyrene
amino-functionalized NPs (1) with 2% divinylbenzene (DVB) crosslinking were synthesized by
dispersion polymerization (using 4-vinylbenzylamine hydrochloride– VBAH as the monomer to
functionalize the nanoparticle with the amino groups) [25]. Following an Fmoc solid phase protocol,
aminomethyl NPs (1) were double PEGylated (4) (100% yield). The density of PEGylation was
calculated based on the amount of amino groups on the nanoparticle, this value being 3.57 × 10−9

nmoles PEG/NP. The PEGylation increases the biocompatibility of the NPs, thereby facilitating their
transport across cell membranes. It also reduces unfavorable interactions between NPs and the
bioactive cargoes. Then, drug loading was carried out. The drug of choice was DOX due to its broad
clinical use and it being one of the most effective chemotherapeutics for treating cancers, such as lung,
breast, gastric, sarcoma, and pediatric cancers [29–31]. The designed strategy for the conjugation of
DOX was via hydrazone bond. For this purpose, carboxylated NPs (5) were prepared using succinic
anhydride; then, hydrazine functionalized NPs (6) were prepared, and the selective conjugation to the
keto group in position C-13 of doxorubicin was carried out to yield DOX-NPs (7) (Scheme 1).

Scheme 1. Preparation of the pH responsive therapeutic polymeric nanodevice DOX-NPs (7).
Reagents and conditions: (i) Fmoc-PEG-COOH (15 eq), Oxyma (15 eq), DIC (15 eq), DMF, 2 h,
60 ◦C; (ii) 20% piperidine/DMF, 3 × 20 min; (iii) Succinic anhydride (15 eq), DIPEA (15 eq), 2 h, 60 ◦C;
(iv) Oxyma (15 eq), DIC (15 eq), 2 h, 25 ◦C; (v) Hydrated hydrazine 55% v/v (15 eq), 15 h, 25 ◦C;
(vi) Doxorubicin (1 eq), PBS, 15 h, 50 ◦C.

Characterization of Drug-Loaded Nanoparticles (DOX-NPs) (7)

The size distribution and zeta potential of the nanoparticles loaded with doxorubicin, DOX-NPs
(7), together with amino functionalized nanoparticles, NAKED-NPs (1) were determined quantitatively
by DLS (Figure 1a,c). The results obtained show a hydrodynamic diameter of 464.2 ± 0.9 nm with
a PDI of 0.047, demonstrating that nanoparticle population was monodisperse (Figure 1a). The size
was corroborated by TEM analysis (Figure 1d). The zeta potential value of DOX-NPs (7) was slightly
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negative (−13.7 mV ± 0.9) in water, as compared to NAKED-NPs (1), which was +81.2 mV ± 0.8,
and Hydrazine-NPs (6)) which was +31.4 mV ± 0.3. (Figure 1c)). Keeping in mind that it has been
described that to maintain the stability through electrostatic repulsion, zeta potentials of a particle
should be above −20 mV, it could be predicted that the stability of these particles could be compromised.
However, we will like to highlight that these particles are stable. A stability assay has been runned
(see Figure 1b) and DOX-NPs (7) were stable for six months at 4 ◦C and 25 ◦C. As the nature and
number of molecules coated on the surfaces can affect the stability of polymeric particles, we could
suggest that the balance between the loaded drug and the PEGylation on the surface has been a positive
effect on the stability of these nanoparticles.

Figure 1. Characterization of the DOX-NPs (7). (a) Hydrodynamic diameter of DOX-NPs (7) versus
Naked-NPs (1); (b) Stability of DOX-NPs (7) for six months at 4 ◦C and 25 ◦C; (c) Values of the
zeta potential of DOX-NPs (7) (red) versus Hydrazine-NPs (6) (green) and NAKED-NPs (1) (blue);
(d) Transmission electron microscopy (TEM) analysis; (e) Dot plots representative of flow cytometry
of NAKED-NPs (1) (blue) and DOX-NPs (7) (red); (f) Images of confocal laser microscopy of naked
nanoparticles and DOX-NPs (7). Images with an increase of 63x show the signal of red channel. Scale
bar, 10 μmsignal of red channel. Scale bar, 10 μm. (g) Cumulative DOX Release. DOX-NPs (7) were
incubated in phosphate solution at pH 6 and PBS at pH 7.4 for 168 h at 37 ◦C.The results are expressed
with the values of the mean ± SEM.
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The effect of storage conditions on the long-term stability of the NPs was investigated. The stability
ofDOX-NPs (7) was evaluated by DLS (Figure 1b). The size of these nanodevices was measured after 1,
3, and 6 months at 4 ◦C and 25 ◦C, showing a constant size distribution (Figure 1a,b). DLS measurements
revealed that the long-term stability of these nanoparticles was not influenced by storage temperature
conditions. These results confirm that these particles are stable for a long time allowing them to be
stored. This is a key property for further translation of this nanodevice.

On the basis of the fluorescence properties of DOX (λex = 470 nm, λem = 560 nm), the efficiency
of drug conjugation onto the nanoparticles was monitored easily using fluorescence-based techniques
such as flow cytometry and microscopy. Figure 1e shows a representative plot of the obtained results
by flow cytometry analysis. An increase in fluorescence of the DOX-NPs (7) conjugates with respect to
unloaded nanoparticles (NAKED-NPs (1)) can be observed. This result was corroborated by confocal
microscopy (Figure 1f).

In order to evaluate the efficiency of the conjugation of doxorubicin to DOX-NPs (7),
a spectrophotometric quantification of the remained unconjugated drug in the supernatant of the
reaction was measured by UV spectroscopy (A480 nm). A calibration curve, with a lineal ratio
between the optic density of doxorubicin and its concentration using a set of standard samples,
was generated (Supplementary Figure S3, see Supplementary Material). To determine the value of
loading capacity (LC), the amount of conjugated drug with respect to the number of nanoparticles
was considered instead of the nanoparticle weight (as frequently reported) [31]. For this approach, an
accurate spectrophotometric method to determine the number of nanoparticles per volume previously
developed by our team was carried out [26]. The concentration of nanoparticles DOX-NPs (7) was
estimated as 3.72 × 108 NPs/μL. The drug loading capacity is related to the number of nanoparticles,
thereafter, the loading capacity per nanoparticle can be calculated. A loading capacity of 5.2 × 10−9

nmol DOX per NP was estimated. This parameter provides the value of drug dose with precision and
accuracy; this fact being of extreme relevance for the clinical translation of nanomedicine. Taking into
account the drug conjugated with respect to the total amount of the drug, the conjugation efficiency
(CE) was 89%. These results shows the high efficiency of this nanodevice compared to previously
reported therapeutic nanodevices based on drug encapsulation [18].

A major deficiency of the sustained release system is that the release is not specific. To ensure
the release of the drug at the target site, to avoid a non-specific release, a pH-sensitive stimuli release
strategy was implemented. The hydrazone is used in our approach as a cleavable bond that responds to
stimuli depending on the pH; very useful in a tumor microenvironment that has a slightly acidic pH [32].
In order to release the drug in acidic conditions, doxorubicin was covalently conjugated to nanoparticles
by a hydrazone bond sensitive to pH 6. Therefore, it is necessary to determine the pH-responsive drug
release to evaluate this nanodevice. A high performance liquid chromatography (HPLC) assay was
conducted to monitor the release process of doxorubicin in vitro. Release profiles were obtained by
comparing the percentage of the released drug with respect to the amount of doxorubicin conjugated
to the DOX-NPs (7) for seven days at pH 6 and pH 7.4 by HPLC analysis. As shown in Figure 1g
(blackg line), in an acidic environment (pH 6 PBS), pH-sensitive cleavage of the hydrazone linker
resulted in the exponential sustained release of the drug, and an accumulative release was obtained for
up to one week (168 h). These results were expected as the hydrazone bond is sensitive to pH 6, and
the drug is consequently released from the nanoparticles. A burst release was achieved within 24 h
of incubation at pH 6 reaching a release rate of 52% ± 0.26. Additionally, a sustained release occurs
for up to 168 h, achieving a maximum release value of 100%. Furthermore, in a simulated neutral
physiological environment (pH 7.4 PBS), the amount of doxorubicin released from the nanodevice
did not reach 10%, which indicated that the drug remained attached to the nanoparticles (Figure 1g,
red line). This result indicated a remarkable stability and selectivity of the DOX-NPs (7). Therefore, this
ability of DOX-NP (7) to release doxorubicin in a sustained manner in acidic tissues, such as tumoral
tissues, could be a very beneficial feature to prolong and improve the therapeutic efficacy of NPs in
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the tumor. Consequently, the pH value of the medium has a clear effect on the release efficiency of
doxorubicin, which validates the drug release strategy designed for this approach.

3.2. Evaluation of the Efficiency of Cellular Uptake of DOX-NP (7)

To investigate the efficiency of nanofection (cellular uptake and internalization) of DOX-NPs
(7),) three cancer cell lines were chosen: two from lung cancer (A549 and H520) and one from triple
negative breast cancer (MDA MB 231). The selection of these cell lines was based on the fact that
doxorubicin is routinely used as a first-line chemotherapeutic agent in the treatment of these types
of cancer [29–31]. For this purpose, the number of nanoparticles per cell needed to cause 50% of the
cells to be nanofected (MNF50 index) was calculated in order to quantify the nanofection capacity
of DOX-NPs (7)) following a protocol previously reported by us [26]. Nanofection efficiency of the
DOX-NPs (7) in these three cell lines was quantitatively determined by flow cytometry based on the
intrinsic red fluorescence of DOX. To this end, different concentrations of these nanoconjugates were
incubated for 24 h, in an increasing gradient of concentration with between 50 and 10,000 NPs added
per cell. After the incubation time, the cells were washed, trypsinized, and analyzed by flow cytometry.
The results obtained on the cellular nanofection of DOX-NPs (7) revealed that they are internalized
efficiently by the cancer cells studied. As shown in Figure 2a, a concentration-dependent effect on
uptake efficiency was observed in the three cell lines. The analysis of the data showed that these three
cell lines demonstrated a very similar MNF50 index, with values of 1720 ± 69.2 in the A549, 1328 ± 69
in the H520, and 1385 ± 68.4 for the MDA MB 231 cells (Figure 2b). However, the analysis of the
increase in the median fluorescence (ΔMFI) indicated that, although the MNF50 was similar in the
three cell lines and the internalization capacity gradually increased as the number of DOX-NPs (7)
increased, starting at 2500 NPs/cell, the behavior of the lung cancer lines became different from that of
the breast cancer cell line; the fluorescence intensity in the MDA MB 231 cells doubled by increasing
the concentration range until reaching the saturation level. While the internalization ofDOX-NPs (7) in
the lung cells lines demonstrated a similar behavior, it was not the same, since the cellular entry was
higher in the A549 without reaching the saturation point in both cases (Figure 2c). The cellular uptake
of DOX-NPs (7) was also verified by confocal fluorescence microscopy. Figure 2d shows that cell
internalization occurred efficiently in the three cell lines tested, confirming the cytoplasmic localization
of DOX-NPs (7). Furthermore, to corroborate the intracellular location of DOX-NPs (7) and to discard
any adsorption of these NPs onto the cell surface, a confocal microscopy analysis was carried out.
Confocal microscopy image of A549 cells treated with DOX-NPs (7) showed that the location of these
nanoparticles was intracellular (Figure 2e).
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Figure 2. Evaluation of the cellular nanofection of DOX-NPs (7) in the cell lines A549, H520, and MDA
MB 231 by flow cytometry. (a) Dot plots representative of flow cytometry obtained by incubating
different concentrations of NPs for 24 h in the cell lines. (b) Percentage of cells containing the different
concentrations of DOX-NPs (7). The data (mean ± SEM) are represented with a hyperbola equation
model showing the different degrees of cellular internalization according to the number of DOX-NPs
(7). (c) Representation of bars to compare ΔMFI between cell lines: A549 (blue), H520 (red), and MDA
MB 231 (green). The arrow indicates the MNF50. The experiments were carried out in triplicate and the
results are expressed with the values of the mean ± SEM. The statistical significance was determined
by the analysis of the variance of a factor (ANOVA) using the Bonferroni multiple comparison
(* p-value < 0.05, ** p-value < 0.001, **** p-value < 0.0001). MNF50: Multiplicity of nanofection 50.
(d) Evaluation of uptake cellular of DOX-NPs (7) in the cell lines analyzed by confocal microscopy. The
cells were incubated for 24 h with 2000 NPs/cell. The untreated cells were used as a negative control.
Images with an increase of 63× show a composition of the three channels used: DIC; blue, DAPI for the
nucleus; and red for DOX-NPs (7). (e) Orthogonal view (xy, xz, and yz) of the confocal microscope
images showing the intersection planes at the position of the cross-line. Maximum intensity projection
of the z-stack from blue (DAPI, nuclei) and red (DOX-NPs (7)) in the A549 cell line is displayed.
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3.3. Evaluation of the Therapeutic Capacity of the DOX-NP (7)

In order to verify the enhanced anticancer effect of doxorubicin conjugated to DOX-NPs (7),
the proliferation inhibition was tested by measuring the cell-mediated reduction of sodium resazurin,
a standard colorimetric and quantitative method that determines the cell viability on the cell lines
studied [33]. A549, H520, and MDA-MB-231 cells were treated with a range of different NPs
concentrations for 96 h. Free DOX as well as nanoparticles without the drug loaded (NAKED-NPs (1))
were use as positive and negative controls, respectively. As shown in Figure 3a,b, the cell proliferation
inhibition efficacy of DOX-NPs (7) exhibited a strongly dose-dependent pattern after culture for 96
h. It is important to remark that the naked NPs (1) without doxorubicin have no effect on the cell
viability of the three cells lines (Figure 3b). Half the maximal inhibitory concentration (IC50) was
determined (Figure 3a). The IC50 value of DOX-NPs (7) was calculated to be 42 nM in the A549
cells, 68 nM in the H520 cells, and 58 nM in the MDA MB 231 cells (Figure 3a), which correspond to
3061, 5012, and 4325 NPs added per cell, respectively (Supplementary Figure S5, see Supplementary
Material). DOX-NPs (7) were found to be considerably more efficient than free DOX on an equimolar
basis (IC50 = 100 nM in A549, 186 nM in H520, and 120 nM in MDA MB 231 cells) (Supplementary
Figure S6, see Supplementary Material). These results are in agreement with previously reported
studies with free doxorubicin [13,14]. These values indicated that the doxorubicin conjugated to the
nanoparticles reduced the amount of drug required to achieve the IC50 value with respect to free
doxorubicin treatment, suggesting that the nanoformulation had an enhancement effect. The higher
cytotoxic activity of the DOX nanoformulation when compared with the free DOX, especially in the
range of higher drug concentrations, is presumably due to selective pH stimuli release of the drug and
the accumulation within tumor cells.

In order to evaluate the impact of the nanoformulation on the required dose of the drug to achieve
the therapeutic effect, the effect on cell viability of the treatment with DOX-NPs (7) compared to a
similar concentration of free doxorubicin was measured. In particular, cells were treated with a dose of
40,000 NPs/cell of DOX-NPs (7) corresponding to a concentration of 500 nM of doxorubicin. As seen
in Figure 3c, DOX-NPs (7) showed a greater cytotoxicity than free doxorubicin under cell culture
conditions, the results being statistically significant with a p-value of <0.0001. These results show that
the release of the doxorubicin conjugated to the nanoparticles was sufficient to successfully inhibit the
cell proliferation of the three cancer cell lines tested. DOX-NPs (7) showed a therapeutic efficiency
twice that of free doxorubicin, with results comparable to other nanoformulations [11,13]. This fact
suggests that this nanodevice is a promising tool for the selective release of drugs.
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Figure 3. Effect of DOX-NPs (7) on cell viability. (a) Dose–response curves (percentage of cell viability
versus concentration) of the treatment of A549, H520, and MDA-MB-231 cancer cells with DOX-NPs (7)
represented in nM. The IC50 value was determined using the logarithm (inhibitor) versus normalized
response: variable slope using the GraphPad software. (b) Bar graph showing cell viability of these
three cell lines treated with DOX-NPs (7) and NAKED-NPs (1). (c) Comparison of therapeutic effect of
DOX-NPs (7) compared to corresponding concentration of free doxorubicin (40,000 NPs/cell, 500 nM).
Statistical significance was determined by Student’s t-test (* p-value < 0.0001). The viability data
represent the mean ± SEM of the results of three independent experiments with six points each.

3.4. Analysis of DOX-NPs (7)-Induced Genotoxic Effect in Cancer Cells

Two mechanisms of action have been proposed by which doxorubicin acts in cancer cells:
(i) intercalation in DNA and disruption of DNA repair; and (ii) generation of free radicals with
subsequent damage in cell membranes, DNA, and proteins [34]. However, the confirmation of a
genotoxic effect of these DOX-NPs (7) nanoformulations loaded with DOX in cancer cells confirms the
in situ cytoplasmic release of the drug from the nanoparticle, and confirms that it reaches the nucleus;
thus, the efficacy of the pH release strategy is corroborated. The genotoxic effect of the DOX conjugated
to NPs (DOX-NPs (7)) was evaluated in the cell models studied, focusing on the damage caused
in the DNA through detection of the phosphorylated form of the variant histone H2AX (γ-H2AX).
The cell responds to DNA damage through the phosphorylation of thousands of H2AX molecules
flanking the damaged site. This highly amplified response can be visualized as a γ-H2AX focus in
the chromatin that can be detected in situ with the appropriate antibody (antiphospho-H2A.X.) using
confocal microscopy analysis [28]. For this purpose, DNA damage in MDA-M-231, H520, and A549
cancer cells was determined by immunostaining of phospho-H2A.X foci (Figure 4). Untreated cells
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(UNT) and cells treated with NAKED-NPs (1) were used as negative controls for this experiment.
As expected, DNA damage was not observed when cells were not treated or treated with nanoparticles
without the drug being loaded (Figure 4a,b). Conversely, cells treated with DOX-NPs (7) but without
primary staining with γ-H2Ax were analyzed to confirm the specificity of this assay. Noteworthy
nanoparticles were detected (red dots) but no signal coming from unspecific immunostaining was
observed (Figure 4c). In addition, the obtained results of specific immunostaining with γ-H2Ax
following the treatment of the cells with DOX-NPs (7) show that DNA damage can be clearly observed
following staining with a secondary antibody for the green channel (green foci, Figure 4d). This result
corroborated the efficiency of the pH-sensitive release strategy of the drug from the nanoparticles, since
the drug must be released cytoplasmically so that it is possible to enter the nucleus where DOX-NP
(7)-induced DNA damage occurs.

Figure 4. Evaluation of the DNA damage caused by the treatment with DOX-NPs (7) by immunostaining
of γ-H2Ax in A549, H520, and MDA MB 231 cancer cell lines analyzed by confocal microcopy.
The untreated cells (UNT) (a) and cells treated with NAKED-NPs (1) (b) were used as negative controls.
Cells treated with DOX-NPs (7) were analyzed without (c) and with (d) a primary anti-γ-H2Ax antibody.
Images with an increase of 63x show a composition of the four channels used: blue, DAPI for the
nucleus staining; red, DOX-NPs (7); and green, for H2Ax staining with Alexa488-antiphospho-H2Ax.

4. Conclusions

In conclusion, a covalent strategy for the development of a PEGylated therapeutic nanosystem for
pH-sensitive release was developed. Better anti-tumor activity was shown in cells treated with the
nanoparticles than free DOX. The IC50 value was reduced by half by the conjugation of doxorubicin to
the nanoparticle, compared to free doxorubicin, demonstrating the therapeutic capacity of DOX-NPs
(7). This nanodevice has a proven capability of releasing the drug in a controlled manner at acidic pH
and improving the drug therapeutic index by increasing efficacy compared to doxorubicin in solution.
In addition, it was demonstrated to be stable for up to 6 months at 4 ◦C and 25 ◦C. The next step will
involve conjugating other drugs in clinical use to this nanodevice using the same chemical strategy;
thereafter, applying this therapeutic strategy to other types of cancer; and in the long term, to other
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pathologies. Future work will be focused on in vitro and in vivo preclinical characterization to move
this nanodevice closer to clinical use.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/12/6/1265/s1,
supplementary figures: Figure S1. Calibration standard curve of concentration of nanoparticles (OD 600) by
spectrophometry. Figure S2. Numbers of NPs per mL calculation. Figure S3. Calibration standard curve of
doxorubicin solution (OD 480) by spectrophometry. Figure S4. Calibration standard curve of doxorubicin solution
by HPLC. Figure S5. Dose–response curves (percentage of cell viability versus concentration) of treatment with
DOX-NPs (7) in the cell models studied, represented in NPs/Cell. Figure S6. Dose–response curves (percentage of
cell viability versus concentration) of treatment with free doxorobucin in the cell models studied. General protocol
for cellular nanofection.
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